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1 Intr oduction

We requesta two yearrenaval of our ScCiDAC GrantNational Computationalinfrastructue for
LatticeGauge Theory for theperiodJuly, 2004to July, 2006.Duringthe rst two andhalf yearsof
this grant,we have madevery signi cant progressn constructinghe computationainfrastructure
neededby the U.S. lattice gaugetheory communityfor the study of quantumchromodynamics
(QCD), the theory of the stronginteractions. We have designeda QCD ApplicationsProgram
Interface(QCD API) whichwill enablememberf ourcommunityto make ef cient useof teras-
cale computersandwe have built prototypeclustersto testthis software andto study optimal
architecturedor QCD simulations. At the sametime, but with separatdunding, physicistsat
ColumbiaUniversityin collaborationwith colleaguesit IBM have completeddevelopmentwork
ontheQCDOC,a specialpurposecomputerdesignedpeci cally for the studyof QCD.

During the renaval periodwe proposeto optimizethe QCD API for large scaleparallelapplica-
tions, port major applicationsto it, anddevelop the grid tools neededo implementa distributed
nationalcomputingfacility for the study of QCD. We also proposeto continueto study cluster
optimizationwith the aim of beingin a positionto build highly ef cient multi-terascalelusters
in 2005andbeyond. We are seekingseparatdunding for the deploymentof terascaléhardware
andits scienti ¢ utilization. In particular we proposeto install atentera op/s sustainedQCDOC
at Brookhaven National Laboratory(BNL) in 2004, and multi—tera op/s clustersat Fermi Na-
tional AcceleratorLaboratory(FNAL) andThomaslefersonNationalAcceleratorFacility (JLab)
in subsequengears.

On February6, 2003 the DOE corveneda panelof physicistsand computerscientistschaired
by FrankWilczek to review our overall project. A copy of the panels reportis providedin Ap-
pendixA. Amongthe panels commentf particularrelevanceto our SciDAC grantwere:

“The scienti ¢ meritof the suggestegrogramis very clearly outstanding.

“It is proposedo pursugwo separatdardwaretracks,oneusingspeciallydesignedystems-
on-a-chipthatleveragandustrialintellectualpropertycores theotherusinggeneral-purpose
computingsystems. Wethereforefeelit is prudentaswell asinterestingto pursueboth
tracks,atleastuntil aclearwinneror asynthesi:emenpes’

“The software developmentcomponentof the proposalis also novel in this context and
extremelyimportant.  The pursuitof two separatdardwaretrackswill aid in the devel-
opmentof robust, portablesoftware. If successfulthe software componentould be very
valuablebothin itself andasa modelfor otherscienti ¢ enterprises.

“The proposegrogramsareof considerabléenterestfrom thepointof view of computational
science sincethey could provide corvincing modelsanddemonstrationsf the useof cost
effective specialarchitecturegor scienti ¢ problems.

“Both the proposeraindthe DOE shouldrecognizethatthis is anendeaor thatis notlikely
to beexhaustedn 4 yearsor evenin 107



Our scienti ¢ objectvesweresetoutin detailin our original SciDAC proposal.In brief they are

to understandhe physicalphenomena&ncompassely quantumchromodynamicsandto make

precisecalculationsof the theory's predictions. This requireslarge scalenumericalsimulations
within theframework of latticegaugetheory Suchsimulationsarenecessaryo solve fundamental
problemsin high enegy andnuclearphysicsthat are at the heartof the Departmenbf Enegy's

large experimentakfforts in these elds. Computationafacilities capableof sustainingnary tens
of tera op/sareneededo achie/e our neartermscienti ¢ goals.

Major goalsof the DOE's experimentalprogramin high enegy and nuclearphysicsareto: 1)
verify the Standardviodel of High Enegy Physicspr discoverits limits, 2) understandheinternal
structureof nucleonsandotherhadronsand3) determinehe propertiesof hadronicmatterunder
extremeconditions. Lattice QCD calculationsare essentiato researchn all of theseareas.Our
objective underthe SciDAC Programis to createthe computationalnfrastructureneededo study
QCD. We expectthat the scienti ¢ researchwhich will make useof this infrastructurewill be
fundedunderthe DOE programsn high enegy andnuclearphysics.

Our software and hardware developmentefforts are enteringan importantnew stage. The basic
designof the softwarehasbeencompletecanddevelopmentlustershave beendeplojedat FNAL
andJLab The QCDOCASIC, motherboardanddaughtertboardhave beentested,andthe rst
multi-processoQCDOC hasbeenassembled.The core component®of the software have been
developed testedandbenchmarkd. They will enabletheU.S. lattice gaugetheorycommunityto
usethe plannedtentera ops QCDOCandthe prototypeclustersasthesemachinesomeon line.
However, thesecomponentsio not constitutethe fully integratedsoftware infrastructureneeded
to sustainthe broadobjectivesof the nationalprogramin lattice gaugetheory Additional work is
requiredto achieve a full dataparallelinterface,andto port large productioncodesto it. Further
work s alsorequiredto optimizethe QCD API for largescaleparallelapplicationontheplatforms
for which it is targeted. Our planscall for the constructionof a distributednationalfacility with
majorcomputationatesourcesit BNL, FNAL andJLah Additional effort is requiredto developa
uniformandcorvenientuserernvironmentfor this distributedfacility. Ongoingwork is alsoneeded
on software engineeringo releaseandmaintainthe SciDAC QCD software. This work includes
codemanagementggressiortesting,andportingof the softwareto additionalcompilers jntercon-
nectsandprocessonodes.We alsoproposework in the areaof algorithmicdesign,performance
analysisasndcommonstandard$or run-timeandinteractve ervironmentsanddatagrid tools. The
very considerablsoftwareeffort we proposdor therenaval periodwill yield arobust,production
ervironmentfor the nationallattice gaugetheorycommunity

In Section2 we outline the software developmentwork carried out to dateor scheduledo be
completedprior the end of the currentgrant, as well as the work we proposefor the renaval
period,July 2004to July 2006. In Sections3 and4 we describethe statusof the clustereffort and
the QCDOC, and our hardware plan for the next two years. In Section5 we brie y outline the
managemergtructureof our project,andin Section6 we setoutthe proposedudget.



2 Software Development

The goal of the Lattice QCD software infrastructureprojectis to createa uni ed programming
ervironmentwhichwill enablethe U.S. lattice gaugetheorycommunityto achieve high ef ciency
onthe computerarchitecturesamgetedby our project,the QCDOCandoptimizedclustersandon
commerciakupercomputerst is importantthatusersbe ableto developnew applicationgapidly,
andthatthelargeinvestmenthathasbeenmadein existing codesbe presered.

Lattice gaugetheory calculationsare well suitedto massvely parallelcomputers.They employ
regulargridsor lattices,sothe computationaload canbe balancedy assigningequalnumbersof
lattice pointsto eachprocessarin updatingvariableon a givenlattice site or link, oneneedsdata
from alimited numberof neighboringlattice sites. Only whenoneor more of theseneighboring
sitesis on a different processotthan the one being updatedis inter—processocommunications
necessaryThus,communicationgreregularandpredictableandcanusuallybe overlappedwith
computation. Thesesimplifying featuresof QCD calculationsmustbe takeninto accountwhen
designinghardware and software if high efciency is to be obtained. The QCD API doesthis
throughthethreelevel structureshavn in thechartbelow. At level 1 arethe messag@assingAPI
(QMP), which handlesanter—processocommunicationsanda library of singlesitelinearalgebra
routines(QLA) commonto mostlattice gaugetheorycalculations.Level 2 (QDP) containsdata
paralleloperationswhich are built on QMP and QLA. A very large fraction of the resourcesn
ary lattice QCD simulationgo into a few computationallyintensie subroutinesmostnotablythe
repeatednversionof the Dirac operator To obtainthe level of ef ciency at which we aim, it is
necessaryo optimizethesesubroutinedgor eacharchitecture Thesehighly optimizedsubroutines
constitute_evel 3. They canbecalledfrom QDPorfrom C andC++applications Eachcomponent
of the QCD API is describedn detailin a subsectiorbelow.

QCD-API Level Structure

\ Level 3 |
\ Dirac OperatorsCG Routinesgtc. |

\ QDPIlib Level 2 |
DataParallelQCD Lattice Operations
(overlappingAlgebraandMessaging)

e.g.A=SHIFT(B,mu)* C ; Globalsumsgetc
LatticeWide LinearAlgebra Lattice Wide DataMovement
(No Communication) (PureCommunication)
eg.A=B*C e.g.Atemp= SHIFT(A, mu-dir)
\ QLA lib Level 1 QMPIib |
SingleSite& VectorLin Alg API MessagéPassingAPI
e.g.SU(3),Diracalgebrasgtc. (MapsLatticeinto Network)

RichardBrower, the Software Coordinatoy hasoverall responsibilityfor the software effort. He
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is assistedy the Software Committee whosemembershigs givenin Section5. The Software
Committeeoperatedy weekly conferencecallsandfaceto faceSoftware Designworkshopghat
have beenheldat JLabon November8-9,2001,at JLabon February2, 2002,at MIT on June26,
2002,andmostrecentlyat FNAL onFebruary20,2003.Individual softwaredevelopergarticipate
in the callsandmeetingsasneeded.

The software code and documentatiorcan be found at http://www.lgcd.org/ and the working
document®f the Software CoordinatingCommitteeareat
http://physics.hu.edu/"brower/SciDAC/scc.html A useful setof introductoryslidesfrom the
Software Tutorial givenon Feb22,2003at FNAL arepostedat
http://physics.lu.edu/"brower/scidac software_tutorial .

Thebasicdesignof the QCD API hasnow beencompletedandthe Software CoordinatingCom-
mitteeis nearingcompletionof the basicdesignof the I/0 routinesrequiredfor the planneddata
archves,andgrid tools. During therenaval periodthe focusof the softwareeffort will shift from
designand prototypingto full implementationspptimization,testingand supportfor terascale
productionwork. In addition,we anticipatean on going needto respondquickly to new direc-
tionsin physicsalgorithms hardwareandgrid tools. During the 2004—2006ime period,we must
simultaneouslymaintaina productionenvironmentfor terascalecomputationsand continuethe
developmentof the softwareandhardwareinfrastructure.

2.1 Optimized Network Communications—QMP

QMP de nes a uniform subsetof MPI-like functionsequialentto thoseusedin existing QCD
applicationcode. In addition QMP extendsthis core setof MPI functionsin two areas: (1) it
partitionsthe QCD space—timdattice and mapsit into the geometryof the hardware network,
providing a more corvenientabstractiorfor the Level 2 dataparallel API (QDP); (2) it contains
specializedoutinesdesignedo accesshefull hardwarecapabilitiesof the QCDOCnetwork andto
aid optimizationof low level protocolson networksin useandunderdevelopmenin theclusters.

Releasedl.0 of the QMP messag@assingAPI is publishedonIgcd.org, alongwith completedoc-
umentation. It includes: (1) a messagassinglibrary designandbinding for both C and C++,
(2) codeimplementingQMP atop MPI sothatapplicationcodescanbe portedandrun arywhere
linkedto the MPI implementation(3) animplementatiorof QMP atopGM to provide higherper
formancethanMPI for clustersusingMyricom's Myrinet interconnectand(4) animplementation
atopVIA andgigabitetherneto supportthe new gigabitethernetmeshclusterat JLah Thereis a
basictestsuiteto verify eachimplementation.

An implementatiorof QMP for the QCDOC s nearingcompletion. The QCDOC hasimportant
hardware functionality, suchasthe ability to starttwenty-four differentcommunicationsvith a
singleCPUinstruction,andpersistenstoragan the communicationfiardwareof the datapattern
for repeateccommunicationsransfers.Thesefeaturesare supportedn the QMP implementation
for the QCDOC by incorporatingthe QCDOC's native operatingsystemcommunicationsalls.
At presenthis implementatiorcontainsthe nearest-neighbdunctionality of QMP, andhasbeen
testedon both the QCDOCASIC simulatorandinitial hardware. A completeimplementationis
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expectedby Januaryof 2004.

Prior to the startof this projectmostQCD codewaswrittenin C or C++ usingMPI for commu-
nications. It is importantthatthe investmenin this large body of codebe presered, soa design
requiremenbf QMP hasbeenthatC andC++ codemustrun with goodperformanceon thetarget
architecturesimply by replacingMPI calls by correspondingQMP ones. The MILC Collabora-
tion'scodewaschoserto testthisrequirementlt is writtenin C, is freely available,andis usedby
a signi cant fraction of the U.S. lattice gaugetheorycommunity Bringing up the MILC codeon
the QCDOCwasa particularlyimportanttestof QMP, becauséehe architectureof this machineis
signi cantly differentfrom thatfor which the codewasoriginally designedIn addition,concerns
are sometimesxpressedegardingthe porting of large codebasedo specialpurposemachines.
TheMILC codehasnow beenrun on boththe QCDOCsimulatorandon initial hardware,obtain-
ing a performancef approximately20% of peakfor key sectionswith local volumesassmallas
4% |attice sitesperprocessarFor comparisonthe samecodetypically obtains10%to 15%of peak
on commercialsupercomputerwith performancefalling rapidly for local volumeslessthan 8*
lattice sitesper processorlt is, of course highly advantageouso work with smalllocal volumes,
sinceonecanthenbring large numbersof processors$o bearon individual problems.Thesetests
indicatethat QMP enablegshe MILC codeto take advantageof the exceptionalcommunications
systemof the QCDOCwith very little effort by theapplicationgprogrammerOneexpectssimilar
resultsfor otherC andC++ codes.

With the dramaticimprovementin price/performance®f commaodity processorsn recentyears,
network interconnect®iave becomeacritical limiting factorin thedesignof clusters Wetherefore
projectextensve network software experimentatiorand developmentduring the renaval period,
aswe prepardor thedeploymentof terascalelustersn 2005andbeyond.

We are presentlyworking on the ef cient useof gigabit ethernetinte—connectswith x ed grid
topologies.During yearthreeof this project,softwarefor thegigabitethernetmeshwill befurther
optimized. Additional network technologiesnustalso be investigated and additionalnetwork—
speci ¢ implementationof QMP will likely emege. For example,althoughin niband canbe
testedinitially via the MPI implementationQMP, it is onelikely target for optimizationin the
renaval period.

In orderto enhanceur ability to optimize QMP andportit to newv network architecturesye plan
to develop an improved testing procedurefor the API. Our computersciencecolleaguesat the
Universityof lllinois! have carriedout preliminarywork aimedat creatingan exhaustve testsuite
for the QMP API. A structurehasbeenestablishedhatde nes a standardor currentandfuture
tests,aswell astheformatfor testreporting,generatedisan XML le, which canbeviewedwith

ary web browvserthat supportsstyle sheetge.g., InternetExplorer). This approachs similar to

thatusedin thetestsof the MPICH toolkit, a popularMPI implementatiorfrom ArgonneNational
Laboratory The rst versionof thetestsuitecomprisedunctionaltests,andit is beingextended
now to includeperformanceests.During therenaval we will completeafull versionof the QMP

testsuite, including performancdestsaimedat measuringthe lateny and bandwidthprovided
by the QMP implementatiorunderstudy Thetestingprocedurdor QMP will bereviewedby the

!Daniel ReedandCelsoMendeswill move from the University of lllinois to the University of North Carolinaon
Januaryl, 2004.They will continueto work onthis projectattheir new institution.



SoftwareCommitteeandemulatedor otherSciDAC softwarelibrarieswheredeemedppropriate.

2.2 Linear Algebra Kernels—QLA

All lattice gaugetheory calculationsmake useof a setof linear algebraoperationsn which the
basicelementsarethree—dimensionalomplex matrices elementf the groupSU(3). Theseop-
erationsarelocalto latticessitesor links, anddo notinvolveinter-processocommunicationsWe
have gatheredhemtogetherinto a singlelevel 1 library called QLA. The QLA routinescanbe
usedin combinationwith QMP to developcomplex dataparalleloperationsn QDP or in existing

C or C++ code. Thereareboth C andC++ versionsof QLA. The C implementatiorhason order
24,000functionsgeneratedn Perl, with a full suite of testscripts. The numberof functionsin

C++implementatiorof QLA is considerableeducedby makingextensve useof the languages
classstructureandof operatoroverloading.We have madeheavy useof “ExpressionTemplates”
emplgying atool calledPETEfrom LANL in writing the C++ versionof QLA.

Considerablemprovementin the performanceof lattice QCD codescanbe obtainedby optimiz-
ing key linear algebrakernels. The SIMD facilities presenton mary of the processorsikely to
be usedin our clustersprovide a meansfor doing so. Examplesof theseinstructionsetsare SSE
on Intel x86 processorandAltivecon IBM PowverPCprocessorsAlthough mathematicéibraries
exploiting theseinstructionsetsare readily available, they optimize calculationsinvolving large
matrices,anddo poorly on the small SU(3) matricesrequiredfor lattice QCD calculations.Con-
sequentlywe have written anumberof the mostfrequentlyusedroutinesoursehes,employing the
SSEinstructionset. The bestperformancas obtainedwhenwhentheseroutinesareexpressedn

aninlined form, directly in C/C++code.

The impactof this optimizationeffort is illustratedin Fig. TUNING, wherewe shawv resultsfor

improvedstaggeredermionsonthenext successoin theP4processofamily usedn previousma-
chinesa2.8 GHz Pentium4 with an800MHzfront sidebus. This gure displaysseveralimportant
features.First, notethe differenceof morethana factorof two betweenthe lowest,unoptimized
curve andthetotally optimizedtop curve. Secondpbsene thatfor large lattice sizeperprocessar
whenthe problemno longer ts in cache performancas memorybandwidthlimited. Here,the
50%increasen thefront sidebusfrom 533MHz on the mostrecentSciDAC machineto S00MHz
on this machinedirectly translatesnto a 50%increasen performanceFinally, notethe dramatic
performancencreasahatariseswhentheentireproblem ts in cache.

Similar benchmarksomparingresultsfor differentprocessorandinterconnectganbe found at
Igcd.fnal.gov/benchmarks By contrast,testswith the MILC codeindicatethat the IBM xIC
compileris soef cient thatoptimizationof the QLA library for the PoverPCprocessousedin the
QCDOCis lesscritical. This questionwill be revisited after we have more detailedbenchmarks
onthe QCDOChardware.

Unfortunately the semanticof accesso SIMD instructionsetsvariesfrom compilerto compilet

In the caseof the GCC compiler thelanguagesxtensionsavailablefor accessingSEinstructions
are very awkward, and in most casegresultsin codethatis dif cult to understanddelug and
maintain.
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Figurel: Thesingleprocessoperformancen M op/s of the MILC codefor theimproved stag-
gered(Asqtad)inverteron a 2.8 MHz Pentium4 processomwith a 800 MHz front sizebus, asa
function of lattice volumefor variouslevels of tuning. Theimpactof temporaryariableswhich
minimize cachemisses SSEinstructionsandinlining areall illustrated. The sharpfall off in per
formanceoccurswhenthelatticevolumebecomesolargethatthe problemdoesnot t into cache.

Our stratgy for implementingrobust, maintainableSIMD codeis to write the kernelsusingan
assemblerratherthana C compiler In the caseof the Intel x86 architecturewe are usingthe
NASM opensourceassembler It hasyielded very clean, maintainablecode. We have written
SSEroutinesfor QLA in NASM for MILC codeusinga Perlmachinetranslatorto go from MILC
NASM to inline GCC. During the renaval period we proposeto combinetheseQLA routines
with otherswritten for QDP++into a uniform library with consistentQLA semantics.Next we
will implementthis codefor the new SSE3instructionswhich supportcomplec arithmeticmore
directly. Wewill alsoextendthe SIMD versionsof QLA routinesto doubleprecision.We propose
exploring a similar strateyy for the Alti vecinstructionset,which is availableon the PaverPC(G5)
architecture.

2.3 QCD Data Parallel Interface—QDP

Level 2 of the QCD API is the dataparallelinterface QDP, which is built on top of the message
passinglQMP) andlinearalgebra(QLA) libraries. It makesuseof thelocal algebraickernelsof
QLA andthecommunicationsoutinesof QMP to creatdatticewide paralleloperationsComplex
expressionsallow extensve overlappingof communicatiorand computationin a single line of
code. The objective is to enablenewn applicationsto be developedrapidly andto run on a wide
rangeof architecturesvith highef ciency.

Fromthe perspectie of the applicationgprogrammerQDP is the essentialnterfaceto the QCD



API. It allowstheprogrammeto focusonphysicswithoutbeingconcerne@boutthedetailsof data
movementor optimization.The hardwaredependenteaturesof QMP andQLA aretransparento
the QDP programmerandthe highly optimizedlevel 3 routinescanbe calleddirectly from QDP.
For thesereasonsQDP codeis straightforward to write, ef cient, andhighly portable. The MPI
versionof QDPenablest to runon commerciasupercomputerandstandarctlusters.in addition,
codecan be developedand testedon single processomworkstations. To appreciatehe concise
natureof codewritten in QDP++,the C++ implementatiorof QDP, considera typical multiply
andaddalgebraicexpression,

al X Ulﬂijéx L 2c.x x evenandia

whichis foundin codefor theinversionof the Dirac operator In this expressiorthe Dirac spinor
a, x isto beevaluatedateacheven latticesite,x, by multiplying a Dirac spinog b, x p from

the nearesheighborsite,x 1, by an SU(3) gaugematrix U} x associatedavith the lattice link
betweerx andx , andthenadding2 timesa Dirac spinot ¢, x . pis avectoralongoneof the
four lattice axesof lengthequalto thelattice spacing.A latticesiteis saidto be even(odd)if the
sumof its threespaceandonetime componentss an even (odd) multiple of the lattice spacing.
(Einsteins summationcorventionimplies a color contractionj 1 2 3.) In QDP++the code
which performsthis setof operationsn all evenlattice sitesis

multild<Latt ic eColor Mari x> u(Nd);
LatticeDirac  Fermion a, b, c;
int  mu;

aleven] = u[mu] * shift(b,mu) + 2 * C

This expressionandmorecomple variations)allow extensve overlappingof communicatiorand
computationn asingleline of code. By makinguseof the QMP and QLA layers,the detailsof
communicationsuffers, synchronizatiorbarriers,vectorizationover multiple siteson eachnode,
etcarehiddenfrom theuser The [even] targetlabelandshift communicatioroperatorare exam-
plesof completelygeneraluserde ned subsetsaand permutationmapsincludedin the API. The
implementatiommakes heavy useof standardoperatoroverloading,aswell as“ExpressionTem-
plates”’employing a tool called PETEfrom LANL, which eliminatestemporariesand optimizes
theperformance.

A completesetof document@ndthe rst codereleasdor QDP/QLAwith bindingsin C andC++
is availableat Igcd.org. During the renaval perioda high priority will be placedon optimizing
QDPfor the QCDOCandfor theterascaleclusterswe proposeto build. Additional effort will go
into codemanagemeranddistribution, andinto improving manuals.

Oneof our goalsfor QDP is to have it becomethe commonprogrammingervironmentfor the
entireU.S. lattice gaugetheorycommunity This would facilitatethe sharingof applicationcodes,
andreduceduplicationof efforts. It would alsobe a boonto youngermembersf the eld who
would nothaveto learnnew codingenvironmentspr createtheir own, asthey move from graduate
schoolto postdoctorapositionsto faculty positions.The sharingof applicationsoftwarehasbeen
a strongfeatureof the QCD community The MILC Collaborationcodeandthe HadronPhysics



Collaborations SZIN codehave beenpublicly availablefor mary years,andareusedby asigni -
cantportionof the community With the QCD API we arenow in a positionto extendthe sharing
of codeto the entirenationalcommunity

Thedevelopmentof applicationcodewill be animportantactiity duringthe reneval period. We

ernvisiontwo approachesTheHadronPhysicCollaboratiorisin theproces®f replacinghe SZIN

codewith anew applicationbasecalledCroma,whichwill bewritten entirelyin QDP++,the C++

versionof QDP This effort will provide an exampleof a large, publicly available codewritten

from the groundup in QDP. The MILC CollaborationhasincorporatedQMP and SSEversions
of linear algebraroutinesinto its code,andwill includecallsto 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 componentf its codewith correspondingneswritten in the QDR,

andwill write new codein QDPasappropriateThis effort will demonstratanalternatve routeto

the utilization of the SciDAC software,onethatwill enablerapid porting of existing codesto the
targetedarchitectures.

Clearly, for QDPto gainwide acceptancat mustbeprovento give high performanceandincreased
conveniencen termsof codedevelopmentand portability. Oncethe developmentof application
codess underway, we planto obtainfeedbackrom programmergoncerningheseissuessothat

new release®f the QDP API codecanevolve underthe guidanceof the communitys experience.
An exampleof QDP's potentialis shavn in Fig. 2, wherewe plot the performancef theconjugate
gradientmatrix inversionroutinefor improvedstaggeredAsqtad)quarksasa functionof thelocal

latticevolume.Resultsareshown for thestandardVILC codeandfor QDP with andwithout SSE
instructions.It shouldbenotedthatthe MILC codehasbeenoptimizedover a periodof morethan

tenyears,sothefactthattheinitial versionof QDP slightly surpasset is quitesigni cant.

2.4 Level 3 Subroutines

Theoverwhelmingfractionof the oating pointoperationsn ary lattice QCD calculationarecon-

sumedn afew computationallyintensve subroutinesForemostamongthesearethe subroutines
for the inversionof the quark Dirac operatorswhich accountfor 70% to 90% of oating point

operationsn typical computationsLevel 3 of the QCD API consistf highly optimizedversions
of thesecritical subroutinesThey canbe calledbothfrom QDP andfrom standardC/C++code.

The Scienti ¢ ProgramCommitteehasidenti ed threequark actionsasvital for initial projects
on terascaleomputersWilson—Clover, DomainWall, andImproved StaggereqAsqtad). Invert-
ersfor thesethreequark actionsconstitutethe rst setof level 3 routines. They are written in
assemblyjlanguagefor the QCDOC. The critical part of theseroutinesis the multiplication of a
vectorby theDiracoperator Table1 belov shavs the performancef this operationn M op/s per
processopbtainedon the ASIC simulatorandcon rmed ontheinitial hardware. The differences
in performancenave to do with the differentratiosof oating point operationdo datamovement
for the threeactions. The peakspeedof the processois 1,000M op/s, sothe performancdor
the Wilson—CloverandDomainWall quarksexceedghe designgoal of 50% of peak.The Asqtad
actionputsasigni cantly higherdemandonthe communicationsystenthantheotheractions so
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Figure2: Comparisorof performancef theMILC andQDP codedor the Asqtadinverter Perfor

mancein M op/s perprocessors shavn asa functionof the numberof lattice sitesper processaqr
L4, both with andwithout SSEinstructionsfor eachcode. Thesetestsusedl16 processorsn the
FNAL clusterlgcd.

its performancen sucha smalllocal volumesis particularlynotenorthy.

Up to now our prototypeclustershave all employed Pentium4 processors Optimizedinverters
for Wilson—Clover, DomainWall and Asqtadactionsarebeingwritten for theseprocessorsising
SSEinstructions. The impactof our optimizationprogramon the performanceof theseinverters
is illustratedin Figs.1 and2. Many additionalbenchmarksincluding performancefor differ-

ent processorand interconnectscan be found at the URLs physics.lu.edu/ brower/tests and
Igcd.fnal.gov/benchmarks During thereneaval periodwe expectto extendthe optimizationpro-
gramto additionalprocessorssuchasthe G5. Furthermorethedevelopmenbf new actionsis one
of the mostimportantandactively pursuedareaof researchn our eld. We mustbein a position
to develop optimizedinvertersfor new actionswhenthey arereadyfor productionwork on both
the QCDOCandclusters.In addition,for highly optimizedactions suchasAsqtad,thecalculation
of the fermion force canbecomea major consumeirof cycles. We will investigatethe coding of

level 3 routinesfor this operationaswell. Methodsanddocumentatiomeedto be developedto

streamlinethe optimizationof level 3 routines.

Cost effective terascaleclustersmay well make use of multi—-processolSMP nodes,so multi—

threadedindingsfor QLA, QMP andlevel 3 routineshave beeranticipatedn oursoftwaredesign.
We plan to implementmulti-threadedversionsof the codewhenthe price of commodity SMP
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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

Tablel: Performancef QCDOCassemblyodefor themultiplicationof avectorby the Dirac op-
erator for thethreequarkactionsthatwill beusedin initial projectsonthe QCDOC.Performance
is from testson the ASIC simulator whichwerecon rmed on theinitial QCDOChardware. The
performancdor DomainWall quarkswastaken from that on standardwilson quarks,which is
expectedo beidentical.

nodeswarrantst.

2.5 Execution Environment

Don Holmgrenat FNAL andChip Watsonat JLab,andtheir respectie groupshave beenworking

togetherto develop the systemstools and software neededo run large clusters. Theseinclude
softwareto monitor hardware,updateBIOS, etc. This effort takesadvantageof the experienceof

the FNAL staf on operationsandthe JLabstaf on networking. Work on the QCDOC operating
systemis a major software task of the BNL/Columbiagroup. The OS for QCDOC hasmade
substantiaprogressallowing the compilationof the entire ColumbiaPhysicsSystem(CPS)and
theMILC code.

Efforts arenow beginningat FNAL andJLabto build auni ed users ernvironmentwith a goal of
presentingo theusersdenticalbatchervironmentsjdenticalcommandsor interactingwith disk
andtaperesourcesandidenticaldevelopmentervironments.Deploymentandtestingof the rst
versionof thiscommonuserervironmenthasbegunat FNAL andJLah The secondterationwill
aimatacommornrun-timeernvironmentandacommonuserinteractve ervironment.As this effort
maturesthe BNL, FNAL andJLabfacilitieswill be combinedinto a Lattice QCD Meta-facility,
including datagrid capabilitiesdescribedbelow, plus virtual batchqueuesfor job submission.
This computationalgrid will leveragework within PPDGon the speci cation of high level job
descriptionsandwill ultimately addresghe issueof sendingjobs to the mosteffective platform
basedupondomainspeci ¢ parameterssuchaslattice sizesandLQCD algorithms,aswell asthe
morecommonbatchcriteriasuchassystemoad.

2.6 Data Grid Tools

The Software Committeeis nearingcompletionof the basicdesignof the I/O routinesconsistent
with plansfor future dataarchves,andgrid basedools. The designincludesbinary le formats
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muchlike thoseusedin the NERSCQCD archive, Metadatafor physicsparametersand XML
basedl/O standards.We are founding membersof the InternationalLattice Data Grid (ILDG)
project, which was establishedo enablesharingof QCD datainternationally Membersof the
Software Committee who sene onthe ILDG Metadataand Middleware Groups,areworking to
insureconsistentnterfacesandcommonstandards.

Importantwork remainsto establishaninternationalgrid—of—gridsfor lattice data. ILDG hasal-
readyadoptedin principal the StorageResourceManagemen{SRM) systemdevelopedacross
multiple projects. JLab's participationin SRM developmentsvasdoneasa part of the SciDAC
Particle PhysicsDataGrid project,andthat experiences beingcarriedover into the LQCD Sci-
DAC work.

Additionalwork in de ning the necessargomponent®f thelLDG grid remainsandmemberof
the softwarecommitteeareparticipantoonthelLDG architecturavorking group.As for the SRM,
thereis agreementhatit will be baseduponwebservicesandincludedomainspeci ¢ metadata
cataloggo allow discovery of valuabledatasets.

ThelLDG metadatavorking groupis in the procesf de ning the metadatato be archivedwith
the data,andthat meta-dataspeci cationwill alsoform the basisfor catalogingandqueryoper
ations. We will undertale the developmentof a productiondatagrid ervironment,with tools for
entering,managingandsearchingrzia meta-dataCarewill betakento guaranteenteroperability
with our ILDG partners.

Wewill alsosetupthe rst component®f adatagrid (storagemanagementle transfer)between
thetwo clustersites(JLabandFNAL). This effort will includeimplementingSRMv2.1 speci ca-
tion atopthe sites' tertiary storagemanagementlt will alsoaddressssuesarisingfrom FNAL's
useof Kerberos.Extensionof this capabilityto the QCDOCfacilitiesat BNL and Columbiawiill
follow quickly in thenext stage In additionthe planincludesintelligentdispatchof jobsto all the
siteswithin the metacenter baseduponapplicationdomainparameters.

2.7 Prole and PerformanceAnalysis Tools

Following the initial award of the SciDAC project, computerscientistsin Dan Reeds group at
the University of lllinois applieda high level performanceanalysistoolkit (SvRablo) to analyze
the performanceof the MILC code. The MILC codewas instrumentedand detailedhardware
performanceavascapturedisingSvRablo'sinterfaceto the Universityof TennesseBAPI hardware
performancecountertoolkit. Initial methodsandresultwere presentedt Supercomputin@001.
Thepro ling tool hasbeenextendedo the messag@assingAPl (QMP) aswell.

During the renaval period proposeto enhanceand expandthe functionality of the performance
analysistools developedto date,andextendthemto supportotherplatforms,includingQCDOC,
andothercodes. The new versionof the PAPI (v.3.0) hardware countertoolkit, which was of -
cially releasedduring the Supercomputingonferencejn November2003, will fully supportthe
Pentium4 processorUsing fundsfrom anotherproject,we will incorporatethat PAPI versionto
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SvRablo. We planto install this new, integratedSvRablo versionon the FermiLablgcd cluster and

we will extendour analysisof the MILC codeon that clusterby capturingrelevant performance
datafrom hardware performancecounters.Using suchdata,we expectto conductoptimizations
on speci ¢ partsof the MILC code,guidedby the detailedmeasuremendf its computationand

communicatiorcharacteristics.

We alsoplanto applythefull-featuredSvRablotoolkit to analyzetheperformancef thetwo other
majorQCD codesonsideredby thelatticegaugeheorycollaborationnamelythe ColumbiaPhys-
ical System(CPS)andCroma.Similarly, we planto portatleastpartof SvRablo's functionalityto
thatplatform. Thiswill enablecross—platforntomparisorof thetwo majorconsortiumcomputing
platforms—commoditglustersandthe QCDOC.

2.8 Algorithmic Development

If pasthistoryis a guide, new algorithmswill be asimportantas fasterhardwarein adwancing
researchn lattice gaugetheory Consequentlyhe softwareinfrastructuremustbe e xible enough
to accommodatéhe evolution of QCD algorithms.Evenon Tera op/s or Peta op/splatformsthe
centralalgorithmicproblemfacedby our eld will almostcertainlycontinueto bethe performance
of the Dirac inverter which is critical for includingthe effectsof light seaquarks. We needboth
improved algorithmsfor existing applicationsaswell asradically new approache$or problems
outsidethereachof currentmethodssuchassimulationsat nite chemicalpotential. Theseprob-
lemsposea fundamentalmathematicathallengewith strongrelationsto analogougproblemsin
otherareasof scienceandappliedmathematics.SciDAC offers anideal settingfor this type of
algorithmicresearclby encouragingnterdisciplinarycollaborations.

Brower andRebbi,who have exploredmulti—grid methodsextensvely in the pastdecadearebe-
ginningto work with appliedmathematicianfom the TOPSmulti—grid algorithmteamto explore
new approacheso solve the critical problemof acceleratinghe inversionof the Dirac operator
David Keyesand Steve McCormick have expressedheir interestand a testcaseusingthe two—
dimensionalSchwingemodelis being pursuedfor aninitial studyof multi—grid Dirac inverters
in gaugebackgroundsAlso, the new SciDAC postdoctorafellow at BostonUniversity, Hartmut
Neff, bringsnew expertiseto the problemof projectingoutlow eigervalueswhich areresponsible
for critical slowing down. This hasprovento be auseful“preconditioner’for the Dirac inverterin
someinstancesandshouldbe exploredfurtherin the multi—grid context.

Recentlynew possibilitiesfor applyingmulti—level or domaindecompositioomethodshave begun
to be exploredby Martin Lischeywho hasintroduceda blocking methodbasedon the “Schwarz
alternatingprocedure”that shavs somepromisefor improved performanceon P4 clustersdue
to betterlocality for cacheand communication.Possibleextensionsto the stochastiqor Monte
Carlo) part of the problemarebeingexplored,aswell asa nev multi—level approachto the full

partition function (with Fermionicdeterminant).This approachrepresents combinationof do-
maindecompositiondeasandstochastianulti—grid in the spirit of multi—grid modi cation of the
Swendsen-\Wngclusteralgorithmby Achi Brandt. In short,thereis a new setof very attractve
ideasthat certainly desere careful examination. A joint effort is beingstartedby Brower, Neff
andRebbiin collaborationwith the multi—grid teamin TOPS.If thereis someinitial successywe
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would recommendhatthis projectbe expandedn future softwareplans.

3 Cluster Development

By 2005, the rapid paceof processoand interconnectechnologydevelopmentwill allow usto

constructpeciallycon guredclusterdor lattice QCD whichwill, atascaleof multipletera op/s,

provide additionalgainsin price/performanceln orderto deliver the highestperformanceaddi-

tional prototypingwork mustbe donein 2004-2005underthis SciDAC grantsothatwe continue
to trackemeging technologiesn preparatiorfor full scaledeployment.In thissectionwe describe
thesenearterm explorations,andthe optimizationstratgy andreferenceplatformsfor 2005that
arebeingtargeted.

The prototypesare being usedto study the capabilitiesand limitations of clustersystems. As

the mostrecentexampleof thesestudies,JLabis now in the processof commissioninga novel

gigabit ethernetmeshclusterwhich achieveshigher per nodebandwidththanthe mostcommon
clusterinterconnec{Myrinet) at a lower cost,by exploiting six gigabitethernetinks in a three—
dimensionameshcon guration.

In January2004,approximately80 new systemswill beprocuredatFermilab Themostlikely pur-
chasewill besingleprocessointel systemswith 800 MHz front sidebusesandPCI-X provided
by thenew Cantervood-ESchipset.Pendingtheresultsof testingin Decemberthe processowiill
be eitherthe new "Prescott’ Pentium4 with SSE3,or the currentPentium4 processor These
systemswill replacethe dual 700 MHz Pentiumlll nodespurchasedn 2000with pre-SciDAC
supplementaDOE fundsandin-kind Fermilabcontributions. We will re-usethe existing Myrinet
2000fabric from thatdual Pentiumlll cluster Thiswill bethe rst exampleof partof our clus-
ter strat@gy - the re-useof high performancenetwork fabrics. Due to Moore's law performance
increasesafter 3 yearsof operationthe computerdn a given clusterhave only 25% of the per
formanceof new machinesHowever, our high performancenetwork fabricshistorically have had
excessbandwidth,and sufcient lateng, and so performwell for ve to six years. This re-use
represents substantiatostsavings.

In Januaryhardwareto investigatetwo alternatenetworking architecturesvill alsobe purchased.
First, bladesproviding 32 ports of gigabit ethernetwill be usedin one of our existing Myrinet
switches,in orderto investigatewhethersingle and dual gigabit connectiongper computercon-
gurations arecosteffective on the smallerphysicsrunscommonon our cluster suchasvalence
guarkpropagatorsSeconda smallIn 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
operationabspect®f In niband andto portthe ScCiDAC communication®\Pl (QMP).

A signi cant boostin I/0 bandwidthandareductionin communicationfateng is anticipatedvith
theintroductionof PCI Expressn mid-2004.We arealsolik ely to seesigni cant costreductions
in two alternatve processorrchitecturesintel's IA64 (Itanium)andIBM's PPC970(called G5
by Apple). Both of the latter have shavn promisein our limited investigations PCI Expresswill
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not be supporteddn Itaniumin 2004;it is not known at this time whetherit will be supportedn
eitherthe AMD Opteronor IBM PPCfamiliesin 2004. However, thesethreealternatves(AMD
Opteron|BM PPC,andIntel IA64) areof sufcient promisethatwe canproposeat this time two
signi cant clusteracquisitionsat JLAB andFNAL in late springandlate summerof 2004. One
clusterwould investigateP Cl Expressandthe mostpromisingsupportingarchitecturelik ely dual
Xeon or dual Opteron,andthe otherwould investigate jf appropriate anotherprocessorfamily
(PPC,Opteron,or Itanium) andthe bestmatchingcommunicationgabric, possiblyoptimizedfor
large, single-processaslusters.

3.1 Cluster Optimizations

From the SciDAC researchalreadycompleted,it is clearthattherearetwo regimesfor running
clusters. For very large physicsproblems,which cannot t into the aggreatecachesize of the
clusterCPUs lattice algorithmsarecompletelymemorybandwidthlimited. In this situation,mul-
tiple processoren asharednemorybus (asin the Xeonarchitectureprenot ef cient (bandwidth
staned), and so single processorsleliver the bestprice performancgNUMA architecturema-
chinesasin the Opteronmayallow ef cient multi-processonodesevenfor theseproblems).On
the otherhand,for smallerphysicsproblemswherecacheresideny is feasible, multi—-processor
computenodesare more cost effective than single processomodes(lower cost per processor).
Similar optimizationtradeofs in costandperformancdor network links may prove to be equally
signi cant.

Oneadwantageof the clusterapproachis thatthe nationallattice projectcandeploy multiple clus-
terswith differentoptimizations,andintelligently steerspeci ¢ applicationsonto the mostcost
effective platform(meta—centeoperationslescribedabove).

The prototypingwork doneunderthe SciDAC grantwill provide the neededparameterizatiof
clusterdor lattice QCD. During 2004,the nationalcommunitywill developagoodunderstanding
of thetotal workloadfor thefollowing 2—3yearswhich will allow the selectiorof speci c clusters
for deploymentin 2005andbeyond.

3.2 2005Cluster Deployments

Currenttrends plustheoptimizationpossibilitiesdescribedbore,leadto aplanto deploy multiple
clusteran 2005exploiting differentoptimizationstratgiesto mosteffectively coverabroadrange
of physicstopics. In addition, clustershave a non-linearscalingterm which becomesmportant
above 1024nodeswhich similarly leadsto the decisionto deploy severalclusters.

Theexactdetailsof the clusterprocurementfor 2005cannotbegivennow, in thatit is impossible

to predictthemarket, andknow whichtechnologiesvill gainsufcient marketshareto pro t from
volumeshipmentgasgigabitethernehasin thelast3 years).
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Reasonablestimatedaseduponindividual extrapolationsn processospeed cachesize,mem-
ory busspeedandl/O interconnecbandwidthandlatend yield anexpectedorice/performancef

lessthan $0.8/M op/s at a scaleof severaltera opsin 2005. Underan only slightly optimistic
assumptiorthat quad processomodeswill becomecommodity by 2005, even more favorable
price/performanceas low as $0.40/M op/s, can be anticipatedfor somesigni cant portion of

the physicsprogram. This price performancevould be achieved for problemthat t into cache
(hencemulti-processors optimal)andwhenahigh performancenetwork is exploited (In niband)

to producea lattice QCD /it SuperClustet

As aconcreteexample,animportantphysicsgoalin the2005time framewill beto calculatehadron
spectroscop and structurewith chiral fermionson a sufciently large lattice to accommodate
pionsaslight as220 MeV. One meansto accomplishthis goal that hasbeenanalyzedis using
domainwall fermionson a 323x48x24 lattice. Using the performanceanalysisdescribedn the
Decembe2002proposalComputationalResource$or Lattice GaugeTheory” andconserative
market assumptionsa Gigabit Ethernetclusterof 2048 single processorsn 2005would sustain
4.5T op/s in singleprecisionat a costof $0.68persustainedV op/s. An alternatve architecture
(aSuperClusterpf 1048quadprocessorg thesameime frameis estimatedo sustain/.7T op/s
atacostof $0.41persustained op/s. Smallerapplicationglattices)would achiere similar price
performancen anappropriatelyscaledmaching(partition).

The prototypeclustersplannedfor 2004 will be essentiafor accuratelyanalyzingtheseperfor
mancemetricsfor selectinghelarge 2005clustersandoptimizingtheir architecture.

4 The QCDOC Project

A centralobjectve of the SciDAC software effort is to provide a standardizedoftware environ-
mentthatis ableto effectively supportmulti-tera ops hardware platformsthat are highly cost-
effectivefor QCD.As hasbeendiscusse@bove,the rst multi-tera opsproductionmachinewhich
our collaborationplansto constructis a10 T ops QCDOCmachineat BNL. Thus,animportant
componenbf the softwareeffort is directedat ef ciently supportingthis architectureln this sec-
tion we will describethe currentstatusof the QCDOC project. Furtherdetailsaswell aspictures
of the prototypehardwarecanbefoundin AppendixC.

The QCDOCarchitecturas basedn a single-chipcomputationahodewhich containsanembed-
dedRISC 440 PonverPCprocessomwith a 1 G ops IEEE doubleprecision oating point unit, 4

Mbytesof on-chipmemoryandcommunicationdiardware providing 0.5 Gbit/sec,bi-directional
serialcommunicationin eachof the twelve directionspermitting a large parallelmachineto be

constructedas a six-dimensionaimesh. (Eachnodealso containsan off-chip standardmemory
moduleof sizethatcanbe selecteetweer64 Mbytesand2 Gbytes.)
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4.1 Hardware

The designanddevelopmentof the QCDOCarchitectureand hardwareis in the nal delugging
stagesand constructionof large-scalemachiness aboutto begin. The heartof the machineis

an applicationsspeci c integratedcircuit (ASIC) which is beingbuilt by IBM. The rst of these
componentsvere receved at the end of May. Two of theseQCDOC ASICs are mountedon

a daughterboard. Daughterboardswith mountedASICs have beenavailable since June. The
QCDOCASIC wastestedquitethoroughlyin a single-nodenodeduringthe summer All teststo

datehave beensuccessfulsothatno faultshave beenfoundin this complex, 50 million transistor
part. Someminor faultswerefoundin the daughtercard, but thesecouldbe x edby rework and
engineeringchangeshave beenmadeto the daughterboarddesignso future productionwill not
have thesedif culties.

The next phaseof testingbeganin early Septembekvhenthree motherboardsvere assembled.
Thesemotherboardshold thirty two daughtercardsand eachmountsin a single-mothetboard
cabinet.Thesecabinetsontainthefull clockdistributionandserialcommunicatiorsystem®f the
nal QCDOCcomputeyallowing all of thesesystemdo betested.After overcomingsomeinitial
dif culties, we now have two motherboardswhich function perfectly Thesehave run physics
codefor mary tensof hoursboth separatelyandjoined with 2-metercablesto form a 128-node
machine.Thelongestrun to dateon this 128-nodemachinewasfor 14 hours. During this run no
communicationgrrorswerefound establishing bit errorrateof lessthanonein 108, We expect
to acceptthe ASIC asreadyfor large-scalgproductionafter performingadditionallong runswith
anumberof physicsprogramsandcomparingwith workstationresults.

4.2 Software

As hasbeendescribecarlier softwaredevelopmentor QCDOChasbeena major priority of the
U.S. Lattice QCD SciDAC effort aswell asthe other collaboratinggroupsat the RIKEN BNL

ResearclCenterandin the UKQCD. High-performanc&CD kernelshave beentestedon a two-

nodesystemusing 1-dimensionatommunicatiorandshow ef ciencies ashigh as50%, aswere
seenusingthe QCDOC simulator While the QCDOC operatingsystemis still beingdeveloped
much progresshasbeenmade,permittingthe compilationand single-nodeexecutionof both the
entireColumbiaPhysicsSystem(CPS)andMILC code.

4.3 QCDOC construction

The scheduldor completionof the QCDOC projectis shavn in the Ganttchartin Figure3. The
QCDOCcomputerconstructiorproceedsn two stagesBeginningin Novemberwe will construct
the rst 2000nodef thel0T ops machine(aswell assimilarinitial large-scaldardwarefor the
RIKEN BNL ResearciCenterandthe UKQCD Collaboration).This partialmachinewill bemade
availablefor useby theU.S.collaboratiorasrapidly aspossible. Thiswill permitthecollaboration
to begin physicsproductionrunningfor two or threeprojects,to be determinedy our allocation
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procedurelt will permitthe BNL/Columbiateamatestrunatproviding usersupportfor thisscale
of use.Productioncomputercodefrom a numberof groupswithin our collaborationwill be used
in arealervironment.By makinginitial large-scalehardwareavailableasquickly aspossiblewe
will insurethatthe full machinecanbe usedeffectively assoonasit becomesvailable.

ID [Task Name Otr 4, 2003 | Otr 1, 2004 [ Otr 2, 2004 [
Oct [ Nov [ Dec | Jan [ Feb [ Mar | Apr [ May [ Jun [ Jul

1 |Construction, stage 1

2 | Construction, stage 2 P

3 Procure cabinets

4 Procure IBM ASICs

5 Assembly

6 |BNL hardware support staff

7 |BNL software support staff T ——

Figure3: Ganttchartshaving the QCDOCconstructiorscheduleThe8-motherboardmachines
the nal electronicprototypingstepverifying a multi-motherboardbackplane.

As soonasthis stagehasbeensuccessfullybroughtup, we will begin full-scale productionof
the remaining20,000nodeswhich will be assembledt Brookhasren. While this constructionis
scheduledo begin in Januaryof 2004, long lead-timepartswill be orderedearlier assoonas
requiredby the constructiorscheduleandvalidatedby the presenprototypetesting.

The constructiorof this 10 T ops machinewill be completedoy July of 2004at which time full-
scalephysicsproductionrunningwill commence.

5 Management

Overallresponsibilityfor this projectis vestedn the Lattice QCD Executve Committee:Richard
Brower (BostonU.), NormanChrist(ColumbiaU.), Michael Creutz(BNL), Paul Mackenzie(Fer
milab), JohnNegele(MIT), ClaudioRebbi(BostonU.), StepherSharpgU. Washington)Robert
Sugar(UCSB, Chair)andChip Watson(JLab). The Executve Committeesetsthe projects goals,
draws up plansfor meetingthesegoals,andoverseeprogressowardsmeetingthem. The Execu-
tive Committeehasbeencarryingout thesefunctionsfor over four years. It holdsapproximately
two conferenceallspermonth,andcommunicatesia emailbetweercalls. A consensubasbeen
reachedon nearly all issuesthat have comebeforethe Executve Committee. When consensus
is not reachedgdecisionsare madeby majority vote, with the Chair's vote decidingthe outcome
in caseof atie. The Chair of the Executve Committee,RobertSugar sernes as spokesperson
andprincipal contactwith the Departmenbf Enegy. Eachinstitutionreceving fundsunderthis
projecthasa principal investigatorwho has rst level responsibilityfor work performedat his
institution.

The Executve Committeehasformeda numberof committeego assisit in managingheproject:

Scienti ¢ Program Committee: TheScienti c ProgramCommitteemonitorsthescienti ¢ progress
of theproject,andprovidesleadershipn settingnew directions.It solicits proposaldor useof the
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computationatesourcesvailableto the collaborationandallocategime on themin a fashionto

achieve the greatestcienti ¢ bene t. At presenttheseresourcesonsistof the FNAL andJLab
clusters,andan allocationat Oak Ridge National Laboratoryprovided throughthe SciDAC Pro-
gram. The Committeeorganizesan annualmeetingof all lattice gaugetheoristsworking on or

planningto participatein the projectorderto review progresandplanfuturedirections.Members
of theScienti c ProgramCommitteearePeterl_epagegCornellU.), RobertMawhinney (Columbia
U.), Colin Morningstar(Carngie Mellon U.), JohnNegele (MIT), Claudio Rebbi(BostonU.,

Chair), StepherSharpg(U. of Washington) Doug Toussain{(U. of Arizona) and FrankWilczek
(MIT).

Oversight Committee: The OversightCommitteeis chagedwith reviewing progressn imple-
mentingthe plansof the collaboration,reviewing plansfor the developmentand acquisitionof
software and hardware, and making recommendationsegardingalternatve approache®r new
directionsfor the collaboration. It meetsvia conferencecalls, which are scheduledso that the
Committeecanreview on—goingprogressandplanning,andprovide timely advicebeforeimpor-
tantimplementatioror procurementlecisionsaretaken. The Chair of the Executve Committee
participatesn theseconferenceallsto obtaintheadviceof the OversightCommitteeat rst hand,
andthe Software Coordinatorand hardware developersparticipateas needed. The Chair of the
OversightCommittee,Steven Gottlieb, maintainsregular contactwith all aspectof the project,
to keepthe Committeeinformedwith developmentsandto scheduleneetingsappropriately The
membersf the OversightCommitteeare Steven Gottlieb (IndianaU., Chair), Anna Hasenfratz
(U. of Colorado),Greg Kilcup (Ohio StateU.), JuliusKuti (UC SanDiego), RobPenningtor{Na-
tional Centerfor Supercomputefpplications),RalphRoskiegPittshurgh Supercompute€enter)
andTerry Schalk(UC SantaCruz).

Software Coordinator and Software Coordinating Committee: The Software Coordinatoy
RichardBrower, superviseshe work of all softwaredevelopmentteams providing directionand
coherenceo the effort. Expandingon our original SciDAC proposal he hasdevelopeda detailed
setof tasksand milestoneswhich he monitors. He provides quarterlyprogressreportsfor the
Executive Committeeon the progressof the softwareeffort. The Software Coordinatothassetup
a website,http://physi cs.bu .ed u/ "br ower, on which all agendaminutesandworking doc-
umentsof the Software CoordinatingCommitteeare posted,and he hasalso establisheda mail
archive, (qcdapi@physi cs.bu .ed u), for interchangeof informationamongall membersof the
collaboration.

The Software CoordinatingCommitteeworks with the Software Coordinatorto provide overall
leadershipof the software effort. Its membersare RichardBrower (BostonU., Chair), Carleton
DeTar (U. of Utah), RobertEdwards (JLAB), Donald Holmgren (FNAL), Robert Mawhinney
(ColumbiaU.), CelsoMendes(U. of lllinois), and Chip Watson(JLAB). It took the leadin de-
signingthe QCD applicationsnterfaceandis overseeingts implementatioron thetwo computing
platformstargetedin this project. The Committeeholds regular conferencecalls, and meetsin
personseveraltimesperyear
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6 Budget

Theoverall budgetfor thetwo yearrenaval periodis summarizedn Table2. Detailedbudgetdor
the institutionswhich areto receve funds,alongwith the descriptionof the work thesebudgets
will support,canbefoundin the separatdudgetsheets.The fundssupporta total of 11.66FTE,
of which 9.36 FTE is devotedto the softwareeffort, andthe remaindeto the evaluationof cluster
componentsandto the design,procurementindevaluationof clusters.It shouldbe notedthata
numberof peoplewhodo notreceve supportfrom thegrantmake majorcontributionsto theeffort.
Thehardwarefundsareto continueour programof constructingorototypeclusterswhich areused
to testthe software,andto determineoptimumparameter$or theterascalgroductionclusterswve
proposeo 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. lllinois 175 181
UC SantaBarbara 19 19
U. Utah 51 52
| Total Personnel | 2014 | 1975 |
Hardware Budgets
| Institution | FY04| FYO05|
FNAL 150 255
JLab 130 235
| TotalHardvware | 280 | 490 |
| Total \ 2294 | 2465 |

Table2: Budgetsfor personneandhardwarein $1,000.The personnebudgetssupportd.36 FTE
for the software effort and2.30for the evaluation,designand procuremenof clustersandtheir
components.
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A Report of the Lattice GaugeComputing Review Panel

Wewerechagedwith assessintheproposalsinderthreeheadsintrinsic scienti ¢ merit, strength
andsigni canceascomputersciencecompetitve positionwith respecto world activity. We were
asled to considereachof thesemattersfrom a broadstratgic perspectie, and nally to make
appropriataecommendations.

A.1 Scienti ¢ Merit:

Thestandardnodelprovidesaremarkablyeconomicatlescriptiorof our currentknowledgeof the

fundamentalaws of physics.It is agreatachiazementbut no onebelievesthatthe standardnodel

is a completedescriptionof Nature,and there are several well-motivatedtheoreticalproposals
that suggesthe existenceof quantitatvely small yet profoundly meaningfuldeviationsfrom its

predictions. Suchdeviations would be similar in characterto the minute bendingof light that

providedcrucialevidencefor Einsteins generakheoryof relatuity.

The searchfor deviationsfrom the standardnodelis a majorfocusof experimentalinvestigation
in physicalscience. It drivesthe constructionof powerful acceleratorsintricate detectors,and
sophisticatedools for dataanalysis,all at the frontier of humaningenuity Many hundredsof

millions of dollarsperannumareinvestedin theseactvities. Yetin mary casesnterpretationof

theexperimentalesultss limited by theaccurag with whichwe cancomputeheconsequencesf

the standardnodel. For althoughthe equationf the standardnodelarequite preciselyde ned,

it canbeextremelydif cult to solvethemto anaccurag thatdoesjusticeto whatcanbeachieved
experimentally If we areto recognizesmall deviations from the standardnodelwe musthave

accurateknowledgeof whatit predicts.

The only way physicistsknow to do the requiredcalculationsis to bring the full resourcesof
moderncomputerdo bear usingthe methodsof lattice gaugetheory Existingwork allows one
to estimatewith considerableon dencewhataccurag canbeattained asa functionof available
computerpower. Sereral speci ¢ caseshave beenidenti ed wherea few tera op-yearswill add
signi cant valueto completedr ongoingexperimentaprojects.Many morebecomeaccessiblat
thelevel of tensof tera op-yearsandbeyond.

Besidegheservicethey provide to searchesor essentiallynev phenomenagalculationsn lattice
gaugetheory are valuablein adwvancingour understandingf quantumchromodynamicgQCD)
itself. QCD is aremarkablybeautifulandsuccessfutheory It seemsertainto bethe foundation
of our understandingf the stronginteraction,includingtheinternalstructureof protonsandneu-
tronsandtheorigin of nuclearforces,for theforeseeabléuture. But again,becaus®f our limited
ability to calculate we have not yet fully exploitedthe potentialof the theoryto give insightinto
theinternalstructureof nucleonsthe natureof nuclearforces,andthe propertiesof particlescon-
taining heary quarks. Computationalvork alongtheselineswill enhanceongoingexperimental
programsat JefersonLab, Fermilab,SLAC, CLEO, andelsevherearoundthe world. Suchwork
is alsovital for justifying con dencein the claimedprecisionandaccurag of lattice gaugetheory
techniquesthoroughvalidationin applicationsvherethe underlyingfundamentaphysicsis notin
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guestion.

Finally, there are important potentialapplicationsof QCD in cosmologyand astrophysicghat
requireunderstandinghebehavior of matterunderconditionsthatareimpracticalto duplicatein a
laboratorysetting.Computersimulationspf course arenotsolimited. Theultra-hightemperature
limit of QCD is usedto modelmatterduring mostof the crucial rst minutesof the big bang.
Lattice gaugetheorycalculationshave alreadymadea majorimpactin this eld. They suggested
whenasordinary (hadronic)matteris heatedt ionizesinto quark-gluonplasmaat a surprisingly
low temperatureThis predictionhasnow beenbroadlycon rmed at the Brookhaven Relatvistic
Heavy lon Collider (RHIC), andafertile nenv eld of extremenuclearphysicshasopenedup. The
regimeof ultra-highdensityis importantfor thedescriptiorof neutronstarsandsupernwae.There
is abeautifulanalytic,semi-quantitatie theorythatpredictsthe behavior at"asymptotically”large
densities,but we needmuch more comprehense and accurateinformationto do justiceto the
astrophysicsandat presentattice gaugetheoryis our bestlong-termhope.

In short,we feel the scienti ¢ merit of suggestegrogramis very clearlyoutstanding.

A.2 Strengthand Signi cance of Computer Science:

The proposedorogramsareof considerablenterestfrom the point of view of computationakci-
ence,sincethey could provide corvincing modelsanddemonstrationsf the useof costeffective
specialarchitecturedor scienti ¢ problems. Indeed,developmentwork on the QCDOC project
hasalreadyin uencedthearchitectureof theIBM BlueGene/Lsupercomputeproject.

It is proposedo pursuetwo separatdardwaretracks,oneusingspeciallydesignedsystems-on-a-
chipthatleverageindustrialintellectualpropertycores the otherusinggeneral-purposeomputing
systems.A speciallydesignedsystemappeardo offer substantiacostsasingsin the nearterm,
but the costeffectivenesf generalpurposecomputingsystemsmay improve in theintermediate
term. Thesetwo approachearesubjectto quite differentrisksandopportunities Generapurpose
computingsystemsro t enormouslyfrom economiesf scalein production,but of coursethey
will not be designedwith the needsof scienceor lattice gaugetheoryin mind, andtheir future
developmentwill dependon market forcesthataredif cult to anticipate. We thereforefeel it is
prudent,aswell asinteresting,to pursueboth tracks,at leastuntil a clearwinner or a synthesis
emepes.

The softwaredevelopmentcomponenbf the proposalis alsonovel in this context andextremely
important.In orderto deliver on the scienti ¢ promiseof the proposala muchlarger community
thanthoseactively engagedn the initial developmentwill needto be engaged.This mandates
implementatiorof interfacesusingstandargorogramminganguagest the level of C/C++anda
plain- vanilla UNIX-basedoperatingsystemat the earliestappropriatestage with maximaltrans-
pareny to the hardware. Theremustalsobe anadequatdibrary of optimizedfunctionsfor com-
moncomputationatasksin lattice gaugetheory andadequatg@rotocolsfor testingandvalidation
of new contributions. This mustall be well documentedin a form thatwill be accessibleven
to membersof otherscienti c communities suchas condensednattertheoristsor specialistan
statisticalmechanicswho attackmathematicallysimilar problems. The proposersappearto be
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well avareof theimportanceof the softwarecomponentf the project,andwork alongtheseines
is alreadyproceeding.The pursuitof two separatdardwaretrackswill aid in the developmentof
robust, portablesoftware. If successfulthe software componentould be very valuablebothin
itself andasa modelfor otherscienti ¢ enterprises.

A.3 Competitive Position:

Sincelattice gaugetheoryis in somewaysa mature eld, with establishegroceduresandstan-
dards,it is not dif cult to comparethe relatve power of differentcomputationafacilities. Sus-
tainedoperationat the multi-tera op level is both necessarand sufcient for the U.S. effort to
matchexisting EuropearandJapanesaitiativesin theimmediatefuture. A sustainegrogramas
outlinedin the proposalkshouldallow the U.S.to competevery successfullyin hardwarewithin a
2-4yeartime frame.

We anticipatethat the "open” software modelwill engagenterestbeyond the traditionallattice
gaugetheory community broadenthe scienti ¢ developmentbase,and give a major additional
edge.

We commendandencouragéheremarkablecollaborationin this projectbetweenndustryleaders,
speci cally IBM, and the university and nationallaboratoryscienti c communities. Given the
world leadershiprole of the U.S. computerindustry this is anothergreatsourceof competitve
strength.

A.4 Recommendations:

Several speci ¢ recommendationare embeddedn the precedingsections. We will not repeat
theseput will closewith afew suggestionsf agenerahature.

The DOE could leveragethe excellentscienti ¢ potentialof this ende&or througha programof
fellowshipsthatwould allow youngpeopleenteringthe eld, whichrequiresa signi cant start-up
time andfalls somavhat betweentraditionalacademiccateyories,somemeasureof freedomand
securityduringtheearly, precariougpartsof their careers.

The proposersshouldnot be overly conserative in their funding requests. In particular there
shouldbe realisticallowancefor contingeng costs,and adequatesupportstafng so that skilled
physicistsandcomputerscientistcanemploy theirtime ef ciently .

Both the proposersandthe DOE shouldrecognizethatthis is anendeaor thatis not likely to be
exhaustedn 4 yearsor evenin 10. While the focusat this early stageis, quite properly to get
signi cant hardware and softwareup andrunning, it will be appropriateo keepthe longerterm
in mind, andto begin seriouslong-termplanningperhaps2 yearsinto the project,whenenough
practicalexperiencewill have beenaccumulated.
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B Appendix: Cluster Hardware and Performance

This Appendixdescribeghe prototypeclusterhardwareacquiredduringtheinitial SciDAC grant,
summarizests presentperformanceon QCD applications,and describegperformanceanalyses
andprojectionsfor clustersto be built duringthe SciDAC reneaval.

B.1 Current Clusters

Building on experiencefrom pre-SciDAC clustersat Fermilab,JLab,andMIT, a sequencef four
prototypeclustershave beenbuilt at FermilabandJLab:

48 nodedual 2.0 GHz P4 Myrinet clusterat Fermilab,beginningoperationin August2002.
128nodesingle2.0GHz P4 Myrinet clusterat JLab,beginningoperationn Septembe2002.
128nodedual2.4 GHzP4Myrinet clusterat Fermilab,beginningoperatiorin January2003.

256nodesingle2.66 GHz P4 GigabitEthernetmeshclusterat JLab,beginningoperationin
SeptembeR003.

In our coordinatedprogramto broadly explore architectureandtechnologyoptions,the acquisi-
tionshave alternateetweerFermilabandJlab,andfocusedon complementaryssues Fermilab
hasconcentrate@n dual-processonodes which aremostcosteffective for cache-residerrob-
lems,andJLabhasfocusedon singleprocessonodesand mostrecently exploitation of Gigabit
Ethernet,which are most costeffective for large applicationsthat do not t in cache. Figure4
Shavsthemostrecentclustersat FermilabandJLab

B.2 Performance

Cluster performancewill ultimately be measuredy the sustainedperformanceof the SciDAC
testsuiteof physicsapplicationson full scalemulti—T op/s clusters.In the prototypephaseour
stratgy hasbeento usethe clusterperformancanodeldescribedn Section3 of the December
2002 proposalComputationaResoucesfor Lattice Gauge Theory to demonstratés agreement
with measurementsf QCD physicscoderunningon currentclusters andto usethe modelto esti-
mateperformancef future clustersbasedontheannouncear estimatecpbarametersf improved
commoditycomponents.

As aresultof softwaredevelopmentsupportedy the original SciDAC grant,Initial Level 2 QCD
software applicationsare beginning to becomeavailable for productioncode. Figure5 showvs
recentmeasurementsf the performanceof the Wilson inverterasa function of clustersizefor
8* sitesper nodewith rst generatioroptimizedcodedevelopedat JLab In this measurement,
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Figure4: MostrecentSciDAC clusters.Above: 128 nodedual 2.4GHzP4 Myrinet cluster com-
missionedat Fermilabin January2003. Below: 256 nodesingle2.66 GHz P4 Gigabit Ethernet
cluster commissionedtJLabin September2003.

the calculationwasrun on a singlenodewith no communicationsandthencommunicationsvere
successiely turnedon in one,two, andthreedimensionatori aslistedin the caption. Note that
addingnew dimensionof communicationsrethe principal origin of the performancelecrease,
andthattheactualincreasen clustersizehasa negligible effect onthe globalsums.

It isimportantto notethatthisis still anearlystageof optimization,andadditionalclustersoftware
developmentis being carried out as describedin the text. One exampleis implementationof
domainwall fermions,anotherSciDAC metric test. Whereasstraightforvard implementatiorof
thedomainwall Dirac operatowith SSEinstructionsyields804M ops onasinglenodefor 84 per
site,softwareeffort atMIT changingheSSEimplementatiorio minimizememorytraf c increases
this performancdo 1585M ops. Thus,it is clearthattheinitial level 2 implementatiorhasnot
yetachievedits full potential,andthatlevel 3 implementatiorwill provide furtheropportunityfor
optimization.

Anotherimportantclusteraccomplishmenhasbeenthe paralleldevelopmentat Fermilabof opti-
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Figure5: Initial performancaneasurean JLabGigE clusterfor the Wilson inverterasa function
of clustersizefor 8* sitespernode. The four pointsrepresenho communications]-D ring, 2-D
8 8torus,and3-D4 4 8torus.The3-D pointcorrespondo $2.75persustainedM ops. The
fall in performances almostentirely dueto turningon additionaldimensionf communication.

mizedcodefor improved staggeredermions. This applicationis typically morecomputationally
demandinghanWilson or domainwall fermions,andaninitial level 2 optimizedinverterfor im-
provedstaggeredermionsrunsat 752M op/s/node,correspondingo $4.12persustained ops,
for a 14* lattice on the Fermilab128-nodeXeon cluster Figure6 shavs the evolution of perfor
manceof MILC staggeredermion codeon Intel basedclustersat Fermilaband elsevhere,and
the projectedperformancdor 2004. Thelate 2002pointis the 128-nodeXeonclusterresultnoted
above. Theresultsshavn arefor non-cacheesidentatticesonthefull systemponeof themostde-
mandingcomputationatasks. Fermilabs currentjob mix, calculatingvalencequarkpropagators
on small numbersof nodes,delivers 30% betterperformancahanthe point shavn. Wilson and
domainwall fermionsarelessdemandingandperformevenbetterthanthe point shavn.

Table3 summarizeperformancenthetwo JLabclusterswheretheinitial level 2 Wilsoninverter
hasbeenbenchmarkd, and shavs projectionsfor future clustersplannedfor the period of the
SciDAC renaval. Measuredperformanceor the Wilson inverterof 619 M ops on an 8* lattice
on the JLab Myrinet clustercorrespondgo $4.62/M ops and 703 M ops on the GigE cluster
corresponds$o $2.75/M ops. Theseinitial resultsmake us con dent thatfully optimizedlevel 3
invertersonthesemachinewill achievetheindicatedtargetsof $3and$2/M ops respectiely. On
the basisof the performancenodelandthe commoditycomponentshat are becomingavailable
asdescribedn thetext, we expectthathalf Tera ops prototypemachinesupportedy SciDAC in
2004 will reach$1/M ops, andthatfull scale4-8 T ops productionmachineswill be below $1/
M ops in 2005.
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lation date. The measurementarefor full clustersyunningtwo processepernode.

Year Cluster TFlops $/M opls $/M op/s
sustained expected_evel 3 | currentLevel 3
2002 128 P4 Myrinet 0.1 3 4.62
2003 256 P4GigE 0.25 2 2.75
2004Q3 Jlab, TBD 0.5 1 -
20040Q4 FNAL, TBD 0.5 1 -
2005 | FNAL, Jlab,TBD 4-8 0.6 -

Table 3: Currentand plannedSciDAC prototypeclusters. The last column shaws the cost per
sustainedM op/s for the Wilson fermioninverterwith aninitial implementatiorof level 2 QDP
code.Theprecedingcolumnshavs performancexpectedwith fully optimizedsoftware.

To identify the optimalcommoditycomponentdor future machinesFermilabhasundertalenex-
tensve testingof newly availabletechnologyandresultsareavailableonthewebpage

http://lgcd. fna l.g ov/be nchmaks /. Among the processorgestedin additionto the Pen-
tium 4, arethe Opteron,ltanium-2andG5. Becauseof the high visibility of the new G5 cluster
at Virginia Tech,we shaw in Fig. 7 a comparisorof the performanceof a 2.0 GHz G5 with the
2.8 GHz Pentium4 discussedibove. Subsequenanalysishasshavn that althoughthe G5 has
mary attractve featuresjts price performancedor lattice QCD appeargo be a factorof two less
favorablethanthe Pentium4.
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Figure 7: Performanceaestsof two processoranalyzedfor the next Fermilabcluster 2.8 GHz
Pentium4 with 800MHzfront-sidebus,and2.0 GHz G5

C QCDOC Hardware Status

Figure8 shawvs a pictureof oneof the rst daughteboardsandFig. 9 adaughteiboardin atestjig.
Thesetestjigswereassembledby handat Brookhaven. While they provideda critical opportunity
for the initial testingof the ASIC, the con guration of the Ethernetwiring was not sufciently
electricallysolid to permitanexhaustve testof theon-boardEthernet.

Figure 10 shaws a fully-populatedmotherboardwhile Figure 11 shav a back-sideview of the
cabinetwhich holdsa singlemotherboard. The black cablesare 1-meterexamplesof the cables
thatwill interconnecthe large machine. Herethe cablesprovide a loop-backfunction allowing

off-board communicationto be routedbackto this samemotherboard. Eachcablecontains16

pairssothe 24 cableconnectiongo a singlemotherboardrepresen884 pairsor 768signals.

The rst emphasisn our motherboardtestinghasbeenthe Ethernessystemwhich hasgivenmore
troublethanexpected. Both the Ethernetrepeaterand physicallayer interfacechipsthat we are
usinghave beenquite sensitve to noiseanddif cult to con gure. Carefuladjustmentf the clock
signallevels andthe drive strengthof the repeaterchipshasbeenrequired. In addition,an extra
EEPROM hasbeeninstalledto permita power-on con guration of therepeaterchipsthatis more
noise-immunethan the default power-on state. It appearghat thesechangeshave produceda
reliablesystembut moretestingis needecandunderway.

Possiblyeven moreimportantthanthe Ethernetsystemis our customserialcommunicatiomet-
work. Initial investigationalsoshaved unreliablebehaior of this system.Herethe problemwas
tracedto excessvejitter in theoutputserialdata. Thiswascausedy anIBM-recommendegower
Iter circuit for the ASIC phase-lockd-loopsgoinginto oscillation. This hasbeen x edandnow
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Figure8: A daughtetboardwhich containgwo independenQCDOCnodes.

Figure9: A testjig holdingoneof the QCDOCdaughtercards.

30



Figurel10: A fully-populatedmotherboardholding 32, 2-nodedaughteicards.

Figurell: Rearview of a singlemotherboardcabinet. The 24 black cablesconnectthe mother
boardbackto itself asa 28 torus.
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Figurel2: Theserialdatasignalasseenonthepinsof thereceving ASIC afterpassagéhrougha
six-metercable. Both the amplitudeandphasede nition areexcellentsuggestinghatthe simple
designof the serialcommunicationsystemhasadequatenagin for veryreliablebehavior.

the jitter is at the designspeci cation and the datasignal strengthand timing much betterthan
required. Figure 12 shaws the excellent signal presenton the recever input pins after passing
througha six-metercable. With this jitter problemcorrected the serial network hasfunctioned
perfectly Thesingle-biterrorrecovery featurewaswell tested(andveri ed) whenthe largejitter

waspresentWith thejitter problem x edwe seeno communicatiorerrorsatall.

To our dismay one of the 10 DC-to-DC voltagecorverterson one of the motherboardsfailed
afteraboutonemonthof testinganddamagedoththe motherboardandsix daughtercards.The
apparenbver-voltagecondition causedoy this failure is supposedo be impossibleand Pover-

One,the manuacturey is actively studyingthe problem. Fortunately our two remainingmother
boardshave beensufcient for the neededestingof the ASIC andtwo additionalmotherboards
will be availablein the beginning of Decembelto supportthe software developmentwork of a
largerfractionof the collaboration.
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