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ABSTRACT
Largescalegroundmotionsimulationin realisticbasinscanbene�t greatlyfrom theuseof parallel

supercomputingsystemsin order to obtainreliableandusefulresultswithin reasonableelapsedtime
dueto its largeproblemsize.We presentaparalleloctree-basedmultiresolution�nite elementmethod-
ology for theelastodynamicwave propagationproblemanddevelopa framework for largescalewave
propagationsimulations. The framework is comprisedof threeparts; (1) a meshgenerator(Euclid,
Tu et al. 2002), (2) a parallelmeshpartitioner(ParMETIS, Karypis et al. 2002),and(3) a parallel
octree-basedmultiresolution�nite elementsolver (QUAKE, Kim 2003). The octree-basedmultires-
olution �nite elementmethodreducesmemoryusesigni�cantly and improvesoverall computational
performance.Thenumericalmethodologyandthe framework have beenusedto simulatetheseismic
responseof thegreaterLos Angelesbasinfor a mainshockof the1994NorthridgeEarthquake,for fre-
quenciesof up to 1 Hz anddomainsizeof 80 � 80 � 30km

�

. Throughsimulationsfor severalmodels,
rangingin sizefrom 400,000to 300 million degreesof freedomon the 3000-processorsHP-Compaq
AlphaServerClusterat thePittsburghSupercomputingCenter(PSC),weachieveexcellentperformance
andscalability.
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INTRODUCTION
Wavepropagationsimulationsfor earthquake-induced groundmotionhavebeenperformed

overthelast30yearsto gainabetterunderstandingof thedistributionof theearthquakeground
motion in urbanregionsin spaceandtime. Suchinsighthascontributedto develop building
codesin which a seismicproneregion is divided into differentzonesof comparableseismic
hazard.Thedramaticimprovementof supercomputingperformancehasmorerecentlyenabled
seismologistsandearthquake engineersto moreaccuratelyunderstandthe effectsof source,
wavepropagation,andlocalsiteconditionson thegroundmotion.

Parallelcomputers,consistingof thousandsof distributedprocessors,allow scientistsand
engineersto simulatelargerproblemsthanhadbeenpreviously impossible.Parallelcomputing
playsa crucialrole in largescalesimulationsin a varietyof physicalproblems.In earthquake
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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 modelgroundmotion in large, highly heteroge-
neousbasins,suchastheLosAngeles(LA) basinwith reliableresolution.

An earthquake groundmotionsimulationentailssolvingnumericallythepartialdifferential
equations(PDE) of elastodynamicwave propagation.Thereareseveral numericalmethods
available for groundmotion simulations. The �nite differencemethod(FDM) (e.g.,Graves
1996;OlsenandArchuleta1996;Pitarka1999),the boundaryelementmethod(BEM) (e.g.,
Kawase1988)andthe�nite elementmethod(FEM) (e.g.,Baoetal. 1998)arecommonlyused.
In seismologyandearthquake engineering,theFDM hasbeenthemostpopulartechniquedue
to its satisfactoryaccuracy andeaseof implementation.However, theshortcomingof theFDM
is that in its standardform it usesa regulargrid even in thepresenceof highly heterogeneous
materials.Consideringalternativemethods,themainadvantageof theBEM is its uniqueability
to provide a completesolutionin termsof boundaryvaluesonly, with substantialsavings in
modelingeffort. But the BEM is not an adequatetechniquefor groundmotion simulations
in large scaleandhighly heterogeneousdomains,becausethesystemsof algebraicequations
becomedenseasit requiresthat thedomainshouldbedivided into a largenumberof smaller
homogeneoussubdomainswithin eachdomain.On theotherhand,theFEM is averycommon
numericaltechniquefor solvingPDEsin boundaryvalueproblems.FEM hastheadvantageof
sparsenessandadaptivity, but it hasseveraldisadvantages:meshingeffort, computationtime
andmemoryuse. In this study, the Octree-BasedMultiresolutionMeshMethod(OBM

�

) is
introducedin anattemptto make improvementsin all theseareas.

PARALLEL OCTREE-BASED MULTIRESOLUTION MESH METHOD
TheFEM basedonanunstructuredmeshhasmany advantageswhenmodelingnumerically

variousphysicalphenomenaoncomplex domainsin termsof geometryandmaterialproperties.
Sincethemeshin thecomputationaldomainis createdadaptively accordingto thegeometry
andmaterialproperties,thenumericalmethodsfor unstructuredmeshes,suchasFEM, enable
oneto improve theresolutionand/orenlargethecomputationaldomainretainingthecomputer
capacity. EventhoughtheFEM with its unstructuredmeshcapabilitiesis superiorto theFDM
that employs uniform grid structure,thereis needto storelarge sparsematricesin order to
solve thegoverningPDEs.Having to handlea largesparsematrixresultsin reducingeitherthe
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resolutionof the problemor the computationaldomainsizedueto the memorylimitation of
computersin largescalesimulations.

To resolve this problem,the OBM
�

is presentedherefor the spatialdiscretizationof the
domaininto regularhexahedralelements.An `octree'is a treedatastructurein 3-D analogous
to the quadtreein 2-D. The basiccharacteristicof the octree-basedmultiresolutionmeshis
to recursively subdivide an elementin the domaininto 8 subelementsuntil the criterion for
re�nementis satis�edwhile building theoctreedatastructure.This criterionis takento bethe
shearwavevelocitywithin themedium.

Compatibility:ConstraintEquations
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FIG. 2. Quadtree and Octree-Based
Mesh

SincetheOBM
�

is basedon theoctreealgorithm,all theelementsin OBM
�

aregeometri-
cally similar; exceptthat they vary in their size. This geometricsimilarity of eachelementis
a key advantageof OBM

�

. Insteadof assemblingtheglobalstiffnessmatrix in FEM with an
unstructuredmesh,thegeometricsimilarity of OBM

�

allows every elementto berepresented
by asinglenormalizedelementstiffnessmatrix (*) throughelement-by-elementcalculationof
explicit timeintegration. (

) is apre-calculated
�

�,+

�

�

elementmatrixof acubicelementwith
3 degreesof freedomon eachnode. (-) factorsout termsrelatedto materialpropertiesandis
normalizedwith respectto theelementsize; it is thenapplicableto all elements.We empha-
sizethatanimportantcharacteristicof thisapproachis thatit is unnecessaryto storeindividual
stiffnessmatricesfor eachelementwithin the mesh. Furthermore,frequentreferenceof (
)

by eachelementduringelement-by-elementcalculationat every time stepleads(
) to reside

in cacheratherthanmemory. This cache-friendlyalgorithmimprovesoverall computational
performanceconsideringtwo issues;(1) performanceof cache(6ns)is 10timesfasterthanthat
of memory(60ns)and(2) matrix-vectorproductoperationconsumesmostof computationtime
in solver.

Ourgoalin wavepropagationsimulationis to solve theNavier's equation,
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whereu is the displacementvector, E is the densityand
3

and < are Lamé constants.We
discretizethis equationbasedon the Octree-BasedMultiresolutionMesh Method (OBM

�

).
WhenOBM

�

is constructed,apotentialdiscontinuityin thedisplacementoccursattheinterface
betweentwo elementshaving different size in adjacency as shown in Figure 2. To ensure
continuity, we apply an additionalconstraintcondition via Equation1 and 2. For parallel
implementationof QUAKE, MPI is usedfor messagepassinglibrary. Figure 3 shows the
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framework for large scalegroundmotion simulations. It consistsof an out-of-coremesher,
a parallelpartitioneranda parallelsolver. It thusenablesus to performany groundmotion
simulationsthatmeettotalmemorysizeof availablecomputersystems.

Parallel Octree-Based FEA Solver

(QUAKE)


Velocity Model

(SCEC model)


Mesh Generation

(Euclid)


Mesh Partition

(ParMETIS)


Visualization


PE 2
 PE 4
PE 3
PE 1


FIG. 3. Framework for large scale wave
propagation sim ulation

FIG. 4. Element par titioning
(64 PEs)

GROUND MOTION SIMULATION
As an illustration of the OBM M methodology, we next apply it to the simulationof the

1994Northridgeearthquake (Wald et al. 1996). Themodelsizeis 80 N 80 N 30 km M cover-
ing thegreaterLA area(Magistraleet al. 2000). Thenumericalmodelhasapproximately80
million hexahedralelementsof OBM M and100 million grid pointswith 1 Hz resolutionand
minimumshearwave velocity of 100m/s. Thesimulationhasbeenrun on 2048processorsof
HP-CompaqAlphaServer Clusterat the PSC.Figure5(a) shows the distribution of the shear
wavevelocityonthefreesurfaceandonaverticalcross-sectionof themodel.Figures5(b)and
5(c)show simulationresultsof OBM M comparedwith Archimedes(ARCHM) with targetreso-
lution of 0.5Hz. Archimedes(ShewchukandO'Hallaron1998),developedby QUAKE group
at Carnegie Mellon University, is a parallel tool for wave propagationsimulationemploying
unstructuredmeshFEM with tetrahedralelements,thathasalreadybeenveri�ed with several
FDM codes.EventhoughArchimedesshows goodperformancein groundmotionsimulation,
dif�culty of handlingextremelylargescalemodelsin termof meshing,partitioningandstoring
large sparsematricesin coreof solver, motivatedthe developmentof OBM M . We cannotice
why high resolutionsimulationis requiredthroughFigures5(b) and5(c). Figure6 shows the
rupturepropagationof velocity on the fault plane. Figure7 shows wave propagationon the
top surfacewith time history. The red dot in Figures6 and7 representsthe hypocenterand
epicenter, respectively. Figure8 shows thesnapshotof wave propagationon thetop surfaceat
11 secaftertheinitiation of theevent. Theblacklined rectanglein Figures7 and8 represents
theprojectionof thefault planeontothetopsurface.

PERFORMANCE AND SCALABILITY
Weachieve excellentperformanceandscalabilityof QUAKE with 1 to 2048processorson

HP-CompaqAlphaServer Clusterat PSC.Table1 shows detailsabouttheperformancefor the
Northridgeearthquake simulationin the LA basinwith highestresolved frequenciesranging
from 0.1 Hz to 1 Hz, correspondingto 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-
agation: Velocity

FIG. 7. Wave Propagation
on the Top Surface

FIG. 8. Max. Wave Propaga-
tion on the Top Surface

million grid points. A relative ef�ciency of 88 % is achieved with 2048PEs. The relative
ef�ciency is calculatedbasedon thesequentialperformanceof LA10S andCPUef�ciency is
determinedbasedon the theoreticalpeakperformance(2 GFLOPS/s)of a processorof HP-
CompaqAlphaServer Cluster.

TABLE 1. Performance Anal ysis and Comparison of QUAKE

Model LA10S LA5S LA2S LA1H O LA1H P LA1H P

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 %
CPU Effcny 25.3% 24.6% 23.5% 22.6% 22.5% 22.2%
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CONCLUDING REMARKS
We have introduceda multiresolution�nite elementmethodologyfor large-scaleground

motion simulationsandsuccessfullyperformedthe Northridgeearthquake simulationin the
GreaterLos Angelesbasinof Q"R

+

Q"R

+TS

R km
�

domainsizewith approximately300million
DOF, frequency rangeof 0 Hz - 1 Hz andminimum shearwave velocity of 100 m/s. The
framework developedin this studyallows usto performextremelylarge-scalegroundmotion
simulationsandto getmoreaccurateandreliableresultswith a higherresolutionsimulation.
Ournext targetis to performagroundmotionsimulationin theLA basinwith frequency range
of 0 Hz - 2 Hz andbiggercomputationaldomain(e.g. UWV"R

+

UWV"R

+

V"R km
�

), whichwill involve
a billion DOF problem. We believe that the simulationallows us to betterunderstandthe
earthquake-induced groundmotionwith higherfrequency level becomingcloserto therealistic
groundmotion.
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