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1 Intr oduction

We requesta two yearrenewal of our SciDAC GrantNational ComputationalInfrastructure for
LatticeGaugeTheory, for theperiodJuly, 2004to July, 2006.Duringthe�rst two andhalf yearsof
thisgrant,wehavemadeverysigni�cant progressin constructingthecomputationalinfrastructure
neededby the U.S. lattice gaugetheorycommunityfor the studyof quantumchromodynamics
(QCD), the theory of the stronginteractions. We have designeda QCD ApplicationsProgram
Interface(QCDAPI) whichwill enablemembersof ourcommunityto make ef�cient useof teras-
calecomputers,and we have built prototypeclustersto test this software and to study optimal
architecturesfor QCD simulations. At the sametime, but with separatefunding, physicistsat
ColumbiaUniversity in collaborationwith colleaguesat IBM have completeddevelopmentwork
on theQCDOC,a specialpurposecomputerdesignedspeci�cally for thestudyof QCD.

During the renewal periodwe proposeto optimizetheQCD API for largescaleparallelapplica-
tions,port majorapplicationsto it, anddevelop thegrid tools neededto implementa distributed
nationalcomputingfacility for the studyof QCD. We alsoproposeto continueto studycluster
optimizationwith theaim of beingin a positionto build highly ef�cient multi–terascaleclusters
in 2005andbeyond. We areseekingseparatefunding for the deploymentof terascalehardware
andits scienti�c utilization. In particular, we proposeto install a tentera�op/ssustainedQCDOC
at Brookhaven National Laboratory(BNL) in 2004, and multi–tera�op/s clustersat Fermi Na-
tionalAcceleratorLaboratory(FNAL) andThomasJeffersonNationalAcceleratorFacility (JLab)
in subsequentyears.

On February6, 2003 the DOE conveneda panelof physicistsand computerscientistschaired
by FrankWilczek to review our overall project. A copy of the panel's reportis provided in Ap-
pendixA. Amongthepanel's commentsof particularrelevanceto our SciDAC grantwere:

� “The scienti�c merit of thesuggestedprogramis veryclearlyoutstanding.”

� “It isproposedto pursuetwoseparatehardwaretracks,oneusingspeciallydesignedsystems-
on-a-chipthatleverageindustrialintellectualpropertycores,theotherusinggeneral-purpose
computingsystems.����� Wethereforefeel it is prudent,aswell asinteresting,to pursueboth
tracks,at leastuntil a clearwinneror a synthesisemerges.”

� “The software developmentcomponentof the proposalis also novel in this context and
extremelyimportant. ����� Thepursuitof two separatehardwaretrackswill aid in thedevel-
opmentof robust, portablesoftware. If successful,the softwarecomponentcould be very
valuablebothin itself andasa modelfor otherscienti�c enterprises.”

� “The proposedprogramsareof considerableinterestfrom thepointof view of computational
science,sincethey couldprovide convincing modelsanddemonstrationsof theuseof cost
effective specialarchitecturesfor scienti�c problems.”

� “Both theproposersandtheDOE shouldrecognizethatthis is anendeavor thatis not likely
to beexhaustedin 4 yearsor evenin 10.”
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Our scienti�c objectivesweresetout in detail in our original SciDAC proposal.In brief they are
to understandthephysicalphenomenaencompassedby quantumchromodynamics,andto make
precisecalculationsof the theory's predictions. This requireslarge scalenumericalsimulations
within theframework of latticegaugetheory. Suchsimulationsarenecessaryto solvefundamental
problemsin high energy andnuclearphysicsthat areat theheartof theDepartmentof Energy's
largeexperimentalefforts in these�elds. Computationalfacilitiescapableof sustainingmany tens
of tera�op/sareneededto achieveour neartermscienti�c goals.

Major goalsof the DOE's experimentalprogramin high energy and nuclearphysicsare to: 1)
verify theStandardModelof High Energy Physics,or discoverits limits, 2) understandtheinternal
structureof nucleonsandotherhadrons,and3) determinethepropertiesof hadronicmatterunder
extremeconditions.LatticeQCD calculationsareessentialto researchin all of theseareas.Our
objectiveundertheSciDAC Programis to createthecomputationalinfrastructureneededto study
QCD. We expect that the scienti�c researchwhich will make useof this infrastructurewill be
fundedundertheDOEprogramsin high energy andnuclearphysics.

Our softwareandhardwaredevelopmentefforts areenteringan importantnew stage.The basic
designof thesoftwarehasbeencompletedanddevelopmentclustershavebeendeployedatFNAL
andJLab. The QCDOCASIC, motherboardanddaughterboardhave beentested,andthe �rst
multi–processorQCDOChasbeenassembled.The corecomponentsof the softwarehave been
developed,testedandbenchmarked. They will enabletheU.S. latticegaugetheorycommunityto
usetheplannedtentera�opsQCDOCandtheprototypeclustersasthesemachinescomeon line.
However, thesecomponentsdo not constitutethe fully integratedsoftwareinfrastructureneeded
to sustainthebroadobjectivesof thenationalprogramin latticegaugetheory. Additional work is
requiredto achieve a full dataparallelinterface,andto port largeproductioncodesto it. Further
work is alsorequiredto optimizetheQCDAPI for largescaleparallelapplicationsontheplatforms
for which it is targeted.Our planscall for theconstructionof a distributednationalfacility with
majorcomputationalresourcesatBNL, FNAL andJLab. Additionaleffort is requiredto developa
uniformandconvenientuserenvironmentfor thisdistributedfacility. Ongoingwork is alsoneeded
on softwareengineeringto releaseandmaintaintheSciDAC QCD software. This work includes
codemanagement,regressiontesting,andportingof thesoftwareto additionalcompilers,intercon-
nectsandprocessornodes.We alsoproposework in theareaof algorithmicdesign,performance
analysisandcommonstandardsfor run-timeandinteractiveenvironmentsanddatagrid tools.The
veryconsiderablesoftwareeffort weproposefor therenewal periodwill yield arobust,production
environmentfor thenationallatticegaugetheorycommunity.

In Section2 we outline the software developmentwork carriedout to dateor scheduledto be
completedprior the end of the currentgrant, as well as the work we proposefor the renewal
period,July2004to July 2006.In Sections3 and4 we describethestatusof theclustereffort and
the QCDOC,andour hardwareplan for the next two years. In Section5 we brie�y outline the
managementstructureof our project,andin Section6 wesetout theproposedbudget.
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2 SoftwareDevelopment

The goal of the Lattice QCD software infrastructureproject is to createa uni�ed programming
environmentwhichwill enabletheU.S.latticegaugetheorycommunityto achievehighef�ciency
on thecomputerarchitecturestargetedby our project,theQCDOCandoptimizedclusters,andon
commercialsupercomputers.It is importantthatusersbeableto developnew applicationsrapidly,
andthatthelargeinvestmentthathasbeenmadein existingcodesbepreserved.

Lattice gaugetheorycalculationsarewell suitedto massively parallelcomputers.They employ
regulargridsor lattices,sothecomputationalloadcanbebalancedby assigningequalnumbersof
latticepointsto eachprocessor. In updatingvariableon a givenlatticesiteor link, oneneedsdata
from a limited numberof neighboringlatticesites.Only whenoneor moreof theseneighboring
sitesis on a different processorthan the one being updatedis inter–processorcommunications
necessary. Thus,communicationsareregularandpredictable,andcanusuallybeoverlappedwith
computation.Thesesimplifying featuresof QCD calculationsmustbe taken into accountwhen
designinghardwareand software if high ef�ciency is to be obtained. The QCD API doesthis
throughthethreelevel structureshown in thechartbelow. At level 1 arethemessagepassingAPI
(QMP),which handlesinter–processorcommunications,anda library of singlesitelinearalgebra
routines(QLA) commonto mostlatticegaugetheorycalculations.Level 2 (QDP)containsdata
paralleloperationswhich arebuilt on QMP andQLA. A very large fraction of the resourcesin
any latticeQCD simulationgo into a few computationallyintensivesubroutines,mostnotablythe
repeatedinversionof theDirac operator. To obtainthe level of ef�ciency at which we aim, it is
necessaryto optimizethesesubroutinesfor eacharchitecture.Thesehighly optimizedsubroutines
constituteLevel 3. They canbecalledfromQDPor from CandC++applications.Eachcomponent
of theQCDAPI is describedin detail in a subsectionbelow.

QCD–API Level Structure

Level 3
DiracOperators,CGRoutines,etc.

QDPlib Level 2
DataParallelQCDLatticeOperations
(overlappingAlgebraandMessaging)

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

QLA lib Level 1 QMP lib
SingleSite& VectorLin Alg API MessagePassingAPI
e.g.SU(3),Diracalgebra,etc. (MapsLatticeinto Network)

RichardBrower, the SoftwareCoordinator, hasoverall responsibilityfor thesoftwareeffort. He
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is assistedby the SoftwareCommittee,whosemembershipis given in Section5. The Software
Committeeoperatesby weeklyconferencecallsandfaceto faceSoftwareDesignworkshopsthat
havebeenheldat JLabon November8–9,2001,at JLabon February2, 2002,at MIT on June26,
2002,andmostrecentlyatFNAL onFebruary20,2003.Individualsoftwaredevelopersparticipate
in thecallsandmeetingsasneeded.

The software codeand documentationcan be found at http://www.lqcd.org/ and the working
documentsof theSoftwareCoordinatingCommitteeareat
http://physics.bu.edu/˜brower/SciDAC/scc.html. A useful set of introductoryslidesfrom the
SoftwareTutorial givenonFeb22,2003atFNAL arepostedat
http://physics.bu.edu/˜brower/scidac software tutorial .

Thebasicdesignof theQCD API hasnow beencompleted,andtheSoftwareCoordinatingCom-
mitteeis nearingcompletionof thebasicdesignof the I/0 routinesrequiredfor theplanneddata
archives,andgrid tools. During therenewal periodthefocusof thesoftwareeffort will shift from
designand prototypingto full implementations,optimization,testingand supportfor terascale
productionwork. In addition,we anticipatean on going needto respondquickly to new direc-
tionsin physics,algorithms,hardwareandgrid tools.During the2004–2006timeperiod,wemust
simultaneouslymaintaina productionenvironmentfor terascalecomputations,andcontinuethe
developmentof thesoftwareandhardwareinfrastructure.

2.1 Optimized Network Communications–QMP

QMP de�nes a uniform subsetof MPI-like functionsequivalent to thoseusedin existing QCD
applicationcode. In addition QMP extendsthis core set of MPI functionsin two areas:(1) it
partitionsthe QCD space–timelattice and mapsit into the geometryof the hardware network,
providing a moreconvenientabstractionfor theLevel 2 dataparallelAPI (QDP); (2) it contains
specializedroutinesdesignedtoaccessthefull hardwarecapabilitiesof theQCDOCnetworkandto
aidoptimizationof low level protocolsonnetworksin useandunderdevelopmenton theclusters.

Release1.0of theQMPmessagepassingAPI is publishedon lqcd.org, alongwith completedoc-
umentation.It includes: (1) a messagepassinglibrary designandbinding for both C andC++,
(2) codeimplementingQMP atopMPI sothatapplicationcodescanbeportedandrun anywhere
linkedto theMPI implementation,(3) animplementationof QMPatopGM to providehigherper-
formancethanMPI for clustersusingMyricom'sMyrinet interconnect,and(4) animplementation
atopVIA andgigabitethernetto supportthenew gigabitethernetmeshclusterat JLab. Thereis a
basictestsuiteto verify eachimplementation.

An implementationof QMP for theQCDOCis nearingcompletion.The QCDOChasimportant
hardware functionality, suchas the ability to start twenty-fourdifferentcommunicationswith a
singleCPUinstruction,andpersistentstoragein thecommunicationshardwareof thedatapattern
for repeatedcommunicationstransfers.Thesefeaturesaresupportedin theQMP implementation
for the QCDOCby incorporatingthe QCDOC's native operatingsystemcommunicationscalls.
At presentthis implementationcontainsthenearest-neighborfunctionalityof QMP, andhasbeen
testedon both theQCDOCASIC simulatorandinitial hardware. A completeimplementationis
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expectedby Januaryof 2004.

Prior to thestartof this projectmostQCD codewaswritten in C or C++ usingMPI for commu-
nications.It is importantthat the investmentin this largebodyof codebepreserved,soa design
requirementof QMPhasbeenthatC andC++ codemustrunwith goodperformanceon thetarget
architecturessimply by replacingMPI callsby correspondingQMP ones.TheMILC Collabora-
tion'scodewaschosento testthis requirement.It is written in C, is freelyavailable,andis usedby
a signi�cant fractionof theU.S. latticegaugetheorycommunity. Bringing up theMILC codeon
theQCDOCwasa particularlyimportanttestof QMP, becausethearchitectureof this machineis
signi�cantly differentfrom thatfor which thecodewasoriginally designed.In addition,concerns
aresometimesexpressedregardingthe porting of large codebasesto specialpurposemachines.
TheMILC codehasnow beenrun on boththeQCDOCsimulatorandon initial hardware,obtain-
ing a performanceof approximately20%of peakfor key sectionswith local volumesassmallas
44 latticesitesperprocessor. For comparison,thesamecodetypically obtains10%to 15%of peak
on commercialsupercomputerswith performancefalling rapidly for local volumeslessthan84

latticesitesperprocessor. It is, of course,highly advantageousto work with small local volumes,
sinceonecanthenbring largenumbersof processorsto bearon individual problems.Thesetests
indicatethat QMP enablestheMILC codeto take advantageof theexceptionalcommunications
systemof theQCDOCwith very little effort by theapplicationsprogrammer. Oneexpectssimilar
resultsfor otherC andC++ codes.

With the dramaticimprovementin price/performanceof commodityprocessorsin recentyears,
network interconnectshavebecomeacritical limiting factorin thedesignof clusters.Wetherefore
projectextensive network softwareexperimentationanddevelopmentduring the renewal period,
aswepreparefor thedeploymentof terascaleclustersin 2005andbeyond.

We arepresentlyworking on the ef�cient useof gigabit ethernetinter–connectswith �x ed grid
topologies.Duringyearthreeof thisproject,softwarefor thegigabitethernetmeshwill befurther
optimized. Additional network technologiesmustalsobe investigated,andadditionalnetwork–
speci�c implementationsof QMP will likely emerge. For example,althoughIn�niband canbe
testedinitially via the MPI implementationQMP, it is one likely target for optimizationin the
renewal period.

In orderto enhanceour ability to optimizeQMPandport it to new network architectures,we plan
to develop an improved testingprocedurefor the API. Our computersciencecolleaguesat the
Universityof Illinois1 havecarriedoutpreliminarywork aimedat creatinganexhaustivetestsuite
for theQMP API. A structurehasbeenestablishedthatde�nes a standardfor currentandfuture
tests,aswell astheformatfor testreporting,generatedasanXML �le, which canbeviewedwith
any web browserthat supportsstyle sheets(e.g., InternetExplorer). This approachis similar to
thatusedin thetestsof theMPICH toolkit, apopularMPI implementationfrom ArgonneNational
Laboratory. The�rst versionof the testsuitecomprisedfunctionaltests,andit is beingextended
now to includeperformancetests.During therenewal we will completea full versionof theQMP
test suite, including performancetestsaimedat measuringthe latency andbandwidthprovided
by theQMPimplementationunderstudy. Thetestingprocedurefor QMPwill bereviewedby the

1DanielReedandCelsoMendeswill move from theUniversityof Illinois to theUniversityof North Carolinaon
January1, 2004.They will continueto work on thisprojectat their new institution.
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SoftwareCommittee,andemulatedfor otherSciDACsoftwarelibrarieswheredeemedappropriate.

2.2 Linear Algebra Kernels–QLA

All lattice gaugetheorycalculationsmake useof a setof linear algebraoperationsin which the
basicelementsarethree–dimensionalcomplex matrices,elementsof thegroupSU(3). Theseop-
erationsarelocal to latticessitesor links, anddonot involveinter–processorcommunications.We
have gatheredthemtogetherinto a single level 1 library calledQLA. The QLA routinescanbe
usedin combinationwith QMPto developcomplex dataparalleloperationsin QDPor in existing
C or C++ code.TherearebothC andC++ versionsof QLA. TheC implementationhason order
24,000functionsgeneratedin Perl, with a full suiteof testscripts. The numberof functionsin
C++ implementationof QLA is considerablereducedby makingextensive useof the language's
classstructureandof operatoroverloading.We have madeheavy useof “ExpressionTemplates”
employing a tool calledPETEfrom LANL in writing theC++ versionof QLA.

Considerableimprovementin theperformanceof latticeQCD codescanbeobtainedby optimiz-
ing key linear algebrakernels. The SIMD facilities presenton many of the processorslikely to
beusedin our clustersprovide a meansfor doingso. Examplesof theseinstructionsetsareSSE
on Intel x86processorsandAlti vecon IBM PowerPCprocessors.Althoughmathematicslibraries
exploiting theseinstructionsetsarereadily available,they optimizecalculationsinvolving large
matrices,anddo poorly on thesmallSU(3)matricesrequiredfor latticeQCD calculations.Con-
sequentlywehavewrittenanumberof themostfrequentlyusedroutinesourselves,employing the
SSEinstructionset.Thebestperformanceis obtainedwhenwhentheseroutinesareexpressedin
aninlined form, directly in C/C++code.

The impactof this optimizationeffort is illustratedin Fig. TUNING, wherewe show resultsfor
improvedstaggeredfermionsonthenext successorin theP4processorfamily usedin previousma-
chines,a2.8GHzPentium4 with an800MHzfront sidebus.This�gure displaysseveralimportant
features.First, notethedifferenceof morethana factorof two betweenthe lowest,unoptimized
curveandthetotally optimizedtopcurve. Second,observe thatfor largelatticesizeperprocessor,
whentheproblemno longer�ts in cache,performanceis memorybandwidthlimited. Here,the
50%increasein thefront sidebusfrom 533MHzon themostrecentSciDAC machineto 800MHz
on this machinedirectly translatesinto a 50%increasein performance.Finally, notethedramatic
performanceincreasethatariseswhentheentireproblem�ts in cache.

Similar benchmarkscomparingresultsfor differentprocessorsandinterconnectscanbefoundat
lqcd.fnal.gov/benchmarks. By contrast,testswith the MILC codeindicatethat the IBM xlC
compileris soef�cient thatoptimizationof theQLA library for thePowerPCprocessorusedin the
QCDOCis lesscritical. This questionwill be revisited afterwe have moredetailedbenchmarks
on theQCDOChardware.

Unfortunately, thesemanticsof accessto SIMD instructionsetsvariesfrom compilerto compiler.
In thecaseof theGCCcompiler, thelanguageextensionsavailablefor accessingSSEinstructions
are very awkward, and in most casesresultsin codethat is dif�cult to understand,debug and
maintain.
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Figure1: Thesingleprocessorperformancein M�op/s of theMILC codefor the improvedstag-
gered(Asqtad)inverteron a 2.8 MHz Pentium4 processorwith a 800 MHz front sizebus,asa
functionof latticevolumefor variouslevelsof tuning. The impactof temporaryvariables,which
minimizecachemisses,SSEinstructionsandinlining areall illustrated.Thesharpfall off in per-
formanceoccurswhenthelatticevolumebecomessolargethattheproblemdoesnot �t into cache.

Our strategy for implementingrobust, maintainableSIMD codeis to write the kernelsusingan
assembler, ratherthana C compiler. In the caseof the Intel x86 architecture,we areusing the
NASM opensourceassembler. It hasyieldedvery clean,maintainablecode. We have written
SSEroutinesfor QLA in NASM for MILC codeusingaPerlmachinetranslatorto go from MILC
NASM to inline GCC. During the renewal period we proposeto combinetheseQLA routines
with otherswritten for QDP++into a uniform library with consistentQLA semantics.Next we
will implementthis codefor thenew SSE3instructions,which supportcomplex arithmeticmore
directly. Wewill alsoextendtheSIMD versionsof QLA routinesto doubleprecision.Wepropose
exploringa similar strategy for theAlti vecinstructionset,which is availableon thePowerPC(G5)
architecture.

2.3 QCD Data Parallel Interface–QDP

Level 2 of theQCD API is thedataparallelinterfaceQDP, which is built on top of themessage
passing(QMP) andlinearalgebra(QLA) libraries. It makesuseof the local algebraickernelsof
QLA andthecommunicationsroutinesof QMPto createlatticewideparalleloperations.Complex
expressionsallow extensive overlappingof communicationand computationin a single line of
code. The objective is to enablenew applicationsto be developedrapidly andto run on a wide
rangeof architectureswith highef�ciency.

From theperspective of theapplicationsprogrammer, QDPis theessentialinterfaceto theQCD
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API. It allowstheprogrammerto focusonphysicswithoutbeingconcernedaboutthedetailsof data
movementor optimization.Thehardwaredependentfeaturesof QMPandQLA aretransparentto
theQDPprogrammer, andthehighly optimizedlevel 3 routinescanbecalleddirectly from QDP.
For thesereasons,QDPcodeis straightforward to write, ef�cient, andhighly portable.TheMPI
versionof QDPenablesit to runoncommercialsupercomputersandstandardclusters.In addition,
codecan be developedand testedon single processorworkstations. To appreciatethe concise
natureof codewritten in QDP++,the C++ implementationof QDP, considera typical multiply
andaddalgebraicexpression,

ai
a

�

x ��� U i j
µ

�

x � b j
a

�

x � µ ��� 2ci
a

�

x � � x � evenand� i � a �

which is foundin codefor theinversionof theDirac operator. In this expressiontheDirac spinor
ai

a
�

x � is to beevaluatedat eacheven latticesite,x, by multiplying a Dirac spinor, bi
a

�

x � µ � from
thenearestneighborsite,x � µ, by anSU(3)gaugematrixU i j

µ
�

x � associatedwith the lattice link
betweenx andx � µ, andthenadding2 timesa Dirac spinor, ci

a
�

x � . µ is a vectoralongoneof the
four latticeaxesof lengthequalto thelatticespacing.A latticesite is saidto beeven(odd) if the
sumof its threespaceandonetime componentsis aneven (odd)multiple of the latticespacing.
(Einstein's summationconvention implies a color contraction j � 1 � 2 � 3.) In QDP++ the code
which performsthissetof operationsonall evenlatticesitesis

multi1d<Latt ic eColor Matri x> u(Nd);
LatticeDirac Fermi on a, b, c;
int mu;

a[even] = u[mu] * shift(b,mu) + 2 * c;

Thisexpression(andmorecomplex variations)allow extensiveoverlappingof communicationand
computationin a singleline of code. By makinguseof theQMP andQLA layers,thedetailsof
communicationsbuffers,synchronizationbarriers,vectorizationover multiple siteson eachnode,
etcarehiddenfrom theuser. The[even] targetlabelandshift communicationoperatorareexam-
plesof completelygeneraluserde�ned subsetsandpermutationmapsincludedin the API. The
implementationmakesheavy useof standardoperatoroverloading,aswell as“ExpressionTem-
plates”employing a tool calledPETEfrom LANL, which eliminatestemporariesandoptimizes
theperformance.

A completesetof documentsandthe�rst codereleasefor QDP/QLAwith bindingsin C andC++
is availableat lqcd.org. During the renewal perioda high priority will be placedon optimizing
QDPfor theQCDOCandfor theterascaleclusterswe proposeto build. Additional effort will go
into codemanagementanddistribution,andinto improving manuals.

Oneof our goalsfor QDP is to have it becomethe commonprogrammingenvironmentfor the
entireU.S.latticegaugetheorycommunity. Thiswould facilitatethesharingof applicationcodes,
andreduceduplicationof efforts. It would alsobe a boonto youngermembersof the �eld who
wouldnothaveto learnnew codingenvironments,or createtheirown, asthey movefrom graduate
schoolto postdoctoralpositionsto facultypositions.Thesharingof applicationsoftwarehasbeen
a strongfeatureof theQCD community. TheMILC CollaborationcodeandtheHadronPhysics
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Collaboration'sSZIN codehavebeenpublicly availablefor many years,andareusedby a signi�-
cantportionof thecommunity. With theQCD API we arenow in a positionto extendthesharing
of codeto theentirenationalcommunity.

Thedevelopmentof applicationcodewill beanimportantactivity duringtherenewal period.We
envisiontwoapproaches.TheHadronPhysicsCollaborationis in theprocessof replacingtheSZIN
codewith anew applicationbasecalledCroma,whichwill bewrittenentirelyin QDP++,theC++
versionof QDP. This effort will provide an exampleof a large, publicly availablecodewritten
from the groundup in QDP. The MILC CollaborationhasincorporatedQMP andSSEversions
of linear algebraroutinesinto its code,andwill includecalls to the level 3 routines. This work
alreadyindicatesthat MILC andotherC codeswill run with high ef�ciency on the QCDOC,as
well asontheoptimizedFNAL andJLabclusters.TheMILC Collaborationhasbegunto compare
the performanceof critical componentsof its codewith correspondingoneswritten in the QDP,
andwill write new codein QDPasappropriate.Thiseffort will demonstrateanalternativerouteto
theutilization of theSciDAC software,onethatwill enablerapidportingof existing codesto the
targetedarchitectures.

Clearly, for QDPtogainwideacceptance,it mustbeproventogivehighperformanceandincreased
conveniencein termsof codedevelopmentandportability. Oncethedevelopmentof application
codesis underway, weplanto obtainfeedbackfrom programmersconcerningtheseissuessothat
new releasesof theQDPAPI codecanevolveundertheguidanceof thecommunity'sexperience.
An exampleof QDP'spotentialis shown in Fig. 2, whereweplot theperformanceof theconjugate
gradientmatrix inversionroutinefor improvedstaggered(Asqtad)quarksasa functionof thelocal
latticevolume.Resultsareshown for thestandardMILC codeandfor QDPwith andwithoutSSE
instructions.It shouldbenotedthattheMILC codehasbeenoptimizedoveraperiodof morethan
tenyears,sothefactthattheinitial versionof QDPslightly surpassesit is quitesigni�cant.

2.4 Level 3 Subroutines

Theoverwhelmingfractionof the�oating pointoperationsin any latticeQCDcalculationarecon-
sumedin a few computationallyintensive subroutines.Foremostamongthesearethesubroutines
for the inversionof the quarkDirac operators,which accountfor 70% to 90% of �oating point
operationsin typical computations.Level 3 of theQCDAPI consistsof highly optimizedversions
of thesecritical subroutines.They canbecalledbothfrom QDPandfrom standardC/C++code.

The Scienti�c ProgramCommitteehasidenti�ed threequarkactionsasvital for initial projects
on terascalecomputers:Wilson–Clover, DomainWall, andImprovedStaggered(Asqtad).Invert-
ers for thesethreequarkactionsconstitutethe �rst setof level 3 routines. They are written in
assemblylanguagefor the QCDOC.The critical part of theseroutinesis the multiplication of a
vectorby theDiracoperator. Table1 below showstheperformanceof thisoperationin M�op/s per
processorobtainedon theASIC simulatorandcon�rmed on theinitial hardware.Thedifferences
in performancehave to do with thedifferentratiosof �oating point operationsto datamovement
for the threeactions. The peakspeedof the processoris 1,000M�op/s, so the performancefor
theWilson–CloverandDomainWall quarksexceedsthedesigngoalof 50%of peak.TheAsqtad
actionputsasigni�cantly higherdemandonthecommunicationssystemthantheotheractions,so
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Figure2: Comparisonof performanceof theMILC andQDPcodesfor theAsqtadinverter. Perfor-
mancein M�op/s perprocessoris shown asa functionof thenumberof latticesitesperprocessor,
L4, bothwith andwithout SSEinstructionsfor eachcode.Thesetestsused16 processorson the
FNAL clusterlqcd.

its performanceonsucha smalllocal volumesis particularlynoteworthy.

Up to now our prototypeclustershave all employed Pentium4 processors.Optimizedinverters
for Wilson–Clover, DomainWall andAsqtadactionsarebeingwritten for theseprocessorsusing
SSEinstructions.The impactof our optimizationprogramon theperformanceof theseinverters
is illustratedin Figs. 1 and 2. Many additionalbenchmarks,including performancefor differ-
ent processorsand interconnects,can be found at the URLs physics.bu.edu/ brower/tests and
lqcd.fnal.gov/benchmarks. During therenewal periodwe expectto extendtheoptimizationpro-
gramto additionalprocessors,suchastheG5. Furthermore,thedevelopmentof new actionsis one
of themostimportantandactively pursuedareaof researchin our �eld. We mustbein a position
to developoptimizedinvertersfor new actionswhenthey arereadyfor productionwork on both
theQCDOCandclusters.In addition,for highly optimizedactions,suchasAsqtad,thecalculation
of the fermion forcecanbecomea major consumerof cycles. We will investigatethecodingof
level 3 routinesfor this operationaswell. Methodsanddocumentationneedto be developedto
streamlinetheoptimizationof level 3 routines.

Cost effective terascaleclustersmay well make useof multi–processorSMP nodes,so multi–
threadedbindingsfor QLA, QMPandlevel 3 routineshavebeenanticipatedin oursoftwaredesign.
We plan to implementmulti–threadedversionsof the codewhen the price of commoditySMP
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QuarkAction LocalVolume M�op/s pernode

Wilson–Clover 24 560
Wilson–Clover 44 590
DomainWall 24 470
DomainWall 44 535
Asqtad 44 440

Table1: Performanceof QCDOCassemblycodefor themultiplicationof avectorby theDiracop-
erator, for thethreequarkactionsthatwill beusedin initial projectsontheQCDOC.Performance
is from testson theASIC simulator, which werecon�rmed on theinitial QCDOChardware.The
performancefor DomainWall quarkswastaken from that on standardWilson quarks,which is
expectedto beidentical.

nodeswarrantsit.

2.5 ExecutionEnvir onment

DonHolmgrenatFNAL andChipWatsonatJLab,andtheir respectivegroupshavebeenworking
togetherto develop the systemstools andsoftwareneededto run large clusters. Theseinclude
softwareto monitorhardware,updateBIOS,etc. This effort takesadvantageof theexperienceof
theFNAL staff on operationsandtheJLabstaff on networking. Work on theQCDOCoperating
systemis a major software task of the BNL/Columbia group. The OS for QCDOC hasmade
substantialprogressallowing the compilationof the entireColumbiaPhysicsSystem(CPS)and
theMILC code.

Efforts arenow beginningat FNAL andJLabto build a uni�ed user's environmentwith a goalof
presentingto theusersidenticalbatchenvironments,identicalcommandsfor interactingwith disk
andtaperesources,andidenticaldevelopmentenvironments.Deploymentandtestingof the �rst
versionof thiscommonuserenvironmenthasbegunat FNAL andJLab. Theseconditerationwill
aimatacommonrun-timeenvironmentandacommonuserinteractiveenvironment.As thiseffort
matures,theBNL, FNAL andJLabfacilitieswill becombinedinto a LatticeQCD Meta-facility,
including datagrid capabilitiesdescribedbelow, plus virtual batchqueuesfor job submission.
This computationalgrid will leveragework within PPDGon the speci�cation of high level job
descriptions,andwill ultimatelyaddressthe issueof sendingjobs to themosteffective platform
basedupondomainspeci�c parameters,suchaslatticesizesandLQCD algorithms,aswell asthe
morecommonbatchcriteriasuchassystemload.

2.6 Data Grid Tools

TheSoftwareCommitteeis nearingcompletionof thebasicdesignof the I/O routinesconsistent
with plansfor futuredataarchives,andgrid basedtools. Thedesignincludesbinary �le formats
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much like thoseusedin the NERSCQCD archive, Metadatafor physicsparameters,andXML
basedI/O standards.We are foundingmembersof the InternationalLattice Data Grid (ILDG)
project,which wasestablishedto enablesharingof QCD datainternationally. Membersof the
SoftwareCommittee,who serve on the ILDG MetadataandMiddlewareGroups,areworking to
insureconsistentinterfacesandcommonstandards.

Importantwork remainsto establishan internationalgrid–of–gridsfor latticedata. ILDG hasal-
readyadoptedin principal the StorageResourceManagement(SRM) systemdevelopedacross
multiple projects. JLab's participationin SRM developmentswasdoneasa part of the SciDAC
ParticlePhysicsDataGrid project,andthat experienceis beingcarriedover into theLQCD Sci-
DAC work.

Additionalwork in de�ning thenecessarycomponentsof theILDG grid remains,andmembersof
thesoftwarecommitteeareparticipantsontheILDG architectureworkinggroup.As for theSRM,
thereis agreementthat it will bebaseduponwebservices,andincludedomainspeci�c metadata
catalogsto allow discoveryof valuabledatasets.

TheILDG metadataworkinggroupis in theprocessof de�ning themetadatato bearchivedwith
thedata,andthatmeta-dataspeci�cationwill alsoform thebasisfor catalogingandqueryoper-
ations.We will undertake thedevelopmentof a productiondatagrid environment,with tools for
entering,managing,andsearchingvia meta-data.Carewill betakento guaranteeinteroperability
with our ILDG partners.

Wewill alsosetupthe�rst componentsof adatagrid (storagemanagement,�le transfer)between
thetwo clustersites(JLabandFNAL). This effort will includeimplementingSRMv2.1speci�ca-
tion atopthesites' tertiarystoragemanagement.It will alsoaddressissuesarisingfrom FNAL's
useof Kerberos.Extensionof this capabilityto theQCDOCfacilitiesat BNL andColumbiawill
follow quickly in thenext stage.In additiontheplanincludesintelligentdispatchof jobsto all the
siteswithin themetacenter, baseduponapplicationdomainparameters.

2.7 Pro�le and PerformanceAnalysis Tools

Following the initial award of the SciDAC project, computerscientistsin Dan Reed's groupat
the University of Illinois applieda high level performanceanalysistoolkit (SvPablo) to analyze
the performanceof the MILC code. The MILC codewas instrumentedand detailedhardware
performancewascapturedusingSvPablo's interfaceto theUniversityof TennesseePAPI hardware
performancecountertoolkit. Initial methodsandresultwerepresentedat Supercomputing2001.
Thepro�ling tool hasbeenextendedto themessagepassingAPI (QMP) aswell.

During the renewal periodproposeto enhanceandexpandthe functionality of the performance
analysistoolsdevelopedto date,andextendthemto supportotherplatforms,includingQCDOC,
andothercodes.The new versionof the PAPI (v.3.0) hardwarecountertoolkit, which wasof�-
cially releasedduring theSupercomputingconference,in November2003,will fully supportthe
Pentium4 processor. Usingfundsfrom anotherproject,we will incorporatethatPAPI versionto
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SvPablo.Weplanto install thisnew, integratedSvPabloversionon theFermiLablqcdcluster, and
we will extendour analysisof theMILC codeon that clusterby capturingrelevantperformance
datafrom hardwareperformancecounters.Usingsuchdata,we expectto conductoptimizations
on speci�c partsof the MILC code,guidedby the detailedmeasurementof its computationand
communicationcharacteristics.

Wealsoplanto applythefull-featuredSvPablotoolkit to analyzetheperformanceof thetwo other
majorQCDcodesconsideredby thelatticegaugetheorycollaboration,namelytheColumbiaPhys-
ical System(CPS)andCroma.Similarly, weplanto portat leastpartof SvPablo's functionalityto
thatplatform.Thiswill enablecross–platformcomparisonof thetwo majorconsortiumcomputing
platforms–commodityclustersandtheQCDOC.

2.8 Algorithmic Development

If pasthistory is a guide,new algorithmswill be as importantas fasterhardware in advancing
researchin latticegaugetheory. Consequentlythesoftwareinfrastructuremustbe�e xible enough
to accommodatetheevolutionof QCD algorithms.Evenon Tera�op/sor Peta�op/splatformsthe
centralalgorithmicproblemfacedby our �eld will almostcertainlycontinueto betheperformance
of theDirac inverter, which is critical for includingtheeffectsof light seaquarks.We needboth
improvedalgorithmsfor existing applications,aswell asradically new approachesfor problems
outsidethereachof currentmethods,suchassimulationsat �nite chemicalpotential.Theseprob-
lemsposea fundamentalmathematicalchallengewith strongrelationsto analogousproblemsin
otherareasof scienceandappliedmathematics.SciDAC offers an ideal settingfor this type of
algorithmicresearchby encouraginginterdisciplinarycollaborations.

Brower andRebbi,who have exploredmulti–grid methodsextensively in thepastdecade,arebe-
ginningto work with appliedmathematiciansfrom theTOPSmulti–gridalgorithmteamto explore
new approachesto solve the critical problemof acceleratingthe inversionof the Dirac operator.
David KeyesandSteve McCormick have expressedtheir interestanda testcaseusingthe two–
dimensionalSchwingermodel is beingpursuedfor an initial studyof multi–grid Dirac inverters
in gaugebackgrounds.Also, thenew SciDAC postdoctoralfellow at BostonUniversity, Hartmut
Neff, bringsnew expertiseto theproblemof projectingout low eigenvalueswhich areresponsible
for critical slowing down. Thishasprovento beauseful“preconditioner”for theDirac inverterin
someinstances,andshouldbeexploredfurtherin themulti–gridcontext.

Recentlynew possibilitiesfor applyingmulti–level or domaindecompositionmethodshavebegun
to beexploredby Martin Lüscher, who hasintroduceda blockingmethodbasedon the“Schwarz
alternatingprocedure”that shows somepromisefor improved performanceon P4 clustersdue
to betterlocality for cacheandcommunication.Possibleextensionsto the stochastic(or Monte
Carlo) part of theproblemarebeingexplored,aswell asa new multi–level approachto the full
partition function (with Fermionicdeterminant).This approachrepresentsa combinationof do-
maindecompositionideasandstochasticmulti–grid in thespirit of multi–grid modi�cation of the
Swendsen-Wangclusteralgorithmby Achi Brandt. In short,thereis a new setof very attractive
ideasthat certainlydeserve carefulexamination. A joint effort is beingstartedby Brower, Neff
andRebbiin collaborationwith themulti–grid teamin TOPS.If thereis someinitial success,we
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would recommendthatthisprojectbeexpandedin futuresoftwareplans.

3 Cluster Development

By 2005,the rapid paceof processorandinterconnecttechnologydevelopmentwill allow us to
constructspeciallycon�guredclustersfor latticeQCDwhichwill, atascaleof multiple tera�op/s,
provide additionalgainsin price/performance.In orderto deliver thehighestperformance,addi-
tional prototypingwork mustbedonein 2004-2005underthis SciDAC grantsothatwe continue
to trackemergingtechnologiesin preparationfor full scaledeployment.In thissectionwedescribe
theseneartermexplorations,andtheoptimizationstrategy andreferenceplatformsfor 2005that
arebeingtargeted.

The prototypesare being usedto study the capabilitiesand limitations of clustersystems. As
the mostrecentexampleof thesestudies,JLab is now in the processof commissioninga novel
gigabit ethernetmeshclusterwhich achieveshigherper nodebandwidththanthemostcommon
clusterinterconnect(Myrinet) at a lower cost,by exploiting six gigabitethernetlinks in a three–
dimensionalmeshcon�guration.

In January, 2004,approximately80new systemswill beprocuredatFermilab. Themostlikely pur-
chasewill besingleprocessorIntel systems,with 800MHz front sidebuses,andPCI-X provided
by thenew Canterwood-ESchipset.Pendingtheresultsof testingin December, theprocessorwill
be either the new ”Prescott”Pentium4 with SSE3,or the currentPentium4 processor. These
systemswill replacethe dual 700 MHz PentiumIII nodespurchasedin 2000with pre-SciDAC
supplementalDOE fundsandin-kind Fermilabcontributions.We will re-usetheexisting Myrinet
2000fabric from thatdualPentiumIII cluster. This will be the �rst exampleof partof our clus-
ter strategy - the re-useof high performancenetwork fabrics. Due to Moore's law performance
increases,after 3 yearsof operationthe computersin a given clusterhave only 25% of the per-
formanceof new machines.However, our high performancenetwork fabricshistoricallyhavehad
excessbandwidth,andsuf�cient latency, andso performwell for � ve to six years. This re-use
representsa substantialcostsavings.

In January, hardwareto investigatetwo alternatenetworkingarchitectureswill alsobepurchased.
First, bladesproviding 32 portsof gigabit ethernetwill be usedin oneof our existing Myrinet
switches,in order to investigatewhethersingleanddual gigabit connectionsper computercon-
�gurations arecosteffective on thesmallerphysicsrunscommonon our cluster, suchasvalence
quarkpropagators.Second,a small In�niband switch,approximately24 ports,andmatchinghost
channelinterfaceswill be purchased.In�niband is the mostpromisingswitchednetwork archi-
tecturein the future, and acquisitionof this small fabric will allow the collaborationto assess
operationalaspectsof In�niband andto port theSciDAC communicationsAPI (QMP).

A signi�cant boostin I/O bandwidthandareductionin communicationslatency is anticipatedwith
theintroductionof PCI Expressin mid-2004.We arealsolikely to seesigni�cant costreductions
in two alternative processorarchitectures,Intel's IA64 (Itanium) andIBM' s PPC970(calledG5
by Apple). Both of thelatterhave shown promisein our limited investigations.PCI Expresswill
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not besupportedon Itaniumin 2004; it is not known at this time whetherit will besupportedin
eithertheAMD Opteronor IBM PPCfamiliesin 2004. However, thesethreealternatives(AMD
Opteron,IBM PPC,andIntel IA64) areof suf�cient promisethatwe canproposeat this time two
signi�cant clusteracquisitionsat JLAB andFNAL in latespringandlatesummerof 2004. One
clusterwould investigatePCI Expressandthemostpromisingsupportingarchitecture,likely dual
Xeon or dual Opteron,andthe otherwould investigate,if appropriate,anotherprocessorfamily
(PPC,Opteron,or Itanium)andthebestmatchingcommunicationsfabric,possiblyoptimizedfor
large,single-processorclusters.

3.1 Cluster Optimizations

From the SciDAC researchalreadycompleted,it is clear that therearetwo regimesfor running
clusters. For very large physicsproblems,which cannot�t into the aggregatecachesizeof the
clusterCPUs,latticealgorithmsarecompletelymemorybandwidthlimited. In thissituation,mul-
tiple processorsonasharedmemorybus(asin theXeonarchitecture)arenotef�cient (bandwidth
starved), and so single processorsdeliver the bestprice performance(NUMA architecturema-
chines,asin theOpteron,mayallow ef�cient multi–processornodesevenfor theseproblems).On
the otherhand,for smallerphysicsproblemswherecacheresidency is feasible,multi–processor
computenodesare more cost effective than single processornodes(lower cost per processor).
Similar optimizationtradeoffs in costandperformancefor network links mayprove to beequally
signi�cant.

Oneadvantageof theclusterapproachis thatthenationallatticeprojectcandeploy multiple clus-
terswith differentoptimizations,and intelligently steerspeci�c applicationsonto the mostcost
effective platform(meta–centeroperationsdescribedabove).

Theprototypingwork doneundertheSciDAC grantwill provide theneededparameterizationof
clustersfor latticeQCD.During2004,thenationalcommunitywill developagoodunderstanding
of thetotalworkloadfor thefollowing 2–3yearswhichwill allow theselectionof speci�c clusters
for deploymentin 2005andbeyond.

3.2 2005Cluster Deployments

Currenttrends,plustheoptimizationpossibilitiesdescribedabove,leadtoaplanto deploy multiple
clustersin 2005exploiting differentoptimizationstrategiesto mosteffectively coverabroadrange
of physicstopics. In addition,clustershave a non-linearscalingterm which becomesimportant
above1024nodes,which similarly leadsto thedecisionto deploy severalclusters.

Theexactdetailsof theclusterprocurementsfor 2005cannotbegivennow, in thatit is impossible
to predictthemarket,andknow whichtechnologieswill gainsuf�cient marketshareto pro�t from
volumeshipments(asgigabitethernethasin thelast3 years).
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Reasonableestimatesbaseduponindividual extrapolationsin processorspeed,cachesize,mem-
ory busspeed,andI/O interconnectbandwidthandlatency yield anexpectedprice/performanceof
lessthan$0.8/M�op/s at a scaleof several tera�ops in 2005. Underan only slightly optimistic
assumptionthat quadprocessornodeswill becomecommodityby 2005, even more favorable
price/performance,as low as $0.40/M�op/s, can be anticipatedfor somesigni�cant portion of
the physicsprogram. This price performancewould be achieved for problemthat �t into cache
(hencemulti-processoris optimal)andwhenahighperformancenetwork is exploited(In�niband)
to producea latticeQCD/it SuperCluster.”

Asaconcreteexample,animportantphysicsgoalin the2005timeframewill betocalculatehadron
spectroscopy and structurewith chiral fermionson a suf�ciently large lattice to accommodate
pionsas light as220 MeV. Onemeansto accomplishthis goal that hasbeenanalyzedis using
domainwall fermionson a 323x48x24 lattice. Using the performanceanalysisdescribedin the
December2002proposal“ComputationalResourcesfor LatticeGaugeTheory” andconservative
market assumptions,a Gigabit Ethernetclusterof 2048singleprocessorsin 2005would sustain
4.5T�op/s in singleprecisionat a costof $0.68persustainedM�op/s. An alternativearchitecture
(aSuperCluster)of 1048quadprocessorsin thesametimeframeis estimatedto sustain7.7T�op/s
atacostof $0.41persustainedM�op/s. Smallerapplications(lattices)wouldachievesimilarprice
performanceon anappropriatelyscaledmachine(partition).

The prototypeclustersplannedfor 2004will be essentialfor accuratelyanalyzingtheseperfor-
mancemetricsfor selectingthelarge2005clustersandoptimizingtheir architecture.

4 The QCDOC Project

A centralobjective of theSciDAC softwareeffort is to provide a standardizedsoftwareenviron-
ment that is able to effectively supportmulti-tera�ops hardwareplatformsthat arehighly cost-
effectivefor QCD.Ashasbeendiscussedabove,the�rst multi-tera�opsproductionmachinewhich
our collaborationplansto constructis a 10 T�ops QCDOCmachineat BNL. Thus,an important
componentof thesoftwareeffort is directedat ef�ciently supportingthis architecture.In this sec-
tion we will describethecurrentstatusof theQCDOCproject.Furtherdetailsaswell aspictures
of theprototypehardwarecanbefoundin AppendixC.

TheQCDOCarchitectureis basedonasingle-chipcomputationalnodewhichcontainsanembed-
dedRISC 440 PowerPCprocessorwith a 1 G�ops IEEE doubleprecision�oating point unit, 4
Mbytesof on-chipmemoryandcommunicationshardwareproviding 0.5 Gbit/sec,bi-directional
serialcommunicationin eachof the twelve directionspermittinga large parallelmachineto be
constructedasa six-dimensionalmesh. (Eachnodealsocontainsan off-chip standardmemory
moduleof sizethatcanbeselectedbetween64Mbytesand2 Gbytes.)
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4.1 Hardware

The designanddevelopmentof the QCDOCarchitectureandhardwareis in the �nal debugging
stagesandconstructionof large-scalemachinesis aboutto begin. The heartof the machineis
anapplicationsspeci�c integratedcircuit (ASIC) which is beingbuilt by IBM. The �rst of these
componentswere received at the end of May. Two of theseQCDOC ASICs are mountedon
a daughterboard. Daughterboardswith mountedASICs have beenavailablesinceJune. The
QCDOCASIC wastestedquitethoroughlyin a single-nodemodeduringthesummer. All teststo
datehavebeensuccessful,sothatno faultshave beenfoundin this complex, 50 million transistor
part. Someminor faultswerefoundin thedaughtercard,but thesecouldbe �x edby rework and
engineeringchangeshave beenmadeto the daughterboarddesignso future productionwill not
have thesedif�culties.

The next phaseof testingbegan in early Septemberwhen threemotherboardswereassembled.
Thesemotherboardshold thirty two daughtercardsandeachmountsin a single-motherboard
cabinet.Thesecabinetscontainthefull clockdistributionandserialcommunicationsystemsof the
�nal QCDOCcomputer, allowing all of thesesystemsto betested.After overcomingsomeinitial
dif�culties, we now have two motherboardswhich function perfectly. Thesehave run physics
codefor many tensof hoursboth separatelyandjoined with 2-metercablesto form a 128-node
machine.Thelongestrun to dateon this 128-nodemachinewasfor 14 hours.During this run no
communicationserrorswerefoundestablishingabit errorrateof lessthanonein 1018. Weexpect
to accepttheASIC asreadyfor large-scaleproductionafterperformingadditionallong runswith
a numberof physicsprogramsandcomparingwith workstationresults.

4.2 Software

As hasbeendescribedearlier, softwaredevelopmentfor QCDOChasbeena majorpriority of the
U.S. Lattice QCD SciDAC effort aswell as the othercollaboratinggroupsat the RIKEN BNL
ResearchCenterandin theUKQCD. High-performanceQCD kernelshave beentestedon a two-
nodesystemusing1-dimensionalcommunicationandshow ef�ciencies ashigh as50%,aswere
seenusingthe QCDOCsimulator. While theQCDOCoperatingsystemis still beingdeveloped
muchprogresshasbeenmade,permittingthecompilationandsingle-nodeexecutionof both the
entireColumbiaPhysicsSystem(CPS)andMILC code.

4.3 QCDOC construction

Theschedulefor completionof theQCDOCprojectis shown in theGanttchartin Figure3. The
QCDOCcomputerconstructionproceedsin two stages.Beginningin Novemberwewill construct
the�rst 2000nodesof the10T�ops machine,(aswell assimilar initial large-scalehardwarefor the
RIKEN BNL ResearchCenterandtheUKQCD Collaboration).Thispartialmachinewill bemade
availablefor useby theU.S.collaborationasrapidlyaspossible.Thiswill permitthecollaboration
to begin physicsproductionrunningfor two or threeprojects,to bedeterminedby our allocation
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procedure.It will permittheBNL/Columbiateamatestrunatproviding usersupportfor thisscale
of use.Productioncomputercodefrom a numberof groupswithin our collaborationwill beused
in a realenvironment.By makinginitial large-scalehardwareavailableasquickly aspossible,we
will insurethatthefull machinecanbeusedeffectively assoonasit becomesavailable.

ID Task Name

1 Construction, stage 1
2 Construction, stage 2
3 Procure cabinets
4 Procure IBM ASICs
5 Assembly
6 BNL hardware support staff
7 BNL software support staff

Oct Nov Dec Jan Feb Mar Apr May Jun Jul
Qtr 4, 2003 Qtr 1, 2004 Qtr 2, 2004 Q

Figure3: Ganttchartshowing theQCDOCconstructionschedule.The8-motherboardmachineis
the�nal electronicprototypingstepverifying amulti-motherboardbackplane.

As soonas this stagehasbeensuccessfullybroughtup, we will begin full-scale productionof
the remaining20,000nodeswhich will be assembledat Brookhaven. While this constructionis
scheduledto begin in Januaryof 2004, long lead-timepartswill be orderedearlier, assoonas
requiredby theconstructionscheduleandvalidatedby thepresentprototypetesting.

Theconstructionof this 10 T�ops machinewill becompletedby July of 2004at which time full-
scalephysicsproductionrunningwill commence.

5 Management

Overall responsibilityfor thisprojectis vestedin theLatticeQCDExecutiveCommittee:Richard
Brower (BostonU.), NormanChrist(ColumbiaU.), MichaelCreutz(BNL), PaulMackenzie(Fer-
milab), JohnNegele(MIT), ClaudioRebbi(BostonU.), StephenSharpe(U. Washington),Robert
Sugar(UCSB,Chair)andChip Watson(JLab).TheExecutiveCommitteesetstheproject'sgoals,
draws up plansfor meetingthesegoals,andoverseesprogresstowardsmeetingthem.TheExecu-
tive Committeehasbeencarryingout thesefunctionsfor over four years.It holdsapproximately
two conferencecallspermonth,andcommunicatesvia emailbetweencalls.A consensushasbeen
reachedon nearlyall issuesthat have comebeforethe Executive Committee. Whenconsensus
is not reached,decisionsaremadeby majority vote,with theChair's votedecidingtheoutcome
in caseof a tie. The Chair of the Executive Committee,RobertSugar, servesasspokesperson
andprincipalcontactwith theDepartmentof Energy. Eachinstitutionreceiving fundsunderthis
project hasa principal investigatorwho has�rst level responsibilityfor work performedat his
institution.

TheExecutiveCommitteehasformedanumberof committeesto assistit in managingtheproject:

Scienti�c ProgramCommittee: TheScienti�c ProgramCommitteemonitorsthescienti�c progress
of theproject,andprovidesleadershipin settingnew directions.It solicitsproposalsfor useof the
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computationalresourcesavailableto thecollaboration,andallocatestime on themin a fashionto
achieve thegreatestscienti�c bene�t. At present,theseresourcesconsistof theFNAL andJLab
clusters,andanallocationat OakRidgeNationalLaboratoryprovided throughtheSciDAC Pro-
gram. The Committeeorganizesan annualmeetingof all lattice gaugetheoristsworking on or
planningto participatein theprojectorderto review progressandplanfuturedirections.Members
of theScienti�c ProgramCommitteearePeterLepage(CornellU.), RobertMawhinney (Columbia
U.), Colin Morningstar(Carnegie Mellon U.), JohnNegele (MIT), Claudio Rebbi (BostonU.,
Chair),StephenSharpe(U. of Washington),Doug Toussaint(U. of Arizona)andFrankWilczek
(MIT).

Oversight Committee: The OversightCommitteeis chargedwith reviewing progressin imple-
mentingthe plansof the collaboration,reviewing plansfor the developmentand acquisitionof
software and hardware, and making recommendationsregardingalternative approachesor new
directionsfor the collaboration. It meetsvia conferencecalls, which are scheduledso that the
Committeecanreview on–goingprogressandplanning,andprovide timely advicebeforeimpor-
tant implementationor procurementdecisionsaretaken. TheChair of the Executive Committee
participatesin theseconferencecallsto obtaintheadviceof theOversightCommitteeat �rst hand,
andthe SoftwareCoordinatorandhardwaredevelopersparticipateasneeded.The Chair of the
OversightCommittee,Steven Gottlieb, maintainsregular contactwith all aspectsof the project,
to keeptheCommitteeinformedwith developments,andto schedulemeetingsappropriately. The
membersof the OversightCommitteeareSteven Gottlieb (IndianaU., Chair), Anna Hasenfratz
(U. of Colorado),Greg Kilcup (OhioStateU.), JuliusKuti (UC SanDiego),RobPennington(Na-
tionalCenterfor SupercomputerApplications),RalphRoskies(PittsburghSupercomputerCenter)
andTerry Schalk(UC SantaCruz).

Software Coordinator and Software Coordinating Committee: The Software Coordinator,
RichardBrower, supervisesthework of all softwaredevelopmentteams,providing directionand
coherenceto theeffort. Expandingon our original SciDAC proposal,hehasdevelopeda detailed
setof tasksandmilestones,which he monitors. He providesquarterlyprogressreportsfor the
Executive Committeeon theprogressof thesoftwareeffort. TheSoftwareCoordinatorhassetup
a website,http://physi cs .bu .ed u/ ˜br ower , on which all agenda,minutesandworking doc-
umentsof the SoftwareCoordinatingCommitteeareposted,andhe hasalsoestablisheda mail
archive, (qcdapi@physi cs .bu .ed u), for interchangeof informationamongall membersof the
collaboration.

The Software CoordinatingCommitteeworks with the SoftwareCoordinatorto provide overall
leadershipof the softwareeffort. Its membersareRichardBrower (BostonU., Chair), Carleton
DeTar (U. of Utah), RobertEdwards (JLAB), Donald Holmgren(FNAL), RobertMawhinney
(ColumbiaU.), CelsoMendes(U. of Illinois), andChip Watson(JLAB). It took the leadin de-
signingtheQCDapplicationsinterfaceandis overseeingits implementationonthetwo computing
platformstargetedin this project. The Committeeholds regular conferencecalls, andmeetsin
personseveraltimesperyear.
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6 Budget

Theoverallbudgetfor thetwo yearrenewal periodis summarizedin Table2. Detailedbudgetsfor
the institutionswhich areto receive funds,alongwith the descriptionof the work thesebudgets
will support,canbefoundin theseparatebudgetsheets.Thefundssupporta total of 11.66FTE,
of which 9.36FTE is devotedto thesoftwareeffort, andtheremainderto theevaluationof cluster
components,andto thedesign,procurementandevaluationof clusters.It shouldbenotedthata
numberof peoplewhodonotreceivesupportfrom thegrantmakemajorcontributionsto theeffort.
Thehardwarefundsareto continueourprogramof constructingprototypeclusterswhichareused
to testthesoftware,andto determineoptimumparametersfor theterascaleproductionclusterswe
proposeto build in 2005.

PersonnelBudgets

Institution FY04 FY05
BNL 340 350
BostonU. 205 169
FNAL 417 430
IndianaU. 56 58
JLab 437 450
MIT 265 217
U. Arizona 49 49
U. Illinois 175 181
UC SantaBarbara 19 19
U. Utah 51 52
TotalPersonnel 2014 1975

HardwareBudgets

Institution FY04 FY05
FNAL 150 255
JLab 130 235
TotalHardware 280 490
Total 2294 2465

Table2: Budgetsfor personnelandhardwarein $1,000.Thepersonnelbudgetssupport9.36FTE
for the softwareeffort and2.30 for the evaluation,designandprocurementof clustersandtheir
components.
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A Report of the Lattice GaugeComputing Review Panel

Wewerechargedwith assessingtheproposalsunderthreeheads:intrinsicscienti�c merit,strength
andsigni�canceascomputerscience,competitivepositionwith respectto world activity. Wewere
asked to considereachof thesemattersfrom a broadstrategic perspective, and �nally to make
appropriaterecommendations.

A.1 Scienti�c Merit:

Thestandardmodelprovidesaremarkablyeconomicaldescriptionof ourcurrentknowledgeof the
fundamentallawsof physics.It is agreatachievement,but noonebelievesthatthestandardmodel
is a completedescriptionof Nature,and thereare several well-motivatedtheoreticalproposals
that suggestthe existenceof quantitatively small yet profoundlymeaningfuldeviationsfrom its
predictions. Suchdeviations would be similar in characterto the minute bendingof light that
providedcrucialevidencefor Einstein'sgeneraltheoryof relativity.

Thesearchfor deviationsfrom thestandardmodelis a major focusof experimentalinvestigation
in physicalscience. It drives the constructionof powerful accelerators,intricatedetectors,and
sophisticatedtools for dataanalysis,all at the frontier of humaningenuity. Many hundredsof
millions of dollarsperannumareinvestedin theseactivities. Yet in many casesinterpretationof
theexperimentalresultsis limitedby theaccuracy with whichwecancomputetheconsequencesof
thestandardmodel.For althoughtheequationsof thestandardmodelarequitepreciselyde�ned,
it canbeextremelydif�cult to solve themto anaccuracy thatdoesjusticeto whatcanbeachieved
experimentally. If we areto recognizesmall deviations from the standardmodelwe musthave
accurateknowledgeof whatit predicts.

The only way physicistsknow to do the requiredcalculationsis to bring the full resourcesof
moderncomputersto bear, usingthe methodsof lattice gaugetheory. Existing work allows one
to estimatewith considerablecon�dencewhataccuracy canbeattained,asa functionof available
computerpower. Several speci�c caseshave beenidenti�ed wherea few tera�op-yearswill add
signi�cant valueto completedor ongoingexperimentalprojects.Many morebecomeaccessibleat
thelevel of tensof tera�op-yearsandbeyond.

Besidestheservicethey provide to searchesfor essentiallynew phenomena,calculationsin lattice
gaugetheoryarevaluablein advancingour understandingof quantumchromodynamics(QCD)
itself. QCD is a remarkablybeautifulandsuccessfultheory. It seemscertainto bethefoundation
of our understandingof thestronginteraction,includingtheinternalstructureof protonsandneu-
tronsandtheorigin of nuclearforces,for theforeseeablefuture.But again,becauseof our limited
ability to calculate,we have not yet fully exploitedthepotentialof thetheoryto give insight into
theinternalstructureof nucleons,thenatureof nuclearforces,andthepropertiesof particlescon-
tainingheavy quarks.Computationalwork alongtheselineswill enhanceongoingexperimental
programsat JeffersonLab, Fermilab,SLAC, CLEO,andelsewherearoundtheworld. Suchwork
is alsovital for justifying con�dencein theclaimedprecisionandaccuracy of latticegaugetheory
techniques,thoroughvalidationin applicationswheretheunderlyingfundamentalphysicsis not in
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question.

Finally, thereare importantpotentialapplicationsof QCD in cosmologyand astrophysicsthat
requireunderstandingthebehavior of matterunderconditionsthatareimpracticalto duplicatein a
laboratorysetting.Computersimulations,of course,arenotsolimited. Theultra-hightemperature
limit of QCD is usedto modelmatterduring mostof the crucial �rst minutesof the big bang.
Latticegaugetheorycalculationshave alreadymadea majorimpactin this �eld. They suggested
whenasordinary(hadronic)matteris heatedit ionizesinto quark-gluonplasmaat a surprisingly
low temperature.This predictionhasnow beenbroadlycon�rmed at theBrookhavenRelativistic
Heavy Ion Collider (RHIC), anda fertile new �eld of extremenuclearphysicshasopenedup. The
regimeof ultra-highdensityis importantfor thedescriptionof neutronstarsandsupernovae.There
is abeautifulanalytic,semi-quantitativetheorythatpredictsthebehavior at ”asymptotically”large
densities,but we needmuchmorecomprehensive andaccurateinformation to do justice to the
astrophysics,andatpresentlatticegaugetheoryis our bestlong-termhope.

In short,we feel thescienti�c merit of suggestedprogramis veryclearlyoutstanding.

A.2 Strengthand Signi�cance of Computer Science:

Theproposedprogramsareof considerableinterestfrom thepoint of view of computationalsci-
ence,sincethey couldprovide convincing modelsanddemonstrationsof theuseof costeffective
specialarchitecturesfor scienti�c problems. Indeed,developmentwork on the QCDOCproject
hasalreadyin�uencedthearchitectureof theIBM BlueGene/Lsupercomputerproject.

It is proposedto pursuetwo separatehardwaretracks,oneusingspeciallydesignedsystems-on-a-
chipthatleverageindustrialintellectualpropertycores,theotherusinggeneral-purposecomputing
systems.A speciallydesignedsystemappearsto offer substantialcostsavings in the nearterm,
but thecosteffectivenessof generalpurposecomputingsystemsmayimprove in theintermediate
term.Thesetwo approachesaresubjectto quitedifferentrisksandopportunities.Generalpurpose
computingsystemspro�t enormouslyfrom economiesof scalein production,but of coursethey
will not be designedwith the needsof scienceor lattice gaugetheory in mind, and their future
developmentwill dependon market forcesthat aredif�cult to anticipate.We thereforefeel it is
prudent,aswell asinteresting,to pursueboth tracks,at leastuntil a clearwinner or a synthesis
emerges.

Thesoftwaredevelopmentcomponentof theproposalis alsonovel in this context andextremely
important.In orderto deliver on thescienti�c promiseof theproposal,a muchlargercommunity
thanthoseactively engagedin the initial developmentwill needto be engaged.This mandates
implementationof interfacesusingstandardprogramminglanguagesat the level of C/C++ anda
plain- vanilla UNIX-basedoperatingsystemat theearliestappropriatestage,with maximaltrans-
parency to thehardware.Theremustalsobeanadequatelibrary of optimizedfunctionsfor com-
moncomputationaltasksin latticegaugetheory, andadequateprotocolsfor testingandvalidation
of new contributions. This mustall be well documented,in a form that will be accessibleeven
to membersof otherscienti�c communities,suchascondensedmattertheoristsor specialistsin
statisticalmechanics,who attackmathematicallysimilar problems. The proposersappearto be
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well awareof theimportanceof thesoftwarecomponentof theproject,andwork alongtheselines
is alreadyproceeding.Thepursuitof two separatehardwaretrackswill aid in thedevelopmentof
robust, portablesoftware. If successful,the softwarecomponentcould be very valuableboth in
itself andasa modelfor otherscienti�c enterprises.

A.3 Competitive Position:

Sincelattice gaugetheoryis in somewaysa mature�eld, with establishedproceduresandstan-
dards,it is not dif�cult to comparethe relative power of differentcomputationalfacilities. Sus-
tainedoperationat the multi-tera�op level is both necessaryandsuf�cient for the U.S. effort to
matchexistingEuropeanandJapaneseinitiativesin theimmediatefuture.A sustainedprogramas
outlinedin theproposalshouldallow theU.S. to competevery successfullyin hardwarewithin a
2-4 yeartime frame.

We anticipatethat the ”open” softwaremodelwill engageinterestbeyond the traditional lattice
gaugetheorycommunity, broadenthe scienti�c developmentbase,andgive a major additional
edge.

Wecommendandencouragetheremarkablecollaborationin thisprojectbetweenindustryleaders,
speci�cally IBM, and the university and nationallaboratoryscienti�c communities. Given the
world leadershiprole of the U.S. computerindustry, this is anothergreatsourceof competitive
strength.

A.4 Recommendations:

Several speci�c recommendationsare embeddedin the precedingsections. We will not repeat
these,but will closewith a few suggestionsof a generalnature.

The DOE could leveragetheexcellentscienti�c potentialof this endeavor througha programof
fellowshipsthatwould allow youngpeopleenteringthe�eld, which requiresa signi�cant start-up
time andfalls somewhat betweentraditionalacademiccategories,somemeasureof freedomand
securityduringtheearly, precariouspartsof their careers.

The proposersshouldnot be overly conservative in their funding requests.In particular, there
shouldbe realisticallowancefor contingency costs,andadequatesupportstaf�ng so that skilled
physicistsandcomputerscientistscanemploy their time ef�ciently .

Both theproposersandtheDOE shouldrecognizethat this is anendeavor that is not likely to be
exhaustedin 4 yearsor even in 10. While the focusat this early stageis, quite properly, to get
signi�cant hardwareandsoftwareup andrunning,it will be appropriateto keepthe longerterm
in mind, andto begin seriouslong-termplanningperhaps2 yearsinto theproject,whenenough
practicalexperiencewill havebeenaccumulated.
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B Appendix: Cluster Hardwareand Performance

This Appendixdescribestheprototypeclusterhardwareacquiredduringtheinitial SciDAC grant,
summarizesits presentperformanceon QCD applications,and describesperformanceanalyses
andprojectionsfor clustersto bebuilt duringtheSciDAC renewal.

B.1 Curr ent Clusters

Building on experiencefrom pre-SciDAC clustersat Fermilab,JLab,andMIT, a sequenceof four
prototypeclustershavebeenbuilt at FermilabandJLab:

� 48nodedual2.0GHzP4Myrinet clusterat Fermilab,beginningoperationin August2002.

� 128nodesingle2.0GHzP4MyrinetclusteratJLab,beginningoperationin September2002.

� 128nodedual2.4GHzP4MyrinetclusteratFermilab,beginningoperationin January, 2003.

� 256nodesingle2.66GHzP4GigabitEthernetmeshclusterat JLab,beginningoperationin
September2003.

In our coordinatedprogramto broadlyexplorearchitectureandtechnologyoptions,the acquisi-
tionshavealternatedbetweenFermilabandJlab,andfocusedoncomplementaryissues.Fermilab
hasconcentratedon dual-processornodes,which aremostcosteffective for cache-residentprob-
lems,andJLabhasfocusedon singleprocessornodesandmostrecently, exploitationof Gigabit
Ethernet,which aremostcosteffective for large applicationsthat do not �t in cache. Figure4
Shows themostrecentclustersatFermilabandJLab.

B.2 Performance

Clusterperformancewill ultimately be measuredby the sustainedperformanceof the SciDAC
testsuiteof physicsapplicationson full scalemulti–T�op/s clusters.In theprototypephase,our
strategy hasbeento usethe clusterperformancemodeldescribedin Section3 of the December
2002proposalComputationalResourcesfor LatticeGauge Theory, to demonstrateits agreement
with measurementsof QCDphysicscoderunningoncurrentclusters,andto usethemodelto esti-
mateperformanceof futureclustersbasedon theannouncedor estimatedparametersof improved
commoditycomponents.

As a resultof softwaredevelopmentsupportedby theoriginal SciDAC grant,Initial Level 2 QCD
software applicationsare beginning to becomeavailable for productioncode. Figure 5 shows
recentmeasurementsof the performanceof the Wilson inverterasa function of clustersizefor
84 sitesper nodewith �rst generationoptimizedcodedevelopedat JLab. In this measurement,
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Figure4: Most recentSciDAC clusters.Above: 128nodedual2.4GHzP4Myrinet cluster, com-
missionedat Fermilabin January2003. Below: 256 nodesingle2.66GHz P4 GigabitEthernet
cluster, commissionedat JLabin September, 2003.

thecalculationwasrun ona singlenodewith no communications,andthencommunicationswere
successively turnedon in one,two, andthreedimensionaltori aslisted in thecaption. Note that
addingnew dimensionsof communicationsaretheprincipalorigin of theperformancedecrease,
andthattheactualincreasein clustersizehasa negligible effect on theglobalsums.

It is importantto notethatthis is still anearlystageof optimization,andadditionalclustersoftware
developmentis being carriedout as describedin the text. One example is implementationof
domainwall fermions,anotherSciDAC metric test. Whereasstraightforward implementationof
thedomainwall Diracoperatorwith SSEinstructionsyields804M�ops onasinglenodefor 84 per
site,softwareeffort atMIT changingtheSSEimplementationtominimizememorytraf�c increases
this performanceto 1585M�ops. Thus,it is clearthat the initial level 2 implementationhasnot
yetachievedits full potential,andthat level 3 implementationwill provide furtheropportunityfor
optimization.

Anotherimportantclusteraccomplishmenthasbeentheparalleldevelopmentat Fermilabof opti-
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Figure5: Initial performancemeasuredon JLabGigEclusterfor theWilson inverterasa function
of clustersizefor 84 sitespernode.Thefour pointsrepresentno communications,1-D ring, 2-D
8 � 8 torus,and3-D 4 � 4 � 8 torus.The3-D pointcorrespondsto $2.75persustainedM�ops. The
fall in performanceis almostentirelydueto turningonadditionaldimensionsof communication.

mizedcodefor improvedstaggeredfermions.This applicationis typically morecomputationally
demandingthanWilson or domainwall fermions,andaninitial level 2 optimizedinverterfor im-
provedstaggeredfermionsrunsat752M�op/s/node,correspondingto $4.12persustainedM�ops,
for a 144 latticeon theFermilab128-nodeXeoncluster. Figure6 shows theevolution of perfor-
manceof MILC staggeredfermion codeon Intel basedclustersat Fermilabandelsewhere,and
theprojectedperformancefor 2004.Thelate2002point is the128-nodeXeonclusterresultnoted
above. Theresultsshown arefor non-cacheresidentlatticesonthefull system,oneof themostde-
mandingcomputationaltasks.Fermilab's currentjob mix, calculatingvalencequarkpropagators
on small numbersof nodes,delivers30% betterperformancethanthe point shown. Wilson and
domainwall fermionsarelessdemandingandperformevenbetterthanthepointshown.

Table3 summarizesperformanceonthetwo JLabclusters,wheretheinitial level 2 Wilsoninverter
hasbeenbenchmarked, and shows projectionsfor future clustersplannedfor the period of the
SciDAC renewal. Measuredperformancefor the Wilson inverterof 619 M�ops on an 84 lattice
on the JLabMyrinet clustercorrespondsto $4.62/M�ops and703 M�ops on the GigE cluster
correspondsto $2.75/M�ops. Theseinitial resultsmake uscon�dent that fully optimizedlevel 3
invertersonthesemachineswill achievetheindicatedtargetsof $3and$2/M�ops respectively. On
thebasisof theperformancemodelandthecommoditycomponentsthat arebecomingavailable
asdescribedin thetext, weexpectthathalf Tera�opsprototypemachinessupportedby SciDAC in
2004will reach$1/ M�ops, andthat full scale4-8 T�ops productionmachineswill bebelow $1/
M�ops in 2005.
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Figure6: Price/performanceof staggeredfermioninverteron Intel clustersasa functionof instal-
lationdate.Themeasurementsarefor full clusters,runningtwo processespernode.

Year Cluster TFlops $/M�op/s $/M�op/s
sustained expectedLevel 3 currentLevel 3

2002 128P4Myrinet 0.1 3 4.62
2003 256P4GigE 0.25 2 2.75

2004Q3 Jlab,TBD 0.5 1 -
2004Q4 FNAL, TBD 0.5 1 -

2005 FNAL, Jlab,TBD 4-8 � 0.6 -

Table 3: Currentand plannedSciDAC prototypeclusters. The last column shows the costper
sustainedM�op/s for theWilson fermion inverterwith an initial implementationof level 2 QDP
code.Theprecedingcolumnshows performanceexpectedwith fully optimizedsoftware.

To identify theoptimalcommoditycomponentsfor futuremachines,Fermilabhasundertakenex-
tensive testingof newly availabletechnology, andresultsareavailableon thewebpage
http://lqcd. fna l.g ov /be nc hmarks / . Among the processorstestedin addition to the Pen-
tium 4, aretheOpteron,Itanium-2andG5. Becauseof thehigh visibility of thenew G5 cluster
at Virginia Tech,we show in Fig. 7 a comparisonof the performanceof a 2.0 GHz G5 with the
2.8 GHz Pentium4 discussedabove. Subsequentanalysishasshown that althoughthe G5 has
many attractive features,its priceperformancefor latticeQCD appearsto bea factorof two less
favorablethanthePentium4.
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Figure7: Performancetestsof two processorsanalyzedfor the next Fermilabcluster, 2.8 GHz
Pentium4 with 800MHzfront-sidebus,and2.0GHzG5

.

C QCDOC HardwareStatus

Figure8 showsapictureof oneof the�rst daughterboardsandFig. 9 adaughterboardin atestjig.
Thesetestjigswereassembledby handat Brookhaven.While they provideda critical opportunity
for the initial testingof the ASIC, the con�guration of the Ethernetwiring wasnot suf�ciently
electricallysolid to permitanexhaustivetestof theon-boardEthernet.

Figure10 shows a fully-populatedmotherboardwhile Figure11 show a back-sideview of the
cabinetwhich holdsa singlemotherboard. Theblackcablesare1-meterexamplesof thecables
that will interconnectthe large machine.Herethecablesprovide a loop-backfunction allowing
off-boardcommunicationto be routedbackto this samemotherboard. Eachcablecontains16
pairssothe24cableconnectionsto a singlemotherboardrepresent384pairsor 768signals.

The�rst emphasisin ourmotherboardtestinghasbeentheEthernetsystemwhichhasgivenmore
troublethanexpected.Both the Ethernetrepeaterandphysicallayer interfacechipsthat we are
usinghavebeenquitesensitive to noiseanddif�cult to con�gure. Carefuladjustmentof theclock
signallevelsandthedrive strengthof the repeaterchipshasbeenrequired. In addition,anextra
EEPROM hasbeeninstalledto permita power-on con�gurationof therepeaterchipsthat is more
noise-immunethan the default power-on state. It appearsthat thesechangeshave produceda
reliablesystembut moretestingis neededandunderway.

Possiblyeven moreimportantthantheEthernetsystemis our customserialcommunicationnet-
work. Initial investigationalsoshowedunreliablebehavior of this system.Heretheproblemwas
tracedto excessivejitter in theoutputserialdata.Thiswascausedby anIBM-recommendedpower
�lter circuit for theASIC phase-locked-loopsgoinginto oscillation.This hasbeen�x edandnow
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Figure8: A daughterboardwhich containstwo independentQCDOCnodes.

Figure9: A testjig holdingoneof theQCDOCdaughtercards.
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Figure10: A fully-populatedmotherboardholding32,2-nodedaughtercards.

Figure11: Rearview of a singlemotherboardcabinet.The 24 black cablesconnectthemother
boardbackto itself asa 26 torus.
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Figure12: Theserialdatasignalasseenon thepinsof thereceiving ASIC afterpassagethrougha
six-metercable.Both theamplitudeandphasede�nition areexcellentsuggestingthat thesimple
designof theserialcommunicationssystemhasadequatemargin for very reliablebehavior.

the jitter is at the designspeci�cation and the datasignalstrengthand timing muchbetterthan
required. Figure 12 shows the excellent signalpresenton the receiver input pins after passing
througha six-metercable. With this jitter problemcorrected,the serialnetwork hasfunctioned
perfectly. Thesingle-biterrorrecovery featurewaswell tested(andveri�ed) whenthelargejitter
waspresent.With thejitter problem�x edwe seeno communicationerrorsat all.

To our dismay, oneof the 10 DC-to-DC voltageconverterson one of the motherboardsfailed
afteraboutonemonthof testinganddamagedboththemotherboardandsix daughtercards.The
apparentover-voltageconditioncausedby this failure is supposedto be impossibleandPower-
One,themanufacturer, is actively studyingtheproblem. Fortunately, our two remainingmother
boardshave beensuf�cient for theneededtestingof theASIC andtwo additionalmotherboards
will be available in the beginning of Decemberto supportthe softwaredevelopmentwork of a
largerfractionof thecollaboration.
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