
25 T�op/s Multibillion-Atom MolecularDynamics
SimulationsandVisualization/AnalysisonBlueGene/L

Submittedfor the2005GordonBell PerformancePrize

TimothyC. Germann� Kai Kadauy PeterS.Lomdahlz

Abstract

Wedemonstratetheexcellentperformanceandscalabilityof aclassicalmoleculardynamicscode,SPaSM,onthe
IBM BlueGene/LsupercomputeratLLNL. Simulationsinvolving upto 160billion atoms(micron-sizecubicsamples)
on 65,536processorsarereported,consistentlyachieving 24.4–25.5T�op/s for thecommonlyusedLennard-Jones
6-12pairwiseinteractionpotential.Two extendedproductionsimulations(onelasting8 hoursandtheother13hours
wall-clocktime)of theshockcompressionandreleaseof porouscopperusingamorerealisticmany-bodypotentialare
alsoreported,demonstratingthecapabilityfor sustainedrunsincludingon-the-�y parallelanalysisandvisualization
of suchmassive datasets.This opensup theexciting new possibilityof usingatomisticsimulationsat micronlength
scalesto directlybridgeto mesoscaleandcontinuum-level models.

1 Intr oduction

TheIBM BlueGene/Lsupercomputerat LawrenceLivermoreNationalLaboratory, with 131,072CPUsconnectedby
multiple high-performancenetworks,enablesa completelynew classof physicalproblemsto be investigated.Using
eitherpairwiseinteractionssuchasthe Lennard-Jonespotential,or the many-bodyembeddedatommethod(EAM)
potentialfor simplemetals,classicalmoleculardynamicssimulationsof systemscontainingasmany as160 billion
atoms(or a cubeof coppera micron on eachside)canbe modeled. In order to obtainany new physicalinsights,
however, it is equallyimportant(andtypically a greaterchallenge)that theanalysisof suchsystemsbetractable.We
demonstratethatthisis in factpossible,in largepartdueto ourportableandhighly ef�cient parallelvisualizationcode,
which enablestherenderingof atomicspheres,Euleriancells,andothergeometricobjectsat arbitraryresolutionin a
matterof secondsto minutes,evenfor tensof thousandsof processorsandbillions of atoms.After brie�y reviewing
thebasicpropertiesof BlueGene/Landour parallel(domaindecomposition)moleculardynamicscode(SPaSM),we
will describethe performancescalingandinitial resultsobtainedfor shockcompressionandreleaseof a defective
EAM Cu samplecontainingup to 2.13billion atoms,illustratingtheplasticdeformationaccompanying void collapse
aswell asthesubsequentvoid nucleation,growth andlinkup uponrelease.

� AppliedPhysicsDivision (X-7), LosAlamosNationalLaboratory, LosAlamos,NM 87545,Email: tcg@lanl.gov
y TheoreticalDivision (T-14),LosAlamosNationalLaboratory, LosAlamos,NM 87545,Email: kkadau@lanl.gov
z TheoreticalDivision (T-11),LosAlamosNationalLaboratory, LosAlamos,NM 87545,Email: pxl@lanl.gov

c
 2005Associationfor ComputingMachinery. ACM acknowledgesthat this contribution wasauthoredor co-authoredby a contractoror af�liate
of theU.S.Government.As such,theGovernmentretainsa nonexclusive, royalty-freeright to publishor reproducethis article,or to allow others
to doso,for Governmentpurposesonly.

SCj05November12-18,2005,Seattle,Washington,USA
c
 2005ACM 1-59593-061-2/05/0011.. .$5.00



2 The BlueGene/Larchitecture

BlueGene/Lconsistsof 65,536nodes,eachwith two IBM PowerPC440processors(at 700MHz clock speeds)and
512MB of memory[1, 2, 3]. Eachprocessorcontainsa superscalardouble�oating point unit (FPU),allowing up to
4 �oating-point operations(a fusedmultiply-addinstructionon eachFPU)to beissuedby eachprocessoreachclock
cycle [4]. Thetheoreticalpeakperformanceis thus5.6G�op/s (8 �ops � 700MHz) pernode,or 367T�op/s for the
full machine.Althoughthedefaultoperationmodeassignsoneprocessoroneachnodeto computationandtheotherto
communication(in so-called“coprocessor”mode),it is alsopossibleto run independentMPI tasksoneachprocessor
(“virtual node”mode).Thisis of coursemosteffectivefor CPU-boundapplicationswhichdonotdemandanexcessive
amountof memory(under256MB perCPU)or communication;fortunately, this classincludestheSPaSMcode,as
we show below.

Thereare3 independentinternalnetworkson BlueGene/L(plustwo othersystemcontrol-relatednetworksnot of
interestto thegeneraluser).Theprincipal interconnectis a 3D torusconnectingeachnodeto its 6 nearestneighbors,
which is particularlyamenableto grid-basedapplicationssuchasthe SPaSM cell-basedspatialdecomposition,de-
scribedbelow. A binary-treenetwork enablesef�cient global reductionandbroadcastoperations(only 16 hopsare
requiredfor theentire216-nodesystem),anda specialsingle-bitbinary treebarriernetwork enablesglobalsynchro-
nizationof all nodesin lessthan10 � s.

3 Classicalmolecular dynamicssimulations

For severaldecades,moleculardynamics(MD) simulationshavebeenanimportanttool in statisticalmechanics,with
applicationsrangingfrom equilibrium equationof statecalculations,to nonequilibriumbehavior suchas transport
coef�cients. The ideabehindan MD simulationis very simple: Newton's classicalequationsof motion,F = ma,
aresolveddirectly to evolve thepositionsandvelocitiesof a largecollectionof atomscomprisingthe�uid or crystal
of interest.While conceptuallysimple,this taskcanpresenta formidablecomputingproblem. If all atomsinteract
via pairwise,or two-body, forces(suchasis thecasefor gravity, or for Coulombicinteractionsbetweenchargedpar-
ticles),thedirectsolutionof this generalN -bodyproblemwill requirethecalculationof N (N � 1)=2 forces,i.e., the
computationalcostwill grow asthesquareof thenumberof particles,O(N 2). To complicatematterseven further,
many of theempiricalforce�elds whichhavebeen(andarebeing)developedfor materialsrangingfrom elementalsil-
icon,to transitionmetalsandhydrocarbons,involvemorecomplicatedmany-bodypotentialswith explicit or effective
bond-bendingandtorsionalterms,whosecostin theorygrows asO(N 3) or O(N 4), respectively. Suchdirectcalcu-
lationsquickly overwhelmthecomputingcapabilitiesof even the fastestsupercomputers,soclever algorithmshave
beendevelopedto bring thecomputationalcostundercontrol.For chargedsystemswhereCoulombicinteractionsare
unavoidable,or astrophysicalsimulationsrequiringgravity, thefastmultipolemethoddevelopedin thelate1980shas
becomethetool of choice,reducingthecostto O(N ) by approximatingthelong-rangeinteractionsin a controllable
way. Fortunately, thesituationis evenbetterfor mostnon-ionicmaterials,sincetheabsenceof Coulombicinteractions
makestheneglectof any long-rangeforcesagoodapproximation.Theresultingshort-rangepotentialscanbenaturally
computedwith O(N ) cost(evenfor many-bodypotentials)if therangeof thepotentialis muchshorterthanthesize
of thesimulationbox,sinceeachatomonly interactswith a limited numberof neighbors.

Despitetheseefforts,until recently(thepastdecade)mostsimulationshavebeenlimited to afew hundredthousand
atomsandarelatively smallnumberof timesteps(picosecondto nanosecondtimescales).Thetimescaleissuehasbeen
addressedfor a particularclassof “rare event” systemswhich aredominatedby diffusive processes,wherevarious
accelerationschemesallow MD simulationsto reachtimesof minutesor longer[5]. However, to carryout realistic
simulationsof materialpropertiesin threedimensions(3D), theinclusionof tensof millions to billions of atomsmay
be required,dependingon the lengthscaleof any initially imposedor naturallyemerging microstructureor defect
distribution. Due to the computationaleffort requiredfor suchsystems,the larger sizescaleis typically achieved
only at the expenseof limiting the time scaleeven further, to a few hundredpicosecondsat most. Fortunately, this
still leavesa variety of high strain-rateprocessesopenfor study, including shockcompression,sliding friction, and
fracture.
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3.1 Empirical interatomic potentials

Themostcommonlyusedshort-rangeinteractionis theanalyticLennard-Jones6-12(LJ) potential,typically truncated
at some�nite distancer cut sothatnoparticlesdirectly interactbeyondthis range:
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Here� and� aretheusualLJ parametersrepresentingthebondlengthandwell depth.For amorerealisticdescription
of metallicbonding,a semiempiricalembeddedatommethod(EAM) [6, 7] potentialis oftenusedfor simplemetals.
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Again, both � (r ) and � (r ) areshort-rangedfunctionswith a cutoff distancer cut typically only including the �rst
few neighborshellssurroundingeachatom(a few dozenatoms).AlthoughearlyEAM potentialsusedanalyticforms
for the � (r ) pair potential, � (r ) electrondensity, and F (� ) embeddingenergy, most recentpotentialshave been
developedin tabular form, for both computationalef�ciency andphysicalreasons.For instance,a commonchoice
is to requirethat the lattice energy E(V ) underuniform compressionandexpansion(volumeV ) exactly follow a
“universalequationof state”suggestedby Roseet al [8]. Onemaythenspecifyanalyticformsfor � (r ) and� (r ) (no
longerrestrictedto theoriginalphysicalmeaningsof theseterms),andtabulatetheembeddingfunctionF (� ), sinceit
will not in generalbeexpressiblein a simpleanalyticclosed-formexpression.In practice,it is fastest(in wall clock
time,not in termsof Flop/srates)to tabulateall threeEAM functionsandtheir derivatives,aswedobelow.

3.2 The SPaSM molecular dynamicscode

TheSPaSM(ScalableParallel Short-rangeMoleculardynamics)code,originally developedat Los AlamosNational
Laboratoryfor theThinking MachinesCM-5 in theearly1990s,hasbeendescribedin detailelsewhere[9, 10]. The
basicconcept,using spatialdecompositionto partition spaceinto cells with edgelengthsno smallerthan r cut , 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 synchronousmessage-passingrequiredwhenadjacentcells resideon different
processingnodes.TheSPaSMcodewasportedto severalmulti-processorplatformssupportingbothmessage-passing
(on distributedmemorycomputers)andmulti-threading(on shared-memorysystems),aswell asclustersof inexpen-
sive personalcomputers(Beowulf systems).It shows excellentscalingproperties,both in termsof problemsizeand
parallelef�ciency [11]. SPaSM hasbeenusedextensively for large-scalematerialsscienceandphysicssimulations
(involving 106 to 108 atoms)over the pastdecade,resultingin over 50 publications(plus another10 primarily or
exclusively devotedto computationalaspects),includingseveral in Science[12, 13, 14] andProceedingsof theNa-
tional Academyof Science[15]. Thesestudieshaveprovidednew insightsinto suchdiverseproblemsasfracture[16],
dislocationinteractions[12], shock-inducedplasticity [13] andphasetransformations[14], andtheRayleigh-Taylor
�uid instability [15].

TheSPaSMcodewonpartof the1993IEEEGordonBell performanceprizefor amoleculardynamicssimulation
with 131million atomsat 50 G�op/s on the1024-nodeThinking MachinesCM-5 [10]. Subsequently, theportability
of thecodewasincreasedby replacingCMMD andCM I/O callswith a setof wrapperfunctions(e.g.,to MPI library
routines),removing all assemblercode,developing a visualizationlibrary, and combiningtheseelementsinto an
interactivepackageusingthePythonscriptinglanguage,all withoutany signi�cant performancedegradation[17, 18].
In 1998, this enhancedversionof SPaSM won part of the GordonBell price/performanceprize for a shockwave
simulationon the70-nodeLosAlamosAvalonBeowulf cluster, achieving a ratioof $15/M�op [19].
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Figure1: Spatialdecompositionof atomsinto cellswith edgelengthr cut (left), anda resulting2D interactionpath
to scanneighboringcells, illustratingboth thecaseswherethe interactionsareentirely local (center)or requiresyn-
chronoussend-and-receivemessage-passing(right). Newton'sThird Law is usedto restrictthenumberof neighboring
cellsvisitedto 4 (or 13, in 3D).

3.3 Porting to BG/L

Sincethestripped-down computenodekernelon BG/L doesnot supportdynamiclibrary loading,portingthecurrent
modular(Python-based)SPaSMimplementationwasdeemedimpractical,althoughin principleit would certainlybe
possibleto build a staticPythonexecutablewith pre-loadedSPaSMsimulation,analysis,andvisualizationlibraries.
But to expediteporting(into a matterof hoursratherthandays),we decidedto revert to thepre-Pythoncodewhich
hadbeensuccessfullyportedfrom the original CM-5 versionto a variety of platforms,with eitherMPI, PVM, or
sharedmemoryparallelism. The critical codein the LJ force calculationloop is written entirely in C, and hand-
optimizedfor modernsuperscalararchitecturesby loop unrolling, macroexpansion,andcarefuluseof register
variables.After testingvariouscompileroptionsandloop unrolling depths,we usedthe IBM xlc compileroptions
-O2 -qarch=440d -qtune=440 ona 4x unrolledcode.(Therewasessentiallynodifferencebetween-O2 and
-O3 .) The-qarch=440d optiononly givesa 3% speedupover -qarch=440 , indicatingthatthedoubleFPUunit
is notbeingef�ciently usedwithout explicit hand-tuning[4].

3.4 Timings and performance

In April 2005,we carriedout an extensive seriesof short (10 timestep)benchmarkruns for timing purposes,with
differentnumbersof particlesandprocessors,on thehalf-systemcon�guration(32,768nodes).Theatomsaresetup
in a3D fcc latticeata temperaturenearthemeltingpoint,althoughmeltingof coursecannotoccurwithin suchashort
simulationtime. Nevertheless,thetimingsarerepresentativeof anactualsimulationat theseparticledensities(or, asis
typically thecasein many realisticsimulations,themaximumlocalparticledensityatany giveninstant).Theaverage
wall clock timespertimestep(includingforcecalculation,timestepintegration,andparticleredistribution)areshown
for the LJ potentialwith two differentchoicesof r cut in Tables1 and2, alongwith the correspondingT�op rates
obtainedby countingtheactualnumberof �oating pointoperationsin boththeforceandintegrationroutines.For the
LJ potentialandvelocity Verlet integratorasimplemented,we count9N all + 20N inter act + 65N �ops, whereeach
divide operationis countedas5 �ops. HereNall is thetotal numberof atompairswhich areconsidered(all of those
in thesameor adjoiningcells),N inter act is thenumberof pairswhicharecloserthanr cut , andN is thetotal number
of particles.

Exceptfor relatively smallproblemsizes(lessthan100,000atomsperprocessor),we consistentlymeasure17.5–
18.5T�op/s for theshorter-rangeLJ potentialin Table1, and24.5–25.5T�op/s for the longer-rangeLJ potentialin
Table2.� To giveanideaof how largethefractionof timespentin theforcecalculationis, ther cut = 5:0� benchmark
with 128billion atomson32,768nodes(65,536processors)required93.8sto computeforces(98.5%of thetotaltime),

� August2005benchmarksfor up to 320billion 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, theseresultsshouldbeconsideredpreliminarydueto slight differences
in the OS,compiler, andSPaSM codefrom the April 2005half-systembenchmarkspresentedin Tables1 and2, which led to somewhat higher
expectedperformancesof 36T�op/s and50T�op/s, respectively, on thefull system.
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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 per timestepin seconds,with T�op/s in parentheses,for an analyticLennard-Jonespotential
with r cut = 2:5� , usingvirtual nodemode(2 processorsper node)except for the last column,wherethe default
coprocessormodewasused(thesecondprocessoroneachnodeis dedicatedto 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: Averagetimepertimestepin seconds,with T�op/s in parentheses(thehighestperformancefor eachpartition
sizein bold), for an analyticLennard-Jonespotentialwith r cut = 5:0� , usingvirtual nodemode(2 processorsper
node).For comparison,thelastcolumnshows timingsfor anEAM copperpotentialusinglookuptables.

0.3 s for the (velocity Verlet) integration(0.3%),and1.1 s to redistributeparticlesafter the integrationstep(1.1%).
Themessage-passingtimein theforcecalculationandparticleredistributionis only 0.7s,or 0.8%of thetotal time. As
thenumberof particlesis reducedthis fractionof courseincreases,to 10%for the1 billion particlerun. Despitethis,
theoverall performanceis still over 22 T�op/s, andtheiterationtime of 0.85s representsa speedupof 14.7over the
2048-noderun, or 92%parallelef�ciency. This is alsoillustratedin Fig. 2, showing boththeraw datafrom Tables1
and2 aswell asscalediterationtimesfor r cut = 5:0� , which convergeto lessthan50 �s /particle/processorfor all
partitions,becomingonly graduallyslower for fewernumbersof particlesperprocessor. (With 256MB perprocessor
in virtual nodemode,2.5 million atomsperprocessoris themaximumthatcanbestored,sinceeachatomtypically
requires80–100bytes,includingoverheadfor thecell structures.)

Wealsoincludeasetof timingsin coprocessormodein Table1, demonstratingthenearly100%speedupobtained
by usingbothprocessorsoneachnodefor MPI processes(virtual nodemode).Timingsfor theEAM copperpotential
[23] usedin theproductionrunsdescribedbelow arelisted in Table2. AlthoughtheEAM potentialhasa very short
cutoff distance(translatingto r cut ' 2:0� in LJ units),it involvestwiceasmany interactionpathsteps(oneto compute
theelectronicdensityateachatomsite,andthesecondto computetheforcesonneighboringatomsdueto thisdensity).
In lieu of complex (or nonexistant)analyticexpressions,it alsoutilizes fasttablelookupsfor eachof the functions
� (r ), � (r ), andF (� ).
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Figure2: (Left) Averagetimepertimestepin seconds,asafunctionof problemsizeondifferentBlueGene/Lpartitions
in virtual nodemode(2 processorspernode),for ananalyticLennard-Jonespotentialwith r cut = 5:0� . Also shown
for comparisonare 32k-noderesultsfor an EAM copperpotentialand for r cut = 2:5� LJ, both in virtual node
andcoprocessor(1 processorper node)mode. (Right) Scaledtimings for an analyticLennard-Jonespotentialwith
r cut = 5:0� , in virtual nodemodeondifferentpartitionsizes.

4 Parallel visualization code

Typically, checkpoint�les (containingpositionsandvelocitiesof all atoms)areperiodicallywritten out duringa MD
simulation,eitherfor restartingrunsor for postprocessingvisualizationanddataanalysis.However, suchI/O becomes
excessively demandingfor multibillion-atomsimulations.If oneconsiderstheminimalamountof informationneeded
to bedouble-precisionpositionandvelocityvectorsfor eachatom(6 double 's)plusperhapsanint (atomtypefor
multicomponentsystems,or thebondorderof eachatom)andoneor morefloat 's (potentialenergy, local stress,or
otherorderparameters),thetypicalcheckpoint�le requires50-100bytesperatom.For a2-billion atomsimulationthis
is 100-200GB percheckpoint�le. A high-performanceparallel�le systemwith 1-10GB/sbandwidthwould make
thesetolerable(a few minutesto write or readeachcheckpoint�le), but asof April 2005,theLustreTM globalparallel
�lesystemwasnotcompletelyoperationalonBlueGene/L,andstripedI/O across64NFSdiskswasunacceptablyslow
andunreliable(preliminarytestsat thattime indicated128MB/s, or 15-30minutespercheckpoint�le).

Consequently, wehaveadaptedourpostprocessingparallelscalableobjectrenderingcapabilityMD_render [11]
into a subroutinewhich canbe called on-the-�y, directly accessingthe SPaSM particleandcell datastructuresto
visualizemulti-billion atomdatasets.Spheres,cells,cylinders,arrows,andsurfacescanberenderedwith anarbitrary
resolutionand 24-bit color-depth. This was realizedby developinga graphicslibrary in ANSI C and employing
MPI callsfor thecommunicationbetweenprocesses,yieldinghighperformanceandguaranteedportabilityonvarious
supercomputerplatforms. The library allows for multiple point light sources,andthecolor of eachsurfaceelement
of anobjectis calculatedby taking into accounttheemission,ambient,diffusive,andthespecularcomponents.The
ef�ciency wasachievedby a parameterizationof the individual objectsratherthanconstructingobjectslike spheres
with simplepolygons(as is the casewith graphicslibraries like OpenGL[24]). Furthermore,eachprocessoronly
rendersapartialpictureof theobjectsassignedto it (i.e.,theatomsorcellsin its localmemory).A binarytreereduction
eventuallymergesthepartialpictures(usingdepthinformationassignedto eachpixel) into onepicturewhich canbe
writteninto a�le (with arbitraryresolution).Thereis almosta100%parallelef�ciency asthereis only communication
betweenprocessorsat theendto mergethepartialpictures.Therenderingscaleslinearly (assumingtheobjectsizeis
constant)with thenumberof objects(or evenless,sincetheobjectsaresortedaccordingto their depthsandinvisible
pixelsof objectsarenotdrawn). An earlierversionof MD_render wasused(in thetypicalstandalonepostprocessing
mode)to generatethe8-million-atomEAM iron shockwave imagesin [14], andtheRayleigh-Taylor imagesfrom a
100-million-atomLJ simulationin [15]. For the typical examplesshown below, all imageswere renderedin 1-5
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minutes,dependingmainly on the resolutionanduseof an optionalanti-aliasingprocedurein which the imageis
initially renderedwith twicetheresolutionin bothdirections,thenaveraged(4:1pixel ratio) to smooththe�nal image.

5 Sustainedproduction runs

To demonstratethe capability of BlueGene/Lto perform sustainedapplicationruns of scienti�c interest[20], we
presenthere two simulationsperformedon a 16,384-nodepartition (both run in virtual nodemode, i.e. utilizing
32,768processors).Both involve a copper�yer plate (periodic in the x and y directions)initially traveling at a
velocityvz = 2up towardsacoppertarget(twiceasthick asthe�yer plate),resultingin shockwavespropagatinginto
boththe�yer andtargetwith particlevelocityup [13, 14]. Uponreachingthefreesurfaceat theendof eitherthe�yer
or target,a shockwave is replacedby a spreadingrarefaction(or release)fanwhich propagatesbackinto thebulk of
thesample,with thetargetgoing into tensionwhenthetwo rarefactionfans(onefrom the�yer plateandthesecond
from thetarget)meet.If thetensilestressis suf�ciently strong,thematerialcanfail in a processknown asspallation
[21]. Thesupersonicshockwave andsonicreleasefansleadto a shortandpredictablesimulationtime, sothateven
largesamplessuchasthosepresentedhererequireonly 104 to 105 MD timestepsto modeltheentireshockandrelease
processes.

The preliminary simulationshereare intendedto probethe changesin both shockandspallationbehavior for
a target which containsa distribution of defects,asmight result from radiationdamage[22]. As a typical defect
which canbe createdundersuchconditions,we have chosento modela poroussolid target containinga speci�ed
numberof sphericalvoids,eachwith a radiuschosenfrom a Gaussiandistribution with a speci�edmeansizer . The
largestpreviousMD simulationsof shockloadingwhich have beenpublished[13, 14] involved“only” 8–10million
atoms,which while very large only allow perfectcrystalsor a small numberof defectsto be introduced.Here, for
the �r st time, wecanstudytheeffectof a realisticdistribution of defectson materialsproperties.Thecopperatoms
are describedusingan EAM potentialdevelopedby Voter [23]. Longitudinalpro�les of quantitiessuchas stress
components,temperature,anddislocationdensitiesarealsoperiodicallycomputed,andhave alreadybeenusedto
revealnovel aspectsof theunderlyingphysicalprocesses[20].

The�rst simulation,carriedouton2 February2005(on thefull 16,384-nodesystemat thattime), involveda total
of 750� 750� 950 fcc unit cells (4 atoms/unitcell), with 150voidsof anaverageradiusr = 3:8 nm in the target
correspondingto a0.41%void density. Thetotalnumberof atomswas2,131,656,770,andthesimulationranfor 7030
timestepsover 13 hours,generating59 images(each4800� 3600pixels). Theshockwasstrongenough(up = 0:2
km/s) to collapsemost (if not all) of the voids by emitting partial dislocations(stackingfault loops),asshown in
Figs.3 and4. Hereweusethecentrosymmetryparameter[25] to identify thelocalstructurearoundeachatom:atoms
in pristinefcc sitesarenot shown, atomsin hcpstackingfaultsaregrey, andall otheratoms(includingsurfacesand
dislocationcores)arered. Fig. 3 shows two views at the endof the simulation(19 ps of simulatedtime). A third
(zoomed-in)view at 18psis shown in Fig. 4, boththeoriginal4800� 3600imageaswell asanexpandedview of an
800� 600section,revealingtheunderlyingsphere-renderingwhich is otherwiseimpossibleto discern.

Thesecondsimulation,run on half of thepresentmachineon 10-11April 2005,included320� 320� 500unit
cells, with only 10 voids in the target (r = 2:6 nm) equivalentto a negligible 0.11%void density. This simulation
included204,655,465atoms,andran for 25,917timesteps(70 ps) over 8 hours(the SLURM queue-imposedtime
limit), generating54 images. A muchstrongershockwasusedin this case(up = 1:0 km/s), so even renderinga
culled setof atomsasin Figs.3 and4 quickly becomestoo complicatedto analyze,sinceasmany asa third of all
atomsareidenti�ed asnon-fcc. To get anotherperspective on the void collapseundershockcompression,andthe
void nucleation,growth,andlinkup into afailedspallationzoneunderrelease,wealsogeneratedimagesshowing only
thoseSPaSMcells(Fig. 1) whichdonotcontainany atoms.Examplesfor thissimulationafterbothshockwaveshave
releasedfrom thefreesurfacesandcreatedatensileregionareshown in Fig. 5. In theseframes,weseethenucleation,
growth, andlinkup of voids which takesplacebetween36 ps and48 psof simulationtime. In Fig. 6 we show two
views at 56 ps, whena well-developedspall zoneis evident nearthe right endof the sample. (Due to the periodic
boundaryconditionin the z-direction,the samplehaswrappedaroundthe right-handsideandcauseda secondre-
shock,shown asthe light grey planein thetop frame.This secondaryshockis largely responsiblefor thesigni�cant
plasticdeformationin theleft half of thebottomframe.)To give anideaof therenderingtimesfor theseimages,the
top frameshowing 20,571,344cellswasgeneratedin 145seconds(1600� 1200pixel resolution,with antialiasing),

7



andthe65,832,243spheresshown in thebottomframein only 81seconds(2400� 1800pixels).

6 Conclusion

The180T�op/s peakperformanceof theApril 2005BlueGene/Lsystem(half of thenow-completeinstallation)takes
into accountthedual�oating-point unitsoneachprocessor, andthefusedmultiply-addinstruction.Bothof thesecan
beef�ciently utilized for certainproblems,particularlythelinearalgebramatrix operationsembodiedin theLinpack
benchmark,which achieved 135.3T�op/s (75% of the theoreticalpeak)[3]. However, this becomesincreasingly
dif�cult for morecomplex applications,soa morerealisticperformancetargetfor suchproductioncodeswithout any
specialhand-tuning(for thecurrentbeta-versionXL compilers)might omit both thedual-FPUsandfusedmultiply-
addinstructions,giving 1/4of the180T�op/s peak,or 45T�op/s. Our25.5T�op/s measurementfor theSPaSMcode
representsonly a bit morethanhalf of this target,indicatinga substantialperformancepenaltyfrom communication,
cacheandmemorycontention,anduncountedoperations(e.g.,particleredistribution). Work is currentlyunderwayto
identify andaddressthis “missing” performancefactor.

Themultibillion-atomsimulationsenabledby BlueGene/Lnow openup to studya wide rangeof problemswhere
aninitial or (moreoften)anaturallyemergingdefect/microstructurelengthscaleexceedsthatof smaller-scalesimula-
tions.Already, multimillion-atomsimulationsin thiscategoryinclude8 million-atomEAM Fesimulationsrequiredto
seeproductgrainstructureformedby shock-inducedsolid-solidphasetransformations[14], andthe100million-atom
LJ simulationsprobingturbulentmicrostructureformedby theRayleigh-Taylor �uid instability which occurswhena
heavy �uid is placedontopof a lighteronein thepresenceof gravity [15]. Also,asinglebillion-atomsimulation(last-
ing 4 daysonASCI White)wascarriedout to studythelong-rangedislocationstructureproducedin aLJ solidduring
fracture[27]. With suchsimulationsnow possiblefor morerealisticinteractionpotentials,andturnaroundtimesof
a dayor less,we expectto seeanexciting varietyof previously intractableproblemsstudiedby MD on BlueGene/L
[20].
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Figure3: Two perspectivesshowing only defectatoms(out of a total of 2.1+billion atoms),19 psaftera Cu perfect
crystal�yer plate(left third of sample)hasimpactedaporousCu target,resultingin shockwavesto theleft andright.
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Figure4: A third view of thesame2.1billion atomsimulation,at18ps.Thetop frameshowstheas-rendered4800�
3600-pixel image,while thelower frameis zoomingin onan800� 600-pixel regionnearthetop, just left of center.
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Figure5: Imagesshowing only vacantEuleriancellswithin thebulk material,from a 200+million-atomsimulation
of Cu shockcompressionandrelease.Approximately11 psafter the initial impact,theshockwave in the�yer plate
releasesfrom the free surface,and releasefrom the far surfaceof the target occursat 22 ps. The two spreading
rarefactionfanscollideandleadto atensilezoneat33ps,justbeforethetop left frame(36ps).Thetwo planesshown
hereareboundingthe tensilezone,but thesampleonly containsscatteredresidualdefectsfrom shockcompression-
inducedplasticdeformationandsubsequentrelease.Void nucleationis evident in the bottomframe(40 ps), with
growth andlinkup in thenext two frameson theright (44 psand48ps).
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Figure6: Two viewsof thesame200+million-atomsimulationat56ps,aftervoid linkup hasled to aclearspallzone.
Thetoppanelshows theemptyEuleriancellsasin Fig. 5, while thebottomshowsnon-fccatomsasin Figs.3 and4.
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