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Abstract

Many scientificapplicationshave large I/O requirements,in termsof both the sizeof dataandthe
numberof files or datasets.Management,storage,efficient access,andanalysisof this datapresentan
extremelychallengingtask. Traditionally, two differentsolutionsareusedfor this problem:file I/O or
databases.File I/O canprovide high performancebut is tediousto usewith large numbersof files and
large andcomplex datasets. Databasescanbe convenient,flexible, andpowerful but do not perform
andscalewell for parallelsupercomputingapplications.We have developeda softwaresystem,called
ScientificDataManager(SDM), thataimsto combinethegoodfeaturesof bothfile I/O anddatabases.
SDM providesa high-level API to theuserand,internally, usesa parallelfile systemto storerealdata
anda databaseto storeapplication-relatedmetadata.SDM takesadvantageof variousI/O optimizations
availablein MPI-IO, suchascollective I/O andnoncontiguousrequests,in a mannerthat is transparent
to theuser. As aresult,userscanwrite andretrievedatawith theperformanceof parallelfile I/O, without
having to botherwith thedetailsof 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
affectperformance.
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1 Introduction

Many large-scalescientificexperimentsandsimulationsgeneratevery largeamountsof data[8, 1] (on the
orderof severalhundredgigabytesto terabytes),spanningthousandsof “files” or datasets.Management,
storage,efficient access,andanalysisof this datapresentan extremelychallengingtask. Currentlyavail-
abletechniquesfor this purposeareeitherraw file-I/O interfaces,suchasMPI-IO [11, 19], or full-fledged
databases.File-I/O interfacesprovidehighperformancebut aretoocumbersometo usewith large,complex
datasetsandlargenumbersof files. For example,theusermustrememberfile namesandtheorganization
of datain afile andmustspecifytheexactlocationin thefile from whichdatamustbeaccessed.Databases,
on theotherhand,providea convenient,high-level interfaceandpowerful data-retrieval capability, but they
do not measureup to theperformancerequirementsof large-scalescientificapplicationsrunningon super-
computers.

Wehave developedasoftwaresystem,calledScientificDataManager(SDM), thataimsto combinethe
goodfeaturesof bothfile I/O anddatabases.SDM providesa high-level, user-friendly interface.Internally,
SDM interactswith a databaseto storeapplication-relatedmetadataandusesMPI-IO to storetherealdata
on a high-performanceparallelfile system.SDM takesadvantageof variousI/O optimizationsavailablein
MPI-IO, suchascollective I/O andnoncontiguousrequests,in a mannerthat is transparentto theuser. As
a result,userscanaccessdatawith theperformanceof parallelfile I/O, without having to botherwith the
detailsof file I/O. Figure1 illustratesthebasicidea.

In thispaper, wedescribethedesignandimplementationof SDM. SDM is currentlyimplementedto use
eitherMySQL [20] or PostgreSQL[24] asthedatabasefor metadataandMPI-IO for file I/O. In designing
sucha system,we have a wide choiceof how to organizethe datain files. We have implementedthree
differentapproaches.At oneextreme,level 1, we storeall datasetsin separatefiles asthey aregenerated.
At theotherextreme,level 3, we storedatasetsin a very smallnumberof files and,usinga databasetable,
keeptrackof wherein thefileseachdatasetis stored.Wealsohaveanintermediateapproach,calledlevel 2.
We examinetheperformanceimplicationsof usingeachof theseapproachesby studyingtheperformance
resultsobtainedfor two applicationtemplates,ASTRO3D andan Euler solver, on an IBM SP and SGI
Origin2000.

Therestof this paperis organizedasfollows. In Section2 we discussour goalsin developingSDM.
In Section3 we describehow SDM is implemented.Performanceresultsarepresentedin Section4. We
discussrelatedwork in Section5. Weconcludeandoutlineourplansfor futurework in Section6.

2 Design Objectives

We hadthreemajorgoalsin developingSDM: provide high-performanceparallelI/O, provide a high-level
applicationprogramminginterface(API) thateliminatestheneedfor theuserto botherwith thedetailsof
low-level file I/O or databases,andstoreenoughmetadatain a databasesothat theusercaneasilyretrieve
previouslystoreddata.

� High-Performance I/O. To achieve high-performanceI/O, we decidedto usea parallelfile-I/O sys-
temto storerealdataanduseMPI-IO to accessthis data. MPI-IO, the I/O interfacedefinedaspart
of theMPI-2 standard[11, 19], is rapidly emerging asthestandard,portableAPI for I/O in parallel
applications.High-performanceimplementationsof MPI-IO, bothvendorandpublic-domainimple-
mentations,areavailablefor mostplatforms[9, 15, 25, 26, 34]. MPI-IO is specificallydesignedto
enablethe optimizationsthatarecritical for high-performanceparallelI/O. Examplesof theseopti-
mizationsincludecollective I/O, theability to accessnoncontiguousdatasetswith a singlefunction,
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andtheability to passhintsto theimplementationaboutaccesspatterns,file-stripingparameters,and
soforth.

� High-Level API. Ourgoalwasto provideanAPI thatdid notrequiretheuserto know eitherMPI-IO
or databases.Theusercanspecifythedatawith a high-level description,togetherwith annotations,
andusea similar API for dataretrieval. SDM internally translatesthe user’s requestinto appropri-
ateMPI-IO calls, includingcreatingMPI deriveddatatypesfor noncontiguousdata[33]. SDM also
interactswith thedatabasewhennecessary, by usingembeddedSQLfunctions.

� Convenient Data-Retrieval Capability. SDM allows theuserto specifynamesandotherattributes
to beassociatedwith a dataset.SDM internallyselectsafile nameinto which thedatawill bestored;
themappingbetweendatasetsandfile namesis storedin thedatabase.Theusercanretrieve a data
setby specifyinga uniquesetof attributesfor thedesireddata.

3 Implementation

To describethe metadatastoragein the database,the SDM API, andthe organizationof datain files, we
useanexample,ASTRO3D, anastrophysicsapplicationdevelopedat theUniversityof Chicago.For sim-
plicity of explanation,we considerthetwo-dimensionalversionof this three-dimensionalapplication.(The
performanceresultspresentedin this paperarefor the full three-dimensionalversion.) In this application,
datais storedin severalarraysthatareblock-distributedin eachdimension.At varioustime steps,several
of thesearraysarewritten to files for dataanalysis,restart,andvisualization.Six floating-pointarraysare
written for dataanalysisandanothersix for restart;sevencharacterarraysarewritten for visualization.The
frequenciesof thewritescanbevaried.

We usethe term data set to refer to eacharraybeingwritten anddata group to refer to all the arrays
written at a time stepfor a particularpurposesuchasdataanalysis.For simplicity of explanation,let us
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assumethat threearraysarewritten for dataanalysis,anotherthreefor restart,andfour for visualization.
(Notethatall arrays—six,six,andseven—wereusedin theperformanceexperimentsreportedin thispaper.)
Let us further assumethat the data-analysisandrestartdumpsareperformedevery six time stepsandthe
visualizationdumpsare performedevery four time steps. Let �������
	�����
 be the threedatasetsfor data
analysisand ��������������	�����
�� bethedatagroupfor dataanalysis.Similarly, wehave ������������� 	�����
!����"�� for
visualizationand #$����%�����% 	���%�
&� for restart.

3.1 Database Tables to Store Metadata

SDM usesthreedatabasetablesfor storingmetadata:run table, accesspattern table, andexecutiontable
(seeFigure2). Thesetablesaremadefor eachapplication.Eachtime anapplicationwritesdatasets,SDM
enterstheproblemsize,dimension,currentdate,andauniqueidentificationnumber(runid) to therun table.
Theaccesspatterntableincludesthepropertiesof eachdataset,suchasdatatype,storageorder, dataaccess
pattern,andglobalsize.SDM usesthis informationtomakeappropriateMPI-IO callsto accesstherealdata.
The executiontablestoresa globally determinedfile offset denotingthe startingoffset in the file of each
dataset.
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SDM_finalize(3, handleA);

SDM_finalizeH(3, headerA);

A = SDM_make_datalist(3, { });

write call

initialize(&date);

date.year = 1999;

date.month = 10;

date.day = 10;

handleA = SDM_select_attributes(3, A);

a , a , a 2

read call

0 1

headerA = SDM_select_attributesH(3, A);

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

SDM_initialize(App);

handleA = SDM_set_attributes(3, A);

headerA = SDM_make_header(3, A, FLOAT, 6); 

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

A[0].data_type = FLOAT;

A[0].access_pattern[0] = BLOCK;

A[0].access_pattern[1] = BLOCK;

SDM_associate_attributes(3, &A[0]);

for (i=0; i<lastTimestep; i++) {

}

Computation
...

...

, i, headerBuf);0aSDM_writeH(headerA, 

, i, headerBuf);1aSDM_writeH(headerA, 

, i, headerBuf);2aSDM_writeH(headerA, 

SDM_write(handleA, a0, i, buf);

SDM_write(handleA, a , i, buf);1

SDM_write(handleA, a , i, buf);2

for (i=0; i<lastTimestep; i++) {

a0

a1

a2

SDM_read(handleA, 

SDM_read(handleA, 

SDM_read(handleA, 

SDM_readH(headerA, 

SDM_readH(headerA, 

SDM_readH(headerA, 

, i, headerBuf);

, i, headerBuf);

, i, headerBuf);

Computation
...

...

}

a0, i, buf);

a , i, buf);1

a , i, buf);2

Figure3: Exampleof usingtheSDM API to performI/O in ASTRO3D

3.2 Application Programming Interface

Figure 3 shows how the SDM API is usedto perform I/O for dataanalysis(data group A) in a two-
dimensionalversionof ASTRO3D

To useSDM, the usermust first call the function SDM initialize. This function initializes the
SDM environment and establishesa connectionto the database.Next, to specify groupsof datasets,
the usermustcall the functionSDM make datalist. This function assignspropertiesto the first data
set in a group. The samepropertiescan be assignedto other data sets in the samegroup by calling
SDM associate attributes.

Themainreasonfor makinggroupsof datasetsis thatSDM canthenusedifferentwaysof organizing
datain files,with differentperformanceimplications.For example,eachdatasetcanbewritten in aseparate
file, or thedatasetsof agroupcanbewritten to a singlefile.

In thecaseof write operations,theusermustcall SDM set attributes to settheattributesassoci-
atedwith agroupandto returnasetof handlesto beusedfor furtherI/O operations.If anapplicationwrites
headerinformationalongwith the data,SDM make header mustbe usedto returnan arrayof handles
for writing theheaderinformation. In ASTRO3D, eachdatasetin groupA hasa headerconsistingof six
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floating-pointvariables.ThefunctionSDM writeH is usedto write theheader.
In thecaseof readoperations,datafrom a specificrun canbe retrievedby specifyingattributesof the

data,suchasthedateof the run. If thedateis not specified,datafrom the last run will be read.Also, the
propertiesof thedatasetsneednot bespecifiedbecauseSDM retrievesthis informationfrom thedatabase.
Data can be selectedusing the SDM select attributes function. To retrieve headerinformation,
SDM select attributesH mustbecalled.

ThemainSDM functionsfor writing andreadingdataareSDM write andSDM read. Beforecalling
thesefunctions,theusermustprovidetheinformationnecessaryfor SDMto performI/O, suchasthestarting
pointsandsizesof thesubarrayin eachdimensionin the caseof block distribution, or thesizeof process
grids anddistribution argumentsin eachdimensionin the caseof cyclic distribution. To performI/O, the
handleof a group,positionof a datasetwithin the handle(group), currenttime step,andpointer to the
applicationbuffer arepassedto the SDM I/O function. Note that the userdoesnot have to provide file
names.SDM generatesthefile nameandrecordsthenamein thedatabase.

Finally, theusermustcall SDM finalize andSDM finalizeH to closeall files, closetheconnec-
tion to thedatabaseserver, andfreeall memoryallocatedby SDM.

3.3 File Organization

SDM supportsthreedifferentwaysof organizingdatain files. In level 1, eachdatasetgeneratedat each
timestepis written to aseparatefile, asshown in Figure4. Thisfile organizationis simple,but it incursthe
costof a file openandcloseat eachtime step,which on somefile systemscanbe quite high, aswe shall
seein theperformanceresults.For a largenumberof datasetsandtimesteps,thismethodcanbeexpensive
becauseof thelargenumberof file opens.

In level 2, eachdataset(within a group)is written to a separatefile, but differentiterationsof thesame
datasetareappendedto thesamefile, asillustratedin Figure5. This methodresultsin a smallernumberof
filesandsmallerfile-opencosts.Theoffsetin thefile wheredatais appendedis storedin theexecutiontable.

In level 3, all iterationsof all datasetsbelongingto a grouparestoredin a singlefile, asshown in
Figure6. As in level 2, the file offset for eachdataset is storedin the executiontable by process0 in
theSDM write function. If a file systemhashigh openandclosecosts,SDM cangeneratea very small
numberof files by choosingthe level-3 file organization.On the otherhand,if an applicationproducesa
largenumberof datasetsof largesize,level 3 wouldresultin verylargefiles,whichmayaffectperformance.

Westudytheperformanceimplicationsof thethreefile-organizationlevelsin thenext section.

4 Performance Results

We obtainedall performanceresultson theIBM SPandSGI Origin2000at ArgonneNationalLaboratory.
The IBM SP has80 computenodesand 4 I/O nodes. EachI/O nodecontrolsfour SSA disks, eachof
9 Gbytecapacity. Theparallelfile systemon themachineis IBM’ s PIOFS[14]. TheSGI Origin2000has
128processorsand10FibreChannelcontrollersconnectedto a totalof 110disks,eachof 9 Gbytecapacity.
Thefile systemon theOrigin2000is SGI’s XFS [12, 30]. XFS supportsanoptimizationcalleddirect I/O,
which we usedin our experiments.Whencertainalignmentrestrictionsaremet, the usercanchoosethe
direct-I/O option, in which the file systemmovesdatadirectly betweenthe user’s buffer and the storage
device, bypassingthe file-systemcache.Direct I/O thuseliminatesan extra memorycopy into the cache
andcanperformwell if the I/O sizeis largeandthemachinehasa high-bandwidthI/O system.Direct I/O
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Figure4: Level-1 file organizationat 6th time stepin ASTRO3D. The superscripton a datasetdenotes
thetime stepat which thedatasethasbeenwritten to a file, RId denotesthecurrentidentificationnumber
(runid), andeachshadowedbox (alongwith thenamebesideit) shows theSDM-generatedfile for storing
thecorrespondingdataset.

canbeusedfrom anMPI-IO program—theROMIO implementationof MPI-IO thatweusedsupportsdirect
I/O [35]. We presentperformanceresultswith bothdirectI/O andregular(buffered)I/O.

Weusedtwoapplicationtemplates,ASTRO3Dandathree-dimensionalEulersolver, in ourperformance
experiments.For ASTRO3D,weusedaproblemsizeof '�(�)+*,'�(�)+*-'�(�) . Werantheprogramfor onetime
stepandperformedthe dataanalysis,restart,andvisualizationdumpsat that time step. This resultedin a
totalof around880Mbytesof data.

Thesecondapplicationis a three-dimensionalEulersolver for the problemof three-dimensionaltran-
sonicflow aboutanM6 wing [10]. Thisapplicationis amesh-structuredcodethatwritesthephysicalvalues
andresidualof eachnodeat certainiterations.Thestructureof thesevaluesis a distributedglobal vector,
andeachvaluehasfive components(density, energy, andthreecoordinatesof momentum).In addition,the
applicationwritesthephysicalcoordinatesandpressureateachmeshpoint. In ourexperiments,we ranthe
codefor 50 iterationsandwrotedataatevery 5 iterations.Theproblemsizewas .�/�01*32�01*42�0 .

4.1 Costs of Database Access

SDM usesTCP/IP to connectto the databaseservers. We performedour experimentswith two different
databases,MySQL [20] andPostgreSQL[24]. Figure7 shows thedatabase-accesscostin the SDM write
operationon the Origin2000. As mentionedin Section3.2, theconnectionto anddisconnectionfrom the
databaseserveroccuroncein SDM initialize andSDM finalize, respectively. In SDM set attributes,
process0 accessesthe run table and accesspatterntable to storeattributes,and in the write operation,
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it storesthe file offset into the executiontable. In ASTRO3D the accessto the executiontableoccurred
19 times,andin the Euler solver the accessto the executiontableoccurred60 times. As canbe seenin
Figure7, thedatabase-accesscostusingboththedatabaseserverswaslessthan0.6sec.Thiscost,however,
will changeaccordingto thenumberof I/O operationsoccurringin theapplications.

We observedthatMySQL performsbetterthanPostgreSQL.Therefore,we usedonly MySQL for the
restof theperformanceexperiments.

4.2 Results for ASTRO3D

Figure8 shows thewrite andreadbandwidthsfor ASTRO3D on the IBM SPusing32 processorsfor the
threelevels of file organization. Sincewe ran only one iterationof the program,levels 1 and2 resulted
in the samefile organization.Level 3 achieved muchhigherbandwidthbecauseonly threedifferentfiles
werecreated,and,therefore,only threefile opensoccurred.Thehigh costof file openson thePIOFSfile
system[32] resultedin lower performancefor levels 1 and2, where19 separatefiles werecreated.The
impactof file-opentimecanindeedbequitelarge.

Figures9 and10 show thewrite andreadbandwidthsfor ASTRO3D on theSGI using16 processors.
Wemeasuredperformancefor bothdirectI/O andbufferedI/O. For writing data,directI/O performedbetter
thanbufferedI/O. Therearetwo reasonsfor this. First,with bufferedI/O, XFS serializesconcurrentwrites
to thesamefile, whereaswith directI/O, concurrentwritesareallowedto proceedin parallel.Second,direct
I/O eliminatesa copy into thefile-systemcache.For readingdata,bufferedI/O performedbetter. Again,
therearetwo reasonsfor this. Onereasonis that XFS doesnot serializebufferedreads;therefore,direct
readsdo not have any extra advantagein theareaof parallelism.Thesecondreasonis thatXFS performs
a read-ahead(prefetch)in thecaseof bufferedreads,but not in caseof direct reads.Theread-aheadpolicy
workswell for this application,andbufferedreadsthereforeperformbetter. Sincethecostof file opensis
smallon XFS,thethreelevelsof file organizationperformednearlythesame.
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4.3 Results for the Euler Solver

Figures11 and12 show the write andreadbandwidthsfor the Euler solver on the IBM SPusing32 pro-
cessors.The total datawritten wasaround240Mbytes. In level 3, only two files weregenerated,onefor
writing the coordinatesandpressureat eachmeshnodeandthe otherfor writing the physicalvaluesand
residualateachnode.In level 2, six vectors(thatis, thethreecoordinates,pressure,physicalvaluesof each
node,andnodalresidual)werewritten separately, resultingin a total of six files. In level 1, thesix vectors
generatedevery five iterationswerewrittenseparately, resultingin a totalof 60 files. As Figures11 and12
show, level 3 performedthebestbecauseof thehighopencoston PIOFS.In level 1, thefile-opencosttook
around80%of thetotalexecutiontime; in level 2, it tookaround30%;andin level 3, it tookaround20%of
thetotalexecutiontime.

Figures13 and14 show thewrite andreadbandwidthsfor theEulersolver using16 processorson the
SGI. For this application,we usedonly buffered I/O. We could not usedirect I/O becausethe memory
allocationfor distributedvectorswasdoneinsidethe numericallibrary (PETSc[23]) that the application
uses,and thus we could not align the buffers to the cacheline as requiredfor direct I/O. For the write
operation,levels 2 and3 performedslightly betterthan level 1. For the readoperation,however, level 1
performedthebest.Thereasonis thattheread-aheadpolicy of XFSfor bufferedreadsoperatesonaper-file
basisandthereforeworksto theapplication’sadvantagewhenit hasagreaternumberof files.

5 Related Work

Themaindifferencebetweenthiswork andotherefforts is thatthiswork aimsto combinethegoodfeatures
of parallelfile I/O anddatabases,whereasotherefforts focusoneitherparallelI/O or datamanagement,not
both.We briefly mentionrelatedeffortsbelow.

SRB(StorageResourceBroker)[2] providesauniforminterfaceto accessvariousstoragesystems,such
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asfile systems,Unitree,HPSS,anddatabaseobjects. However, it doesnot supportoptimizationssuchas
collective I/O thatMPI-IO provides.Shoshaniet al. [28, 29] describeanarchitecturefor optimizingaccess
to largevolumesof scientificdatastoredon tapes.Chervenaket al. [5] describea generalarchitecturefor
managingdistributedscientificdatasetsin agrid environment.An architecturefor data-intensivedistributed
computingusingDPSSisdescribedin [37, 38]. TheActiveDataRepository[17] optimizesstorage,retrieval
andprocessingof very largemulti-dimensionaldatasets.An initial discussionof a framework for scientific
datamanagementsimilar to theonedescribedin thispaperis givenin [6].

Severalefforts have involvedoptimizing I/O in parallelfile systemsandruntimelibraries[3, 4, 7, 13,
16, 18, 22, 27, 31]. However, file systemsandlibrarieshave a lower-level interfacethanSDM, requiring
morework from theuser.

6 Conclusions and Future Work

We have presentedthe designandimplementationof anenvironmentfor high-performancescientificdata
management,calledScientificDataManager(SDM), thatis built on topof MPI-IO andalsointeractswith a
databasefor storingmetadata.SDM providesa simple,high-level interfaceandperformsall necessaryI/O
optimizationstransparentlyto theuser. Wealsoexperimentedwith differentwaysof organizingdatain files,
calledlevel 1–level 3. In general,whenfile-opencoston a particularfile systemis high, level 3 performs
well becauseit minimizesthenumberof files created.If thefile-opencostis small,theperformanceof the
threelevelsdependson how thenumberandsizeof files affectsperformanceon theparticularfile system.
An appropriatefile-organizationpolicy cantherebybechosenfor aparticularfile system.

On theXFS file system,we foundthatthefile-opencostwassosmallthat it did not significantlyaffect
I/O performance.Instead,ourexperimentfocusedontheuseof directI/O andbufferedI/O in theASTRO3D
template.For writing data,we found thatdirect I/O performedmuchbetterthanbufferedI/O by avoiding
the overheadof copyingthe datainto the XFS buffer cacheandalsobecauseXFS allows direct writes to
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Figure13: Write bandwidthfor theEuler solver on the
SGIOrigin2000

level 1? level 2? level 3?0.0

20.0

40.0

60.0

80.0

R
e
a
d
 B

a
n
d
w

id
th

 (
M

B
/s

e
c
.)

Figure14: Readbandwidthfor the Euler solver on
theSGIOrigin2000

proceedconcurrently. For readingdata,however, bufferedI/O performedbetterbecauseof its read-ahead
policy.

WearedevelopingSDM furtherto supportothertypesof applicationssuchasunstructured-gridapplica-
tionsandto supportvisualization.We alsoplanto investigatewhetheranSDM-like systemthatstoresdata
in filesusingMPI-IO andmetadatain a realdatabasecanbeeffectively usedasastrategy for implementing
librariessuchasHDF [36] andnetCDF[21].
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