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Abstract

We presentSalinas a scalablémplicit softwareapplicationfor the finite elementstatic
anddynamicanalysisof comple structuralreal-world systemsThis relatively complete
engineeringsoftware with morethan100,000lines of C*+ codeanda long list of users
sustains292.5Gflop/son 2,940ASCI Redprocessorsand 1.16 Tflop/s on 3,375ASCI
White processors.

1 Introduction

Part of the AcceleratedStratgic Computinglinitiative (ASCI) of the US Depart-
mentof Enegy is the developmentat Sandiaof Salinas,a massvely parallelim-
plicit structuralmechanics/dynamicsoftwareaimedat providing a scalablecom-
putationalworkhorsefor extremelycomple finite element(FE) stressyibration,
and transientdynamicsmodelswith tensor hundredsof millions of degreesof
freedom(dofs). Suchlarge-scalemathematicamodelsrequiresignificantcompu-
tational effort, but provide importantinformation,including vibrationalloadsfor
componentsvithin largersystemgFig. 1), designoptimization(Fig. 2), frequeng
responsenformationfor guidanceand spacesystemsand modal datanecessary
for active vibrationcontrol(Fig. 3).

As in the caseof other ASCI projects,the succes®f Salinashingeson its ability
to deliver scalableperformanceesults.However, unlike mary other ASCI soft-
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Fig. 1. Vibrationalloadanalysisof amulti-componensystemintegrationof circuit boards
in anelectronigpackagdEP),andintegrationof thiselectronigpackagen aweaporsystem
(WS). FE modelsizes:8,500,000dofs (EP), 12,000,000dofs (WS+EP).Machine:ASCI
Red.Processorased:3,000processors.

Fig. 2. Structuralboptimizationof theelectronicpackagef are-entryvehicleusingSalinas
andthe DAK OTA [1] optimizationtoolkit. Objective function: maximizationof the safety
factor Left: original design.Right: optimizeddesign.FE modelsize:1,000,000dofs. Ma-

chine:ASCI Red.Processorased:3,000processors.



Fig. 3. Modal analysisof alithographicsystemin supportof the designof anactive vibra-
tion controllerneededor enablingimageprecisionto afew nanometersShavn is the 76th
vibration mode,an internalcomponentesponseFE modelsize:602,070dofs. Machine:
ASCI Red.Processorased:50 processors.

ware,Salinasis animplicit codeandthereforeprimarily requiresa scalableequa-
tion solver in orderto meetits objectves.Becauseall ASCI machinesare mas-
sively parallelcomputersthe definition of scalabilityadoptechereis the ability to
solvean -timeslargerproblemusingan -timeslargernumberof processors

in anearlyconstantCPUtime. Achieving this definition of scalabilityrequiresan
equationsolverwhichis (a) numericallyscalable— thatis, whosearithmeticcom-
plexity grows almostlinearly with the problemsize,and(b) amenablé¢o a scalable
parallelimplementation— thatis, which canexploit aslargean  aspossible
while incurringrelatively smallinterprocessocommunicatiorcosts.Sucha strin-
gentdefinitionof scalabilityrulesout sparselirectsolversbecauseheir arithmetic
complity is a nonlinearfunction of the problemsize. On the other hand,sev-
eralmultilevel [2] iterative schemesuchasmultigrid algorithms[3, 4, 5] anddo-
maindecompositiofDD) methodswith coarseauxiliary problemg6, 7, 8] canbe
characterizedby a nearlylineararithmeticcompleity, or aniterationcountwhich
grows only weakly with the size of the problemto be solved. Salinasselectedhe
DD-based-ETI-DPiterative solver[9, 10] becausef its underlyingstructuraime-
chanicsconceptsjts robustnessand versatility, its provable numericalscalability
[11,12], andits establishedcalablgperformancenmassvely parallelprocessors.

Our submissiorfocuseson an engineeringsoftwarewith morethan100,000lines
of codeanda long list of users.Salinascontainsseveral computationaimodules
includingthosefor forming andassemblinghe elementstiffness massanddamp-
ing matricesrecoveringthestrainandstresdields, performingsensitvity analysis,



solvinggeneralizeaigervalueproblemsandtime-integratingby implicit schemes
semi-discretequation®f motion.Furthermorepur submissioraddressetotal so-
lution time, scalability andoverall CPUefficiengy in additionto floating-pointper
formance.

Salinasvasdevelopedwith codeportabilityin mind. By 1999,it haddemonstrated
scalability[13] on 1,000processorsf ASCI Red[36]. Currently it runsroutinely
on ASCI Redand ASCI White [37], performsequallywell onthe CPLANT New
Mexico [38] clusterof 1,500CompagXP1000processorsandis supportedon a
variety of sequentiabndparallelworkstationsOn 2,940processorsf ASCI Red,
Salinassustain®92.5Gflop/s— thatis, 99.5Mflop/s perASCI Redprocessqrand
anoverall CPU efficiengy of 30%. On 3,375 processor®f ASCI White, Salinas
sustainsl.16 Tflop/s — thatis, 343.7Mflop/s per processqrandan overall CPU
efficiengy of 23%. Theseperformancenumbersarewell above whatis commonly
consideredichievableby unstructured-E-basedoftware.

Tothebestof ourknowledge Salinags todaytheonly FE softwarecapableof com-
puting a dozeneigenmodesfor a million-dof FE structuralmodelin lessthan10
minutes Giventhe pressingneedfor suchcomputationsit is rapidly becominghe
modelfor parallelFE analysissoftwarein bothacademiandindustrialstructural
mechanics/dynamicommunitieq14].

2 The Salinas software

Salinasis mostlywrittenin ++ anduses64-bit arithmetic.lt combinesa modern
object-oriented~E software architecture scalablecomputationaklgorithms,and
existing high-performance@umericallibraries.Extensve useof high-performance
numericabuilding blockalgorithmssuchastheBasicLinearAlgebraSubprograms
(BLAS), the Linear AlgebraPackagg(LAPACK), andthe MessagdPassinginter
face(MPI) hasresultedn asoftwareapplicationwhichfeaturesotonly scalability
onthousand®f processordyut alsoa solid perprocessoperformancendthede-
siredportability.

2.1 Distributedarchitecture anddatastructuies

The architectureand datastructuresof Salinasare basedon the conceptof DD.
They rely on the availability of meshpartitioningsoftwaresuchasCHACO [15],
TOP/DOMDECI16], METIS [17], andJOSTLE[18]. The distributeddatastruc-
turesof Salinasareorganizedn two levels. Thefirst-level supportsall local com-
putationsaswell asall interprocessocommunicatiorbetweemeighboringsubdo-
mains.The secondevel interfaceswith thosedatastructuref aniterative solver



which supportthe global operationsassociateavith the solution of coarseprob-
lems.

2.2 Analysiscapabilities

Salinasincludesa full library of structuralfinite elementslt supportdinear mul-
tiple point constraintyLMPCs)to provide modelingflexibility, geometricahon-
linearitiesto addressarge displacementandrotations,andlimited structuralnon-
linearitiesto incorporatethe effect of joints. It offers five differentanalysisca-
pabilities: (a) static, (b) modalvibration, (c) implicit transientdynamics,(d) fre-
gueng responseand(e) sensitvity. Themodalvibrationcapabilityis built around
ARPACK’s Arnoldi solver [19], andthe transientdynamicscapabilityis basedon
theimplicit “generalized ” time-integgrator[20]. All analysiscapabilitiednterface
with thesameFETI-DP modulefor solvingthe systemof equationghey generate.

3 TheFETI-DP solver

3.1 Badkground

Structuralmechanicproblemscan be subdvided into second-ordeand fourth-
orderproblemsSecond-ordeproblemsaretypically modeledoy bar, planestress/strain,
andsolid elementsandfourth-orderproblemsby beam plate,andshellelements.

The conditionnumberof a generalizedgymmetricstiffnessmatrix  arisingfrom
theFEdiscretizatiorof second-ordeproblemsyrows asymptoticallywith themesh

size as

— (1)

andthatof ageneralizedgymmetricstiffnessmatrix arisingfrom the FE discretiza-
tion of afourth-ordemproblemgrows asymptoticallywith as

— (2)

Theabove conditioningestimategxplainwhy it wasnot until powerful androbust
preconditionerbecameecentlyavailablethatthe methodof ConjugateGradients
(CG) of Hestenesand Steifel [21] madeits dehut in productioncommercialFE

structuralmechanicsoftware. Material and discretizatiorheterogeneitieaswell

asbadelementaspectratios,all of which arecommonin real-world FE models,
worsenfurthertheabove conditionnumbers.
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Fig. 4. Meshsize andsubdomairsize

3.2 Ascalableiterativesolver

FETI (Finite ElementTearingandInterconnection)s the genericnamefor a suite
of DD basedterative solverswith Lagrangemultipliers designedwith the condi-
tion numberestimateg1) and(2) in mind. The first andsimplestFETI algorithm,
known asthe one-level FETI method wasdevelopedaround1989([23, 24]. It can
be describedas a two-stepPreconditionedConjugateGradient(PCG) algorithm
wheresubdomairproblemswith Dirichlet boundaryconditionsare solvedin the
preconditioningstep,and relatedsubdomainproblemswith Neumannboundary
conditionsaresolvedin a secondstep.The one-level FETI methodincorporates

relatvely small-sizeauxiliary problemwhich is basedon therigid body modesof

the floating subdomainsThis coarseproblemacceleratesonvergenceby propa-
gatingtheerrorglobally duringthe PCGiterations.

For second-ordeelasticity problems the conditionnumberof the interfaceprob-
lemassociatewvith theone-level FETI methodequippedwith theDirichlet precon-
ditioner[25] grows at mostpolylogarithmicallywith the numberof elementper
subdomain

— ®3)

Here, denoteghe subdomairsize(Fig. 4) andtherefore is the numberof
elementsalongeachsideof a uniform subdomainThe conditionnumberestimate
(3) constitutesa majorimprovementover the conditioningresult(1). More impor-
tantly, it establisheshe numericalscalabilityof the FETI methodwith respecto
the problemsize,the numberof subdomainsandthe numberof elementgpersub-
domain.

For fourth-orderplateandshell problems preservinghe quasi-optimakondition
numberestimate(3) requiresenrichingthe coarseproblemof the one-level FETI
methodby the subdomaircornermodes[27, 28]. This enrichmentransformshe
original one-level FETI methodinto a genuinetwo-level algorithmknown asthe
two-level FETI method[27, 28]. Both the one-level andtwo-level FETI methods
have beenextendedo transientdynamicsproblemsasdescribedn [26].



Unfortunately enrichingthe coarseproblemof the one-lezel FETI methodby the
subdomaircornermodesincreasests computationatompleity to a point where
the overall scalabilityof FETI is diminishedon avery large numberof processors,
say . For this reason the basic principles governing the designof
the two-level FETI methodwere recentlyrevisited to constructa more efficient
dual-primalFETI method[9, 10] known asthe FETI-DP method.This mostrecent
FETI methodfeaturesthe samequasi-optimalcondition numberestimate(3) for
both second-and fourth-orderproblems but emplo/s a more economicalkoarse
problemthan the two-level FETI method.Mainly for this reason,FETI-DP was
choserto power Salinas.

3.3 Aversatileiterativesolver

Productioncodessuchas Salinasrequiretheir solver to be sufficiently versatileto
addressamongothers problemswith successie right-handsidesand/orLMPCs.

Systemswith successie right-handsidesarisein mary structuralapplicationsn-

cluding static analysisfor multiple loads, sensitvity, modal vibration, and im-

plicit transientdynamicsanalysesKrylov-basedterative solversareill-suited for

theseproblems unlessthey incorporatespecialtechniquedor avoiding restarting
the iterationsfrom scratchfor eachdifferentright-handside[29, 30, 31, 32]. To

addresghis issue,Salinas’ FETI-DP solver is equippedwith the projection/re-
orthogonalizatioproceduralescribedn [30, 31]. This procedureaccelerateson-
vergenceasillustratedbelow.

Fig. 5 reportsthe performanceesultsobtainedfor FETI-DP equippedwith the
projection/re-orthogonalizatioiechniqueproposedn [30, 31] andappliedto the
solutionof therepeatedystemsrisingfrom the computatiorof thefirst 50 eigen
modesof theopticalshuttershavn in Fig. 5(a). Theseresultsarefor a FE structural
modelwith 16 million dofs, anda simulationperformedon 1,071 processor®f
ASCIWhite.As shavnin Fig. 5(b),thenumberof FETI-DPiterationss equalto 75
for thefirst right-handside,anddropsto 26 for the 100th.Consequentlythe CPU
time for FETI-DPdropsfrom 57.0secondgor thefirst problem— 33.4second®f
which correspondo a one-timepreprocessingomputation— to 10.7seconddgor
thelastone.Thetotal FETI-DP CPUtime for all 100successie problemss equal
to 1,223 secondsWithout the projection/re-orthogonalization-basadceleration
procedurethetotal CPUconsumptiorby FETI-DPfor all 100successie problems
is equalto 2,445secondsHence for this modalanalysispur acceleratiorscheme
reducesthe CPU time of FETI-DP by a factorequalto 2, independentlyof the
parallelismof the computation.

LMPCs are frequentin structuralanalysisbecausehey easethe FE modelingof
comple structuresThey canbe written in matrix form as , Where is



(a) Left: optical shutterto be embeddedn a MEMS device. Right:
von Misesstressegassociateavith aneigenmode.
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Fig. 5. Modal analysisof an optical shutterembeddedn a MEMS device. Performance
resultsof FETI-DP for the solution of the 100 linear solves arising during the computa-
tion of thefirst 50 eigenmodes.FE modelsize: 16,000,000 ofs. Machine:ASCI White.

Processorased:1,071processors.

arectangulamatrix, is avector and is thesolutionvectorof generalizedlis-
placementsSolving systemsof equationswith LMPCs by a DD methodis not
an easytaskbecausd. MPCs canarbitrarily coupletwo or more subdomainsTo
addresghis importantissue,a methodologywas presentedn [33] for generaliz-
ing numericallyscalableDD-basedterative solversto the solutionof constrained
FE systemsof equationsyithout interferingwith their local andglobal precondi-



tioners.FETI-DPincorporateshekey elementf this methodologyandtherefore
naturallyhandled . MPCs.

4 Optimization of solution time and scalability

The performanceand scalability of Salinasare essentiallythoseof its FETI-DP
moduleappliedto the solutionof a problemof theform

(4)

where arisesfrom ary of Salinas’analysiscapabilities Givena meshpartition,
FETI-DP transformghe above global probleminto aninterfaceproblemwith La-
grangemultiplier unknavns, and solves this problemby a PCG algorithm. The
purposeof the Lagrangamultipliersis to enforcethe continuity of the generalized
displacementield on theinterior of the subdomairinterfaces Eachiterationof
the PCGalgorithmincursthe solutionof a setof sparsesubdomairproblemswith
Neumannboundaryconditions,a relatedset of sparsesubdomairproblemswith
Dirichlet boundaryconditions,anda sparsecoarseproblemof theform

(5)

In Salinastheindependensubdomairproblemsaresolvedconcurrentlyby the se-
guentialblock sparseCholesky algorithmdescribedn [34]. ThissolveruseBLAS
level 3 operationgor factoringa matrix,andBLAS level 2 operationgor perform-
ing forwardandbackward substitutions.

For solving the coarseproblem(5), two approachesre available.In the first ap-
proach[13], therelatively smallsparsamatrix is duplicatedin eachprocessor

which factorsit. In a preprocessingtep,the inverseof this matrix, , IS com-
putedby embarrassinglyarallel forward and backward substitutionsand stored
acrossall processorsn the column-wisedistributed format 1

Giventhatthesolutionof the coarseproblem(5) canbewritten as

> (6)

1

it is computedin parallelusinglocal matrix-vector productsand a single global
rangecommunicationlin thesecondapproach, is storedin ascatteredolumn
datastructureacrossan optimal numberof processors , andthe coarse
problem(5) is solved by a parallelsparsalirectmethodwhich resortsto selectve



inversiondor improving the parallelperformancef forwardandbackward substi-
tutions[39].

When  canbestoredn eachprocessaqtthefirstapproachmaximizeghefloating-
point performanceFor example,when Salinas’FETI-DP usesthe first approach
for solving the coarseproblems,it sustainsl50 Mflop/s per ASCI Redprocessor
ratherthan the 99.5 Mflop/s announcedn the introduction.However, whenthe
sizeof is greateror equalto the averagesize of a local subdomairproblem,
the secondapproachscalesbetterthanthe first oneandminimizesthe CPU time.
For thesereasonsSalinasselectghefirst methodwhenthesizeof thecoarseprob-
lemis smallerthanthe averagesizeof alocal subdomairproblem,andthe second
methodotherwise.

5 Performance and scalability studies

5.1 Focusproblems

To illustratethe scalabilitypropertiesparallelperformanceand CPU efficiencgy of
Salinasand FETI-DP, we considerthe static analysisof two differentstructures.
We remindthereaderthatbecause&alinass animplicit code,its performancdor
staticanalysigs indicative of its performancedor its otheranalysiscapabilities.

Thefirst structure a cube,definesa model problemwhich hasthe virtue of sim-
plifying the tedioustasksof meshgenerationand partitioning during scalability
studies We partitionthis cubeinto subdomainsanddiscretizeeach
subdomairby 8-nodedhexahedraklements.

The secondstructureis the optical shutterintroducedin Section3.3. This real-
world structureis far more comple than suggestedy Fig. 5(a), asits intricate
microscopiaggeometricafeaturesarehardto visualize.lt is composeaf threedisk
layersthatareseparatetdy gapsbut connectedby asetof flexible beamsextending
in thedirectionnormalto all threedisks(seeFig. 7). We constructwo detailed(see
Fig. 8) FE modelsof this real-world structuremodelM1 with 16 million dofs,and
modelM2 with 110million dofs.We useCHACO[15] to decomposéhe FE model
M1 into 288,535, 835,and1,071subdomainsandthe FE modelM2 into 3,783
subdomains.

We recognizethatfor the cubeproblem,load balances ensuredy the uniformity

of eachmeshpartition,andnotethatfor the optical shutterproblem,load balance
dependn the generateaneshpartition.In all casesywe maponeprocessoonto

onesubdomain.

10



Fig.6. Thecubeproblem: =30.0e+6 , — partitionanduniform
subdomairdiscretization.

Fig. 7. Opticalshuttemwith a 500 microndiameterandathree-layeiconstruction.

5.2 Measuringperformance

All CPU timings reportedin the remainderof this paperarewall clock timings
obtainedusingthe C/ C++ functionsavailablein ti ne. h

On ASCI Red, we usethe performancdibrary of this machine,per f non, to
measureghefloating-pointperformancef Salinas.Thefloating-pointperformance
shavn on ASCI RED in thesubsequerftguresis for thesolver (FETI-DP)stageof
Salinasonly. However, the Salinasexecutiontimesmeasure@n ASCI Redinclude
all the stagedrom beginningthe endexcepttheinput/outputstage.

On ASCI White, we usethe hpntount utility[35] provided by IBM to mea-
surefloating-pointperformanceof Salinas.None of Salinaswas excludedfrom
the floating-pointmeasuremenbvn ASCI White. The Salinasexecutiontimeson
ASCI White includetheinput/outputstage.

11



Fig. 8. Meshingcompleity of theopticalshutter

We measureheoverall CPUefficiengy asfollows

CPUEfficieng (7)

where isthepeakprocessofloating-pointrateandis equalto 333Mflop/s
for anASCI Redprocessqgrand1,500Mflop/s for an ASCI White processar

5.3 Scalabilityandoverall CPU efficiencyon ASCIRed

For thecubeproblem we fix andvary , and toincreasdhesizeof
the global problemfrom lessthana million to morethan36 million dofs.We note
thatthe parameter®f this problemare suchthatin all casesSalinaschooseghe
parallelsparsadirectmethoddescribedn [39] for solvingthe coarsgoroblems.

12
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Fig. 9 highlightsthescalabilityof FETI-DPandSalinason ASCI Red.More specif-
ically, it shavs that whenthe numberof subdomainsandthereforethe problem
size,aswell as  areincreasedthe numberof FETI-DP iterationsremainsrel-
atively constantand the total CPU time consumedoy FETI-DP increaseonly
slightly. Fig. 10 shaws that the floating-pointrate achiezed by Salinasincreases
linearlywith  andreache®92.5Gflop/son 2,940processorsThis corresponds
to a performancef 99.5Mflop/s per processarConsequentlySalinasdeliversan
overall CPU efficiengy rangingbetweer34% on 64 processorand30%on 2,940
processors.
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5.4 Scalabilityandoverall CPU efficiencyon ASCIWhite

5.4.1 Thecubeproblem

Here,we fix becauseeachASCI White processohasa larger memory
thanan ASCI Redprocessqrandvary , and to increasethe size of the
global problemfrom 2 million to morethan 100 million dofs. For , the
sizeof the coarseproblemis smallerthanthe size of the subdomairproblemand
thereforeSalinaschooseghe first methoddescribedn Section4 for solving the
coarseproblems.

Fig. 11 highlightsthe scalabilityof FETI-DPandSalinason ASCI White. It showvs
thatwhen s increasedvith the sizeof the global problem,the iterationcount
andCPUtime of FETI-DPremainrelatively constantFurthermoreFig. 12 shavs
thatthe floating-pointrate achiezed by Salinason ASCI White increasedinearly
with  andreached.16Tflop/son 3,375processorsThiscorrespondso anaver
ageperformancef 343.7Mflop/s perprocessorConsequentlSalinasdeliversan
overall CPU efficiency rangingbetweer28% on 64 processorand24%on 3,375
processors.

5.4.2 Thereal-worldoptical shutterproblem

To illustratethe parallelscalabilityof Salinasfor a fixed-sizeglobal problem,we

reportin Fig. 13thespeed-upbtainedvhenusingthe FE modelM1 andincreasing
the numberof ASCI White processorérom 288to 1,071.Thereadercanobsere

alinearspeed-ugor this rangeof processorsvhichis commensurateith thesize

of theFE modelM1.
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FE modelM1 with 16,000,00@ofs.

Next, we summarizein Table 1 the performanceesultsobtainedon ASCI White
for the larger FE model M2. The floating-pointrate and overall CPU efficiency
achievedin this casearelower thanthoseobtainedfor the cubeproblembecause
thenontrivial meshpartitionsgeneratedor theopticalshutterarenotwell balanced.
Balancinga meshpartitionfor aDD methodin whichthe subdomairproblemsare
solved by a sparsedirect methodrequiresbalancingthe sparsitypatternsof the
subdomaimproblems,which is difficult to achieve without increasingthe cost of
the partitioning processtself. Still, we point out the remarkableact that Salinas
performsthe static analysisof a complex 110 million dofs FE modelon 3,375
ASCI White processorg lessthan7 minutesandsustaing45 Gflop/sduringthis
process.

15



FE Size Solution Performancg Overall CPU

model Time Rate Efficiengy
M2 | 110,000,00@iofs | 3,783 | 418secondg 745Gflop/s 13%
Tablel

Staticanalysisof the opticalshutteron 3,783ASCI White processorgerformancef Sali-
nasfor the FE modelM2.

6 Conclusions

Thissubmissioriocuse®n Salinasanengineeringoftwarewith morethan100,000
linesof ** codeandalong list of users.n the contet of unstructuredapplica-
tions,the292.5Gflop/ssustainedy this softwareon 2,940ASCI Rednodesusing
1 CPU/node(2,940processorsgomparedavorably with the mostrecentandim-
pressve performancest56 Gflop/son2,048nodesf ASCI Redusingl CPU/node
(2,048processorsjlemonstratetly a winning entryin 1999[40], and319 Gflop/s
on 2,048nodesof ASCI Redusing2 CPUs/nod€4,096processorsjlemonstrated
by anothemwinning entryalsoin 1999[41]. Yet, the highlight of this submissions
the sustainegerformanceof 1.16 Tflop/son 3,375processoref ASCI White by
a codecapableof variousstructuralanalysesf real-world FE modelswith more
than100million dofs,is supportecdn awide variety of platforms,andis inspiring
the developmentof parallel FE softwarethroughoutboth academiandindustrial
structuralmechaniccommunities.
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