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Abstract. Many scientific applicationsmanipulatelarge amountof dataand,
therefore,areparallelizedon high-performancecomputingsystemsto take ad-
vantageof their computationalpower andmemoryspace.The sizeof datapro-
cessedby theselarge-scaleapplicationscaneasilyoverwhelmthedisk capacity
of mostsystems.Thus,tertiary storagedevicesareusedto storethe data.The
parallelizationof this typeof applicationsrequiresunderstandingof not only the
datapartitionpatternamongmultiple processorsbut alsotheunderlyingstorage
architecturesandthe datastoragepattern.In this paper, we presenta meta-data
managementsystemwhich usesa databaseto recordtheinformationof datasets
andmanagethesemetadatato provide suitableI/O interface.As a result,users
specifydatasetnamesinsteadof dataphysicallocationto accessdatausingop-
timal I/O callswithout knowing theunderlyingstoragestructure.We useanas-
trophysicsapplicationto demonstratethat the managementsystemcanprovide
convenientprogrammingenvironmentwith negligible databaseaccessoverhead.

1 Intr oduction

In many scientificdomainslarge volumesof dataareoften generatedor accessedby
large-scalesimulationprograms.Currenttechniquesdealingwith suchI/O intensive
problemuseeither high-performanceparallel file systemsor databasemanagement
systems.Parallel file systemshave beenbuilt to exploit the parallel I/O capabilities
provided by modernarchitecturesandachieve this goal by adoptingsmartI/O opti-
mizationtechniquessuchasprefetching[1], caching[2], andparallelI/O [3]. However,
thereareseriousobstaclespreventingthefile systemsfrom becominga realsolutionto
thehigh-level datamanagementproblem.Firstof all, userinterfacesof thefile systems
arelow-level which forcestheusersto expressdetailsof accessattributesfor eachI/O
operation.Secondly, every file systemcomeswith its own setof I/O interface,which
rendersensuringprogramportabilitya verydifficult task.Thethird problemis thatthe
file systempoliciesandrelatedoptimizationsarein generalhard-codedandaretuned
to work well for a few commonlyoccurringcasesonly.

At theotherendof usingdatabasemanagementsystems,adatabaseprovidesalayer
on top of file systems,which is portable,extensible,easyto useandmaintain,andthat
allows a clearandnaturalinteractionwith the applicationsby abstractingout the file
namesandfile offsets.However, their maintarget is to begeneralpurposeandcannot
provide high-performancedataaccess.In addition,the dataconsistenceandintegrity
semanticsprovidedby almostall databasemanagementsystemsput anaddedobstacle
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Fig.1. Themeta-datamanagementsystemenvironmentcontainsthreekey components.All three
componentscanexist in thesamesiteor canbelocateddistributedly.

to high performance.Applicationsthatprocesslargeamountsof read-onlydatasuffer
unnecessarilyasaresultof theseintegrity constraints[4].

This paperpresentspreliminaryresultsfor our ongoingimplementationof a meta-
datamanagementsystem(MDMS) thatmanagesmetadataassociatedto thescientific
applicationsin ordertoprovideoptimalI/O performance.Ourapproachtriestocombine
theadvantagesof file systemsanddatabasesandprovidesauser-friendly programming
environmentwhich allows easyapplicationdevelopment,codereuse,andportability;
at thesametime, it extractshigh performancefrom theunderlyingI/O architecture.It
achievesthesegoalsby usingthe managementsystemthat interactswith the parallel
applicationin questionaswell aswith theunderlyinghierarchicalstorageenvironment.

The remainderof this paperis organizedas follows. In Section2 we presentthe
systemarchitecture.The detailsof designand implementationis given in Section3.
Section4 presentspreliminaryperformancenumbersusinganastrophysicsapplication.
Section5 concludesthepaper.

2 SystemAr chitecture

Traditionally, thework of parallelizationmustdealswith theproblemof datastructure
usedin the applicationsandthe file storageconfigurationin the storagesystem.The
fact that thesetwo typesof informationare usually referredfrom the off-line docu-
mentsincreasesthecomplexity anddifficulty of applicationdevelopment.In thispaper,
we presenta meta-datamanagementsystem(MDMS) which is designedas a active
middle-wareto connectusers’applicationsandstoragesystems.Themanagementsys-
tem employs a databaseto storeandmanageall metadataassociatedto application’s
datasetsand underlyingstoragedevices.The programmingenvironmentof the data
managementsystemarchitectureis depictedin Figure1. Thesethreecomponentscan
exist in thesamesiteor canbefully distributedacrossdistantsites.
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MDMS providesa user-friendly programmingenvironmentwhich allows easyap-
plication development,codereuse,andportability; at the sametime, it extractshigh
I/O performancefrom theunderlyingparallelI/O architectureby employing advanced
I/O optimizationtechniqueslike datasieving andcollective I/O. Sincethe meta-data
managementsystemstoresinformationdescribingboth application’s I/O activity and
the storagesystem,it canprovide threeeasy-programmingenvironments:datatrans-
parency throughtheuseof datasetnamesratherthanfile names;resourcetransparency
throughtheuseof theinformationabouttheabstractstoragedevices;andaccessfunc-
tion transparency throughtheautomaticinvocationof high-level I/O optimization.

3 Designand Implementation

The designof the MDMS is aimedto determineandorganizethe metadata;to pro-
vide a uniform programminginterfacefor accessingdataresources;to improve I/O
performanceby manipulatingfiles within thehierarchicalstoragedevices;to providea
graphicuserinterfaceto querythemetadata.

3.1 Meta-data Management

Thereare four levels of metadataconsideredin this work that can provide enough
informationfor designingbetterI/O strategies.

Application Level Two type of metadataexist in this level. The first describes
users’applicationswhichcontainsthealgorithms,structureof datasets,compiling,and
executionenvironments.Thesecondtype is thehistoricalmetadata,for instance,the
timestamps,parameters,I/O activities,resultsummary, andperformancenumbers.The
formeris importantfor understandingthetheapplicationsandthemanagementsystem
can useit to provide browsing facility to help programdevelopment.The historical
metadatacanbeusedto determinetheoptimalI/O operationsfor thedataaccessof the
futureruns.

Program Level This level of metadatamainly describestheattributesof datasets
usedin the applications.The attributesof datasetsincludesdatatype and structure.
Sincesimilar datasetsmaypotentiallyperformthesameoperationsandhave thesame
accesspattern,the datasetassociationprovides an opportunity for performanceim-
provementboth on computationand I/O. The metadatawith respectto I/O activity
at this level includesfile location,file name,I/O mode,andfile structure.

StorageSystemLevel For hierarchicalstoragesystem,the storageand file sys-
tem configurationareconsideredasvaluablemetadata.In a distributedenvironment,
sincethe storagedevice may not locateat the samesite asthe machinethat runsthe
application,themetadatadescribingremotesystemsmustbecaptured.Themetadata
at this level mainly dealwith the file attributesamongdifferentphysicaldevicesand
canbeusedto make a suitableI/O decisionby moving files within thestoragesystem
aggressively.

PerformanceLevel Besidesthehistoricalperformanceresults,othervaluablemeta
dataincludesI/O bandwidthof hierarchicalstoragesystem,bandwidthof remotecon-
nection,andperformanceof programminginterfaces.Themetadatathatdirectlyaffects
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Fig.2. Therepresentationof meta-datain thedatabase.Therelationshipof tablesis depictedby
theconnectedkeys.Datasetobjectswith thesameaccesspatternareassociatedtogether.

theI/O performanceof parallelapplicationsis thedatasetprocessorpartitionpatternand
datastoragepatternwithin thefiles. Thesetwo patternscanbeusedto determinedthe
collective or non-collective I/O. In this work, we build the MDMS on top of MPI-IO
while thepropermetadatais passedto MPI-IO asfile hintsfor furtherI/O performance
improvement.For applicationsperforminga sequenceof file accesses,the historical
accesstrail is typically usefulfor theaccessprediction.

We usea relationaldatabaseto storethemetadataandorganizetheminto relation
tables.Figure2 showsseveraltablesof ourcurrentimplementation.For eachregistered
application,five tablesarecreated.Runtablerecordstheusedrun-timeparametersfor
eachspecificrun.Theattributesof datasetsusedin theapplicationsarestoredin dataset
andaccesspatterntables.Multiple datasetswith the samestructureandI/O behavior
in termsof size, type, andpartition patternareassociatedtogether. In this example,
two datasets,temperature andpressure, areassociatedtogetherto thesamerow in the
accesspatterntable.For thesameI/O operationsperformedon theassociateddatasets,
someresourcescanbere-used,eg.file view, deriveddatatype,or evensharingthesame
file. Theexecutiontablestoresall I/O activities for eachruns.Thestoragepatterntable
containsthefile locationsandthestoragepatterns.

3.2 Application Programming Interface

Theimplementationof themeta-datamanagementsystemusesaPostgreSQLdatabase
[5] andits C programminginterfaceto storeandmanagethecollectedmetadata.User
applicationscommunicatewith MDMS throughits applicationprogramminginterface
(API) whichisbuilt ontopof PostgreSQLCprogramminginterface.Sinceall meta-data
queriesto thedatabasearecarriedout by usingstandardSQL, theoverall implementa-
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Table1. Someof theMDMS applicationprogramminginterfaces.

Functionname Argumentlist Description
initialization (appName,argc,argNames, Connectto database,registerapplication,recorda new runwith

argValues) anew run id
createassociation(num,datasetNames,dims,sizes Storedatasetattributesinto database,createdatasetassociation,

pattern,numProcs,eType,handel)returna handleto beusedin following I/O functions
get association(appName,datasetName, Obtainthedatasetmetadatafrom thedatabase,thereturnhandle

numProcs,handle) will beusedin thefollowing I/O calls
save init (handle,ghosts,status,extraInfo) Determinefile names,openfiles,decideoptimalMPI-IO calls,

definefile type,setproperfile view, calculatefile offset
load init (handle,pattern,ghosts,status) Findcorrespondingfile names,openfiles,decideoptimalcalls,

setproperfile view, setfile type,find file offsets
save (handle,datasetName,buffer, Write datasetsto files,updateexecutiontablein database

count,dataType,iterNum)
load (handle,datasetName,buffer, Readdatasetsfrom files

count,dataType,iterNum)
save final (handle) Closefiles
load final (handle) Closefiles

finalization () Committransaction,disconnectfrom database

tion of theMDMS is portableto all relationaldatabases.Table1 describesseveralAPIs
developedin thiswork.

MDMS APIscanbecategorizedinto two groups:meta-dataqueryAPIsandI/O op-
erationAPIs.Thefirst groupof APIs,initialization, createassociation, get association,
andfinalization, is usedto retrieve,store,andupdatemetadatain thedatabasesystem.
Throughthis typeof APIs,userapplicationcanconvey informationaboutits expected
I/O activity to theMDMS andcanrequestusefulmetadatafrom theMDMS including
optimal I/O hints,datalocation,etc.Althoughuser’s applicationcanusethe inquired
informationto negotiatewith the storagesystemdirectly, it maynot be reasonableto
requireusersto understandthedetailsof thestoragesystemto performsuitableI/O op-
erations.SincetheMDMS is designedto containnecessaryinformationdescribingthe
storagesystem,its I/O operationAPIscanactasanI/O brokerandwith theresourceful
metadatainsidethesystemthis typeof APIscandecideappropriateI/O optimizations.

Figure3(a)showsatypical I/O applicationusingtheMDMS APIs.Throughcalling
createassociationor get association, userapplicationscanstoreor retrievemetadata.
Functionssaveinit and load init setup properfile view accordingtheaccesspatterns
storedin thehandle.Then,a sequenceof I/O operationscanbeperformedon thesame
groupof associateddatasetsusingsaveandload.

3.3 I/O Strategies

Thedesignof I/O strategiesfocuson two levelsof dataaccess:I/O betweenmemory
and disk and I/O betweendisk and tape.The definition of datamovementwithin a
hierarchicalstoragesystemis givenin Figure3(b).

Data AccessBetweenMemory and Disk For the parallel applications,the I/O
costsis mainlydeterminedby thepartitionpatternamongprocessorsandthefile storage
patternin thestoragesystem.Whenthetwo patternsarematched,thenon-collectiveI/O
performsbest.Otherwise,non-collectiveI/O shouldbeused.TheMDMS I/O interface
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Fig.3. (a) A typical executionflow of applicationsusing the meta-datamanagementsystem’s
APIs to performI/O operations.(b) Datamovementin thehierarchicalstoragesystem.

is built on top of MPI-IO [6]. The fact that MPI-IO featuresprovide its I/O calls for
differentstorageplatformsleadsthe implementationof MDMS I/O API to focuson
I/O typedetermination.OtherI/O strategiesincludingdatacachingin thememoryand
pre-fetchingfrom thediskcanalsobeusedto reducetheI/O costs.

Data AccessBetweenDisk and Tape For dataaccessof a single large file, the
sub-filingstrategy [7] hasbeendesignedwhich dividesthefile into a numberof small
chunks,calledsub-files.Thesesub-filesaremaintainedandtransparentto theprogram-
mers.The main advantageof doing so is that the datarequestsfor relatively small
portionsof theglobalarraycanbesatisfiedwithout transferringtheentireglobalarray
from tapeto disk. For accessinga largenumberof smallerfiles, we have investigated
thetechniquesof nativeSRBcontainerandproposeda strategy of super-filing [8].

3.4 Graphic User Interface

In orderto provideusersaconvenienttool for understandingthemetadatastoredin the
MDMS, wehavedevelopedagraphicinterfacefor usersto interactwith thesystem[9].
Thegoalof developingthistool is tohelpusersprogramtheirapplicationsbyexamining
thecurrentstatusof underlyingdatasetconfigurations.

4 Experimental Results

We usethethree-dimensionalastrophysicsapplication,astro3d[10], developedatUni-
versityof Chicagoasthetestingprogramthroughoutthepreliminaryexperiments.This
applicationemploys six float typedatasetsfor dataanalysisandsevenunsignedchar-
actertypedatasetsfor datavisualization.Theastro3dis performedin asimulationloop
wherefor every six iterations,thecontentsof thosesix float typedatasetsarewritten
into filesfor dataanalysisandcheckpointpurposesandtwo of thesevenunsignedchar-
actertypedatasetsaredumpedinto filesfor everytwo iterationsto representthecurrent
visualizationstatus.Sinceall datasetsareblock partitionedin every dimensionamong
processorsandhave to be storedin files in row major, collective I/O is used.Let

�
,
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Table 2. Theamountof datawritten by astro3dwith respective to theparameters� (numberof
iterations),� , � , and � (datasizesin threedimensions.)

���	�
�	�
N No. I/O ��
 � ��
 � ��
 ����� � ����� � ����� ����� � ����� � �����
6 33 20.97Mbytes 167.77Mbytes 1.34Gbytes
12 56 35.13Mbytes 281.02Mbytes 2.25Gbytes
24 102 63.44Mbytes 507.51Mbytes 4.06Gbytes
36 148 91.75Mbytes 734.00Mbytes 5.87Gbytes
48 194 120.06Mbytes 960.50Mbytes 7.68Gbytes

�
, and � representthe sizeof datasetsin dimensionx, y andz, respectively, and �

bethenumberof iterations.Table2 givestheamountof I/O performedwith different
valuesof parametersspecified.Theperformanceresultswereobtainedon theIBM SP
at ArgonneNationalLaboratory(ANL) while the PostgreSQLdatabasesystemis in-
stalledon a personalcomputerrunningLinux at NorthwesternUniversity. Theparallel
file system,PIOFS[11], on the SP is usedto storethe datawritten by astro3d. The
experimentsperformedin thiswork employ 16computenodes.

Given differentdatasize and iterationnumbers,we comparethe performanceof
original astro3d andits implementationusingMDMS APIs. Theoriginal astro3d has
alreadybeenimplementedusing optimal MPI I/O calls, that is, collective I/O calls.
Therefore,we shall not seeany major differencebetweenthe two implementations.
However, ourMDMS will outperformonotherapplicationsif they donotoptimizetheir
I/O. Figure4 givestheperformanceresultsof overall executiontime andthedatabase
accesstime for two datasizeswith five iterationnumbers.For thecaseof using �������
� ���!�"����� datasize,thetotalamountof I/O is from 1.34to 7.68Gbytesandtheoverall
executiontime rangesfrom 100sto 900sseconds.Sincethe connectionbetweenthe
IBM SPandthedatabaseis throughtheInternet,thedatabasequerytimesshow variance
but areall within 3 seconds.Comparingto relatively larger amountof I/O time, the
overheadof databasequerytimebecomenegligible. AlthoughusingMDMS canresult
theoverheadof negotiationwith database,theadvantageof datasetassociationcansave
thetime of settingfile views anddefiningbuffer deriveddatatypes.For this particular
application,astro3d, this advantageof usingMDMS over theoriginal programcanbe
seenfrom theslightperformanceimprovementshown in theFigure.

5 Conclusions

In this paper, we presenta programdevelopmentenvironmentbasedon maintaining
performance-relatedsystem-level metadata.This environmentconsistsof user’s ap-
plications,the meta-datamanagementsystem,anda hierarchicalstoragesystem.The
MDMS providesa datamanagementandmanipulationfacility for useby large-scale
scientificapplications.Preliminaryresultsobtainedusingan astrophysicsapplication
show negligible overheadof databaseaccesstime comparingto the sameapplication
with I/O optimalimplementation.Thefuturework will extendtheMDMS functionali-
tiesfor hierarchicalstoragesystemincludingtapeandremotefile system.
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