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Abstract

Many scientificapplicationshave large I/O requirementsin termsof boththe size of dataandthe
numberof files or datasets.Managementstorage efficient accessandanalysisof this datapresentan
extremely challengingtask. Traditionally, two differentsolutionsare usedfor this problem:file 1/O or
databasesFile 1/0 canprovide high performancebut is tediousto usewith large numbersof files and
large and comple datasets. Databasesan be convenient,flexible, and powerful but do not perform
andscalewell for parallelsupercomputingpplications.We have developeda softwaresystem,called
ScientificDataManager(SDM), thataimsto combinethe goodfeaturesof bothfile I/O anddatabases.
SDM providesa high-level API to the userand,internally, usesa parallelfile systemto storereal data
anda databaséo storeapplication-relatetnetadataSDM takesadwantageof variousl/O optimizations
availablein MPI-10, suchascollective I/O andnoncontiguousequestsin a mannerthatis transparent
totheuser As aresult,userscanwrite andretrieve datawith the performancef parallelfile I/O, without
having to botherwith the detailsof actuallyperformingfile I/O.

In this paper we describethe designand implementationof SDM. With the help of two parallel
applicationtemplates ASTRO3D and an Euler solver, we illustrate how someof the designcriteria
affect performance.
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1 Introduction

Mary large-scalescientificexperimentsandsimulationsgeneratevery large amountsof data[8, 1] (onthe
order of severalhundredgigabytesto terabytes) spanninghousand®f “files” or datasets. Management,
storage efficient accessand analysisof this datapresentan extremely challengingtask. Currently avail-
abletechniquedor this purposeareeitherraw file-1/O interfacessuchasMPI-10 [11, 19], or full-fledged
databased-ile-1/O interfacegrovide high performancéut aretoo cumbersoméo usewith large,comple
datasetsandlarge numberof files. For example,the usermustremembefile namesandthe organization
of datain afile andmustspecifytheexactlocationin thefile from which datamustbeaccessedDatabases,
ontheotherhand,provide a corvenient,high-level interfaceandpowerful data-retrigal capability but they
do not measuraup to the performanceequirement®f large-scalescientificapplicationsunningon super
computers.

We have developeda softwaresystemcalledScientificDataManager(SDM), thataimsto combinethe
goodfeaturewf bothfile I/O anddatabasesSDM providesa high-level, userfriendly interface.Internally
SDM interactswith a databaseo storeapplication-relatednetadatandusesMPI-I1O to storetherealdata
on a high-performancgarallelfile system.SDM takesadwantageof variousl/O optimizationsavailablein
MPI-10O, suchascollective I/O andnoncontiguousequestsin a mannerthatis transparento the user As
aresult,userscanaccesglatawith the performanceof parallelfile 1/O, without having to botherwith the
detailsof file I/O. Figurel illustratesthe basicidea.

In this paperwe describaghedesignandimplementatiorof SDM. SDM is currentlyimplementedo use
eitherMySQL [20] or PostgreSQL[24] asthe databaséor metadatandMPI-10O for file I/O. In designing
sucha system,we have a wide choiceof how to organizethe datain files. We have implementedhree
differentapproachesAt oneextreme,level 1, we storeall datasetsin separatdiles asthey aregenerated.
At the otherextremelevel 3, we storedatasetsin a very smallnumberof files and,usinga databas¢able,
keeptrackof wherein thefiles eachdatasetis stored.We alsohave anintermediateapproachgalledlevel 2.
We examinethe performanceémplicationsof usingeachof theseapproacheby studyingthe performance
resultsobtainedfor two applicationtemplates ASTRO3D and an Euler solver, on an IBM SP and SGI
Origin2000.

Therestof this paperis organizedasfollows. In Section2 we discussour goalsin developing SDM.
In Section3 we describehow SDM is implemented.Performanceesultsare presentedn Section4. We
discusgelatedwork in Section5. We concludeandoutline our plansfor futurework in Section6.

2 Design Objectives

We hadthreemajorgoalsin developing SDM: provide high-performancgarallell/O, provide a high-level
applicationprogrammingnterface(API) thateliminatesthe needfor the userto botherwith the detailsof
low-level file 1/O or databasesindstoreenoughmetadatdn a databaseothatthe usercaneasilyretrieve
previously storeddata.

e High-Performance 1/0. To achieve high-performancé/O, we decidedto usea parallelfile-1/O sys-
temto storerealdataanduseMPI-IO to accesghis data. MPI-10, the I/O interfacedefinedaspart
of the MPI-2 standard11, 19], is rapidly emeging asthe standardportableAPI for 1/O in parallel
applications High-performancémplementation®f MPI-10, bothvendorandpublic-domainmple-
mentationsare availablefor mostplatforms|[9, 15, 25, 26, 34]. MPI-10 is specificallydesignedo
enablethe optimizationsthat are critical for high-performanceparallell/O. Examplesof theseopti-
mizationsincludecollective I/O, the ability to accessioncontiguousiatasetswith a singlefunction,
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Figurel: SDM architecture

andtheability to passhintsto theimplementatioraboutaccesgatternsfile-stripingparametersand
soforth.

e High-Level API. Ourgoalwasto provide anAPI thatdid notrequiretheuserto know eitherMPI-10
or databasesThe usercanspecifythe datawith a high-level descriptiontogethemwith annotations,
andusea similar API for dataretrieval. SDM internally translateghe users requestinto appropri-
ateMPI-10 calls, including creatingMPI derived datatypedor noncontiguouslata[33]. SDM also
interactswith the databasevhennecessarby usingembedde@&QL functions.

e Convenient Data-Retrieval Capability. SDM allows the userto specifynamesandotherattributes
to beassociatedavith a dataset. SDM internallyselectsafile nameinto which the datawill bestored;
the mappingbetweerdatasetsandfile namess storedin the databaseThe usercanretrieve a data
setby specifyinga uniquesetof attributesfor the desireddata.

3 Implementation

To describethe metadatestoragein the databasethe SDM API, andthe organizationof datain files, we
useanexample, ASTRO3D, anastrophysicapplicationdevelopedat the University of Chicago. For sim-
plicity of explanation,we considerthe two-dimensionaversionof this three-dimensionapplication.(The
performanceaesultspresentedn this paperarefor the full three-dimensionalersion.) In this application,
datais storedin several arraysthatareblock-distributedin eachdimension.At varioustime steps,several
of thesearraysarewritten to files for dataanalysis restart,andvisualization. Six floating-pointarraysare
written for dataanalysisandanothersix for restart;sevencharactearraysarewritten for visualization.The
frequencieof thewritescanbevaried.

We usethe term data setto referto eacharray beingwritten and data groupto referto all the arrays
written at a time stepfor a particularpurposesuchasdataanalysis. For simplicity of explanation,let us
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assumehat threearraysarewritten for dataanalysis,anotherthreefor restart,andfour for visualization.
(Notethatall arrays—sixsix, andseven—wereusedin theperformancexperimentgeportedn this paper)
Let usfurther assumehat the data-analysigndrestartdumpsare performedevery six time stepsandthe
visualizationdumpsare performedevery four time steps. Let aq, a1, ay be the threedatasetsfor data
analysisandA = (ao, a1, a3) bethedatagroupfor dataanalysis Similarly, we have B = (bg, b1, b2, b3) for
visualizationandC' = (c¢g, 1, ¢2) for restart.

3.1 Database Tablesto Store M etadata

SDM usesthreedatabaséablesfor storingmetadatarun_table, accesspatterntable, andexecutiontable
(seeFigure2). Thesetablesaremadefor eachapplication.Eachtime anapplicationwrites datasets,SDM
entergheproblemsize,dimensiongcurrentdate,anda uniqueidentificationnumber(runid) to therun_table.
Theaccesspatterntableincludesthe propertiesof eachdataset,suchasdatatype,storageorder dataaccess
patternandglobalsize. SDM useghisinformationto makeappropriatéviPI-10 callsto accessherealdata.
The executiontable storesa globally determinedile offset denotingthe startingoffsetin the file of each
dataset.



SDM_initialize(App);
A = SDM_make_datalist(3, f0,a1,az2});

initialize(&date);
A[0].data_type = FLOAT;

A[0].access_pattern[0] = BLOCK;
A[0].access_pattern[1] = BLOCK;
SDM_associate_attributes(3, &A[0]);

date.year = 1999;
date.month = 10;
date.day = 10;

handleA = SDM_set_attributes(3, A): handleA = SDM_select_attributes(3, A);
headerA = SDM_select_attributesH(3, A);
headerA = SDM_make_header(3, A, FLOAT, 6);

. . . DM_subarray(handleA, 3, 0, StartingPoints, SubArraySizes, NULL);
SDM_subarray(handleA, 3, 0, StartingPoints, SubArraySizes, NULL);

for (i=0; i<lastTimestep; i++) { for (i=0; i<lastTimestep; i++) {
: SDM_readH(headerAo, i, headerBuf);
Computation SDM_readH(headerA1, i, headerBuf);
: SDM_readH(headerAgz, i, headerBuf);
SDM_writeH(headerA,ao, i, headerBuf); SDM_read(handleAao, ' buf);
SDM_writeH(headerA a1, i, headerBuf); SDM_read(handleAas, h buf);
SDM_writeH(headerA,az, i, headerBuf); SDM_read(handleAaz, i, buf);

SDM_write(handleA, ao, i, buf);
SDM_write(handleA, az, i, buf);
SDM_write(handleA, az, i, buf);

} }

\ SDM._finalize(3, handleA); /

SDM_finalizeH(3, headerA);

Computation

Figure3: Exampleof usingthe SDM API to performl/O in ASTRO3D

3.2 Application Programming I nterface

Figure 3 shavs how the SDM API is usedto perform /O for dataanalysis(datagroup A) in a two-
dimensionalersionof ASTRO3D

To use SDM, the usermustfirst call the function SDM.i ni ti al i ze. This function initializes the
SDM environmentand establishesa connectionto the database. Next, to specify groupsof datasets,
the usermustcall the function SDMnake_dat al i st. This function assigngpropertiesto the first data
setin a group. The samepropertiescan be assignedo other datasetsin the samegroup by calling
SDMassoci ate_attri but es.

The mainreasorfor makinggroupsof datasetsis that SDM canthenusedifferentwaysof organizing
datain files, with differentperformancémplications.For example eachdatasetcanbewrittenin aseparate
file, or the datasetsof agroupcanbewritten to a singlefile.

In the caseof write operationstheusermustcall SDMset _at t ri but es to setthe attributesassoci-
atedwith agroupandto returna setof handledo be usedfor furtherl/O operationslf anapplicationwrites
headerinformationalong with the data, SDMmake_header mustbe usedto returnan array of handles
for writing the headerinformation. In ASTRO3D, eachdatasetin groupA hasa headerconsistingof six
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floating-pointvariables.ThefunctionSDMwr i t eHis usedto write thehheader

In the caseof readoperationsdatafrom a specificrun canbe retrieved by specifyingattributesof the
data,suchasthe dateof therun. If the dateis not specified datafrom the lastrun will beread. Also, the
propertieof the datasetsneednot be specifiedbecausé&sDM retrievesthis informationfrom the database.
Data can be selectedusing the SDMsel ect _at t ri but es function. To retrieve headerinformation,
SDMsel ect _at t ri but esHmustbecalled.

ThemainSDM functionsfor writing andreadingdataareSDMwr i t e andSDM.r ead. Beforecalling
thesdunctions theusemustprovide theinformationnecessarfor SDM to performl/O, suchasthestarting
pointsandsizesof the subarrayin eachdimensionin the caseof block distribution, or the size of process
grids anddistribution agumentsin eachdimensionin the caseof cyclic distribution. To performl/O, the
handleof a group, position of a datasetwithin the handle(group), currenttime step,and pointerto the
applicationbuffer are passedo the SDM 1/O function. Note that the userdoesnot have to provide file
names.SDM generatethefile nameandrecordshe namein the database.

Finally, theusermustcall SDMf i nal i ze andSDMf i nal i zeH to closeall files, closethe connec-
tion to the databassener, andfreeall memoryallocatecby SDM.

3.3 FileOrganization

SDM supportgthreedifferentways of organizingdatain files. In level 1, eachdatasetgeneratedt each
time stepis writtento a separatdile, asshown in Figure4. Thisfile organizationis simple,but it incursthe
costof a file openandcloseat eachtime step,which on somefile systemscanbe quite high, aswe shall
seein the performanceesults.For alarge numberof datasetsandtime stepsthis methodcanbe expensve
becaus®f thelarge numberof file opens.

In level 2, eachdataset(within a group)is written to a separatdile, but differentiterationsof the same
datasetareappendedo the samefile, asillustratedin Figure5. This methodresultsin a smallernumberof
filesandsmallerfile-opencosts.Theoffsetin thefile wheredatais appendeds storedin theexecutiontable.

In level 3, all iterationsof all datasetsbelongingto a group are storedin a singlefile, asshown in
Figure6. As in level 2, the file offset for eachdatasetis storedin the executiontable by process0 in
the SDMwr i t e function. If afile systemhashigh openandclosecosts,SDM cangeneratea very small
numberof files by choosingthe level-3 file organization.On the otherhand,if anapplicationproducesa
largenumberof datasetsof largesize,level 3 wouldresultin verylargefiles, whichmayaffectperformance.

We studythe performancémplicationsof thethreefile-organizatiorievelsin the next section.

4 Performance Results

We obtainedall performanceaesultson the IBM SPandSGI Origin2000at ArgonneNational Laboratory
The IBM SP has80 computenodesand 4 1/O nodes. Eachl/O node controlsfour SSA disks, eachof
9 Ghytecapacity The parallelfile systemon the machineis IBM’s PIOFS[14]. The SGI Origin2000has
128processorand10 Fibre Channekontrollersconnectedo atotal of 110disks,eachof 9 Gbytecapacity
Thefile systemon the Origin2000is SGI's XFS[12, 30]. XFS supportsanoptimizationcalleddirect!/O,
which we usedin our experiments.When certainalignmentrestrictionsare met, the usercanchoosethe
direct-1/0 option, in which the file systemmoves datadirectly betweenthe users buffer and the storage
device, bypassinghe file-systemcache. Direct /0O thuseliminatesan extra memorycopy into the cache
andcanperformwell if the l/O sizeis large andthe machinehasa high-bandwidth/O system.Direct /O
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Figure 4: Level-1 file organizationat 6th time stepin ASTRO3D. The superscripion a datasetdenotes
thetime stepat which the datasethasbeenwritten to afile, Rld denoteghe currentidentificationnumber
(runid), andeachshadavedbox (alongwith the namebesideit) shovs the SDM-generatedile for storing
the correspondinglataset.

canbeusedfrom anMPI-10 program—thdROMIO implementatiorof MPI-10 thatwe usedsupportdirect
I/O [35]. We presenperformanceesultswith bothdirectl/O andregular (buffered)1/O.

We usedtwo applicationtemplatesASTRO3D andathree-dimensiondtulersolver, in our performance
experimentsFor ASTRO3D, we useda problemsizeof 256 x 256 x 256. We ranthe programfor onetime
stepandperformedthe dataanalysis restart,andvisualizationdumpsat thattime step. This resultedin a
total of around880 Mbytesof data.

The secondapplicationis a three-dimensionaktuler solver for the problemof three-dimensionakran-
sonicflow aboutanM6 wing [10]. Thisapplicationis amesh-structuredodethatwritesthe physicalvalues
andresidualof eachnodeat certainiterations. The structureof thesevaluesis a distributedglobal vectot
andeachvaluehasfive component¢density enegy, andthreecoordinate®f momentum).In addition,the
applicationwritesthe physicalcoordinateandpressuret eachmeshpoint. In our experimentswe ranthe
codefor 50iterationsandwrote dataat every 5 iterations.The problemsizewas194 x 34 x 34.

4.1 Costsof Database Access

SDM usesTCP/IPto connectto the databaseseners. We performedour experimentswith two different
databasedVlySQL [20] andPostgreSQL24]. Figure7 shaws the database-accessstin the SDM write
operationon the Origin2000. As mentionedn Section3.2, the connectionto anddisconnectiorfrom the
databasseneroccuroncein SDMi ni ti al i ze andSDMf i nal i ze, respectiely. In SDMset _at tri but es,
processD accesseshe run_table and accesgpatterntable to storeattributes,andin the write operation,
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Figure5: Level-2 file organizationat 6th time stepin ASTRO3D. The superscripion a datasetdenotes
thetime stepat which the datasethasbeenwritten to afile, Rld denoteghe currentidentificationnumber
(runid), andeachshadavedbox (alongwith the namebesideit) shovs the SDM-generatedile for storing
the correspondinglataset.
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Figure 6: Level-3 file organizationat 6th time stepin ASTRO3D. The superscripion a datasetdenotes
thetime stepat which the datasethasbeenwritten to afile, Rld denoteghe currentidentificationnumber
(runid), andeachshadavedbox (alongwith the namebesideit) shovs the SDM-generatedile for storing
the correspondinglataset.
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it storesthe file offsetinto the executiontable. In ASTRO3D the accesdo the executiontable occurred
19 times, andin the Euler solver the accesdo the executiontable occurred60 times. As canbe seenin
Figure7, thedatabase-accessstusingboththe databassenerswaslessthan0.6 sec.This cost,however,
will changeaccordingo the numberof I/O operationccurringin the applications.

We obsenredthat MySQL performsbetterthan PostgreSQLTherefore we usedonly MySQL for the
restof the performancexperiments.

4.2 Resultsfor ASTRO3D

Figure 8 shaws the write andreadbandwidthsfor ASTRO3D on the IBM SPusing32 processorgor the
threelevels of file organization. Sincewe ran only oneiteration of the program,levels 1 and 2 resulted
in the samefile organization. Level 3 achiezed much higherbandwidthbecausenly threedifferentfiles
werecreatedand,therefore,only threefile opensoccurred. The high costof file openson the PIOFSfile
system[32] resultedin lower performanceor levels 1 and 2, where19 separatdiles were created. The
impactof file-opentime canindeedbe quitelarge.

Figures9 and 10 shav the write andreadbandwidthsfor ASTRO3D on the SGI using 16 processors.
We measuregberformancdor bothdirectl/O andbufferedl/O. For writing data,directl/O performedbetter
thanbufferedl/O. Therearetwo reasonsor this. First, with bufferedl/O, XFS serializesconcurrentwvrites
to thesamefile, whereaswith directl/O, concurrentvritesareallowedto proceedn parallel. Seconddirect
I/O eliminatesa copy into the file-systemcache. For readingdata, buffered /O performedbetter Again,
therearetwo reasondor this. Onereasonis that XFS doesnot serializebuffered reads;therefore,direct
readsdo not have ary extra advantagein the areaof parallelism. The secondreasoris that XFS performs
aread-aheadprefetch)in the caseof bufferedreads but notin caseof directreads.Theread-aheagolicy
workswell for this application,andbufferedreadsthereforeperformbetter Sincethe costof file opensis
smallon XFS, thethreelevelsof file organizationperformednearlythe same.
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4.3 Resultsfor the Euler Solver

Figuresl1l and12 shaw the write andreadbandwidthsfor the Euler solver on the IBM SP using 32 pro-
cessors.Thetotal datawritten wasaround240 Mbytes. In level 3, only two files weregeneratedpnefor
writing the coordinatesand pressureat eachmeshnodeandthe otherfor writing the physicalvaluesand
residualateachnode.In level 2, six vectors(thatis, thethreecoordinatespressurephysicalvaluesof each
node,andnodalresidual)werewritten separatelyresultingin a total of six files. In level 1, the six vectors
generatedvery five iterationswerewritten separatelyresultingin a total of 60 files. As Figureslland12
show, level 3 performedthe bestbecausaf the high opencoston PIOFS.In level 1, thefile-opencosttook
around80% of thetotal executiontime;in level 2, it took around30%;andin level 3, it took around20% of
thetotal executiontime.

Figures13 and14 shawv thewrite andreadbandwidthgor the Euler solver using 16 processorsn the
SGl. For this application,we usedonly buffered /0. We could not usedirect I/O becausehe memory
allocationfor distributedvectorswas doneinside the numericallibrary (PETSc[23]) that the application
uses,and thus we could not align the buffers to the cacheline asrequiredfor direct 1/O. For the write
operation,levels 2 and 3 performedslightly betterthanlevel 1. For the readoperation,however, level 1
performedhebest. Thereasoris thattheread-aheagolicy of XFS for bufferedreadsoperate®n a perfile
basisandthereforeworksto the applications advantagevhenit hasa greatemumberof files.

5 Reated Work

Themaindifferencebetweerthis work andotherefforts is thatthis work aimsto combinethegoodfeatures
of parallelfile I/O anddatabasesyhereastherefforts focuson eitherparallell/O or datamanagementot
both. We briefly mentionrelatedefforts below.

SRB(StorageResourcddroker)[2] providesauniforminterfaceto accesyariousstoragesystemssuch
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asfile systemsUnitree, HPSS,and databas@bjects. However, it doesnot supportoptimizationssuchas
collective I/0 that MPI-10 provides. Shoshanetal. [28, 29] describeanarchitecturdor optimizingaccess
to large volumesof scientificdatastoredon tapes.Chenenaket al. [5] describea generalarchitecturefor
managinglistributedscientificdatasetsin agrid ervironment.An architecturdor data-intensiedistributed
computingusingDPSSis describedn [37, 38]. TheActive DataRepository{17] optimizesstorageretrieval
andprocessingf very large multi-dimensionabatasetsAn initial discussiorof a framework for scientific
datamanagemendimilarto the onedescribedn this paperis givenin [6].

Several efforts have involved optimizing I/O in parallelfile systemsandruntimelibraries[3, 4, 7, 13,
16, 18, 22, 27, 31]. However, file systemsandlibraries have a lowerlevel interfacethan SDM, requiring
morework from theuser

6 Conclusionsand Future Work

We have presentedhe designandimplementatiorof an ervironmentfor high-performancecientificdata
managementalledScientificDataManagel(SDM), thatis built ontop of MPI-IO andalsointeractswith a
databasdor storingmetadataSDM providesa simple,high-level interfaceandperformsall necessary/O
optimizationgransparentlyo theuser We alsoexperimentedvith differentwaysof organizingdatain files,
calledlevel 1-level 3. In generalwhenfile-opencoston a particularfile systemis high, level 3 performs
well becausédt minimizesthe numberof files created If thefile-opencostis small,the performancef the
threelevels dependon how the numberandsize of files affectsperformanceon the particularfile system.
An appropriatdile-organizationpolicy cantherebybe choserfor a particularfile system.

Onthe XFSfile systemwe foundthatthefile-opencostwasso smallthatit did not significantlyaffect
I/O performancelnsteadpurexperimentfocusedontheuseof directl/O andbufferedl/O in theASTRO3D
template.For writing data,we found thatdirectl/O performedmuchbetterthanbuffered!l/O by avoiding
the overheadof copyingthe datainto the XFS buffer cacheandalsobecausexFS allows directwrites to
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proceedconcurrently For readingdata,however, buffered!l/O performedbetterbecausef its read-ahead
policy.

We aredevelopingSDM furtherto supportothertypesof applicationssuchasunstructured-griéypplica-
tionsandto supportvisualization.We alsoplanto investigatavhetheran SDM-like systemthat storesdata
in filesusingMPI-1I0 andmetadatan arealdatabaseanbe effectively usedasa stratayy for implementing
librariessuchasHDF [36] andnetCDF[21].
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