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ABSTRACT

Largescalegroundmotionsimulationin realistichasinscanbene t greatlyfrom the useof parallel
supercomputingystemsn orderto obtainreliable and usefulresultswithin reasonablelapsedime
dueto its large problemsize.We present paralleloctree-basecthultiresolution nite elementmethod-
ology for the elastodynamiavave propagatiorproblemanddevelopa framework for large scalewave
propagatiorsimulations. The framework is comprisedof threeparts; (1) a meshgenerator(Euclid,
Tu et al. 2002),(2) a parallel meshpartitioner(ParMETIS, Karypis et al. 2002),and (3) a parallel
octree-basednultiresolution nite elementsolver (QUAKE, Kim 2003). The octree-basednultires-
olution nite elementmethodreducesmemoryusesigni cantly andimprovesoverall computational
performance.The numericalmethodologyandthe framevork have beenusedto simulatethe seismic
responsef the greaten_os Angelesbasinfor a mainshoclof the 1994 NorthridgeEarthquale, for fre-
guencie®f upto 1 Hz anddomainsizeof 80 80 30km . Throughsimulationsfor severalmodels,
rangingin sizefrom 400,000to 300 million degreesof freedomon the 3000-processorslP-Compaq
AlphaSenrer Clusteratthe Pittshurgh Supercomputingenter(PSC),we achieve excellentperformance
andscalability

Keywords: Octree-BasedMultiresolution Mesh Method (OBM ), Northridge Earthquak,
GroundMotion Simulation

INTRODUCTION

Wave propagatiorsimulationdor earthqua&-induce groundmotionhave beenperformed
overthelast30yearsto gainabetterunderstandingf thedistribution of theearthqua& ground
motionin urbanregionsin spaceandtime. Suchinsighthascontritutedto develop building
codesin which a seismicproneregion is divided into differentzonesof comparableseismic
hazard.Thedramatidmprovementof supercomputingerformancdasmorerecentlyenabled
seismologist@and earthquak engineerdo more accuratelyunderstandhe effects of source,
wave propagationandlocal site conditionson the groundmotion.

Parallelcomputersgonsistingof thousand®f distributed processorsallow scientistsand
engineerso simulatelargerproblemgshanhadbeenpreviously impossible Parallelcomputing
playsa crucialrole in large scalesimulationsin a variety of physicalproblems.In earthqua&

IMAC Lab, Dept. of Civil andErnvironmentalEngineeringCarngjie Mellon University, ejk@cs.cmu.edu
2MAC Lab, Dept. of Civil andEnvironmentalEngineeringCarngie Mellon University, bielak@cs.cmu.edu
3MAC Lab, Dept. of Civil andErnvironmentalEngineeringCarngjie Mellon University, oghattas@cs.cmu.edu



i
i
il

i
it

SR

i
i
i

I
A
i

=

e

@) (b) (©

FIG. 1. (a) Structured Grid (FDM, Pitarka 1999) (b) Unstructured Mesh (FEM, Bao
et al. 1998) (c) Octree-Based Multiresolution Mesh (FEM, Kim 2003)

groundmotion simulation,it enablesoneto modelgroundmotionin large, highly heteroge-
neousbasinssuchasthelLos Angeles(LA) basinwith reliableresolution.

An earthqua& groundmotionsimulationentailssolvingnumericallythe partialdifferential
equationgPDE) of elastodynamiavave propagation. Thereare several numericalmethods
available for groundmotion simulations. The nite differencemethod(FDM) (e.qg., Graves
1996; Olsenand Archuletal996; Pitarka1999), the boundaryelementmethod(BEM) (e.g.,
Kawasel988)andthe nite elemenimethod(FEM) (e.g.,Baoetal. 1998)arecommonlyused.
In seismologyandearthquak engineeringthe FDM hasbeenthe mostpopulartechniquedue
to its satishctoryaccurag andeaseof implementationHowever, theshortcomingof the FDM
is thatin its standardorm it usesaregulargrid evenin the presencef highly heterogeneous
materials.Consideringlternatve methodsthe mainadwantageof theBEM is its uniqueability
to provide a completesolutionin termsof boundaryvaluesonly, with substantiabavingsin
modelingeffort. But the BEM is not an adequatdechniguefor ground motion simulations
in large scaleandhighly heterogeneoudomains because¢he systemsof algebraicequations
becomedenseasit requiresthatthe domainshouldbe dividedinto a large numberof smaller
homogeneousubdomainsvithin eachdomain.Ontheotherhand,the FEM is avery common
numericaltechniqueor solving PDEsin boundaryalueproblems FEM hasthe advantageof
sparsenesandadaptvity, but it hasseveral disadwantages:meshingeffort, computatiortime
andmemoryuse. In this study the Octree-Based/ultiresolution Mesh Method (OBM ) is
introducedn anattemptto make improvementsn all theseareas.

PARALLEL OCTREE-BASED MULTIRESOLUTION MESH METHOD

TheFEM basednanunstructureaneshhasmary advantagesvhenmodelingnumerically
variousphysicalphenomenan complex domaingn termsof geometryandmaterialproperties.
Sincethe meshin the computationatlomainis createdadaptvely accordingto the geometry
andmaterialpropertiesthe numericalmethoddor unstructuredneshessuchasFEM, enable
oneto improve theresolutionand/orenlage the computationalomainretainingthe computer
capacity Eventhoughthe FEM with its unstructuredneshcapabilitieds superiorto the FDM
that employs uniform grid structure thereis needto storelarge sparsematricesin orderto
solve thegoverningPDEs.Having to handlea large sparsematrix resultsin reducingeitherthe



resolutionof the problemor the computationablomainsize dueto the memorylimitation of
computersn large scalesimulations.

To resohe this problem,the OBM is presentecherefor the spatialdiscretizationof the
domaininto regularhexahedrakelementsAn “octree'is atreedatastructurein 3-D analogous
to the quadtreein 2-D. The basiccharacteristiof the octree-basednultiresolutionmeshis
to recursiely subdiide an elementin the domaininto 8 subelementsintil the criterion for
re nementis satis edwhile building the octreedatastructure.This criterionis takento bethe
sheamvave velocity within the medium.
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FIG. 2. Quadtree and Octree-Based
Mesh

Sincethe OBM is basedon the octreealgorithm,all the elementsn OBM aregeometri-
cally similar; exceptthatthey vary in their size. This geometricsimilarity of eachelementis
a key adwantageof OBM . Insteadof assemblinghe global stiffnessmatrix in FEM with an
unstructurednesh,the geometricsimilarity of OBM allows every elementto berepresented
by asinglenormalizecelementstiffnessmatrix ~ throughelement-by-elemeralculationof
explicit timeintegration.  isapre-calculated elemenmmatrix of acubicelementvith
3 dggreesof freedomon eachnode.  factorsout termsrelatedto materialpropertiesandis
normalizedwith respecto the elementsize; it is thenapplicableto all elements.We empha-
sizethatanimportantcharacteristiof thisapproachs thatit is unnecessario storeindividual
stiffnessmatricesfor eachelementwithin the mesh. Furthermore frequentreferenceof
by eachelementduring element-by-elemertalculationat every time stepleads  to reside
in cacheratherthanmemory This cache-friendlyalgorithmimproves overall computational
performanceonsideringwo issuesf1) performancef cachg6ns)is 10 timesfasterthanthat
of memory(60ns)and(2) matrix-vectorproductoperationconsumesnostof computatiortime
in solver.

Our goalin wave propagatiorsimulationis to solve the Navier's equation,

— 3)

whereu is the displacementvector is the densityand and are Lamé constants. We
discretizethis equationbasedon the Octree-BasedJultiresolution Mesh Method (OBM ).
WhenOBM is constructedapotentialdiscontinuityin thedisplacemenbccursattheinterface
betweentwo elementshaving different sizein adjaceng as shavn in Figure2. To ensure
continuity we apply an additional constraintconditionvia Equationl and 2. For parallel
implementationof QUAKE, MPI is usedfor messageassinglibrary. Figure 3 shavs the
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framework for large scalegroundmotion simulations. It consistsof an out-of-coremesher
a parallelpartitionerand a parallelsolver. It thusenablesusto performary groundmotion
simulationghatmeettotal memorysizeof availablecomputersystems.

Velocity Model Mesh Generation Mesh Partition
(SCEC model) (Euclid) (ParMETIS)
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FIG. 4. Element partitioning
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FIG. 3. Framework for large scale wave
propagation simulation

GROUND MOTION SIMULATION

As anillustration of the OBM methodology we next apply it to the simulationof the
1994 Northridgeearthqua& (Wald etal. 1996). Themodelsizeis80 80 30km cover
ing the greaterLA area(Magistraleetal. 2000). The numericalmodelhasapproximately80
million hexahedralelementsof OBM and 100 million grid pointswith 1 Hz resolutionand
minimumsheamwave velocity of 100m/s. The simulationhasbeenrun on 2048processorsf
HP-CompadAlphaSerer Clusterat the PSC.Figure5(a) shavs the distribution of the shear
wave velocity onthefreesurfaceandon averticalcross-sectionf themodel. Figuress(b) and
5(c) shav simulationresultsof OBM comparedvith ArchimedegARCHM) with tamgetreso-
lution of 0.5Hz. ArchimedegShavchukandO'Hallaron 1998),developedby QUAKE group
at Carngjie Mellon University is a paralleltool for wave propagatiorsimulationemplg/ing
unstructuredneshFEM with tetrahedraklementsthathasalreadybeenveri ed with several
FDM codes.EventhoughArchimedesshavs goodperformancen groundmotionsimulation,
dif culty of handlingextremelylargescalemodelsin termof meshing partitioningandstoring
large sparsematricesin coreof solver, motivatedthe developmentof OBM . We cannotice
why high resolutionsimulationis requiredthroughFigures5(b) and5(c). Figure6 shavs the
rupturepropagatiorof velocity on the fault plane. Figure 7 shavs wave propagatioron the
top surfacewith time history Thereddotin Figures6 and7 representshe hypocentemand
epicenterrespectrely. Figure8 shavs the snapshobf wave propagatioron thetop surfaceat
11 secaftertheinitiation of the event. The blacklined rectanglen Figures7 and8 represents
the projectionof thefault planeontothetop surface.

PERFORMANCE AND SCALABILITY

We achieve excellentperformancandscalabilityof QUAKE with 1 to 2048processorsn
HP-CompaqilphaSerer Clusterat PSC.Table1 shawvs detailsaboutthe performancdor the
Northridgeearthquag& simulationin the LA basinwith highestresohed frequenciesanging
from 0.1 Hz to 1 Hz, correspondingo a rangeof problemsizesfrom 134,500to over 100
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FIG. 5. (a) S-wave velocity distrib ution in the LA basin model (b) Result compar -

ison of 0.5 Hz and 1 Hz model at JFP (c) Result comparison of 0.5 Hz and 1 Hz
model at TAR

FIG. 6. Rupture Prop- FIG. 7. Wave Propagation FIG. 8. Max. Wave Propaga-
agation: Velocity on the Top Surface tion on the Top Surface

million grid points. A relative efciency of 88 % is achieved with 2048 PEs. The relative
efciency is calculatedbasedon the sequentiaperformanceof LA10S andCPU ef ciency is
determinedbasedon the theoreticalpeakperformancg2 GFLOPS/s)of a processoof HP-
CompagAlphaSerer Cluster

TABLE 1. Performance Analysis and Comparison of QUAKE

Model LA10S LA5S LA2S LA1H LA1H LA1H
PEs 1 16 128 512 1024 2048
Grid Pts 134,500 618,672 14,792,064 47,556,096 101,939,200 101,939,200
MFLOPS/s 505 491 469 451 450 443
Rel. Effcny  100% 97 % 93% 89% 89% 88%
CPUEffcny 25.3% 24.6% 23.5% 22.6% 22.5% 22.2%




CONCLUDING REMARKS

We have introduceda multiresolution nite elementmethodologyfor large-scaleground
motion simulationsand successfullyperformedthe Northridgeearthquak simulationin the
GreatelLos Angelesbasinof km domainsizewith approximately300 million
DOF, frequeng rangeof 0 Hz - 1 Hz and minimum shearwave velocity of 100 m/s. The
framework developedin this studyallows usto performextremelylarge-scalegroundmotion
simulationsandto get moreaccurateandreliableresultswith a higherresolutionsimulation.
Our next tametis to performagroundmotionsimulationin the LA basinwith frequeng range
of 0 Hz - 2 Hz andbiggercomputationatiomain(e.g. km ), whichwill involve
a billion DOF problem. We believe that the simulationallows us to betterunderstandhe
earthquak-inducel groundmotionwith higherfrequeng level becomingcloserto therealistic
groundmotion.
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