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Abstract. Mary scientific applicationsmanipulatelarge amountof dataand,
therefore,are parallelizedon high-performanceomputingsystemsto take ad-
vantageof their computationaponver andmemoryspace The size of datapro-
cessedy theselarge-scaleapplicationscaneasily overwhelmthe disk capacity
of mostsystemsThus, tertiary storagedevices are usedto storethe data.The
parallelizationof this type of applicationgequiresunderstandingf not only the
datapartition patternamongmultiple processoréut alsothe underlyingstorage
architecturesndthe datastoragepattern.In this paper we presenta meta-data
managemergystemwhich usesa databasé¢o recordtheinformationof datasets
andmanagehesemetadatato provide suitablel/O interface.As a result,users
specifydatasenamesnsteadof dataphysicallocationto accesslatausingop-
timal 1/O callswithout knowing the underlyingstoragestructure We usean as-
trophysicsapplicationto demonstratéhat the managemensystemcan provide
corvenientprogrammingervironmentwith negligible databaseccesoverhead.

1 Intr oduction

In mary scientificdomainslarge volumesof dataare often generatedr accessedy
large-scalesimulation programs.Currenttechniquesdealingwith suchl/O intensive
problem use either high-performanceparallel file systemsor databasenanagement
systems Parallel file systemshave beenbuilt to exploit the parallel /O capabilities
provided by modernarchitecturesand achieve this goal by adoptingsmartl/O opti-
mizationtechniquesuchasprefetchind1], caching[2], andparallell/O [3]. However,
thereareseriousobstaclepreventingthefile systemdrom becomingarealsolutionto
thehigh-level datamanagementroblem.Firstof all, userinterfacesof thefile systems
arelow-level which forcesthe usersto expressdetailsof accesattributesfor eachl/O
operation.Secondlyevery file systemcomeswith its own setof 1/O interface,which
renderensuringprogramportability a very difficult task. Thethird problemis thatthe
file systempoliciesandrelatedoptimizationsarein generahard-codedandaretuned
to work well for afew commonlyoccurringcaseonly.

At theotherendof usingdatabasenanagemergystemsadatabaserovidesalayer
ontop of file systemswhichis portable extensible gasyto useandmaintain,andthat
allows a clearand naturalinteractionwith the applicationsby abstractingout the file
namesandfile offsets.However, their maintarmgetis to be generalpurposeandcannot
provide high-performancelataaccessIn addition,the dataconsistencend integrity
semanticprovidedby almostall databasenanagemengystemsgput anaddedobstacle
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Fig. 1. Themeta-datananagemergystemenvironmentcontainshreekey componentsAll three
componentganexist in the samesite or canbelocateddistributedly

to high performanceApplicationsthat procesdarge amountsof read-onlydatasufer
unnecessarilgsaresultof theseintegrity constraintg4].

This paperpresentgpreliminaryresultsfor our ongoingimplementatiorof a meta-
datamanagemergystem(MDMS) thatmanagesnetadataassociatedo the scientific
applicationsn orderto provide optimall/O performanceOurapproachriesto combine
theadwantage®f file systemanddatabaseandprovidesa userfriendly programming
ernvironmentwhich allows easyapplicationdevelopment codereuse,and portability;
atthe sametime, it extractshigh performancdrom the underlyingl/O architecturelt
achievesthesegoalsby usingthe managemensystemthat interactswith the parallel
applicationin questionaswell aswith theunderlyinghierarchicaktoragesrvironment.

The remainderof this paperis organizedasfollows. In Section2 we presentthe
systemarchitecture The detailsof designandimplementationis givenin Section3.
Sectiord presentpreliminaryperformanceiumberaisinganastrophysicspplication.
Section5 concludeghepaper

2 SystemAr chitecture

Traditionally, the work of parallelizatiormustdealswith the problemof datastructure
usedin the applicationsandthe file storageconfigurationin the storagesystem.The
fact that thesetwo typesof informationare usually referredfrom the off-line docu-
mentsincreaseshe compleity anddifficulty of applicationdevelopmentln this paper
we presenta meta-datamanagemensystem(MDMS) which is designedas a active
middle-wareto connectusers’applicationsandstoragesystemsThe managemergys-
tem employs a databaséo storeand manageall metadataassociatedo applications
datasetsand underlying storagedevices. The programmingervironmentof the data
managemergystemarchitecturdas depictedin Figure 1. Thesethreecomponentgan
existin thesamesiteor canbefully distributedacrosglistantsites.
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MDMS providesa userfriendly programmingervironmentwhich allows easyap-
plication development,codereuse,and portability; at the sametime, it extractshigh
I/0 performancdrom the underlyingparallell/O architecturéoy emplgying advanced
I/0 optimizationtechniquedik e datasieving and collective I/O. Sincethe meta-data
managemensystemstoresinformationdescribingboth applications /O actiity and
the storagesystem,it canprovide threeeasy-programmingrvironments:datatrans-
pareng throughthe useof datasetnamegatherthanfile namesyesourceranspareng
throughthe useof theinformationaboutthe abstracstoragedevices;andaccesgunc-
tion transparengthroughthe automatidanvocationof high-level I/O optimization.

3 Designand Implementation

The designof the MDMS is aimedto determineand organizethe metadata;to pro-
vide a uniform programminginterfacefor accessinglataresourcesto improve 1/0O
performancdéy manipulatingfiles within the hierarchicaktoragedevices;to provide a
graphicuserinterfaceto querythe metadata.

3.1 Meta-data Management

Thereare four levels of metadataconsideredn this work that can provide enough
informationfor designingbetterl/O stratgies.

Application Level Two type of metadataexist in this level. The first describes
users’applicationsvhich containghealgorithms structureof datasetsgompiling,and
executionernvironments.The seconaype is the historicalmetadata,for instancethe
time stampsparameterd/O actvities, resultsummaryandperformanceumbersThe
formeris importantfor understandinghethe applicationandthe managemergystem
canuseit to provide browsing facility to help programdevelopment.The historical
metadatacanbeusedto determingheoptimall/O operationdor thedataacces®f the
futureruns.

Program Level This level of metadatamainly describeghe attributesof datasets
usedin the applications.The attributesof datasetsncludesdatatype and structure.
Sincesimilar datasetsnay potentiallyperformthe sameoperationandhave the same
accesgattern,the datasetassociatiorprovides an opportunity for performancem-
provementboth on computationand I/O. The metadatawith respectto I/O activity
atthislevel includesfile location,file name /O mode,andfile structure.

Storage SystemLevel For hierarchicalstoragesystem,the storageandfile sys-
tem configurationare consideredasvaluablemetadata.In a distributedervironment,
sincethe storagedevice may not locateat the samesite asthe machinethat runsthe
application the metadatadescribingremotesystemsnustbe capturedThe metadata
at this level mainly dealwith the file attributesamongdifferentphysicaldevicesand
canbe usedto make a suitablel/O decisionby moving files within the storagesystem
aggressiely.

PerformanceLevel Besideghehistoricalperformanceesults othervaluablemeta
dataincludesl/O bandwidthof hierarchicalktoragesystembandwidthof remotecon-
nectionandperformancef programmingnterfacesThemetadatathatdirectly affects
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APPLICATION TABLE astro3d RUN TABLE
id | name| host exe file | owner|parameters runid | nproc| dimZ | dimY | dimX |time | performance
1 |astro3d aixdev| /astro3d.exemy id| int,int,int 1 4 128 16 32 ty Ty
astro3d DATASETJTABLE astro3d PARTITION PATTERN TABLE
name runid"| accid association | acc id| num| ndims| dimension | type |pattern amodg ruf id
temperature 1 5 - TTTIIIIIzEEEP 5 2 3 128 16 32| float | BBB |create| 1
pressure 1 51 ___.-»6 | 1| 3 |128 16 32|doublel B** |append 1
rho 1 6 _L-----~
\ astro3d EXECUTION TABLE astro3d STORAGE PATTERN TABLE
runid] act | “dataset [iter #stg id offset] max | min stg id | nproc filename pattern
1 |writeftemperature 2 1 0 123.4| -56.7 1 4 | /scratch/astro3d.001.002 B**
1 |write| pressure| 2 1 |262144 456.7| -11.2 2 4 | /scratch/astro3d.001.003 B**
1 |readftemperature 6 1 |524288 89.1 | -2.3
1 |write rho 4 2 0 12.3 |-567.8
[

Fig. 2. Therepresentationf meta-datan the databaseTherelationshipof tablesis depictedby
theconnectedeys. Datasebbjectswith the sameaccespatternareassociatetbgether

thel/O performancef parallelapplicationss thedataseprocessopartitionpatternand
datastoragepatternwithin thefiles. Thesetwo patternscanbe usedto determinedhe
collective or non-collectve I/O. In this work, we build the MDMS on top of MPI-IO
while thepropermetadatais passedo MPI-10 asfile hintsfor furtherl/O performance
improvement.For applicationsperforminga sequencef file accesseghe historical
accesgrail is typically usefulfor theaccesprediction.

We usea relationaldatabasé¢o storethe metadataandorganizetheminto relation
tablesFigure2 shavs severaltablesof our currentimplementationFor eachregistered
application five tablesarecreatedRuntablerecordsthe usedrun-timeparametergor
eachspecificrun. Theattributesof datasetsisedin theapplicationsarestoredin dataset
andaccesgatterntables.Multiple datasetsvith the samestructureand /O behaior
in termsof size,type, and partition patternare associatedogether In this example,
two datasetstempeature andpressue, areassociatedogetherto the samerow in the
accespatterntable.For the samel/O operationperformedon the associatedatasets,
someresourcesanbere-usedeg. file view, deriveddatatype,or evensharinghesame
file. The executiontablestoresall I/O actwities for eachruns.The storagepatterntable
containghefile locationsandthe storagepatterns.

3.2 Application Programming Interface

Theimplementatiorof the meta-datananagemergystemusesa PostgreSQldatabase
[5] andits C programmingnterfaceto storeandmanagehe collectedmetadata.User
applicationscommunicatevith MDMS throughits applicationprogrammingnterface
(API) whichis built ontop of PostgreSQIC programmingdnterface Sinceall meta-data
gueriego thedatabasarecarriedout by usingstandardsQL, the overallimplementa-
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Table 1. Someof the MDMS applicationprogrammingnterfaces.

Functionname Argumentlist Description
initialization| (appNameargc, agNames, Connecto databaseregisterapplication recorda new runwith
amgValues) anew runid

createassociatioh(num,datasetNameslims, sizes [Storedataseattributesinto database;reatedataseassociation
patternnumProcseType,handeljreturna handleto beusedin following I/O functions
getassociationlappNamegdatasetName, Obtainthe datasetnetadatdrom the databasethereturnhandlg
numProcshandle) will beusedin thefollowing I/O calls

save_init|(handle ghosts statusextralnfo) [Determinefile namesppentfiles, decideoptimalMPI-1O calls,
definefile type,setproperfile view, calculatefile offset
load.init{(handle patternghostsstatus) [Find correspondindile namesppenfiles, decideoptimalcalls,
setproperfile view, setfile type,find file offsets

save|(handle datasetNamdyuffer, Write datasetso files, updateexecutiontablein database
count,data¥ype,iterNum)
load| (handle datasetNamdyuffer, Readdataset$rom files
count,dataype,iterNum)
save_final| (handle) Closefiles
load.final[(handle) Closefiles
finalization| () Committransactiondisconnecfrom database

tion of theMDMS is portableto all relationaldatabasedablel describeseveral APIs
developedin this work.

MDMS APIscanbecateyorizedinto two groupsmeta-datajueryAPIsandl/O op-
erationAPls. Thefirst groupof APls,initialization, createassociationget.association
andfinalization is usedto retrieve, store,andupdatemetadatain the databaseystem.
Throughthis type of APIs, userapplicationcancorvey informationaboutits expected
I/0O actiity to the MDMS andcanrequesusefulmetadatafrom the MDMS including
optimal /O hints, datalocation,etc. Although users applicationcanusethe inquired
informationto negotiatewith the storagesystemdirectly, it may not be reasonablé¢o
requireusergo understandhe detailsof the storagesystemnto performsuitablel/O op-
erations Sincethe MDMS is designedo containnecessarinformationdescribinghe
storagesystemits I/O operatiorAPIs canactasan!/O brokerandwith theresourceful
metadatainsidethe systenthistype of APls candecideappropriatd/O optimizations.

Figure3(a)shavsatypicall/O applicationusingtheMDMS APIs. Throughcalling
createassociatioror get associationuserapplicationsanstoreor retrieve metadata.
Functionssaveinit andload.init setup properfile view accordingthe accesgatterns
storedin thehandle.Then,a sequencef I/O operationcanbe performedon thesame
groupof associatedatasetsisingsaveandload.

3.3 /O Strategies

The designof I/O stratgjiesfocuson two levels of dataaccessl/O betweermemory
and disk and I/O betweendisk andtape.The definition of datamovementwithin a
hierarchicaktoragesystemis givenin Figure3(b).

Data AccessBetweenMemory and Disk For the parallel applications the /0
costds mainlydeterminedy thepartitionpatternramongprocessorandthefile storage
patternin thestoragesystemWhenthetwo patternsarematchedthenon-collectvel/O
performsbest.Otherwise non-collective I/O shouldbeused. TheMDMS 1/O interface
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Fig. 3. (a) A typical executionflow of applicationsusing the meta-datamanagemensystems
APIsto performl/O operations(b) Datamovementin the hierarchicaktoragesystem.

is built on top of MPI-IO [6]. The factthat MPI-1O featuresprovide its 1/O calls for
differentstorageplatformsleadsthe implementatiorof MDMS 1/O API to focuson
I/0O type determinationOtherl/O stratgjiesincludingdatacachingin the memoryand
pre-fetchingrom the disk canalsobe usedto reducethel/O costs.

Data AccessBetweenDisk and Tape For dataaccesof a single large file, the
sub-filing stratgyy [7] hasbeendesignedvhich dividesthefile into a numberof small
chunks calledsub-files Thesesub-filesaremaintainedandtransparento the program-
mers. The main advantageof doing so is that the datarequestdor relatively small
portionsof the globalarraycanbe satisfiedwithout transferringthe entireglobalarray
from tapeto disk. For accessing large numberof smallerfiles, we have investigated
thetechnique®f native SRB containerandproposed stratgy of supeffiling [8].

3.4 Graphic UserInterface

In orderto provide usersa convenienttool for understandinghe metadatastoredin the
MDMS, we have developeda graphicinterfacefor usergo interactwith thesysteni9].
Thegoalof developingthistool is to helpusersgprogranmtheirapplicationdy examining
thecurrentstatusof underlyingdatasetonfigurations.

4 Experimental Results

We usethethree-dimensionastrophysicapplicationastio3d[10], developedat Uni-
versityof ChicagoasthetestingprogramthroughouthepreliminaryexperimentsThis
applicationemploys six float type datasetdor dataanalysisand seven unsignedchar
actertypedataset$or datavisualization. The astro3dis performedn asimulationloop
wherefor every six iterations,the contentsof thosesix float type datasetsrewritten
into files for dataanalysisandcheckpoinpurposesandtwo of thesevenunsignedchar
actertypedatasetaredumpednto files for everytwo iterationsto representhe current
visualizationstatus Sinceall datasetareblock partitionedin every dimensionamong
processorgand have to be storedin files in row major, collective I/O is used.Let X,
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Table 2. Theamountof datawritten by astro3dwith respectie to the parametergV(numberof
iterations), X, Y, and Z(datasizesin threedimensions.)

XxYxZ
N|No.1/O[64 x 64 x 64{128 x 128 x 128|256 X 256 X 256
6| 33 | 20.97Mbyte§  167.7/Mbytes 1.34Gbyted
12| 56 35.13Mbyteq 281.02Mbytes 2.25Gbyteg
24| 102 | 63.44Mbyteq 507.51Mbytes 4.06Gbyteg
36| 148 | 91.75Mbyteq 734.00Mbytes 5.87Gbyteq
48| 194 | 120.06Mbyteq 960.50Mbytesg 7.68Gbyteg

Y, and Z representhe size of datasetsn dimensionx, y andz, respectiely, and N
be the numberof iterations.Table 2 givesthe amountof 1/O performedwith different
valuesof parameterspecified The performanceesultswereobtainedon the IBM SP
at ArgonneNational Laboratory(ANL) while the PostgreSQldatabaseystemis in-
stalledon a personatomputerunningLinux at NorthwesterrUniversity. The parallel
file system,PIOFS[11], on the SPis usedto storethe datawritten by astio3d The
experimentgperformedn this work emplgy 16 computenodes.

Given differentdatasize and iteration numberswe comparethe performanceof
original astio3d andits implementatiorusingMDMS APIs. The original astro3d has
alreadybeenimplementedusing optimal MPI 1/O calls, that is, collective 1/O calls.
Therefore,we shall not seeary major differencebetweenthe two implementations.
However, our MDMS will outperformon otherapplicationsf they donotoptimizetheir
I/0. Figure4 givesthe performanceesultsof overall executiontime andthe database
accesgime for two datasizeswith five iterationnumbersFor the caseof using256 x
256 x 256 datasize,thetotalamountof I/O is from 1.34to 7.68Gbytesandtheoverall
executiontime rangesfrom 100sto 900ssecondsSincethe connectionbetweenthe
IBM SPandthedatabasés throughthelnternetthedatabasguerytimesshaow variance
but are all within 3 secondsComparingto relatively larger amountof I/O time, the
overheadf databasguerytime becomenegligible. AlthoughusingMDMS canresult
theoverheadf negotiationwith databaseheadwantageof dataseassociatiorransave
thetime of settingfile views anddefiningbuffer derived datatypes.For this particular
application,astro3d, this advantageof usingMDMS over the original programcanbe
seernfrom the slight performanceémprovementshowvn in the Figure.

5 Conclusions

In this paper we presenta programdevelopmentervironmentbasedon maintaining
performance-relatedystem-lgel metadata. This ervironmentconsistsof users ap-

plications,the meta-datananagemengystem,anda hierarchicalstoragesystem.The

MDMS providesa datamanagemenand manipulationfacility for useby large-scale
scientificapplications Preliminaryresultsobtainedusing an astrophysicsapplication
shav neggligible overheadof databaseccesgime comparingto the sameapplication
with 1/O optimalimplementationThe futurework will extendthe MDMS functionali-

tiesfor hierarchicaktoragesystemincludingtapeandremotefile system.
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Fig. 4. Executiontime of astio3d applicationandthe databaseccesgime usingMDMS. The
timing resultswasobtainedby runningon 16 processors.
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