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Abstract

Wedemonstratéheexcellentperformancendscalabilityof a classicaimoleculardynamicscode, SPaSM,onthe
IBM BlueGene/lsupercomputeat LLNL. Simulationsnvolving upto 160billion atoms(micron-sizecubicsamples)
on 65,536processorarereported,consistentlyachiezing 24.4—-25.5T op/s for the commonlyusedLennard-Jones
6-12 pairwiseinteractionpotential. Two extendedproductionsimulations(onelasting8 hoursandtheother13 hours
wall-clocktime) of theshockcompressiomandreleasef porouscopperusingamorerealisticmary-bodypotentialare
alsoreporteddemonstratinghe capabilityfor sustainedunsincludingon-the- y parallelanalysisandvisualization
of suchmassie datasets.This opensup the exciting new possibility of usingatomisticsimulationsat micronlength
scaledo directly bridgeto mesoscal@andcontinuum-leel models.

1 Intr oduction

TheIBM BlueGene/Lsupercomputeait LawrencelivermoreNationalLaboratorywith 131,072CPUsconnectedy
multiple high-performancaetworks, enablesa completelynew classof physicalproblemsto beinvestigated Using
eitherpairwiseinteractionssuchasthe Lennard-Jonepotential,or the mary-body embeddedtommethod(EAM)
potentialfor simple metals,classicalmoleculardynamicssimulationsof systemscontainingasmary as 160 billion
atoms(or a cubeof coppera micron on eachside) canbe modeled. In orderto obtainarny new physicalinsights,
however, it is equallyimportant(andtypically a greaterchallengehatthe analysisof suchsystemsetractable.We
demonstrat¢hatthisis in factpossiblejn largepartdueto our portableandhighly ef cient parallelvisualizationcode,
which enablegherenderingof atomicspheresEuleriancells,andothergeometricobjectsat arbitraryresolutionin a
matterof secondgo minutes,evenfor tensof thousandsf processorandbillions of atoms. After brie y reviewing
the basicpropertiesof BlueGene/Landour parallel(domaindecomposition)ynoleculardynamicscode(SPaSM), we
will describethe performancescalingandinitial resultsobtainedfor shockcompressiorandreleaseof a defectve
EAM Cusamplecontainingupto 2.13billion atomsiillustratingthe plasticdeformationraccompaying void collapse
aswell asthe subsequentoid nucleationgrowth andlinkup uponrelease.

Applied PhysicsDivision (X-7), Los AlamosNationalLaboratory Los Alamos,NM 87545 Email: tcg@lanl.ge
YTheoreticaDivision (T-14), Los AlamosNationalLaboratory Los Alamos,NM 87545 Email: kkadau@lanl.go
2TheoreticaDivision (T-11), Los AlamosNationalLaboratory Los Alamos,NM 87545 ,Email: pxI@Ilanl.gw

¢ 2005Associationfor ComputingMachinery ACM acknavledgesthatthis contritution wasauthoredor co-authoredy a contractoror af liate
of the U.S. Government.As such,the Gavernmentretainsa noneclusie, royalty-freeright to publishor reproducethis article, or to allow others
to do so,for Governmenfpurpose®nly.

SJ 05 Novemberl2-18,2005,Seattle WashingtonUSA
¢ 2005ACM 1-59593-061-2/05/0011.$5.00



2 The BlueGene/Larchitecture

BlueGene/Lconsistof 65,536nodes,eachwith two IBM PaoverPC440 processorgat 700 MHz clock speedspand
512MB of memory[1, 2, 3]. Eachprocessocontainsa superscaladouble oating point unit (FPU),allowing up to
4 oating-point operationga fusedmultiply-addinstructionon eachFPU)to beissuedby eachprocessoeachclock
cycle [4]. Thetheoreticapeakperformancas thus5.6 G op/s (8 ops 700MHz) pernode,or 367 T op/s for the
full machine Althoughthedefaultoperatiormodeassign®neprocessoon eachnodeto computatiorandtheotherto
communicatior(in so-called‘coprocessormode),it is alsopossibleto runindependenkPI taskson eachprocessor
(“virtual node”’mode).Thisis of coursemosteffectivefor CPU-boundapplicationsvhich donotdemanchnexcessie
amountof memory(under256 MB per CPU) or communicationfortunately this classincludesthe SPaSM code,as
we show below.

Thereare3 independeninternalnetworks on BlueGene/L(plustwo othersystemcontrol-relatechetworks not of
interestto the generaluser). Theprincipalinterconnects a 3D torusconnectingeachnodeto its 6 nearesheighbors,
which is particularlyamenabldo grid-basedapplicationssuchasthe SPaSM cell-basedspatialdecompositionde-
scribedbelown. A binary-treenetwork enablesef cient global reductionandbroadcasbperationgonly 16 hopsare
requiredfor the entire 216-nodesystem),anda specialsingle-bitbinary treebarriernetwork enablegylobal synchro-
nizationof all nodesin lessthan10 s.

3 Classicalmolecular dynamicssimulations

For severaldecadesmoleculardynamics(MD) simulationshave beenanimportanttool in statisticalmechanicswith
applicationsrangingfrom equilibrium equationof statecalculations,to nonequilibriumbehaior suchastransport
coefcients. Theideabehindan MD simulationis very simple: Newton's classicalequationof motion,F = ma,
aresolveddirectly to evolve the positionsandvelocitiesof alarge collectionof atomscomprisingthe uid or crystal
of interest. While conceptuallysimple, this task can presenta formidablecomputingproblem. If all atomsinteract
via pairwise,or two-body, forces(suchasis the casefor gravity, or for Coulombicinteractionsbetweernchagedpar
ticles),thedirectsolutionof this generaN -body problemwill requirethecalculationof N (N  1)=2forces,i.e.,the
computationatostwill grow asthe squareof the numberof particles,O(N 2). To complicatematterseven further,
mary of theempiricalforce elds whichhave been(andarebeing)developedfor materialsangingfrom elementakil-
icon, to transitionmetalsandhydrocarbonsnvolve morecomplicatednary-bodypotentialswith explicit or effective
bond-bendingndtorsionalterms,whosecostin theorygrows asO(N 2) or O(N %), respectiely. Suchdirectcalcu-
lations quickly overwhelmthe computingcapabilitiesof eventhe fastestsupercomputersso clever algorithmshave
beendevelopedto bring the computationatostundercontrol. For chagedsystemsvhereCoulombicinteractionsare
unavoidable,or astrophysicasimulationgrequiringgravity, the fastmultipole methoddevelopedin thelate 1980shas
becomehetool of choice,reducingthe costto O(N ) by approximatinghelong-rangenteractionsin a controllable
way. Fortunatelythesituationis evenbetterfor mostnon-ionicmaterials sincetheabsencef Coulombicinteractions
malestheneglectof any long-rangdorcesagoodapproximationTheresultingshort-rangg@otentialscanbenaturally
computedwith O(N) cost(evenfor mary-body potentials)if the rangeof the potentialis muchshorterthanthe size
of thesimulationbox, sinceeachatomonly interactswith a limited numberof neighbors.

Despitetheseefforts, until recently(thepastdecadejnostsimulationshave beenimited to afew hundredhousand
atomsandarelatively smallnumberof timestepgpicosecondo nanosecontimescales)Thetimescaldssuehasbeen
addressedor a particularclassof “rare event” systemswhich are dominatedby diffusive processeswherevarious
acceleratiorschemesllow MD simulationsto reachtimesof minutesor longer[5]. However, to carry outrealistic
simulationsof materialpropertiesn threedimensiong3D), theinclusionof tensof millions to billions of atomsmay
be required,dependingon the length scaleof ary initially imposedor naturally emeging microstructureor defect
distribution. Due to the computationakffort requiredfor suchsystemsthe larger size scaleis typically achieved
only at the expenseof limiting the time scaleeven further, to a few hundredpicosecondst most. Fortunately this
still leavesa variety of high strain-rateprocessespenfor study including shockcompressionsliding friction, and
fracture.



3.1 Empirical interatomic potentials

Themostcommonlyusedshort-rangenteractionis theanalyticLennard-Jone6-12(LJ) potential typically truncated
atsome nite distancer.; sothatno particlesdirectlyinteractbeyondthisrange:
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Here and aretheusuallLJ parametersepresentinghe bondlengthandwell depth.For amorerealisticdescription
of metallicbonding,a semiempiricaembeddedtommethod(EAM) [6, 7] potentialis oftenusedfor simplemetals.
The atomic potentialenegy E; consistsof two terms: a pair interaction (r) describingthe short-rangenuclear
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Again, both (r) and (r) areshort-rangedunctionswith a cutoff distancer, typically only including the rst
few neighborshellssurroundingeachatom(a few dozenatoms).AlthoughearlyEAM potentialsusedanalyticforms
for the (r) pair potential, (r) electrondensity and F (7) embeddingenegy, mostrecentpotentialshave been
developedin takular form, for both computationakf ciency andphysicalreasons.For instance,a commonchoice
is to requirethat the lattice enegy E (V) underuniform compressiorand expansion(volume V) exactly follow a
“universalequationof state”suggestedby Roseetal [8]. Onemaythenspecifyanalyticformsfor (r) and (r) (no
longerrestrictedo the original physicalmeaning®f theseterms),andtatulatetheembeddindunctionF (7), sinceit
will notin generalbe expressiblein a simpleanalyticclosed-formexpression.In practice,it is fastes{in wall clock
time, notin termsof Flop/srates)to takulateall threeEAM functionsandtheir derivatives,aswe do below.

3.2 The SPaSM molecular dynamicscode

The SPaSM (ScalableParallel Short-rangeMoleculardynamics)code,originally developedat Los AlamosNational
Laboratoryfor the Thinking MachinesCM-5 in the early 1990s,hasbeendescribedn detail elsavhere[9, 10]. The
basicconcept,using spatialdecompositiorto partition spaceinto cells with edgelengthsno smallerthanr ¢y , is
illustratedin Fig. 1. Ratherthanthe standardneighborlists usedto keeptrack of which particlesinteract,the cell
constructallows an on-the- y scanof all particlesin the sameor immediatelyadjacentcells, usingan “interaction
path” to organizesuchscansandthe synchronousnessage-passirrgquiredwhenadjacentells resideon different
processingnodes.The SFaSMcodewasportedto severalmulti-processoplatformssupportingoothmessage-passing
(ondistributedmemorycomputersandmulti-threading(on shared-memorgystems)aswell asclustersof inexpen-
sive personaktomputergBeowulf systems) It shavs excellentscalingpropertiesbothin termsof problemsizeand
parallelef ciency [11]. SPaSM hasbeenusedextensvely for large-scalanaterialsscienceand physicssimulations
(involving 10° to 10° atoms)over the pastdecadeyesultingin over 50 publications(plus another10 primarily or
exclusively devotedto computationabspects)including severalin Sciencg12, 13, 14] and Proceeding®f the Na-
tional Academyof Sciencd15]. Thesestudieshave providednew insightsinto suchdiverseproblemsasfracture[16],
dislocationinteractiong12], shock-inducedlasticity [13] andphasetransformationg14], andthe Rayleigh-Taylor
uid instability [15].

The SRaSMcodewon partof the 1993IEEE GordonBell performanceprizefor amoleculardynamicssimulation
with 131 million atomsat 50 G op/s onthe 1024-nodeThinking MachinesCM-5 [10]. Subsequentlythe portability
of thecodewasincreasedy replacingCMMD andCM 1/O callswith a setof wrapperfunctions(e.g.,to MPI library
routines),removing all assemblercode, developing a visualizationlibrary, and combiningtheseelementsinto an
interactive packagausingthe Pythonscriptinglanguageall without ary signi cant performancelegradatior{17, 18§].
In 1998, this enhancedrersionof SPAaSM won part of the GordonBell price/performancerize for a shockvave
simulationon the 70-nodel.os AlamosAvalonBeowulf cluster achieving aratio of $15/M op [19].
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Figure 1: Spatialdecompositiorof atomsinto cellswith edgelengthr,; (left), anda resulting2D interactionpath
to scanneighboringcells, illustrating both the caseswvherethe interactionsareentirely local (center)or requiresyn-
chronoussend-and-recee message-passirfgght). Newton's Third Law is usedto restrictthe numberof neighboring
cellsvisitedto 4 (or 13,in 3D).

3.3 Porting to BG/L

Sincethe stripped-davn computenodekernelon BG/L doesnot supportdynamiclibrary loading,portingthe current
modular(Python-basedyPaSM implementatiorwasdeemedmpractical,althoughin principleit would certainlybe
possibleto build a static Pythonexecutablewith pre-loadedSPaSM simulation,analysis,andvisualizationlibraries.
But to expediteporting (into a matterof hoursratherthandays),we decidedto revert to the pre-Pythoncodewhich
had beensuccessfullyportedfrom the original CM-5 versionto a variety of platforms,with either MPI, PVM, or
sharedmemory parallelism. The critical codein the LJ force calculationloop is written entirely in C, and hand-
optimizedfor modernsuperscalaarchitecturedy loop unrolling, macroexpansion,and carefuluseof register
variables. After testingvariouscompileroptionsandloop unrolling depths,we usedthe IBM xlc compileroptions
-02 -garch=440d -qtune=440 ona4x unrolledcode.(Therewasessentiallyno differencebetweenO2 and
-03.) The-gqarch=440d optiononly givesa 3% speedupver-qgarch=440 , indicatingthatthe doubleFPU unit
is notbeingef ciently usedwithout explicit hand-tunind4].

3.4 Timings and performance

In April 2005, we carriedout an extensie seriesof short(10 timestep)benchmarkrunsfor timing purposeswith
differentnumbersof particlesandprocessorson the half-systemcon guration (32,768nodes).The atomsaresetup
in a3D fcc latticeat atemperatur@earthe melting point, althoughmelting of coursecannotoccurwithin suchashort
simulationtime. Neverthelessthetimingsarerepresentatie of anactualsimulationattheseparticledensitieqor, asis
typically the casein mary realisticsimulationsthe maximumlocal particledensityat ary giveninstant). Theaverage
wall clock timespertimestep(includingforce calculation timestepintegration,andparticleredistritution) areshavn
for the LJ potentialwith two differentchoicesof rq,; in Tables1 and?2, alongwith the correspondingrl op rates
obtainedby countingthe actualnumberof oating pointoperationsn boththe forceandintegrationroutines.For the
LJ potentialandvelocity Verletintegratorasimplementedwe countON 4 + 20N iner act + 65N 0Ops, whereeach
divide operationis countedas5 ops. HereNy, is thetotal numberof atompairswhich areconsideredall of those
in the sameor adjoiningcells),Ninwer act iS thenumberof pairswhich arecloserthanr ¢ , andN is thetotal number
of particles.

Exceptfor relatively smallproblemsizes(lessthan100,000atomsper processor)we consistentlyneasurel 7.5—
18.5T op/s for the shorterrangelJ potentialin Table1, and24.5-25.5T op/s for the longerrangelLJ potentialin
Table2. To giveanideaof how largethefractionof time spentin theforcecalculationis, ther s = 5:0 benchmark
with 128billion atomson32,768nodeq65,536processorsequiredd3.8sto computegorces(98.5%of thetotaltime),

August2005benchmarksor up to 320 billion atomson the full 65,536-nodemachineindicatea peakperformanceof 27.17T op/s for the
2:5 LJ potential,and43.31T op/s for the5:0 LJ potential. However, theseresultsshouldbe consideredgreliminarydueto slight differences
in the OS, compiler and SPaSM codefrom the April 2005 half-systembenchmarkgpresentedn Tablesl and2, which led to somavhat higher
expectedperformancesf 36 T op/s and50 T op/s, respectiely, onthefull system.



Billions of Numberof Nodes coprocessor
Particles 2048 4096 8192 16384 32768 32768

1| 2.22(1.09) 1.13(2.19) 0.60(4.08) 0.31(7.94) 0.15(16.14)| 0.30(8.33)

2| 4.30(1.10) 2.19(2.21) 1.13(4.38) 0.59(8.32) 0.30(16.57)| 0.56(8.79)

4| 8.15(1.14) 4.22(2.25) 2.19(4.41) 1.13(8.76) 0.58(16.96)| 1.06(9.27)

8| 16.26(1.13) 8.20(2.27) 4.27(4.44) 2.21(8.75) 1.10(17.86)| 2.09(9.24)

16 16.12(2.23) 8.14(4.57) 4.28(8.86) 2.16(17.91)| 4.06(9.34)

32 16.16(4.56) 8.12(9.17) 4.18(18.14)| 7.79(9.55)

64 16.22(9.09) 8.07(18.43) | 15.53(9.49)

80 20.52(8.96) 10.90(16.87)| 19.56(9.40)

128 16.13(18.28) | 30.88(9.46)
160 21.83(16.69) | 39.01(9.34)

Table1: Averagetime pertimestepin secondswith T op/s in parenthesedpr an analyticLennard-Jonepotential
with reye = 2:5 , usingvirtual nodemode (2 processorger node)exceptfor the last column, wherethe default
coprocessomodewasused(the secondorocessoon eachnodeis dedicatedo communication).

Billions of Numberof Nodes EAM Cu
Particles 2048 4096 8192 16384 32768 32768

1| 12.59(1.53) 6.37(3.02) 3.39(5.68) 1.72(11.19) 0.85(22.55) 0.71

2| 24.73(1.56) 12.52(3.08) 6.38(6.03) 3.29(11.70) 1.64(23.45) 1.49

4| 48.66(1.58 24.65(3.12) 12.66(6.08) 6.38(12.08) 3.20(24.04) 2.67

8 | 95.81(1.58) 48.53(3.17) 24.90(6.19) 12.56(12.26) 6.30(24.44) 5.19

16 95.47(3.17) 48.85(6.30) 24.67(12.48) 12.43(24.77) 10.19

32 96.10(6.29) 48.59(12.68  24.49(25.15) 20.03

64 95.68(12.63) 48.32(25.49 38.86

80 119.05(12.55) 60.09(24.86) 49.35

128 95.21(25.39) 78.50

160 118.75(24.69) 97.87

Table2: Averagetime pertimestepin secondswith T op/s in parenthese@hehighestperformancedor eachpartition
sizein bold), for an analyticLennard-Jonepotentialwith r¢,; = 5:0 , usingvirtual nodemode(2 processorper
node).For comparisonthelastcolumnshavs timingsfor anEAM copperpotentialusinglookuptables.

0.3 s for the (velocity Verlet) integration (0.3%),and 1.1 s to redistribute particlesafter the integrationstep(1.1%).
Themessage-passitigne in theforce calculationandparticleredistributionis only 0.7 s, or 0.8%of thetotal time. As
thenumberof particlesis reduceahis fraction of courseincreasesto 10%for the 1 billion particlerun. Despitethis,
the overall performancas still over 22 T op/s, andtheiterationtime of 0.85s represents speedumf 14.7 over the
2048-nodeun, or 92% parallelef ciency. Thisis alsoillustratedin Fig. 2, shaving boththe raw datafrom Tablesl
and?2 aswell asscalediterationtimesfor ro,; = 5:0 , which corvergeto lessthan50 s /particle/processdior all
partitions,becomingonly graduallyslower for fewer numbersof particlesperprocessar(With 256 MB perprocessor
in virtual nodemode, 2.5 million atomsper processors the maximumthat canbe stored,sinceeachatomtypically
requires80—100bytes,includingoverheador thecell structures.)

We alsoincludea setof timingsin coprocessomodein Tablel1, demonstratinghe nearly100%speedumbtained
by usingbothprocessorsn eachnodefor MPI processegvirtual nodemode).Timingsfor the EAM copperpotential
[23] usedin the productionrunsdescribedbelon arelistedin Table2. Althoughthe EAM potentialhasa very short
cutoff distancetranslatingory, ' 2:0 in LJunits),it involvestwice asmary interactionpathstepgoneto compute
theelectroniadensityateachatomsite,andthesecondo computetheforceson neighboringatomsdueto thisdensity).
In lieu of complex (or noneistant) analytic expressionsit alsoutilizes fasttablelookupsfor eachof the functions

(r), (r),andF (7).
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Figure2: (Left) Averagdime pertimestepn secondsasafunctionof problemsizeondifferentBlueGene/Lpartitions
in virtual nodemode(2 processorpernode),for ananalyticLennard-Jonepotentialwith r o,y = 5:0 . Also shavn
for comparisonare 32k-noderesultsfor an EAM copperpotentialand for r¢y = 2:5 LJ, bothin virtual node
and coprocesso(l processoper node)mode. (Right) Scaledtimings for an analyticLennard-Jonepotentialwith
reit = 5:0 ,invirtual nodemodeon differentpartitionsizes.

4 Parallel visualization code

Typically, checkpointles (containingpositionsandvelocitiesof all atoms)are periodicallywritten outduringa MD
simulation eitherfor restartingunsor for postprocessingisualizationanddataanalysis However, suchl/O becomes
excessvely demandindor multibillion-atomsimulations.If oneconsiderghe minimalamountof informationneeded
to bedouble-precisiompositionandvelocity vectorsfor eachatom(6 double 's)plusperhapsanint (atomtypefor
multicomponensystemspr thebondorderof eachatom)andoneor morefloat 's(potentialenegy, local stresspr
otherorderparameters}hetypicalcheckpointle requires50-100bytesperatom.Fora2-billion atomsimulationthis
is 100-200GB percheckpointle. A high-performancearallel le systemwith 1-10 GB/s bandwidthwould make
thesetolerable(afew minutesto write or readeachcheckpointle), but asof April 2005,the Lustre™ globalparallel
lesystemwasnotcompletelyoperationabn BlueGene/Landstripedl/O acros$64 NFSdiskswasunacceptablglov
andunreliable(preliminarytestsat thattime indicated128 MB/s, or 15-30minutespercheckpointle).
Consequentlywe have adaptedur postprocessingarallelscalableobjectrenderingcapabilityMD_render [11]
into a subroutinewhich can be called on-the- y, directly accessinghe SPaSM particle and cell datastructureso
visualizemulti-billion atomdatasets.Spheresgells,cylinders,arrons,andsurfacescanberenderedvith anarbitrary
resolutionand 24-bit color-depth. This was realizedby developinga graphicslibrary in ANSI C and employing
MPI callsfor the communicatiorbetweerprocessesjielding high performancendguaranteegortability on various
supercomputeplatforms. The library allows for multiple point light sourcesandthe color of eachsurfaceelement
of anobjectis calculatedby takinginto accounthe emissionambient,diffusive, andthe speculacomponentsThe
ef ciency wasachieved by a parameterizatioof the individual objectsratherthanconstructingobjectslike spheres
with simple polygons(asis the casewith graphicslibrarieslike OpenGL[24]). Furthermoregachprocessoonly
rendersapartialpictureof theobjectsassignedoit (i.e.,theatomsor cellsin its localmemory).A binarytreereduction
eventuallymemgesthe partial pictures(usingdepthinformationassignedo eachpixel) into onepicturewhich canbe
writtenintoa le (with arbitraryresolution).Thereis almosta 100%patrallelef ciency asthereis only communication
betweerprocessorattheendto memgethe partial pictures. Therenderingscaledinearly (assuminghe objectsizeis
constantwith thenumberof objects(or evenless,sincethe objectsaresortedaccordingto their depthsandinvisible
pixelsof objectsarenotdrawn). An earlierversionof MD_render wasused(in thetypical standalongostprocessing
mode)to generatehe 8-million-atomEAM iron shockvave imagesin [14], andthe Rayleigh-Tylorimagesfrom a
100-million-atomLJ simulationin [15]. For the typical examplesshonn below, all imageswererenderedn 1-5



minutes,dependingmainly on the resolutionand useof an optional anti-aliasingprocedurein which the imageis
initially renderedvith twice theresolutionin bothdirectionsthenaveraged4:1 pixel ratio) to smooththe nal image.

5 Sustainedproduction runs

To demonstratehe capability of BlueGene/Lto perform sustainedapplicationruns of scienti ¢ interest[20], we
presentheretwo simulationsperformedon a 16,384-nodepartition (both run in virtual node mode, i.e. utilizing
32,768 processors).Both involve a copper yer plate (periodicin the x andy directions)initially traveling at a
velocityv, = 2u, towardsacoppertarget(twice asthick asthe yer plate),resultingin shockwavespropagatingnto
boththe yer andtargetwith particlevelocity u, [13, 14]. Uponreachinghefree surfaceatthe endof eitherthe yer
or target,a shockwave is replacecby a spreadingarefaction(or releasefanwhich propagates®ackinto the bulk of
the sample with the targetgoinginto tensionwhenthe two rarefactionfans(onefrom the yer plateandthe second
from thetarget) meet.If thetensilestresds sufciently strong,the materialcanfail in a procesknown asspallation
[21]. Thesupersonishockwave andsonicreleasdansleadto a shortandpredictablesimulationtime, sothateven
largesamplessuchasthosepresentedhererequireonly 10* to 10° MD timestepso modeltheentireshockandrelease
processes.

The preliminary simulationshereare intendedto probethe changesn both shockand spallationbehaior for
a target which containsa distribution of defects,as might resultfrom radiationdamage22]. As a typical defect
which canbe createdundersuchconditions,we have chosento modela poroussolid target containinga speci ed
numberof sphericaloids, eachwith aradiuschoserfrom a Gaussiardistribution with a speci ed meansizer. The
largestprevious MD simulationsof shockloadingwhich have beenpublished13, 14] involved“only” 8—10million
atoms,which while very large only allow perfectcrystalsor a small numberof defectsto be introduced. Here, for
the r sttime we can studythe effect of a realistic distribution of defectson materialsproperties. The copperatoms
are describedusingan EAM potentialdevelopedby Voter [23]. Longitudinal pro les of quantitiessuchas stress
componentstemperatureand dislocationdensitiesare also periodically computed,and have alreadybeenusedto
revealnovel aspectof the underlyingphysicalprocessefQ].

The rst simulation,carriedouton 2 February2005(onthefull 16,384-nodesystematthattime), involvedatotal
of 750 750 950fcc unit cells (4 atoms/unitcell), with 150 voids of an averageradiusi = 3:8 nmin thetarget
correspondingo a0.41%void density Thetotal numberof atomswas2,131,656,770andthe simulationranfor 7030
timestepsover 13 hours,generatings9 images(each4800  3600pixels). The shockwasstrongenough(u, = 0:2
km/s) to collapsemost (if not all) of the voids by emitting partial dislocations(stackingfault loops), as shovn in
Figs.3 and4. Herewe usethecentrosymmetrparametef25] to identify thelocal structurearoundeachatom: atoms
in pristinefcc sitesarenot shovn, atomsin hcp stackingfaultsaregrey, andall otheratoms(including surfacesand
dislocationcores)arered. Fig. 3 shavs two views at the end of the simulation(19 ps of simulatedtime). A third
(zoomed-in)iew at 18 psis shavn in Fig. 4, boththeoriginal 4800 3600imageaswell asanexpandedview of an
800 600sectionrevealingtheunderlyingsphere-renderinghich is otherwiseimpossibleto discern.

The secondsimulation,run on half of the presentmachineon 10-11April 2005,included320 320 500 unit
cells, with only 10 voidsin thetarmget (r = 2:6 nm) equivalentto a negligible 0.11%void density This simulation
included204,655,465toms,and ran for 25,917timestepy70 ps) over 8 hours(the SLURM queue-imposetime
limit), generatings4 images. A much strongershockwas usedin this case(u, = 1:0 km/s), so even renderinga
culled setof atomsasin Figs. 3 and4 quickly becomedoo complicatedto analyze,sinceasmary asa third of all
atomsareidenti ed asnon-fcc. To getanothemerspectie on the void collapseundershockcompressionandthe
void nucleationgrowth, andlinkup into afailed spallationzoneunderreleasewe alsogeneratedmagesshaving only
thoseSPaSMcells (Fig. 1) which do not containany atoms.Exampledor this simulationafter bothshockwaveshave
releasedrom thefree surfacesandcreatedatensileregionareshavn in Fig. 5. In theseframes we seethenucleation,
growth, andlinkup of voids which takes placebetween36 ps and48 ps of simulationtime. In Fig. 6 we shav two
views at 56 ps, whena well-developedspall zoneis evident nearthe right end of the sample. (Due to the periodic
boundaryconditionin the z-direction, the samplehaswrappedaroundthe right-handside and causeda secondre-
shock,shovn asthelight grey planein the top frame. This secondarghockis largely responsibldor the signi cant
plasticdeformationin theleft half of the bottomframe.) To give anideaof therenderingtimesfor theseimagesthe
top frameshawing 20,571,344 ellswasgeneratedn 145secondg1600 1200pixel resolution,with antialiasing),



andthe 65,832,243%phereshavn in the bottomframein only 81 second$2400 1800pixels).

6 Conclusion

The 180T op/s peakperformancef the April 2005BlueGene/Lsystem(half of the now-completeinstallation)takes
into accounthedual oating-point unitson eachprocessqgrandthe fusedmultiply-addinstruction.Both of thesecan
beef ciently utilized for certainproblems particularlythe linearalgebramatrix operationeembodiedn the Linpack
benchmarkwhich achieved 135.3T op/s (75% of the theoreticalpeak)[3]. However, this becomesncreasingly
dif cult for morecomplex applicationssoamorerealisticperformanceaargetfor suchproductioncodeswithout ary
specialhand-tuning(for the currentbeta-ersionXL compilers)might omit both the dual-FPUsandfusedmultiply-
addinstructionsgiving 1/4 of the 180T op/s peak,or 45T op/s. Our25.5T op/s measuremerfor the SFaSMcode
representsnly a bit morethanhalf of this target,indicatinga substantiaperformanceenaltyfrom communication,
cacheandmemorycontentionanduncountedperationge.g.,particleredistritution). Work is currentlyundervay to
identify andaddresshis “missing” performancdactor

Themultibillion-atom simulationsenabledby BlueGene/Lnow openup to studya wide rangeof problemswhere
aninitial or (moreoften)anaturallyemeging defect/microstructurkengthscaleexceedghatof smallerscalesimula-
tions. Already, multimillion-atomsimulationsn this category include8 million-atomEAM Fesimulationgequiredto
seeproductgrainstructureformedby shock-inducedolid-solidphasdransformation§l4], andthe 100 million-atom
LJ simulationsprobingturbulentmicrostructurdormedby the Rayleigh-Taylor uid instability which occurswhena
heary uid is placedontopof alighteronein the presenc®f gravity [15]. Also, asinglebillion-atomsimulation(last-
ing 4 dayson ASCI White) wascarriedout to studythelong-rangedislocationstructureproducedn a LJ solid during
fracture[27]. With suchsimulationsnow possiblefor morerealisticinteractionpotentials,andturnaroundimes of
adayor less,we expectto seean exciting variety of previously intractableproblemsstudiedby MD on BlueGene/L
[20].
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Figure3: Two perspectiesshaving only defectatoms(out of a total of 2.1+billion atoms),19 ps aftera Cu perfect
crystal yer plate(left third of samplehasimpactedaporousCutarget,resultingin shockwavesto theleft andright.
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Figure4: A third view of thesame2.1 billion atomsimulation,at 18 ps. Thetop frameshavstheas-rendered800
3600-pixel image,while thelower frameis zoomingin onan800 600-pixel region nearthetop, justleft of center
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Figure5: Imagesshowing only vacantEuleriancells within the bulk material,from a 200+ million-atom simulation
of Cu shockcompressiorandrelease Approximately11 psaftertheinitial impact,the shockwave in the yer plate
releasedrom the free surface,andreleasefrom the far surface of the target occursat 22 ps. The two spreading
rarefactionfanscollide andleadto atensilezoneat 33 ps,just beforethetop left frame(36 ps). Thetwo planesshovn
hereareboundingthe tensilezone,but the sampleonly containsscatteredesidualdefectsfrom shockcompression-
inducedplastic deformationand subsequentelease. Void nucleationis evident in the bottom frame (40 ps), with
growth andlinkup in the next two frameson theright (44 psand48 ps).
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Figure6: Two views of thesame200+million-atomsimulationat 56 ps,aftervoid linkup hasled to aclearspallzone.
Thetop panelshavs theemptyEuleriancellsasin Fig. 5, while the bottomshavs non-fccatomsasin Figs.3 and4.
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