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Abstract

In this paper, we discuss our experience of provid-
ing high performance parallel I/O for a large-scale,
on-going, multi-disciplinary simulation project for solid
propellant rockets. We describe the performance and
data management issues observed in this project and
present our solutions, including (1) support for rela-
tively fine-grained distribution of irregular datasets in
parallel I/O, (2) a flexible data management facility for
inter-module communication, and (3) two schemes to
overlap computation with I/O. Performance results ob-
tained from both development and production platforms
show that our I/O optimizations can dramatically reduce
the simulation’s visible I/O cost, as well as the number
of disk files, and significantly improve the overall perfor-
mance. Meanwhile, our data management facility helps
to provide simulation developers with simple user inter-
faces for parallel I/O.

1 Introduction

Progressin developinghigh-performanceprocessors
and the useof massively parallel computershave en-
abledthe developmentof large-scalescienti�c simula-
tions.Theseapplicationsoftenrunfor daysandgenerate
terabytesof outputdata,normallysnapshotsandcheck-
points.1 Typically asimulationcodecomputein discrete
time-steps,writing out datato disksat certaintime-step
intervals. Ef�cient transferof suchperiodic output to
secondarystoragehasbeenagreatchallenge.
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1A snapshotstoresthe current“image” of simulationdata,to be
usedfor time-basedvisualizationor analysis. A checkpointsaves
enoughsimulationdatafor afuturerunto restartfromthecurrenttime-
step.Sometimes,asnapshotcanalsoserve asacheckpoint.

Performance-wise, periodic I/O is now more
bottleneck-pronethan ever, for several reasons.First,
theperformanceimprovementsof diskslagbehindthose
of othersystemcomponents.Second,astoday's super-
computersand clustersmake it possiblefor scientists
to exploremassiveparallelismin their applicationswith
hundredsor eventhousandsof processors,thescalabil-
ity of secondarystoragebecomesa moreseriousprob-
lem. With shared�le systems,I/O bandwidthis often
limited by the numberof I/O channelsand the num-
berof disks,which arenormallysmallerthanthenum-
ber of processors.Further, the advancesin processor
andnetwork performancehave createdhigherdemands
for I/O: equippedwith strongerprocessingpower, larger
disk storagecapacity, andbetterdisplays,scientistscan
simulatelarger problemsandlike to save moredataat
higher output frequencies,to provide a closerview of
thesimulationsandto makemoredetailedanimations.

Further, complex simulationsface hard data man-
agementproblems. Unlike parallel I/O performance,
which hasbeenan object of intensive researchin the
pastdecade[3, 10, 19, 20], datamanagementissuesfor
parallel I/O were addressedin relatively few previous
studies[16, 17]. Typically, simulationdata are writ-
ten to disk �les usinga pre-de�nedlayout requiredby
post-processingtools.Thesamedatalayoutis sharedby
multiplemoduleswrittenbydifferentgroupsof develop-
ers,andit oftenneedsto evolve asthesimulationcode
evolves.Theabove issues,plusthefactthat theauthors
of thesimulationcodesarescientistswhoseexpertiseis
often in �elds otherthancomputerscience,oftenmake
it unproductivefor themto managetheiroutputdataand
perform I/O in the desiredformat, not to mentionob-
tainingsatisfactoryI/O performance.

Through our experienceof supportingparallel I/O
for a cutting-edgewhole-systemrocket simulation,we
found that somecharacteristicsof this type of appli-
cationscreatenew challengesfor parallel I/O perfor-
manceanddatamanagement.In this paper, we identify
theseissuesandpresentour solutions:supportfor par-
allel outputof large numbersof irregularly distributed
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datasets,a data registration and managementmecha-
nism to facilitateinter-modulecommunicationfor both
I/O and computation,and �e xible schemesfor hiding
theapplication-visibleI/O cost.Advantagesof our pro-
posedapproachesaredemonstratedby performancere-
sultsfrom therocketsimulation.

The remainderof the paperis organizedasfollows.
Section2 discussesrelatedwork. Section3 introduces
therocket simulationandidenti�es theI/O issuesit im-
poses.Section4 describesthe parallelI/O architecture
andI/O librariesused.Section5 presentsour proposed
datamanagementmechanism,andsection6 presentsour
bufferingschemes.Section7 showstheperformancere-
sultsandsection8 concludesthispaper.

2 Related Work

Previous work hasalso characterizedscienti�c ap-
plications' I/O demands[7, 5, 12]. Our work follows
the tradition of studyingscienti�c applications'I/O re-
quirementsby identifying new issuesandproblemsin
anon-going,large-scale,andmulti-disciplinarysimula-
tion, andby addressingboth the performanceanddata
managementtopics.

Many techniqueshavebeenproposedfor highperfor-
manceparallelI/O in general(e.g.,[3, 10, 19, 20]). Most
of thesetechniquesarebasedon theconceptof collec-
tive I/O, whereprocessorscollaborateto read/writedata
from/to �les on a shared�le system. We complement
theaboveworksby supportingcollective I/O with inde-
pendentirregulardatasetson individualprocessors.

On datamanagementfor parallelI/O, No et al. pro-
poseda scienti�c data managementsystem[16, 17],
which usesMPI-IO �les for arraydataanda database
for metadata.We addressthesameproblemwith a dif-
ferentapproach:usingwidely supportedscienti�c �le
formatsto storeboththearraydataandthemetadatain
portable�les, andproviding a high-level datamanage-
mentinterfacethatfacilitatesbothcomputationandI/O.

Someprevious researchaddressedirregulardatasets
or irregular data distribution in parallel I/O context
[4, 11, 15, 17]. In this paper, we investigateirregular
datadistributionsin theform of collectionsof indepen-
dentmeshblocks,which,toourknowledge,hasnotbeen
discussedin previouswork.

Weprovidehigh-level I/O servicesthroughanexten-
sible modularsoftware framework. In the literature,a
few otherframeworksalsoaimatextensibilityandmod-
ularity to easethedevelopmentandintegrationof mod-
ulesfor large-scaleparallelsimulations,but with differ-
ent focuses(e.g.,[1, 2, 18]). In contrastto theseframe-
works, our approachminimizeschangesto application
codesandhidesfrom applicationcodesmoredetailsof
theframework andservices.

3 Application Overview

3.1 Integrated Rocket Simulation Code

The rocket simulationdiscussedin this paperis an
on-going,ten-yearprojecttakingplaceat theCenterfor
Simulationof AdvancedRockets (CSAR) at the Uni-
versity of Illinois. The goal of CSAR is the detailed,
whole-systemsimulationof solid propellantrocketsun-
derbothnormalandabnormaloperatingconditions[6].
Such a complex simulation posessigni�cant research
problemsin computerandcomputationalscience,in ar-
eassuch as parallel programmingenvironments,per-
formanceanalysis,numericalalgorithms,computational
geometry, andvisualization.

TherocketsimulationcodedevelopedatCSARis re-
ferred to as GENx, with releasesrangingfrom GEN0
in 1998 to the current GEN2.5. To provide �e xibil-
ity, GENx allows usersto plug in differentmodulesfor
eachutility serviceand/orphysicscomputation.Figure
1(a) shows the overall architectureof GEN2.5. On the
left arethephysicsmodulesfor gasdynamics,structural
mechanics,andcombustion.Thegasdynamicssolvers,
Roc�o-MP andRoc�u-MP, aretwo multi-physicscodes
using multi-block structuredand unstructuredmeshes,
respectively. Rocsolidand Rocfracare two structural
mechanicssolvers,bothusinganArbitrary Lagrangian-
Eulerianformulation. The combustion solver is com-
posedof atwo-dimensionalframeworkRocburn-2Dand
threenonlinearone-dimensionalburn-ratemodelswith
integratedignition models.

On the right arethe computerscienceservicemod-
ules. Rocface is responsiblefor transferringdata at
the �uid-solid interface. Rocblasprovidesparallel al-
gebraicoperatorsfor jump conditions. Rocpandaand
Rochdfareinterchangeablemodulesproviding parallel
I/O services,whoseoutputcanbe readdirectly by our
in-housevisualizationtool Rocketeer, or readfor restart.
At the top is the managermoduleRocman,which or-
chestratesthecontrol-anddata-�ow of theoverallsimu-
lation. In themiddlearetheintegrationframework Roc-
com,whichgluesall modulestogether, andthecommu-
nicationlibraries,whichcanbeeitherMPI or Charm++.
Charm++providesadditionalfunctionality suchasdy-
namicloadbalancing.

3.2 I/O Challengesin GENx

GENx performsextensive �le outputonceeverycer-
tain numberof time-steps,to write out thecurrentstate
of computationfor multiple computationalmodules.In
contrast,input is performedonly for initialization at the
beginningof therun,eitherstartingfrom theinitial data
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Figure 1. (a) Modules in GEN2.5. (b) Visualization picture generated by Rocketeer that sho ws
gas velocity and solid propellant average stress in a cuta way section of a booster rocket at 0.83
seconds after ignition.

�les or restartingfrom checkpoint�les written in a pre-
viousrun. Therefore,in this paper, we mainly focuson
theperiodicoutputoperations.

Throughourexperienceof supportingparallelI/O for
GENx in the past threeyears,we have discoveredits
characteristicsthatmakehigh-performanceI/O andef�-
cientpost-processingespeciallychallenging:

First, dataaredistributed�nely andirregularly. The
simulationobjectis pre-partitionedinto a largenumber
of meshblocksandeachprocessoris assigneda num-
berof suchblocks.For thesamematerial(e.g.,solid or
�uid), eachblock hassimilar attributesanddataorgani-
zation,but canhave differentsizes.Thesemeshblocks
changeasthepropellantburnsin thesimulation,requir-
ing adaptive re�nementover time. During eachoutput
phase,GENxoutputsasnapshotof currentintermediate
results,suchasupdatedmeshdataandnode-or element-
centeredvariables,basedon themeshblocks. This rel-
atively �ne-grained, irregular, anddynamicallychang-
ing datadistribution alreadycreatesdatamanagement
problemsfor thecomputationandinter-modulecommu-
nication,aswell as for parallel I/O. Becausethereare
noglobaldatasets,array-basedcollectiveI/O techniques
[14, 15, 17, 19] donotapplyhere.MPI-IO [20] supports
de�nition of this kind of datadistribution through its
generaldatadistribution directives,but the large num-
ber of irregular meshblocksmakesthe creationof the
MPI �le view on eachprocessora hugepain, and the
�le view mustbere-calculatedwhenthemeshblocksor
their distributionchangeat runtime.

Second,metadataneedto becoupledwith “real” data
for both computationandpost-processing.Like many

other scientists,investigatorsat CSAR prefer to inte-
gratemetadatawith arraydatain scienti�c dataformats
andthe currentchoiceis the HierarchicalDataFormat
(HDF) [9]. HDF organizesmultipledatasets(botharray
dataandmetadata)in asingle�le, supportsuser-de�ned
attributes for datasets,and is binary-portable. Unfor-
tunately, writing in a scienti�c format normally takes
muchlongerthanin a plain binaryformat,andtherela-
tively smallblocksusedin GENx presenta furtherper-
formanceproblemwith HDF as the internal overhead
of managingthe datasetsis signi�cant [13]. Further,
thedatadistributionstylementionedabovemakesit im-
practicalfor theusercodeto directly useparallelinter-
facescurrentlyavailablewith HDF5. Theseinterfaces
requireall processorsto collectively createeachdataset
in a shared�le. As eachdatasetis relatively small and
resideson a singleprocessorin GENx, this restriction
practicallyserializesa largepartof I/O.

Third, inter-modulecommunicationis dif�cult. In
sucha large,multi-disciplinaryproject,thescientistsin
�elds like �uid dynamicsor combustionarenot famil-
iar with the internalsof high-performanceparallel I/O,
nordothey know thedetailaboutthesimulationcompo-
nentsfrom �elds otherthantheir own. Similarly, devel-
opersof theI/O modulesarereluctantto look at thegi-
antcomputationcodes.Many codesin thecomputation
modulesarefrom stand-aloneapplicationsdevelopedby
differentresearchsubgroups,somein C, somein C++,
andsomein Fortran. Thesevastlyheterogeneouscom-
putationmodulesneedto interactwith eachother, and
communicatewith theI/O module.A datamanagement
schemethatfacilitatesthis interactionbothin computa-
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tion andI/O is highly desired.
Fourth, the simulationcodeskeepevolving. There

arebig milestonessuchasupgradingfrom 2-D in GEN0
to 3-D in GEN1, andconstantupdatesasnew compu-
tationmodulesjoin in, testcasesbecomemorecompli-
catedandrealistic,andindividual moduleschangetheir
algorithmsor datastructures.GENx'svisualizationtool,
Rocketeer, evolvesas the rocket imagesbecomemore
andmoredetailedandrequirescorrespondingchanges
in theorganizationof theHDF output�les. Meanwhile,
theprimaryversionof HDF itself upgradedfrom HDF4
to HDF5 on mostplatformsduring thedevelopmentof
GENx. The datamanagementandI/O implementation
needto shielddevelopersfrom updatesin othermodules
and�le I/O interfacesasmuchaspossible.

Finally, debuggingrunshavecritical performancere-
quirements.With sucha complex andevolving simu-
lation, the numberof debugging runs far exceedsthat
of productionruns.Sinceproductionrunsarelargeand
normallydoneonhugesupercomputerswhereresources
aretight andaccessis restrictedby citizenship,mostof
thedevelopmentandtestingwork is doneon local plat-
forms. Comparedto productionplatforms,suchlocal
platformsoften have inferior shared�le systemband-
width. Evenworse,in debuggingrunsthescientistsof-
ten perform periodic output more frequentlythan in a
typical productionrun.

In responseto the above challenges,we have de-
velopednew approachesto I/O. To accommodate�ne-
grained,irregular, anddynamicdistribution of data,we
employed scalableI/O architecturesfor both collective
andindividual I/O. For datamanagement,we designed
andimplementeda schemethatbene�ts bothcomputa-
tion andI/O. For performanceoptimization,we focused
on aggressively overlappingcomputationandI/O to re-
ducetheapplication-visibleI/O cost,ratherthanspeed-
ing up theactual�le I/O. Thesetechniqueswill bedis-
cussedin thenext threesectionsrespectively.

4 Parallel I/O Architectures for GENx

Before we describethe I/O architecturesused in
GENx,we �rst introducetheconceptof adata block. A
datablock is a collectionof arraysandmetadataassoci-
atedwith thearrays.It isalsotheunitof workdistributed
to thecomputeprocessors.In GENx, a datablock con-
tainsall the databasedon a meshblock, including the
meshcoordinatesand connectivity data,and element-
and/ornode-centeredvariableson thismeshblock,such
aspressure,velocity, andtemperature.HDF �les gen-
eratedby GENx arealsoorganizedby datablocks,with
datafrom differentarraysin thesamedatablock stored
in neighboringHDF datasets.

               shared file system

I/O processors running
collective I/O servers

mass storage

Internet

visualization tool

disks 

    compute processors
   running scientific simulation
   and collective I/O clients

workstation  running

������

������������

������
���
������
���

����������

	�	�		�	�	

�

�


���������������
���������������


�
�
�����

���������������
����������

���������������
���������������

����������

���������������
������

���������������
������
���

����������

����������
����������

������
���
������
���

����� � � 

!�!�!!�!�!
"�"�""�"�"

#�##�#
#�#
$�$$�$
$�$

%�%�%&�&�&

'�'�''�'�'
(�(�((�(�(

)�)�))�)�))�)�)
*�*�**�*�**�*�*

+�+�+,�,

-�-�--�-�-
.�.�..�.�.

/�//�/
/�/
0�00�0
0�0

11
11
11
11
1

22
22
22
22
2

33
33
33
33
3

44
44
44
44
4

55
55
55
55
5

66
66
66
66
6

77
77
77
77
7

88
88
88
88
8

99
99
99
99
9

::
::
::
::
:

;;
;;
;;
;;
;

<<
<<
<<
<<
<

==
==
==
==
=

>>
>>
>>
>>
>

?�??�?
?�?
@@
@

ABABABABABABACBCBCBCBCBCDBDBDBDEBEBE

Figure 2. General architecture for collec­
tive I/O in GENx.

4.1 Collective I/O

Collective I/O enablesglobal parallel I/O optimiza-
tionsby having processorscollaboratewith oneanother
in I/O operations. It also helpsreducethe numberof
�les generatedby asimulation,whichis importantto the
users.However, asexplainedpreviously,existingcollec-
tive techniquesdo not easilyapply to applicationslike
GENx. Here,in lieu of globaldatastructuresthattradi-
tionalcollectiveI/O techniquesrely upon,wedesigneda
client-server schemefor performingcollective I/O with
�ne-grained and irregular datadistributions. Figure 2
shows the I/O architecturewe usedfor collective �le
access.In additionto the computeprocessors(clients)
runningthe simulation,someadditionalprocessorsare
dedicatedasI/O processors(servers)runningtheserver
routineof our parallelI/O library. Typically, theclient-
to-serverratiousedin GENx is largerthan8:1.

When the clients issue an output request,all the
clients enterthe collective output call. Eachserver is
assignedto a numberof clients.Theserverswill collect
datablocksfrom theclientsandwrite themto HDF �les.
Thearraydataandmetadatain these�les areorganized
in theway speci�edby thepost-processingapplication.
Collectiveinputis performedin asimilarwayfor restart.
For GENx,snapshot�les for visualizationalsoserve as
checkpointsfor restart.In thiscase,eachclienthasalist
of datablocksto readinto memoryafter initialization.
Theserverscollectthelist of block IDs from theclients
andbuild a mappingbetweenblock IDs andclient pro-
cessIDs. The restart�les are assignedto the servers
in a round-robinmanner, andeachserver scansthrough
its assigned�les, �nds requesteddatablocks,andsends
themto appropriateclients.
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Theabove designenablescollective I/O basedon ir-
regular datadistribution. It allows great �e xibility in
handlingthe ever-changingdataand their distribution.
First, the meshblockscanexpandor shrink over time,
the numberof meshblocks can changewith adaptive
re�nement, and the simulationdevelopersneednot to
rede�ne the datadistribution for I/O. Second,irregular
distribution of datais easily handled. Third, it allows
dynamicload-balancing,wheredatablocksmaybemi-
gratedamongprocessors,without affecting how I/O is
done. In turn, dynamicload-balancingin computation
bene�ts parallel I/O performance.In this architecture,
the I/O workload is partitionedamongthe servers by
partitioningtheclientsinto equal-sizedgroupsandhav-
ing eachserverserveonesuchgroup.With �ne-grained
datadistributionanddynamicload-balancing,theclients
arelikely to receive a balanceddataassignment,result-
ing in a balancedI/O workloadat theserversautomati-
cally. Fourth, theway restartis performedallows users
to restartwith a differentnumberof servers thanused
in thepreviousrun wherethe restart�les werewritten.
Finally, this architectureallows convenientoverlapbe-
tweencomputationand I/O with the memoryandpro-
cessingresourceson the dedicatedservers,which will
befully discussedin section6.

Our collective I/O is implementedin a parallel I/O
library calledRocpanda,a specialedition of the Panda
parallelI/O library [19]. Pandawasdesignedfor parallel
I/O with multi-dimensionalarraysdistributedregularly
in HPF style. In Rocpanda,we reusedPanda's frame-
work of a client-server protocol,but addedsupportfor
collective I/O with individualarraysoneachclient.

Simulationsusing Rocpandawith � clients and �
serversrun the job with ����� processors.After MPI
initialization, all processorsperform Rocpandainitial-
ization,wheretheprocessorssplit into two MPI commu-
nicators,for theclientsandtheserversrespectively. The
clientsarepassedtheclient communicatorandcontinue
with the restof the simulation,using this communica-
tor for communicationamongthemselves. Theservers,
instead,entertheRocpandaserver routineandwait for
clients' collective I/O requests.To avoid resourcecon-
tentiononSMPs,weplacetheserversondifferentnodes
asmuchaspossible,by assigningprocessorswith global
rank � , �� , �	�� ... to be servers. This placementyields
an unexpectedperformanceadvantageon GENx's pro-
ductionplatform,anIBM SPwith 16-way SMPnodes.
Wefoundthatusing15processorsoneachSMPnodeas
computeprocessorsandoneprocessorasan I/O server
actuallygetsvisibly betterperformancein computation
thanusingall the16 processorsascomputeprocessors,
becausemany operatingsystemrelatedtasksgo to the
serverprocessorautomatically, wheretheCPUis mostly
idle. Thissuggeststhatdedicatingoneprocessoroneach

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

4.2 Indi vidual I/O

TheabovecollectiveI/O architecturegeneratesfewer
�les andof�oad I/O from the computeprocessors,but
it canalsoinconveniencesimulationdevelopers.First,
whenexisting simulationcodesareadaptedto useRoc-
panda,all the instancesof MPI COMM WORLD need
to be replacedby the client communicatorreturnedby
the Rocpandainitialization routine. Second,the deci-
sion to dedicateoneprocessorasan I/O server on each
SMPnodemustbemadebeforethemeshis partitioned.
Otherwise,thenumberof problempartitionsin thesci-
enti�c world is typically a power of two, asis thenum-
ber of processorsin an SMP node. Both problemsre-
quire extra planningand foresight from users. Third,
whenthenumberof processorsis limited, especiallyon
debuggingplatforms,it canbe dif�cult to obtainaddi-
tionalprocessorsfor I/O servers.

To allow parallelI/O in moregeneralcircumstances,
we alsoprovide a server-lessarchitecturefor individual
I/O. In this architecture,eachcomputeprocessorout-
putsits own datablocks.In GENx, this is donethrough
anotherI/O library called Rochdf, which writes local
blocks into individual HDF �les. This simpler archi-
tectureavoids communicationduring I/O. In somecir-
cumstancesRochdf may offer additionalperformance
advantagesover Rocpandabecauseit generatessmaller
�les, andHDF4 read/writeperformancedoesnot scale
well as the numberof datasetsincreasesin a �le (un-
like HDF5) [13]. On the other hand, having all the
processorsaccessing�les cancreatehighercontention
for I/O resourcesandcausedegradationin I/O perfor-
mance. The largestdisadvantageof the individual I/O
architecture,however, is thatit createsthesamenumber
of �les persnapshotasthenumberof computeproces-
sors.While CSAR'svisualizationtoolhasnoproblemin
processing�les generatedin this mode,having somany
�les certainlybrings�le managementproblemsfor pro-
ductionrunsona largenumberof processors.

For Rochdf, performanceproblemscan be handled
with thesameapproachusedin Rocpanda:overlapping
computationwith I/O. Herethereareno dedicatedI/O
serversto perform�le I/O whenthecomputeprocessors
arecomputing,wecreateanextraI/O threadonthecom-
puteprocessorsto issueI/O requestsin thebackground.
Detailswill begivenin section6.

5 Data Management and I/O Interface

We provide high-level parallel I/O servicesthrough
a component-basedintegration framework called Roc-
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com developedat CSAR. Roccomfacilitates �e xible
inter-moduledataexchangeandfunction invocationin
parallelsimulations,andis designedto maximizecon-
currency in developmentof code modules,minimize
user effort for integration, and provide interoperabil-
ity betweendifferent programminglanguages(in par-
ticular, C, C++, and Fortran 90). Note that Roccom
is not specializedfor integratingI/O with applications,
but is a moregeneral-purposetool for integratingmulti-
componentsimulationcodes. In effect, all the GENx
componentsof CSARareintegratedthroughRoccom.

Roccomprovidessystematicmethodsfor modulesin
a complex simulationto keeptrack of their dataandto
accessdatade�ned by othermodules. Besidesdeclar-
ing variablesandallocatingbuffers, eachcomputation
module registersits datasetsthroughRoccom. These
datasetscanlaterberetrievedfrom Roccomby thesame
moduleor othermodules. Functionscanbe registered
andinvokedin thesameway. This schemeallows great
independencein designanddevelopmentof individual
modulesand hides the coding details of different re-
searchsubgroups,which is convenientfor bothcompu-
tationandI/O components.For parallelI/O, thecompu-
tationmodulescansimply tell theI/O library: “write the
meshcoordinatesandthepressurevalueonall themesh
blocks”. Meanwhile,the I/O library never hasto know
how eachdatablock is de�ned. A detaileddescription
of Roccomis beyond thescopeof this paper. Herewe
only brie�y explain the conceptsandinterfacesrelated
to parallelI/O.

Roccom's designaddressesseveral researchissues.
First, thereneedsto beanintuitive way for usersto or-
ganizetheir data,with the irregularmeshblocksdistri-
butionstyleof GENx. Roccomorganizesdataandfunc-
tions into distributed objectscalled windows. A win-
dow encapsulatesa numberof data members, suchas
themesh(coordinatesandconnectivities),someassoci-
ateddataattributes,andpublic functionsof a module,
any of which canbeempty. In a parallelsetting,a win-
dow is partitionedinto panes. A panecorrespondsto
a datablock describedin the previous section,and is
owned by a single process,while a processmay own
any numberof panes.All panesof a window musthave
thesamecollectionof datamembers,althoughthesize
of eachdatamembermay vary. To useRoccom,the
computationmodules�rst createwindows,thenregister
their local datablocksaspanesin appropriatewindows,
providing auniquepaneID. Thecomponentsof thedata
blockscanlaterberetrievedfrom Roccomusingtheap-
propriatewindow name,attributename,andpaneID.

Second,Roccomprovidesverysimpleandhigh-level
parallelI/O interfacesthroughits dataandfunctionman-
agementmechanism.Scientistswriting a computation
modulesimply want to write out a collection of data

blocks to a �le with a given name,and they seethis
as an atomic operation. Roccom enablesRocpanda
and Rochdf to encapsulateall lower-level I/O opera-
tionsinto threehigh-level, �le-format-independent,col-
lective operations:read attribute, write attribute, and
sync. Hidden undertheseone-stepinterfacesare �le
operationssuchasopen,close,anddataaccesses.The
sync interfaceis designedfor performanceanalysisand
debugging when I/O is overlappedwith computation.
Whena sync requestis issued,the computeprocesses
will wait for previously issuedI/O operationsto com-
plete.Comparedto availableparallelI/O interfacessuch
asparallelHDF andMPI-IO, parallelI/O in GENx has
beengreatlysimpli�ed from theusers'pointof view.

Further, different I/O approachesused in GENx
should have uniform user interfaces. Roccom han-
dlesthis by having eachI/O servicemoduleprovide its
own load module andunload module routines. The
load module routinecreatesawindow in Roccom,reg-
istersa Rocpandaor Rochdfobjectin thewindow, and
associatesuserinterfacefunctionsasthememberfunc-
tions of the object. An applicationcode invokes the
I/O operationsthroughCOM call function, which au-
tomaticallyselectsthe appropriatefunction, depending
on which moduleis loadedat thebeginningof the run.
Switchingbetweencollective I/O andindividual I/O is
doneby simply loadinga differentI/O servicemodule.

Finally, moduleswritten in differentlanguagesneed
to collaboratewith eachother. In GENx,themaindriver
is written in C, many computationmodulesarewritten
in Fortran,andthe I/O servicemodules,Rocpandaand
Rochdf,arewritten in C++. Roccom,written in C++ it-
self,actsasa bridgebetweentheseheterogeneousmod-
ules.Its interfaceroutineshavedifferentbindingsfor C,
C++, andFortran90, with similar semantics.Roccom
alsohandlesdifferencesbetweenthelanguagestranspar-
ently by performingadditionalprocessingsuchas ap-
pendingnull terminatorsto Fortranstrings.

In general,Roccomfacilitatescommunicationbe-
tweensimulationmodules,for computationandI/O as
well. In the context of parallel I/O, it providessimple,
high-level interfacesthatmake users'livesmucheasier.
Suchconveniencesarewell receivedby usersin CSAR.

6 Maximizing Overlap between I/O and
Computation

Datawritten in the periodicoutputphasesof scien-
ti�c simulationsareoftenwrite-onlyduringtherun: the
simulationitself normallywouldonly readthedataback
if it is an out-of-corecode,and typically thereare no
other applicationsrunning concurrentlyand accessing
theoutput�les. Therefore,usersoftendonotcarewhen
their dataactuallyreachthedisk, aslong asall thedata
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arerecordedat theendof the whole run. Also, asdis-
cussedpreviously, many characteristicsof today's irreg-
ular, multi-componentsimulationsmake it harderthan
beforeto achievehighthroughputin �le I/O. As aresult,
our main approachtoward providing high-performance
parallelI/O is to hide theI/O cost,ratherthanreduceit,
by promotingtheoverlapbetweenI/O andothertasks.

In this paper, we presenttwo schemesfor overlap-
ping computationandperiodicoutput,to work with our
collective andindividual I/O architectures,respectively.
Unlike in traditional asynchronousI/O, the overlap in
our schemesis transparent to users: it works through
thesimpleblockingI/O interface,andenforcesthesame
semanticsasblockingI/O, asuserscanreusetheiroutput
buffersimmediatelyaftertheoutputfunctionreturns.

6.1 Active Buffering in Rocpanda

With theclient-server I/O architecture,it is intuitive
that theserverscanperformtheactualwrite operations
while thecomputeprocessorscompute.We proposeda
schemecalledactive buffering to enablethisoverlapin a
�e xible andadaptiveway. Thedetailsof activebuffering
andrelatedwork on overlappingI/O with computation
canbefoundin apreviouspaper[13]. Hereweonly give
ahigh-level descriptionof activebuffering,andconcen-
trateon its effectsfor GENx. Basically, duringa collec-
tive outputoperation,theserversbuffer dataratherthan
write themout. Theclientsreturnto computationwhen
all theoutputdataarebufferedat theservers.Themajor
bene�tsof activebufferingareasfollows:

First, active buffering can use whatever memory
available and handlesbuffer over�ow gracefully. The
usersdonothaveto worryaboutwhetherthereis enough
buffer space.If buffersover�ow, serversautomatically
write previously buffereddataout to make roomfor in-
coming data. The full active buffering schemehasa
bufferhierarchyonboththeclientsandserversfor larger
buffer capacityandbetterperformance[13]. In GENx,
only server-side buffering is usedbecausethe servers
haveenoughidlememoryto holdall theoutputdatawith
typical client-servercon�gurations.

Second,active bufferingmaintainsresponsivenessto
clients' new outputrequests.Theserverswrite out data
whentheclientsarecomputing,andcheckfor new client
requestsbetweenwriting two datablocks.Thisway, the
writing of buffereddatayields to the handlingof new
requests.This is especiallyhelpful in multi-component
simulationslike GENx, wheredifferentmodulesissue
back-to-backoutput requestsbetweenrelatively long
computationphases.To betterutilize the idle CPU re-
sources,we usedmultiple waysto probefor new mes-
sagesfrom the clients. When thereare datato write,
servers use the non-blockingMPI probe interface,so

that if thereare no new messages,they can go ahead
andwrite anotherdatablock out. However, whenthere
areno datato write, theserversusetheblockingprobe
interface,so that the server processesblock until new
client messagesarriveandtheoperatingsystemcanuse
theserverCPUs,asmentionedin section4.1.

6.2 Background I/O in Multi­thr eadedRochdf

With theserver-lessarchitecture,theoverlapbetween
computationand I/O is achieved by using a separate
threadto carry out the actualwrites. We designedand
implementedindividual I/O with backgroundwriting in
a multi-threadedversionof Rochdf,T-Rochdf. Instead
of writing out the data immediatelywhile the callers
wait, T-Rochdfallocateslocal bufferson eachcompute
processorandcopiestheoutputdatato thesebuffers.At
this point, the main threadsreturn to computationand
theI/O threadoneachprocessorwritesout thebuffered
data,whicharesharedbetweenthetwo threads.

In T-Rochdf, there is only one I/O threadon each
processor. This threadhandlesall outputfunctioncalls
on the processor. The useof a singlepersistentthread
helpsto reducethreadswitching overheadand avoids
contentionamongmultiple write requests. The main
threadbuffers all the dataoutput from multiple write
requestsin the sametime-stepsnapshot,but will block
until theI/O thread�nisheswriting thesedataoutbefore
bufferingdatafor thenext snapshot.This is basedonthe
assumptionthat eachprocessorhasenoughmemoryto
buffer its local outputdatafor a snapshot,which is true
for CPU-intensive simulationslike GENx. In practice,
GENx'smainthreadsusuallydonothaveto wait for the
I/O threads,becausethecomputationtime betweentwo
snapshotsis normallylongenoughto write the�les.

Like Rocpanda,T-Rochdfenablestransparentover-
lapbetweencomputationandI/O. Becausethebuffering
is donelocally, theuser-visiblewrite costis evensmaller
with T-Rochdfthanwith Rocpanda,andits performance
scalesbetterwhenthe numberof processorsincreases.
However, it is currentlynot usedon GENx'sproduction
platforms,whereRocpandaoffers the extra bene�t of
combiningoutputinto fewer �les.

7 Performance Results

7.1 Performanceon DevelopmentPlatform

We �rst presentresultsfrom GENx's primarydevel-
opmentplatform,theTuringclusteratUniversityof Illi-
nois. It has208computenodesrunningLinux 2.4,each
with dual1GHzPentiumIII processorsand1GB mem-
ory, connectedwith Myrinet. It hasshared�le system
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on RIESERFS,mountedvia NFSandaccessedthrough
oneserver. Turing is built for researchdevelopment,and
is not intendedfor performancebenchmarking.It hasno
job schedulingmechanismsandcannotguaranteeajob's
exclusiveuseof any dual-processornodes.On theother
hand,performanceon Turing is importantto scientists
at CSAR, becausethey useit intensively and all runs
on Turing are interactive. BecauseTuring's nodesare
sharedby multiple concurrentjobs,performancevaries
signi�cantly from run to run. In this paper, we show the
bestresultsmeasuredin � veconsecutiveruns.

We timed test runs of the latestversionof GENx,
GEN2.5,in which we simulateda lab-scalesolid rocket
motor, with designand dataobtainedfrom the Naval
Air WarfareCenter. In this test,we partitionedanddis-
tributed the sameset of simulationdataonto different
numbersof computeprocessors,so the total amountof
computationandinput/outputis �x ed regardlessof the
numberof processorsused. We executedthe simula-
tion for 200 time-stepsandperformedsnapshotsevery
50 time-steps,resulting in � ve output phases(includ-
ing the initial snapshot).This output frequency is typ-
ical in GENx's debugging runs. For eachsnapshots,
GENx wrote approximately64MB of outputdata. We
measuredthe performancewith threeI/O implementa-
tionsdescribedin thispaper:Rochdf(non-threadedver-
sion,whichservesasa basefor comparison),T-Rochdf,
and Rocpanda.The resultsobtainedwith 16, 32, and
64 computeprocessorsare shown in table 1. When
Rocpandais used,extra processorsarededicatedasI/O
serversandtheclient-to-serverratio is �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/O T-Rochdf 0.38 0.18 0.11
time Rocpanda 2.40 1.48 1.94

restart Rochdf 5.33 1.93 0.72
time Rocpanda 69.9 39.2 18.2

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

Thecomputationtime is thetotal timespenton time-
step iterationsto updatesolutionsin GENx. In table
1, the computationtime is independentof the I/O ap-
proachandscaleswell asthe numberof computepro-
cessorsincreases.The visible output time is the total
time spentin callsto theoutputinterfaces,i.e., thetime
the computeprocessorsneedto wait for the snapshots
to be completed.For Rochdf, this is the time to write
all thedatato HDF �les. For T-Rochdf,this is thetime
to buffer the outputdatalocally. For Rocpanda,this is
the time to sendthe outputdatato appropriateservers.

For this testcase,theidle memoryon thecomputepro-
cessorsor on the dedicatedservers is large enoughto
buffer all theoutputdatafor eachsnapshot,soT-Rochdf
andRocpandaareboth ableto hide the actualI/O cost
effectively. Comparedto the performanceof the non-
threadedRochdf,T-RochdfandRocpandadramatically
reducethe application-visibleoutput time, as well as
considerablyreducethetotalruntime2, by activelyover-
lapping I/O with computation. With the non-threaded
Rochdf,more than50 secondsarespenton taking the
snapshots,andtheperformancedoesnot scaleup asthe
numberof processorsgrows. Especially, with 32 pro-
cessorsthe write contentionbetweendifferent proces-
sorsoutweighsthedecreasein localdatasize,causinga
largeincreasein thewrite time. With T-Rochdf,thevis-
ible I/O time is almosteliminated,andtheperformance
scalesup well. Comparedto thenon-threadedRochdf,
Rocpandareducesthe visible I/O time by a factorbe-
tween21and55,andreducesthenumberof output�les
by a factorof 8. Rocpanda'sperformancedoesnotscale
properly, becauseon Turing, the messagepassingsys-
tem doesnot scalewell and the impact of other con-
currentjobs grows as more processorsare used. This
causesincreasingcommunicationcost in both the data
transferand the handshakingprotocolsof Rocpanda's
client-server framework.

Note that both Rochdf and Rocpandawrite HDF4
�les, and the performancedifferenceshown in table1
is not theperformancedifferencebetweenHDF andan-
other �le format. The non-threadedRochdf's perfor-
manceis the performancethat we would expect from
a �ne-grained, irregular simulation using a general-
purposescienti�c I/O library that hasno asynchronous
I/O support,without any performanceoptimization. T-
RochdfandRocpandashow thatapplication-speci�cI/O
librariesbuilt on top of the samescienti�c I/O library
canmakea hugedifferencein performance.

We alsomeasuredthe restartlatency of Rochdfand
Rocpanda. Since no computationcan be overlapped
with restart operations,T-Rochdf performs restart in
the sameway as Rochdf does. As shown in table 1,
Rochdf's restartcost is considerablylower than Roc-
panda's,dueto two reasons.First,eachRocpandarestart
�le containsmuchmoredatasets,andasmentionedbe-
fore, HDF4's dataaccessperformancedoesnot scale
well whenthenumberof datasetsgrows in a �le. Sec-
ond, the NFS-mountedshared�le systemshows much
bettertoleranceto concurrentreadsthan to concurrent
writes,soRochdfgainsextra I/O parallelismby having
all theprocessorsperformingreads.

2The total run time is the sumof the total computationtime and
thetotalvisible I/O time,whichgrowsalongwith thenumberof time-
stepscomputedandthenumberof snapshotstakenrespectively, plusa
boundedinitialization and®nalizationtime.
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With Roccom'sability to loadtheI/O moduleat run-
time,userscanchoosebetweenT-RochdfandRocpanda
for debuggingruns. If they do not careaboutthenum-
ber of �les generated,they canuseT-Rochdffor better
performance.Otherwise,Rocpandais anaturalchoice.

7.2 Performanceon Production Platform

Next we presentresultsfrom GENx's primary pro-
ductionplatform, the ASCI Frost. Frost is an IBM SP
locatedat LawrenceLivermoreNationalLaboratory. It
has63POWER3375MHz 16-waySMPcomputenodes
runningAIX 4.3, eachwith 16GB memory, connected
with SPSwitch2.TheGPFS�le systemhas20.6TBdisk
space,accessedthroughtwo GPFSservernodes.

To investigatethe performanceand scalability on
Frost,we usedGENx's “scalability” test,which simu-
latesan extendiblecylinder of the rocket body. Unlike
the lab-scaletest usedin section7.1, herethe amount
of data is �x ed on eachprocessor, and the total data
size scaleswith the numberof processors.We mea-
suretheapparentaggregatewrite throughputasthenum-
berof computeprocessorsincreases.Fifteenprocessors
perSMPnodeareusedfor computation,andwith Roc-
panda,oneprocessorpernodeis usedasanI/O server.

On Frost,Rocpandademonstratesits advantageover
Rochdfby bothreducingthenumberof output�les and
hiding theperiodicoutputcosts.Figure3(a)shows the
apparentaggregatewrite throughputcomputedby divid-
ing the total outputdatasizeby the total visible output
cost.With Rocpanda,whenthenumberof computepro-
cessorsis smallerthan16, only one16-way SMPnode
is used,whereoneprocessoris assignedto be the I/O
server. The increasein Rocpanda's throughputfrom 1
computeprocessorto 15 computeprocessorsis mainly
dueto higherutilizationof theintra-nodemessagepass-
ing bandwidth.After thenumberof computeprocessors
grows past15, the numberof serversstartsincreasing,
andtheapparentthroughputscalesup too. Theapparent
throughputreaches875MB/swith a totalof 512proces-
sors,morethan� ve timeshigherthanthehighestparal-
lel HDF5 throughputwith the samenumberof proces-
sorsmeasuredonFrostby otherresearchers[8].

We mentionedearlierthat theclient-server architec-
ture offersextra bene�ts in SMP environments.Figure
3(b) demonstratesthis effect by showing the computa-
tion time with differentprocessorcon�gurations,again
with �x ed amountof work per computeprocessor. In
the“16NS” case,16 processorsperSMPnodeareused
for computation.In the“15NS” case,15 processorsper
nodeareusedfor computationandtheoneprocessorleft
is idle. In thesetwo cases,I/O is donethroughRochdf.
In the “15S” case,15 processorsper nodeareusedfor
computationandtheoneprocessorleft on eachnodeis

usedasa RocpandaI/O server. Whenthe total number
of computeprocessorsis 8 or less,all thethreecasesuse
thesamenumberof computeprocessors,andthe“15S”
caseusesoneextraprocessorasanI/O server.

As the numberof computeprocessorsgrows, the
computationtime when using all 16 processorsper
nodeascomputeprocessorsbecomesvisibly longerthan
whenusingonly 15processors.Whenoneprocessoron
eachnodeis usedasanI/O server, thecomputationtime
is slightly longer thanwhenthat processoris left idle,
but is considerablyshorterthanthe“16NS” case.Note
thatwith morethan32 processors,the “15S” computa-
tion time is lessthan ��������� of the“16NS” computation
time,while thecomputationworkdonein the“15S” case
is �������	� of that in the“16NS” case.This indicatesthat
our client-server I/O architecturenot only improvesthe
apparentaggregateI/O throughput,but also improves
theaggregatecomputationthroughputonSMPs.

8 Conclusion

This paper identi�es the gap betweenapplication-
speci�c I/O requirementsand general-purposeparallel
interfaces,throughanalyzingthedatamanagementand
performanceproblemspresentedby GENx, a complex,
cutting-edgesimulation.By carefullywrappingtheun-
derlyingI/O servicesprovidedby ageneral-purposesci-
enti�c dataI/O library with optimizations,andprovid-
ing high-level parallelI/O interfaces,we have obtained
dramaticperformancegainwhile alleviating users'bur-
den to understandthe low-level I/O detailsand to use
ef�ciently general-purposeparallelI/O libraries.Webe-
lievethatthereal-world I/O challengesthatweobserved
from GENx exist in otherlarge-scale,multi-component
simulations,andexpectthatmany of our solutionswill
applyto thoseapplicationsaswell.
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