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Abstract

In this paper we discussour experienceof provid-
ing high performanceparallel 1/0 for a large-scale
on-going multi-disciplinarysimulationprojectfor solid
propellant rockets. We describethe performanceand
data manayementissuesobservedin this project and
presentour solutions,including (1) supportfor rela-
tively ne-graineddistribution of irregular datasetsin
parallel /0O, (2) a exible datamanaemenfacility for
inter-module communication,and (3) two schemesto
overlap computationwith I/O. Performanceresultsob-
tainedfrombothdevelopmentndproductionplatforms
showthatour I/O optimizationsandramaticallyreduce
the simulations visible /O cost,aswell asthe number
of disk les, andsigni cantly improvetheoverall perfor-
mance Meanwhile our datamanajementacility helps
to provide simulationdevelopes with simpleuserinter-
facesfor parallel 1/0.

1 Intr oduction

Progressn developinghigh-performanc@rocessors
and the use of massiely parallel computershave en-
abledthe developmentof large-scalescienti ¢ simula-
tions. Theseapplicationoftenrunfor daysandgenerate
terabyteof outputdata,normally snapshotsndcheck-
points! Typically asimulationcodecomputen discrete
time-stepsyriting out datato disksat certaintime-step
intervals. Ef cient transferof suchperiodic outputto
secondargtoragehasbeenagreatchallenge.
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1A snapshostoresthe current“image” of simulationdata,to be
usedfor time-basedvisualizationor analysis. A checkpointsaves
enoughsimulationdatafor afuturerunto restarfrom thecurrenttime-
step.Sometimesa snapshotanalsosene asa checkpoint.
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Performance-wise, periodic 1/0 is now more
bottleneck-pronghan ever, for several reasons. First,
theperformancémprovement®f diskslag behindthose
of othersystemcomponentsSecondastoday's super
computersand clustersmale it possiblefor scientists
to explore massie parallelismin their applicationswith
hundredsor eventhousand®f processorsthe scalabil-
ity of secondarystoragebecomesa more seriousprob-
lem. With sharedle systems])/O bandwidthis often
limited by the numberof 1/0O channelsand the num-
ber of disks,which arenormally smallerthanthe num-
ber of processors.Further the advancesin processor
andnetwork performanceéhave createchigherdemands
for 1/0: equippedvith strongemprocessingpower, larger
disk storagecapacity andbetterdisplays,scientistscan
simulatelarger problemsandlike to save more dataat
higher output frequenciesto provide a closerview of
the simulationsandto make moredetailedanimations.

Further complex simulationsface hard data man-
agementproblems. Unlike parallel /O performance,
which hasbeenan object of intensve researchin the
pastdecadd3, 10, 19, 20], datamanagemerissuedor
parallel /O were addressedn relatively few previous
studies[16, 17]. Typically, simulationdataare writ-
tento disk les usinga pre-de nedlayoutrequiredby
post-processingpols. Thesamedatalayoutis sharedy
multiple moduleswritten by differentgroupsof develop-
ers,andit oftenneedso evolve asthe simulationcode
evolves. Theaboveissuesplusthefactthatthe authors
of the simulationcodesarescientistavhoseexpertiseis
oftenin elds otherthancomputerscience pftenmake
it unproductve for themto manageheir outputdataand
perform1/O in the desiredformat, not to mentionob-
tainingsatisactoryl/O performance.

Through our experienceof supportingparallel I/O
for a cutting-edgewhole-systenrocket simulation,we
found that some characteristicof this type of appli-
cationscreatenew challengesfor parallel /O perfor
manceanddatamanagementn this paper we identify
theseissuesand presentour solutions: supportfor par
allel outputof large numbersof irregularly distributed



datasets,a data registration and managemenmecha-
nismto facilitateintermodulecommunicatiorfor both
I/O and computation,and e xible schemedor hiding
the application-visibld/O cost. Advantage®f our pro-
posedapproachesredemonstratethy performancee-
sultsfrom therocket simulation.

The remainderof the paperis organizedasfollows.
Section2 discusseselatedwork. Section3 introduces
therocket simulationandidenti es the I/O issuest im-
poses.Section4 describeghe parallell/O architecture
andl/O librariesused. Section5 presentour proposed
datamanagemenmnechanismandsectiont presentsur
buffering schemesSection7 shovstheperformancee-
sultsandsection8 concludeghis paper

2 RelatedWork

Previous work has also characterizedcienti ¢ ap-
plications' I/O demandq7, 5, 12]. Our work follows
the tradition of studyingscienti ¢ applications'l/O re-
quirementsby identifying new issuesand problemsin
anon-going,large-scaleandmulti-disciplinarysimula-
tion, and by addressindoth the performanceand data
managemertopics.

Many techniquesiave beenproposedor highperfor
manceparallell/O in generale.g.,[3, 10, 19, 20]). Most
of thesetechniquesare basedon the conceptof collec-
tive /0, whereprocessorsollaborateo read/writedata
from/to les on asharedle system.We complement
the above works by supportingcollective /0 with inde-
pendenirregulardataset®nindividual processors.

On datamanagemerntfor parallell/O, No etal. pro-
poseda scienti ¢ data managemensystem([16, 17],
which usesMPI-IO les for arraydataanda database
for metadataWe addresshe sameproblemwith a dif-
ferentapproach:using widely supportedscienti c le
formatsto storeboththe arraydataandthe metadatan
portable les, andproviding a high-level datamanage-
mentinterfacethatfacilitatesbothcomputatiorandl/O.

Someprevious researchaddressedtregular datasets
or irregular data distribution in parallel /O contet
[4, 11, 15, 17]. In this paper we investigateirregular
datadistributionsin the form of collectionsof indepen-
dentmeshblocks,which,to ourknowledge hasnotbeen
discussedh previouswork.

We provide high-level /0O serviceghroughanexten-
sible modularsoftware framevork. In the literature,a
few otherframawvorksalsoaim at extensibility andmod-
ularity to easethe developmentandintegrationof mod-
ulesfor large-scalgarallelsimulations but with differ-
entfocusedle.g.,[1 2, 18]). In contrastto theseframe-
works, our approachminimizeschangego application
codesandhidesfrom applicationcodesmore detailsof
theframework andservices.

3 Application Overview
3.1 Integrated Rocket Simulation Code

The rocket simulationdiscussedn this paperis an
on-going,ten-yeamrojecttaking placeat the Centerfor
Simulation of AdvancedRockets (CSAR) at the Uni-
versity of Illinois. The goal of CSAR is the detailed,
whole-systensimulationof solid propellantrocketsun-
derbothnormalandabnormaloperatingconditions[6].
Sucha complex simulation posessigni cant research
problemsin computerandcomputationakciencejn ar-
eassuch as parallel programmingervironments, per
formanceanalysisnumericalalgorithms computational
geometryandvisualization.

Therocketsimulationcodedevelopedat CSARis re-
ferredto as GENX, with releasegangingfrom GENO
in 1998 to the current GEN2.5. To provide e xibil-
ity, GENXx allows usersto plug in differentmodulesfor
eachutility serviceand/orphysicscomputation.Figure
1(a) shavs the overall architectureof GEN2.5. On the
left arethe physicsmodulesfor gasdynamicsstructural
mechanicsandcomtustion. The gasdynamicssolvers,
Roc 0-MP andRoc u-MP, aretwo multi-physicscodes
using multi-block structuredand unstructuredmeshes,
respectiely. Rocsolidand Rocfracare two structural
mechanicsolvers,bothusinganArbitrary Lagrangian-
Eulerianformulation. The comhustion solver is com-
posedof atwo-dimensionaframevork Roclurn-2Dand
threenonlinearone-dimensionaburn-ratemodelswith
integratedignition models.

On the right arethe computerscienceservicemod-
ules. Rocfaceis responsiblefor transferringdata at
the uid-solid interface. Rocblasprovides parallel al-
gebraicoperatorsfor jump conditions. Rocpandaand
Rochdfareinterchangeablenodulesproviding parallel
I/O serviceswhoseoutputcanbe readdirectly by our
in-housevisualizationtool Rocketeer or readfor restart.
At the top is the managemodule Rocman,which or-
chestratethe control-anddata- ow of the overallsimu-
lation. In themiddlearetheintegrationframewnork Roc-
com,which gluesall modulestogetherandthe commu-
nicationlibraries,which canbeeitherMPI or Charm++.
Charm++providesadditionalfunctionality suchas dy-
namicloadbalancing.

3.2 1/0 Challengesin GENx

GENXx performsextensve le outputonceevery cer
tain numberof time-stepsto write out the currentstate
of computatiorfor multiple computationamodules.In
contrastjnputis performedonly for initialization atthe
beginningof therun, eitherstartingfrom theinitial data
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Figure 1. (a) Modules in GEN2.5. (b) Visualization picture generated by Rocketeer that shows
gas velocity and solid propellant average stress in a cutaway section of a booster rocket at 0.83

seconds after ignition.

les or restartingfrom checkpointles writtenin a pre-
viousrun. Therefore jn this paper we mainly focuson
theperiodicoutputoperations.

Throughour experienceof supportingparallell/O for
GENX in the pastthreeyears,we have discoreredits
characteristicthatmake high-performanc&O andef -
cientpost-processingspeciallychallenging:

First, dataaredistributed nely andirregularly. The
simulationobjectis pre-partitionednto a large number
of meshblocksand eachprocessois assigneda num-
ber of suchblocks. For the samematerial(e.g.,solid or
uid), eachblock hassimilar attributesanddataorgani-
zation,but canhave differentsizes. Thesemeshblocks
changeasthepropellantburnsin the simulation,requir
ing adaptve re nementover time. During eachoutput
phase GENx outputsa snapshobf currentintermediate
results suchasupdatedneshdataandnode-or element-
centeredvariables basedon the meshblocks. This rel-
atively ne-grained, irregular, and dynamicallychang-
ing datadistribution alreadycreatesdatamanagement
problemdor thecomputatiorandinter-modulecommu-
nication, aswell asfor parallell/O. Becausehereare
noglobaldatasetsarray-basedollective /O techniques
[14, 15,17, 19] donotapplyhere.MPI-1O [20] supports
de nition of this kind of datadistribution throughits
generaldatadistribution directives, but the large num-
ber of irregular meshblocks makesthe creationof the
MPI le view on eachprocessoma hugepain, andthe
le view mustbere-calculatedvhenthe meshblocksor
their distribution changeatruntime.

Secondmetadataneedto becoupledwith “real” data
for both computationand post-processingLike mary

other scientists,investigatorsat CSAR prefer to inte-

gratemetadatawith arraydatain scienti ¢ dataformats
andthe currentchoiceis the HierarchicalData Format
(HDF) [9]. HDF organizesnultiple datasetgbotharray
dataandmetadata)n asingle le, supportuserde ned

attributesfor datasetsandis binary-portable. Unfor-

tunately writing in a scienti ¢ format normally takes
muchlongerthanin a plain binaryformat,andtherela-

tively smallblocksusedin GENXx presenta further per

formanceproblemwith HDF asthe internal overhead
of managingthe datasetds signi cant [13]. Further

thedatadistribution stylementionedabore makesit im-

practicalfor the usercodeto directly useparallelinter-

facescurrently available with HDF5. Theseinterfaces
requireall processor$o collectively createeachdataset
in asharedle. As eachdatasets relatively smalland

resideson a single processoin GENX, this restriction
practicallyserializesalarge partof 1/0.

Third, intermodule communicationis dif cult. In
suchalarge, multi-disciplinaryproject, the scientistsn
elds like uid dynamicsor comhustionare not famil-
iar with the internalsof high-performanceparallel /O,
nordothey know thedetailaboutthe simulationcompo-
nentsfrom elds otherthantheir own. Similarly, devel-
opersof the I/O modulesarereluctantto look at the gi-
antcomputationcodes.Many codesin the computation
modulesarefrom stand-alon@pplicationslevelopedby
differentresearchsubgroupssomein C, somein C++,
andsomein Fortran. Thesevastly heterogeneousom-
putationmodulesneedto interactwith eachother and
communicatevith thel/O module.A datamanagement
schemehatfacilitatesthis interactionbothin computa-



tion andl/O is highly desired.

Fourth, the simulationcodeskeepevolving. There
arebig milestonesuchasupgradingrom 2-D in GENO
to 3-D in GEN1, and constantupdatesas nev compu-
tation modulesjoin in, testcasesbecomemore compli-
catedandrealistic,andindividual moduleschangeheir
algorithmsor datastructures GENXx'svisualizationtool,
Rocleteer evolvesas the rocket imagesbecomemore
and more detailedand requirescorrespondinghanges
in the organizationof the HDF output les. Meanwhile,
the primaryversionof HDF itself upgradedrom HDF4
to HDF5 on mostplatformsduring the developmentof
GENXx. The datamanagemenand|/O implementation
needto shielddeveloperdrom updatesn othermodules
and le 1/O interfacesasmuchaspossible.

Finally, deluggingrunshave critical performancee-
guirements. With sucha complex and evolving simu-
lation, the numberof dehugging runs far exceedsthat
of productionruns. Sinceproductionrunsarelarge and
normallydoneon hugesupercomputenshereresources
aretight andaccesss restrictedby citizenship,mostof
the developmentandtestingwork is doneon local plat-
forms. Comparedto productionplatforms,suchlocal
platforms often have inferior sharedle systemband-
width. Evenworse,in dehuggingrunsthe scientistsof-
ten perform periodic output more frequentlythanin a
typical productionrun.

In responseto the above challengeswe have de-
velopednew approacheso 1/0. To accommodatene-
grained,irregular, anddynamicdistribution of data,we
employed scalablel/O architecturegor both collective
andindividual I/O. For datamanagementye designed
andimplementedh schemehatbene ts both computa-
tion andl/O. For performanceptimization,we focused
on aggressiely overlappingcomputatiorandl/O to re-
ducethe application-visibld/O cost,ratherthanspeed-
ing up theactual le 1/0. Thesetechniquewill bedis-
cussedn the next threesectiongespectiely.

4 Parallel I/O Architecturesfor GENx

Before we describethe 1/O architecturesused in
GENXx, we rst introducethe conceptof adatablodk. A
datablockis acollectionof arraysandmetadatassoci-
atedwith thearrays.It is alsotheunit of work distributed
to the computeprocessorsin GENx, a datablock con-
tainsall the databasedon a meshblock, including the
meshcoordinatesand connectity data,and element-
and/ornode-centeredariableson this meshblock, such
aspressureyelocity, andtemperature.HDF les gen-
eratecby GENXx arealsoorganizedby datablocks,with
datafrom differentarraysin the samedatablock stored
in neighboringHDF datasets.

compute processors
running scientific simulation
and collective I/O clients

1/0 processors running
collective 1/O servers

Internet Q
oo
¥T/\/
disks
workstation running

mass storage visualization tool

Figure 2. General architecture for collec-
tive 1/0 in GENX.

4.1 Collectivel/O

Collective I/O enablegglobal parallelI/O optimiza-
tionsby having processorsollaboratewith oneanother
in 1/0O operations. It also helpsreducethe numberof
les generatedby a simulationwhichis importantto the
usersHowever, asexplainedpreviously, existing collec-
tive techniquesdo not easilyapply to applicationslike
GENX. Here,in lieu of globaldatastructureghattradi-
tionalcollective l/O techniquesely upon,we designed
client-sener schemefor performingcollective I/O with
ne-grained and irregular datadistributions. Figure 2
shows the I/O architecturewe usedfor collective le
access.In additionto the computeprocessorgclients)
runningthe simulation,someadditionalprocessorsre
dedicatedas|/O processorgseners)runningthe sener
routineof our parallell/O library. Typically, the client-
to-senerratio usedin GENxis largerthan8:1.

When the clients issue an output request, all the
clients enterthe collective outputcall. Eachseneris
assignedo anumberof clients. The senerswill collect
datablocksfrom theclientsandwrite themto HDF les.
Thearraydataandmetadatan theseles areorganized
in the way speci ed by the post-processingpplication.
Collectiveinputis performedn asimilarwayfor restart.
For GENXx, snapshotles for visualizationalsosene as
checkpointdor restart.In this casegachclienthasalist
of datablocksto readinto memoryafter initialization.
Thesenerscollectthelist of block IDs from the clients
andbuild a mappingbetweerblock IDs andclient pro-
cessIDs. Therestart les are assignedo the seners
in around-robinmannerandeachsener scanghrough
its assignedles, nds requestediatablocks,andsends
themto appropriateclients.



The above designenablescollective I/0 basedon ir-
regular datadistribution. It allows great e xibility in
handlingthe ever-changingdataand their distribution.
First, the meshblocks canexpandor shrink over time,
the numberof meshblocks can changewith adaptve
re nement, and the simulationdevelopersneednot to
rede ne the datadistribution for I/O. Second,rregular
distribution of datais easily handled. Third, it allows
dynamicload-balancingwheredatablocksmay be mi-
gratedamongprocessorswithout affecting how 1/0 is
done. In turn, dynamicload-balancingn computation
bene ts parallel /O performance.In this architecture,
the I/O workload is partitionedamongthe seners by
partitioningthe clientsinto equal-sizedyroupsandhav-
ing eachsener sene onesuchgroup.With ne-grained
datadistributionanddynamicload-balancingtheclients
arelikely to receve a balanceddataassignmentiesult-
ing in abalanced/O workloadat the senersautomati-
cally. Fourth,theway restartis performedallows users
to restartwith a differentnumberof senersthanused
in the previousrun wherethe restart les werewritten.
Finally, this architectureallows corvenientoverlap be-
tweencomputationand I/0O with the memoryand pro-
cessingresourcen the dedicatedseners, which will
befully discussedn section6.

Our collective 1/0 is implementedn a parallel I/O
library called Rocpandaa specialedition of the Panda
parallell/O library [19]. Pandawasdesignedor parallel
I/O with multi-dimensionalarraysdistributedregularly
in HPF style. In Rocpandawe reusedPandas frame-
work of a client-serer protocol, but addedsupportfor
collective I/O with individual arrayson eachclient.

Simulationsusing Rocpandawith  clients and
senersrun the job with processorsAfter MPI
initialization, all processorperform Rocpandanitial-
ization,wheretheprocessorsplitinto two MPI commu-
nicatorsfor theclientsandthesenersrespectiely. The
clientsarepassedhe clientcommunicatoandcontinue
with the restof the simulation,usingthis communica-
tor for communicatioramongthemseles. The seners,
instead enterthe Rocpandasener routineandwait for
clients' collective I/O requests.To avoid resourcecon-
tentionon SMPs,we placethesenersondifferentnodes
asmuchaspossible by assigningprocessorsvith global
rank , —, — ... to be seners. This placementyields
an unexpectedperformanceadvantageon GENX's pro-
ductionplatform,anIBM SPwith 16-way SMP nodes.
Wefoundthatusing15 processorsneachSMPnodeas
computeprocessorandoneprocessoasan /O sener
actuallygetsvisibly betterperformancen computation
thanusingall the 16 processorsiscomputeprocessors,
becauseamary operatingsystemrelatedtasksgo to the
senerprocessoautomaticallywherethe CPUis mostly
idle. Thissuggestshatdedicatingoneprocessooneach

nodefor I/O achievesdoubleeffectsby off-loadingboth
I/O andoperatingsystenmtasks.

4.2 Individual I/O

Theabove collective l/O architecturegenerategewer
les andof oad 1/0O from the computeprocessorsbut
it canalsoincornveniencesimulationdevelopers. First,
whenexisting simulationcodesareadaptedo useRoc-
pandaall theinstanceof MPI_COMM_WORLD need
to be replacedby the client communicatoreturnedby
the Rocpandanitialization routine. Second,the deci-
sionto dedicateone processoasan|/O seneroneach
SMP nodemustbe madebeforethe meshis partitioned.
Otherwise the numberof problempartitionsin the sci-
enti ¢ world is typically a power of two, asis the num-
ber of processorsn an SMP node. Both problemsre-
quire extra planning and foresightfrom users. Third,
whenthe numberof processorss limited, especiallyon
dehugging platforms,it canbe dif cult to obtainaddi-
tional processoror I/O seners.

To allow parallell/O in moregenerakircumstances,
we alsoprovide a senerlessarchitecturefor individual
I/O. In this architecture eachcomputeprocessormnut-
putsits own datablocks. In GENX, thisis donethrough
anotherl/O library called Rochdf, which writes local
blocksinto individual HDF les. This simplerarchi-
tectureavoids communicationrduring /0. In somecir-
cumstancefkochdf may offer additional performance
adwantagesver Rocpandadecauseét generatesmaller
les, andHDF4 read/writeperformancedoesnot scale
well asthe numberof datasetsncreasesn a le (un-
like HDF5) [13]. On the other hand, having all the
processorsccessingles cancreatehighercontention
for I/O resourcesand causedegradationin 1/O perfor
mance. The largestdisadwantageof the individual /O
architecturehowever, is thatit createshe samenumber
of les persnapshotsthe numberof computeproces-
sors.While CSAR'svisualizationtool hasnoproblemin
processingles generatedn this mode,having somary
les certainlybrings le managementroblemsfor pro-
ductionrunson alargenumberof processors.

For Rochdf, performanceproblemscan be handled
with the sameapproactusedin Rocpandapverlapping
computationwith 1/0. Herethereareno dedicated/O
senersto perform le 1/0 whenthe computeprocessors
arecomputingwe createanextral/O threadonthecom-
puteprocessorso issuel/O requestsn thebackground.
Detailswill begivenin section6.

5 Data Managementand I/O Interface

We provide high-level parallel /O servicesthrough
a component-basethtegration framework called Roc-



com developedat CSAR. Roccomfacilitates e xible
inter-moduledataexchangeand function invocationin
parallelsimulations,andis designedo maximizecon-
curreny in developmentof code modules, minimize
user effort for integration, and provide interoperabil-
ity betweendifferent programminglanguagegin par
ticular, C, C++, and Fortran 90). Note that Roccom
is not specializedor integrating /O with applications,
but is amoregeneral-purposwmol for integratingmulti-
componentsimulationcodes. In effect, all the GENx
component®f CSARareintegratedthroughRoccom.

Roccomprovidessystematienethodsor modulesin
a comple simulationto keeptrack of their dataandto
accesdatade ned by othermodules. Besidesdeclar
ing variablesand allocating buffers, eachcomputation
moduleregistersits datasetdhrough Roccom. These
datasetsanlaterberetrievedfrom Roccomby thesame
moduleor othermodules. Functionscanbe registered
andinvokedin the sameway. This schemeallows great
independencén designand developmentof individual
modulesand hides the coding details of different re-
searchsubgroupswhich is convenientfor both compu-
tationandl/O componentskor parallell/O, thecompu-
tationmodulescansimply tell thel/O library: “write the
meshcoordinatesandthe pressurevalueon all themesh
blocks”. Meanwhile,thel/O library never hasto know
how eachdatablock is de ned. A detaileddescription
of Roccomis beyondthe scopeof this paper Herewe
only brie y explain the conceptsandinterfacesrelated
to parallell/O.

Roccoms designaddresseseveral researchissues.
First, thereneedgo be anintuitive way for usersto or-
ganizetheir data,with theirregular meshblocksdistri-
bution style of GENx. Roccomorganizeglataandfunc-
tions into distributed objectscalled windows A win-
dow encapsulatea numberof data membes, suchas
the mesh(coordinate@ndconnectvities), someassoci-
ateddataattributes,and public functionsof a module,
ary of which canbeempty In a parallelsetting,awin-
dow is partitionedinto panes A panecorrespondgo
a datablock describedin the previous section,and is
owned by a single processwhile a processmay own
ary numberof panes All panesof awindow musthave
the samecollectionof datamembersalthoughthe size
of eachdatamembermay vary. To use Roccom,the
computatiormodulesrst createwindows,thenregister
theirlocal datablocksaspanesn appropriatevindows,
providing auniquepanelD. Thecomponentsf thedata
blockscanlaterberetrievedfrom Roccomusingtheap-
propriatewindow name attribute name,andpanelD.

SecondRoccomprovidesvery simpleandhigh-level
parallell/O interfaceghroughits dataandfunctionman-
agementmechanism.Scientistswriting a computation
module simply want to write out a collection of data

blocksto a le with a given name,and they seethis
as an atomic operation. Roccom enablesRocpanda
and Rochdf to encapsulatall lowerlevel 1/0O opera-
tionsinto threehigh-level, le-format-independentcol-
lective operationsread_attribute, write_attribute, and
sync. Hiddenundertheseone-stepinterfacesare le
operationssuchasopen,close,anddataaccessesThe
sync interfaceis designedor performanceanalysisand
dehugging when I/O is overlappedwith computation.
Whena sync requests issued,the computeprocesses
will wait for previously issuedl/O operationsto com-
plete.Comparedo availableparallell/O interfacessuch
asparallelHDF andMPI-10, parallell/O in GENx has
beengreatlysimpli ed from theusers'point of view.

Further different I/O approachesused in GENXx
should have uniform user interfaces. Roccom han-
dlesthis by having eachl/O servicemoduleprovide its
own load_module and unload_module routines. The
load_module routinecreatesawindow in Roccom feg-
istersa Rocpandar Rochdfobjectin the window, and
associatesiserinterfacefunctionsasthe memberfunc-
tions of the object. An applicationcode invokes the
I/O operationghroughCOM _call_function, which au-
tomatically selectsthe appropriatefunction, depending
on which moduleis loadedat the beginning of the run.
Switchingbetweencollective I/O andindividual I/O is
doneby simply loadinga differentl/O servicemodule.

Finally, moduleswritten in differentlanguageseed
to collaboratewith eachother In GENx, themaindriver
is written in C, mary computatiormodulesare written
in Fortran,andthe I/O servicemodules,Rocpandaand
Rochdf,arewrittenin C++. Roccomwrittenin C++ it-
self, actsasa bridgebetweertheseheterogeneousod-
ules.lts interfaceroutineshave differentbindingsfor C,
C++, andFortran 90, with similar semantics.Roccom
alsohandledlifferencedetweerthelanguagesranspar
ently by performingadditional processingsuch as ap-
pendingnull terminatorgo Fortranstrings.

In general, Roccom facilitates communicationbe-
tweensimulationmodules,for computationand /O as
well. In the contet of parallell/O, it providessimple,
high-level interfaceghatmake users'livesmucheasier
Suchcorveniencesrewell recevedby usersin CSAR.

6 Maximizing Overlap between /O and
Computation

Datawritten in the periodic output phasesf scien-
ti ¢ simulationsareoftenwrite-only duringtherun: the
simulationitself normallywould only readthedataback
if it is an out-of-corecode, andtypically thereare no
other applicationsrunning concurrentlyand accessing
theoutput les. Thereforeusersoftendo notcarewhen
their dataactuallyreachthe disk, aslong asall the data



arerecordedat the end of the whole run. Also, asdis-
cussedqreviously, mary characteristicef today'sirreg-
ular, multi-componentsimulationsmalke it harderthan
beforeto achieve highthroughpuin le 1/0. Asaresult,
our main approachtoward providing high-performance
parallell/O is to hidethel/O cost,ratherthanreducsit,
by promotingthe overlapbetweer/O andothertasks.
In this paper we presenttwo schemedor overlap-
ping computatiorandperiodicoutput,to work with our
collective andindividual I/O architecturestespectiely.
Unlike in traditional asynchronoud/O, the overlapin
our schemess transpaentto users: it works through
thesimpleblockingl/O interface andenforcegshesame
semanticgsblockingl/O, asusersanreuseheiroutput
buffersimmediatelyafterthe outputfunctionreturns.

6.1 Active Buffering in Rocpanda

With the client-serer I/O architectureit is intuitive
thatthe senerscanperformthe actualwrite operations
while the computeprocessorsompute.We proposeda
schemesalledactivebufferingto enablethis overlapin a

e xible andadaptiveway. Thedetailsof active buffering
andrelatedwork on overlappingl/O with computation
canbefoundin apreviouspapef13]. Hereweonly give
ahigh-level descriptionof active buffering,andconcen-
trateonits effectsfor GENx. Basically duringacollec-
tive outputoperationthe senersbuffer dataratherthan
write themout. Theclientsreturnto computationwhen
all theoutputdataarebufferedatthe seners. The major
bene tsof active buffering areasfollows:

First, active buffering can use whateser memory
available and handlesbuffer over ow gracefully The
userdonothaveto worry aboutwhetherthereis enough
buffer space.If buffersover ow, senersautomatically
write previously buffereddataout to make roomfor in-
coming data. The full actve buffering schemehasa
buffer hierarchyon boththeclientsandsenersfor larger
buffer capacityandbetterperformancg13]. In GENX,
only sener-side buffering is usedbecausehe seners
have enoughidle memoryto holdall theoutputdatawith
typical client-sener con gurations.

Secondactive buffering maintainsgresponsrenesgo
clients' new outputrequestsThe senerswrite out data
whentheclientsarecomputing andcheckfor new client
requestdetweenwriting two datablocks. Thisway, the
writing of buffered datayields to the handlingof new
requests.This is especiallyhelpful in multi-component
simulationslike GENXx, wheredifferentmodulesissue
back-to-backoutput requestsbetweenrelatively long
computationphases.To betterutilize theidle CPU re-
sourceswe usedmultiple waysto probefor nev mes-
sagesfrom the clients. Whenthereare datato write,
seners use the non-blockingMPI probe interface, so

thatif thereare no new messagesthey cango ahead
andwrite anotherdatablock out. However, whenthere
areno datato write, the senersusethe blocking probe
interface, so that the sener processeblock until nen

clientmessagearrive andthe operatingsystemcanuse
thesener CPUs,asmentionedn section4.1.

6.2 Background|/O in Multi-thr eadedRochdf

With thesener-lessarchitecturetheoverlapbetween
computationand I/O is achieved by using a separate
threadto carry out the actualwrites. We designedand
implementedndividual I/O with backgroundwriting in
a multi-threadedversionof Rochdf, T-Rochdf. Instead
of writing out the dataimmediatelywhile the callers
wait, T-Rochdfallocatedocal buffers on eachcompute
processoandcopiesthe outputdatato thesebuffers. At
this point, the main threadsreturnto computationand
thel/O threadon eachprocessowrites out the buffered
data,which aresharedetweerthetwo threads.

In T-Rochdf, thereis only one l/O threadon each
processar This threadhandlesall outputfunction calls
on the processar The useof a single persistenthread
helpsto reducethreadswitching overheadand avoids
contentionamongmultiple write requests. The main
threadbuffers all the data output from multiple write
requestsn the sametime-stepsnapshotbut will block
until thel/O thread nishes writing thesedataoutbefore
bufferingdatafor thenext snapshotThisis basedbnthe
assumptiorthat eachprocessohasenoughmemoryto
buffer its local outputdatafor a snapshotwhich is true
for CPU-intensie simulationslike GENXx. In practice,
GENXx's mainthreadsusuallydo nothave to wait for the
I/O threadspecausehe computatiortime betweentwo
shapshotss normallylong enoughto write the les.

Like Rocpanda;T-Rochdfenablegransparenbver
lap betweercomputatiorandl/O. Becausehebuffering
is donelocally, theuservisible write costis evensmaller
with T-Rochdfthanwith Rocpandaandits performance
scalesbetterwhenthe numberof processoréncreases.
However, it is currentlynot usedon GENX's production
platforms, where Rocpandaoffers the extra bene t of
combiningoutputinto fewer les.

7 PerformanceResults
7.1 Performanceon DevelopmentPlatform

We rst presentesultsfrom GENX's primary devel-
opmentplatform,the Turing clusterat Universityof lli-
nois. It has208 computenodesrunningLinux 2.4,each
with dual 1GHz Pentiumlll processorand1GB mem-
ory, connectedvith Myrinet. It hassharedle system



on RIESERFSmountedvia NFS andaccessethrough
onesener. Turingis built for researcldevelopmentand

is notintendedor performancéenchmarkinglt hasno

job schedulingnechanismandcannotguaranteajob's

exclusive useof ary dual-processanodes.Ontheother
hand,performanceon Turing is importantto scientists
at CSAR, becausehey useit intensvely andall runs
on Turing areinteractive. BecauseTuring's nodesare
sharedby multiple concurrenfobs, performancevaries
signi cantly from runto run. In this paperwe shav the

bestresultsmeasuredn ve consecuiieruns.

We timed test runs of the latestversion of GENX,
GEN2.5,in which we simulateda lab-scalesolid rocket
motor, with designand data obtainedfrom the Naval
Air WarfareCenter In this test,we partitionedanddis-
tributed the sameset of simulationdataonto different
numbersof computeprocessorsso the total amountof
computationandinput/outputis x ed regardlessof the
numberof processoraised. We executedthe simula-
tion for 200 time-stepsand performedsnapshot&very
50 time-stepsresultingin  ve output phaseqinclud-
ing the initial snapshot).This outputfrequeng is typ-
ical in GENXx's delugging runs. For eachsnapshots,
GENXx wrote approximately64MB of outputdata. We
measuredhe performancewith threel/O implementa-
tionsdescribedn this paper:Rochdf(non-threadeder
sion,which senesasa basefor comparison)T-Rochdf,
and Rocpanda. The resultsobtainedwith 16, 32, and
64 computeprocessorsare shovn in table 1. When
Rocpandas used extra processorarededicatedas|/O
senersandtheclient-to-sererratiois x edat8:1.

| compu.proc. | 16 | 32 | 64 |
compu. time 846.64 | 393.05| 203.24
visible Rochdf | 51.58 | 83.28 | 51.19
I/0 T-Rochdf | 0.38 0.18 0.11
time Rocpandal 2.40 1.48 1.94
restart Rochdf 5.33 1.93 0.72
time Rocpandal 69.9 39.2 18.2

Table 1. Computation and 1/O times on Tur-
ing cluster, in seconds.

Thecomputatiortime is thetotal time spentontime-
stepiterationsto updatesolutionsin GENx. In table
1, the computationtime is independentf the I/O ap-
proachandscaleswell asthe numberof computepro-
cessorgncreases. The visible outputtime is the total
time spentin callsto the outputinterfaces,.e., thetime
the computeprocessorsieedto wait for the snapshots
to be completed. For Rochdf, this is the time to write
all thedatato HDF les. For T-Rochdf,thisis thetime
to buffer the outputdatalocally. For Rocpandathis is
the time to sendthe outputdatato appropriateseners.

For this testcase the idle memoryon the computepro-
cessorsor on the dedicatedsenersis large enoughto
buffer all the outputdatafor eachsnapshotso T-Rochdf
andRocpandaare both ableto hide the actuall/O cost
effectively. Comparedto the performanceof the non-
threadedRochdf, T-Rochdfand Rocpandalramatically
reducethe application-visibleoutput time, as well as
considerablyeducethetotal runtime?, by actively over-
lapping I/O with computation. With the non-threaded
Rochdf, more than 50 secondsare spenton taking the
shapshotsandthe performancealoesnot scaleup asthe
numberof processorgrows. Especially with 32 pro-
cessorghe write contentionbetweendifferent proces-
sorsoutweighshedecreasén local datasize,causinga
largeincreasen thewrite time. With T-Rochdf,the vis-
ible I/O time is almosteliminated,andthe performance
scalesup well. Comparedo the non-threadedRochdf,
Rocpandaeduceshe visible 1/0 time by a factor be-
tween21 and55, andreduceghe numberof output les
by afactorof 8. Rocpandas performanceloesnotscale
properly becauseon Turing, the messageassingsys-
tem doesnot scalewell and the impact of othercon-
currentjobs grows as more processorare used. This
causesncreasingcommunicatiorcostin both the data
transferand the handshakingprotocolsof Rocpandas
client-senerframeawork.

Note that both Rochdf and Rocpandawrite HDF4
les, andthe performancedifferenceshavn in table 1
is notthe performancalifferencebetweerHDF andan-
other le format. The non-threadedRochdfs perfor
manceis the performancehat we would expectfrom
a ne-grained, irregular simulation using a general-
purposescienti ¢ I/O library thathasno asynchronous
I/O support,without any performanceoptimization. T-
RochdfandRocpandahaw thatapplication-speci d/O
libraries built on top of the samescienti c 1/O library
canmalke a hugedifferencein performance.

We alsomeasuredhe restartlateng of Rochdfand
Rocpanda. Since no computationcan be overlapped
with restart operations, T-Rochdf performsrestartin
the sameway as Rochdfdoes. As shawn in table 1,
Rochdfs restartcostis considerablylower than Roc-
pandas,dueto two reasonsFirst,eachRocpandaestart
le containsmuchmoredatasetsandasmentionedbe-
fore, HDF4's data accessperformancedoesnot scale
well whenthe numberof datasetgrowvsin a le. Sec-
ond, the NFS-mountedsharedle systemshovs much
bettertoleranceto concurrentreadsthanto concurrent
writes, so Rochdfgainsextra I/O parallelismby having
all theprocessorperformingreads.

2The total run time is the sumof the total computationtime and
thetotalvisible I/O time, which grows alongwith the numberof time-
stepscomputecandthenumberof snapshotsakenrespectiely, plusa
boundednitialization and nalization time.



With Roccoms ability to loadthel/O moduleatrun-
time, userscanchoosébetweenT-RochdfandRocpanda
for dehuggingruns. If they do not careaboutthe num-
berof les generatedthey canuseT-Rochdffor better
performanceOtherwise Rocpandas a naturalchoice.

7.2 Performanceon Production Platform

Next we presentresultsfrom GENXx's primary pro-
duction platform, the ASCI Frost. Frostis anIBM SP
locatedat LawrenceLivermoreNational Laboratory It
has63PONER3375MHz 16-way SMP computenodes
runningAlX 4.3, eachwith 16GB memory connected
with SPSwitch2. TheGPFSle systemhas20.6TBdisk
spaceaccessethroughtwo GPFSsener nodes.

To investigatethe performanceand scalability on
Frost,we usedGENX's “scalability” test, which simu-
latesan extendiblecylinder of the rocket body. Unlike
the lab-scaletestusedin section7.1, herethe amount
of datais x ed on eachprocessqgrand the total data
size scaleswith the numberof processors. We mea-
suretheapparenaggreyatewrite throughputisthenum-
berof computeprocessorincreaseskFifteenprocessors
per SMP nodeareusedfor computationandwith Roc-
pandapneprocessopernodeis usedasanl/O sener.

On Frost,Rocpandalemonstrateits advantageover
Rochdfby bothreducingthe numberof output les and
hiding the periodicoutputcosts. Figure 3(a) shavs the
apparenaggreyatewrite throughputomputedy divid-
ing the total outputdatasize by the total visible output
cost. With Rocpandawhenthe numberof computepro-
cessorgs smallerthan 16, only one 16-way SMP node
is used,whereone processols assighedo be the I/O
sener. Theincreasen Rocpandas throughputfrom 1
computeprocessoto 15 computeprocessorss mainly
dueto higherutilization of theintra-nodemessag@ass-
ing bandwidth.After thenumberof computeprocessors
grows past15, the numberof senersstartsincreasing,
andtheapparenthroughpuscalesup too. Theapparent
throughputeache875MB/swith atotal of 512proces-
sors,morethan vetimeshigherthanthehighestparal-
lel HDF5 throughputwith the samenumberof proces-
sorsmeasurean Frostby otherresearcherf8].

We mentionedearlierthat the client-sener architec-
ture offers extra bene tsin SMP ervironments.Figure
3(b) demonstratethis effect by shaving the computa-
tion time with differentprocessocon gurations,again
with x ed amountof work per computeprocessar In
the“16NS” case,16 processorper SMP nodeareused
for computation.n the“15NS” case,15 processorper
nodeareusedfor computatiorandtheoneprocessoteft
is idle. In thesetwo cases)/O is donethroughRochdf.
In the “15S” case,15 processorper nodeare usedfor
computationrandthe oneprocessoteft on eachnodeis

usedasa Rocpandd/O sener. Whenthe total number
of computeprocessorss 8 or less,all thethreecasesise
the samenumberof computeprocessorsandthe“15S”
caseusesoneextraprocessoasanl/O sener.

As the numberof computeprocessorgrows, the
computationtime when using all 16 processorsper
nodeascomputeprocessorbecomewisibly longerthan
whenusingonly 15 processorswWhenoneprocessobn
eachnodeis usedasanl/O sener, thecomputatiortime
is slightly longerthanwhenthat processois left idle,
but is considerablyshorterthanthe “16NS” case.Note
thatwith morethan32 processorsthe “15S” computa-
tion time is lessthan of the“16NS” computation
time, while thecomputatiorwork donein the“15S” case
is of thatin the“16NS” case.This indicatesthat
our client-serer 1/0O architecturenot only improvesthe
apparentaggregyate /O throughput,but also improves
theaggreyatecomputatiorthroughputon SMPs.

8 Conclusion

This paperidenti es the gap betweenapplication-
speci ¢ I/O requirementsand general-purposearallel
interfaces throughanalyzingthe datamanagemenand
performanceroblemspresentedy GENX, a comple,
cutting-edgesimulation. By carefully wrappingthe un-
derlyingl/O servicegrovidedby ageneral-purpossci-
enti ¢ datal/O library with optimizations,and provid-
ing high-level parallell/O interfaceswe have obtained
dramaticperformancegainwhile alleviating users'bur-
dento understandhe low-level /O detailsandto use
ef ciently general-purposparallell/O libraries.We be-
lievethatthereal-world I/0O challengeshatwe obsened
from GENXx exist in otherlarge-scalemulti-component
simulations andexpectthat mary of our solutionswill
applyto thoseapplicationsaswell.
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