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Abstract

Many scientificapplicationshave large I/0O requirementsin termsof boththe size of dataandthe
numberof files or datasets.Managementstorage efficient accessandanalysisof this datapresentan
extremely challengingtask. Traditionally, two differentsolutionshave beenusedfor this task: file 1/0
or databaseskFile /O can provide high performancebut is tediousto usewith large numbersof files
andlargeandcomple datasets.Databasesanbe corvenient flexible, andpowerful but do not perform
andscalewell for parallelsupercomputingpplications.We have developeda softwaresystem,called
ScientificDataManager(SDM), that combineghe goodfeaturesof bothfile I/O anddatabasesSDM
providesa high-level API to the userand,internally, usesa parallelfile systemto storereal data(using
variousl/O optimizationsavailablein MPI-I0) anda databaséo storeapplication-relatednetadataln
orderto supportl/O in irregular applications,SDM makesextensie use of MPI-IO’s noncontiguous
collective I/0 functions. Moreover, SDM usesthe conceptof a history file to optimizethe costof the
index distribution usingthe metadatastoredin databaseWe describethe designandimplementatiorof
SDM andpresenperformanceesultswith two regularapplicationsASTRO3D andan Eulersolver, and
with two irregularapplicationsa CFD codecalledFUN3D anda Rayleigh-Taylor instability code.
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1 Introduction

Mary large-scalescientificexperimentsandsimulationsgeneratevery large amountsof data[2, 9] (onthe
orderof severalhundredgigabytesto terabytes)spanningthousand®f files or datasets. Moreover, such
applicationshave differentpatternsof accessinglatafrom files. Someapplicationsaccesslatain regular
block or cyclic accespatterns Othershave morecomple irregularaccesgatternghatcannotbe detected
atcompiletime. Thesedifferentwaysof accessinglatain applicationsalongwith thelarge numberof files
andlarge sizeof databeinggeneratedmakehigh-performanceccessmanagemenstorage andanalysis
of thedataanextremelychallengingask.

Currenttechniquedor datamanagemerareeitherraw file-1/O interfacessuchasMPI-10 [13, 24], or
full-fledged databasesFile-1/0O interfacesprovide high performancebut aretoo cumbersomeo usewith
large, comple datasetsandlarge numbersof files. For example,the usermustremembeffile namesand
the organizationof datain a file and mustspecifythe exactlocationin the file from which the datamust
be accessedDatabasespn the otherhand, provide a corvenient, high-level interfaceand powerful data-
retrieval capability but they do not measuraup to the performanceaequirementof large-scalescientific
applicationgunningon supercomputers.

We have developeda softwaresystem called Scientific DataManagern(SDM), that combineshe good
featuresof bothfile I/O anddatabasef?8, 29]. SDM providesa high-level, userfriendly interface. Inter
nally, SDM interactswith a databasé¢o storeapplication-relatednetadatandusesMPI-10 to storethereal
dataonahigh-performancearallelfile system.SDM takesadvantageof variousl/O optimizationsavailable
in MPI-10, suchascollective /O andnoncontiguousequestsin a mannerthatis transparento the user

SDM provides efficient I/O supportfor irregular applications,while maintaininga high-level unified
API for bothregular andirregularapplications.In irregular applicationsthe dataaccessemakeextensive
useof arrays,calledindirectionarrays[8] or maparrays[13], in which eachvalueof the arraydenoteghe
correspondinglatapositionin memoryor in thefile. The datadistributionin irregular applicationscanbe
doneeitherby usingcompilerdirectiveswith the supportof runtime preprocessingll5, 14] or by usinga
runtimelibrary [8]. Most of the previouswork in theareaof unstructured-gricgipplicationdocusesmainly
on computationand communicationin suchapplications,not on I/0. SDM takesadwantageof MPI-IO’s
supportfor noncontiguousiataaccesseand, therefore,can efficiently handlethe readingandwriting of
datain anirregularmesh,aswell asthedistribution of index values.

Therestof this paperis organizedasfollows. In Section2 we discussour goalsin developingSDM. In
Section3 we presenthe designandimplementatiorof SDM. Performanceesultson the SGI Origin2000
andontheBM SPat ArgonneNationalLaboratoryarepresentedn Sectiond. We discusgelatedwork in
Section5 andconcludein Section6.

2 Design Objectives

Our mainobjectivesin developingSDM wereto provide high-performancearallell/O, to provide a high-
level applicationprogrammingnterface(API), to supporta corvenientdata-retrigal capability andto op-
timize the executiontime of bothregularandirregularapplications.

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 standard13, 24], is rapidly emeging asthe standardportableAPI for 1/O in parallel
applications High-performancémplementation®f MPI-10, bothvendorandpublic-domainmple-
mentationsareavailablefor mostplatforms[10, 19, 32, 33, 42]. MPI-IO is specificallydesignedo
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enablethe optimizationsthat are critical for high-performanceparallell/O. Examplesof theseopti-
mizationsincludecollective I/O, theability to accessoncontiguouslatasets,andthe ability to pass
hintsto theimplementatioraboutaccespatternsfile-striping parametersandsoforth.

e High-Level API. Ourgoalwasto provideahigh-level unified API for ary kind of application(regular
or irregular) while encapsulatinghe detailsof eitherMPI-10 or a databaseThe usercanspecifythe
datawith a high-level description togethemwith annotationsandusea similar API for dataretrieval.
SDM internally translateghe users requestinto appropriateMPI-10 calls, including creatingMPI
deriveddatatypedor noncontiguousiata[41]. SDM alsointeractswith thedatabasevhennecessary
by 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 mappingbetweendatasetsandfile namess storedin the databaseThe usercanretrieve a data
setby specifyinga uniquesetof attributesfor thedesireddata.SDM alsoallowstheuserto querythe
metadatdor a storeddatasetandthenselectdatawith specificattributes.

e Optimization of Irregular Applications. In irregularapplicationsthe costof anindex distribution
is usuallyexpensve, in termsof communicatiorandcomputationvolumes.in SDM, aftertheindex
valuesare partitionedamongprocesseghe local index subsetof all processeare asynchronously
written to a history file, andthe associatednetadatas storedin the databaseWhenthe sameindex
distribution is neededn subsequentuns, the index valuesare readfrom the history file by using
the metadatastoredin the databaseandtherebythe usercan avoid repeatingthe communication
and computationfor the sameindex distribution. SDM alsousesMPI datatypesand collective I/O
functionsto optimizel/O for irregularaccesgatterns.

3 Implementation

With thehelpof samplearegularandirregularproblemswe describeéhedesignandimplementatiorof SDM.

3.1 Regular Applications

We presenta sampleregular problemanddescribehe metadatatoragen the databasethe SDM API, and
the organizationof datain files.

3.1.1 Problem Description and SDM API

ASTRO3Dis athree-dimensionastrophysicapplicationdevelopedatthe Universityof 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 severalarraysthatareblock 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 anddata groupto referto all the arrays
written at a time stepfor a particularpurposesuchasdataanalysis. For simplicity of explanation,let us
assumehat threearraysarewritten for dataanalysis,anotherthreefor restart,andfour for visualization.
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SDM.initialize(ASTRO3D);

A = SDM_makedatalist(3{ao, a1, a2 });
A[O].datatype= FLOAT;
A[0O].accesspattern[0]= BLOCK;
A[O].accesspattern[1]= BLOCK;
SDM_associateattributes(3,&A[0]);

handle= SDM_setattributes(A, 3);
SDM_subarray(handle,3,0,starts,subsid8ULL);
SDM_dataview(handle,3,0,NULL,NULL);

SDM.initialize(ASTRO3D);

A = SDM_makedatalist(3,{ao, a1, a2});
initialize(&date);

date.year 2000;

date.monthF 10;

date.day= 10;

handle= SDM_selectattributes(A, 3);
SDM_subarray(handle,3,0,starts,subsjkésLL);
SDM_dataview(handle,3,0,NULL,NULL);

For (i=1; 1 < maxStep; i++) { For (i=1; i < maxzStep; i++) {

SDM_read(handlego, i, agbu f);
...... SDM_read(handleg, i, a1buf);
SDM_write(handlegao, i, agbu f); SDM_read(handleyz, i, azbu f);
SDM_write(handlea, i, aibuf);, | | ...

SDM_write(handlea., i, azbu f);

} }

SDM finalize(handle3);

SDM finalize(handle3);

@ (b)

Figurel: SDM API to perform(a) write and(b) readoperationgor datagroupA in ASTRO3D

(Notethatall arrays—sixsix, andseven—wereusedin theperformancexperimentgeportedn this paper)
Let usfurther assumehat the data-analysigndrestartdumpsare performedevery six time stepsandthe
visualizationdumpsare performedevery four time steps. Let ag, 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.

Figurel shonvs how the SDM API is usedto perform(a) write and(b) readoperationgor dataanalysis
(datagroupA) in atwo-dimensionalersionof ASTRO3D.

3.1.2 Implementation Details

SDM providesa high-level APl and storesapplication-relatednetadatan a database For regular appli-
cationswherethe dataaccesgatterncanbe predictedbeforeruntime, SDM createghreedatabasdables:
run_table, accesspatterntable, andexecutiontable (seeFigure2). Thesetablesare madefor eachappli-
cation. Eachtime an applicationwrites datasets,SDM entersthe problemsize,dimension,currentdate,
anda unigueidentificationnumber(runid) to the run_table. The accesgatterntable includesthe proper
ties of eachdataset,suchasdatatype, storageorder dataaccesgattern,andglobal size. SDM usesthis
informationto makeappropriateMPI-1O callsto accessherealdata. The executiontablestoresa globally
determinedile offsetdenotingthe startingoffsetin thefile of eachdataset.

In SDM, userscanspecifygroupsof datasetsby assigningpropertiego thefirst datasetin agroupand
by propagatinghemto the otherdatasetsbelongingto the samegroup. The mainreasorfor makinggroups
of datasetsis that SDM canthenusedifferentwaysof organizingdatain files, with differentperformance
implications. For example,eachdatasetcanbewritten in a separatdile, or the datasetsof a groupcanbe
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execution_table
runid | dataset|timesteps| file_offset | file_name
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Figure2: Databas¢ablesusedfor solvingregularapplicationdn SDM

written to a singlefile. For ASTRO3D, we createdhe threedatagroups,A = ag, a1, as, B = bg, b1, ba, b3,
andC = ¢, ¢1, o, for dataanalysisyisualization,andrestartrespectiely. Thepropertiesassignedo each
datasetarestoredin thedatabaséy callingSDMset _attri but es.

In caseof readoperationsdatafrom a specificrun canberetrieved by specifyingattributesof the data,
suchasthedateof therun. Also, the propertiesof the datasetsneednotbe specifiedbecaus&DM retrieves
thisinformationfrom the database.

ThemainSDM functionsfor writing andreadingdataareSDMwr i t e andSDM.r ead. Beforecalling
thesefunctions, the usermust provide the information necessaryor SDM to perform I/O, suchasthe
starting points and sizesof the subarrayin eachdimensionin the caseof block distribution, or the size
of processgrids and distribution agumentsin eachdimensionin the caseof cyclic distribution. Also,
SDMdat a_vi ewmustbe calledto performthe datamappingbetweermemaoryandfile.

In orderto performl/O, the handleof a group, positionof a datasetwithin the handle(group),current
time step,andpointerto the applicationbuffer arepassedo the SDM I/O function. Notethatthe userdoes
not have to provide file names.SDM generateshe file nameandrecordsthe namein the database SDM
callsMPI-10’s collective I/O functionsto performl/O efficiently andin parallelfrom all processes.

3.1.3 FileOrganization

SDM supportgthreedifferentways of organizingdatain files. In level 1, eachdatasetgeneratedt each
time stepis written to a separatdile, asshown in Figure3. Thisfile organizationis simple,but it incursthe
costof a file openandcloseat eachtime step,which on somefile systemscanbe quite high, aswe shall



(6th time step)

Agroup  ASTRO3Daj.RId.0 ASTRO3Da; .RId.6

ASTRO3Da? .RId.0 al ASTRO3Da¢ .RId.6 al

ASTRO3Da} .RId.0 ad ASTRO3Da$ .RId.6 a

o
on No o

B group ASTRO3Db] .RId.0 ASTRO3Db} .Rid.4

ASTRO3DDY RId.0 bo ASTRO3Db? Rid.4 bs
ASTRO3DbS RId.0 b ASTRO3DbY .RId.4

ASTRO3Db} .RId.0 ASTRO3Db} .Rid.4 b3

o
oo wo ~No

Cgroup  ASTRO3DCS RId.6 c
ASTRO3DC? .RId.6 &
ASTRO3DcS .RId.6 &

Figure 3: 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.

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 Figure4. 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
Figure5. 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-organizatiorlevelsin the performancesection.

3.2 Irregular Applications

We now describethe SDM architecturdor supportingrrregularapplications.

3.2.1 Problem Description and SDM API

Figure 6 shows a typical irregular applicationthat sweepsover the edgesof an irregular mesh. In this
problem,edgel andedge2 aretwo arraysrepresentinqiodesconnectedy an edge,andarraysx and
y arethe actualdataassociatedvith eachedgeandnode,respectiely. The partitionedarraysof edgel,



(6th time step)

Agroup  ASTRO3Da,Rid | ao | as |
ASTRO3Da,RId | ag | ag |
ASTRO3Da,Rid | ag | as |

B group ASTRO3Db,.RId ‘ bo ‘ bs ‘
ASTRO3Db,RId | be | bi |
ASTRO3Db,RId | b? | bs |
ASTROSDb,RId | bo | b3 |

Cgroup  ASTRO3Dc, RId 5
ASTRO3Dc ,.RId co
ASTRO3DC,RId cs

Figure 4: 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.

(6th time step)

A group

ASTROSDao.RId‘ al ‘ a ‘ a ‘ at ‘ a ‘ a ‘

B group

ASTROSDbo.RId‘ bg ‘ b? ‘ g ‘ g ‘ b ‘ b4 ‘ b ‘ b4 ‘

Cgroup

ASTROSDCo,RId‘ ct ‘ o ‘

Figure5: 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.



/* Assume that a partitioning vector
al ready resides in processor menory */

/* edgel, edge2, x and yare read from
a file "uns3d.nsh" */

int *edgel, *edge2

doubl e *x, *y, *p, *q

Read edgel, edge2
Distribute edgel and edge2 using
the partitioning vector

1

3

) partmomngm
oR a
1

0 1
e

2

omi—"\-’

edge2 14

w

data x associated with edge
[ x(0 x() x2) x(3 |
data y associated with node
YO y(D y(2 y(3) vy ]

PO P1
Read x 0 2 013
Distribute x using the partitioned edges partitioned edgel [0 0 ] [011]
Read y
artitioned edge?
Distribute y using the partitioned nodes partit! o
For (i=1; i<mxStep; i+ { partitioned data x| X(0)X(2) ||x(0)x(1)x(3)

Compute results p and g using
the partitioned x, y, edgel and edge2

|
partitioned data y [ y(Oy(0y(3 ] [y(Oy(0y(2y(4 |
)|
9]

(For each checkpoint) { result p [ (@r(DR(3)] [p(0)p(2)p(2) p(4)
Wite results p and q to files
ordered by global node nunbers result q | O3 || RECLELT

}

}

(global files whose sizes are the total
nunber of nodes)

2) p(3) p(4) |
2) q(3) a4 |

Ly [ p(0) p(2) p(
[ a(0) a(1) o

Figure6: A sampleirregularproblem

edge2, x, andy containasinglelevel of “ghostdata’beyondtheboundarie$o minimizeremoteaccesses.
After the computationis completed the resultsp and g are written to a file in the order of global node
numbers.

Figure7 showns how the dataandindex partitioningcanbe specifiedin SDM. We usethe termimport
to distinguishit from areadoperation.A readoperatiorreadsthe datacreatedn SDM, whereasanimport
operationreadsthe datacreatedoutsideof SDM. Figure8 shows the useof SDM for writing the resultsof
the computation.

3.2.2 Implementation Details

Besidesproviding a high-level API for corvenientdataretrieval and I/O, SDM provides a capability to
partitiontheindex anddataarraysbeingusedin irregularapplications.To usethe SDM partitioningscheme,
usersmustprovide a partitioning vectorin which eachvalueof the vectordenotesa processorankwhere
the nodeshouldbe assigned.The partitioning vector shouldbe replicatedamongprocessesThe current
implementatiorof SDM requiresthat the partition vectorfit in memory;an out-of-corepartition vectoris
notcurrentlysupportedFor theapplicationillustratedin Figure6, we usedthepartitioningvectorgenerated
from the graph-partitioningool Metis [20, 34].

The SDM partitioningphasegeneratemaparraysthatspecifythemappingof eachelementof thelocal
arrayto the globalarray The maparraysareusedin I/O operations.This partitioningphaseis optional;
userscaninsteadprovide their own maparray while bypassinghis phase.

For irregular applications,in orderto partition index and dataarraysandto perform1/O, SDM cre-



import= SDM_makedatalist(4,{edgeledge2x, y});
import[2].datatype= DOUBLE;
SDM_associateattributes(2,&import[2]);
SDM_makeimportlist(handle4, import);

SDM._import(handleedgel, totalEdgestmp);
SDM_import(handleedge?2 (totalEdges*sizeof(int)),
totalEdgestmp+(totalEdges*sizeof(int)));

/* Distribute edgelandedge2amongprocesses/
vector= SDM_partition table(handlepartitioning vector, totalNodes);
partitionededge= SDM_patrtition.index(handle partitioning vector, totalNodes&tmp, &vector);

localEdgess SDM_partition.iindex_size(handle);
localNodes= SDM_partitiondatasize(handle);

/* Makea historyof thisindex distribution */
SDM._index_registry(handlepartitionededge vector);

/* Importx */

file_offset= 2*totalEdges*sizef(int);
SDM_dataview(handle 1, x, &partitioned edge &localEdges);
SDM_import(handlex, file_offset, totalEdgesxbuf);

/* Importy */

file_offset+= totalEdges sizeof(double);
SDM_dataview(handle 1,y, &vector, &localNodes);
SDM._import(handley, file_offset, totalNodesybuf);

SDM_releaseémportlist(handle4);

Figure7: Using SDM for index anddatapartitioningin theirregularapplicationof Figure6

atessix databasdables: run_table, accesspatterntable, executiontable, importtable, index_table, and
index_history_table. Thefirst threetablesarethe sameasdescribedn Section3.1.2for regularapplications.

In orderto optimizethe costof index distributions,SDM providesa historyfile to storethelocal index
subset®f all processesTheassociatethetadatas storedin thedatabaseWhenthesameandex distribution
is neededater, eachprocesscanretrieve the partitionedindex valuesfrom the history file by usingthe
metadatatoredin the databaseThis savesthe costof creatingthe partitionseachtime.

Thedisadwantageof the historyfile is thatit cannotbeusedif the problemrunson a differentnumberof
processefrom thatwhenthefile wascreatedbecausehe edgesandnodesheingassignedo eachprocess
dynamicallychangeamongdifferentnumbersof processesOneefficient useof the historyfile is to create
it in advancefor the variousnumbersof processe®f interest. As long asthe userrunsthe application
with ary of thosenumberf processesanappropriatéhistory canbe choserto reducecommunicatiorand
computatiorcosts.

Figure 7 describeshestepsn SDM to partitiontheindexesanddata. Thefour arrays,edgel, edge2,
X, andy, areimportedby creatinga datagroup. The function SDM.i nport first accessetheindex_table
in the databasdo seewhethera history file exists with this problemsize. If so, the metadatasuchas
eachprocesss partitionedindex sizeandthe nameof the historyfile, is retrieved from the index_tableand
index_historytable. Otherwise the desireddatais importedto the application. Sinceedgel andedge?2



SDM.initialize(ApplicationName);
result= SDM_makedatalist(2{p, q});
result[0].datatype= DOUBLE;
SDM_associateattributes(2 &result[0]);
handle= SDM_setattributes(result?);

SDM_dataview(handle 2, 0, &vector, &localNodes);
For (i=1; i < maxStep; i++) {

For (eachcheckpoint){
SDM_write(handlep, i, pbuf);
SDM_write(handleg, i, gbuf);

}

}
SDM_finalize(handle?);

Figure8: Using SDM for writing resultsin theirregularapplication

are beingimportedin a contiguousway, thereis no needto specify datamappingbetweenthe file and
processomemory

In SDMpartition_t abl e, the global partitioningvector(parti ti oni ng_vect or in Figure7)
is corvertedto thelocal vector(vect or in Figure7) to determinewhich nodeshouldbe assignedo which
process.

If thereis a historyfile for this problemsize,SDMpartiti on_i ndex readsthe alreadypartitioned
edgel andedge2 from the history file and corvertsthemto localizededgesby usingthe partitioning
vector Thisapproachavoidsthecommunicatiorcostto exchangesachprocesss edgesandthecomputation
costto choosehe edgeso beassignedlf thereis no historyfile, the edgesn eachprocessaredistributed
by readingall the datain parallelandby performinga ring-orientedcommunication.

For storingthe partitionededgesandnodesjncludingthe ghostones a certainamountof memoryspace
is initially allocatedto eachprocessWhenthe entirememoryspaces occupiedby the partitioneddata,it
is automaticallydoubledby adjustingthe memorysize. This preventsthe systemfrom looking throughthe
entiredatain two stepsonestepto decidethe sizeof memoryspaceandthe otherstepto actuallystorethe
datain thememoryspace After the edgesandnodesaredistributed,the edgesn eachprocessaremovedto
thenext processn thevirtual ring. As aresult,two maparrays,partiti oned_edge andvect or, are
generatedhatareusedto distributethe physicaldataassociateavith eachedgeandnode,respectiely.

SDMi ndex_r egi st ry createsa history file containingthe index distribution if no history file had
beencreateckarlierfor theindex distribution. Theinformationto partitionindex arrays suchasthepartition
sizefor eachprocessis storedin thedatabas¢ablesi ndex_t abl e andi ndex_hi st ory_t abl e. Also,
thepartitionedindex values(par t i t i oned_edge in ourexample)arewritten asynchronouslyo a history
file to beretrievedin subsequemunsrequiringthe sameedgedistribution.

Figure 8 shows the stepsto write two datasets,p andq, after completingthe computationsat each
checkpoint.Beforewriting p andq, the datamappingis definedin the SDMdat a_vi ewby usingthe map
array (vect or) associatedavith the nodepartition. The datasetsare written to files accordingto one of
thefile organizationslescribedn Section3.1.3. All thel/O is performedby usingMPI-1O’s collective I/O
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Client API (Database tables for writing and reading simulation results)
MPI-IO run_table
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Figure9: SDM executionflow to solve the examplein Figure6

functionsandderiveddatatypeso describenoncontiguousccesgpatterns.
Figure9 depictsthemetadatatoragen the databasandthe organizatiorof datain filesin SDM for the
examplein Figure6.

4 Performance Results

We usedthe IBM SPandSGI Origin2000at ArgonneNational Laboratoryfor all our performanceests.
At the time the experimentswererun, thesemachineswere configuredasfollows. The IBM SP had 80
computenodesand4 1/0 nodes.Eachl/O nodecontrolledfour SSA disks,eachof 9 Gbytecapacity The
parallelfile systemon the machinewasIBM’s PIOFS[18]. The SGI Origin2000had128 processorgand
10 FibreChannekontrollersconnectedo atotal of 110disks,eachof 9 Gbytecapacity Thefile systemon
the Origin2000wasSGl's XFS[16, 38].

4.1 Performance Resultsfor Regular Applications

For performancevaluationof regularapplicationsyve usedanoptimizationcalleddirectl/O on XFS.When
certainalignmentrestrictionsare met, the usercan choosethe direct-1/0O option, in which the file system
movesdatadirectly betweertheusersbuffer andthestoragedevice, bypassinghefile-systencache Direct
I/O thuseliminatesanextra memorycopyinto thecacheandcanperformwell if thel/O sizeis largeandthe
machinehasa high-bandwidth/O system.Direct /O canbe usedfrom an MPI-IO program:the ROMIO
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implementatiorof MPI-10 thatwe usedsupportdirectl/O [43]. We presenperformanceesultswith both
directl/O andregular (buffered)l/O.

We usedtwo regular applicationtemplates ASTRO3D and a three-dimensionaEuler solver, in our
performancexperiments For ASTRO3D, we useda problemsizeof 256 x 256 x 256. Werantheprogram
for onetime stepand performedthe dataanalysis restart,andvisualizationdumpsat that time step. This
resultedn atotal of around880Mbytesof data.

The secondapplicationis a three-dimensionatuler solver for the problemof three-dimensionatan-
sonicflow aboutanM6 wing [12]. Thisapplicationis amesh-structuredodethatwritesthe physicalvalues
andresidualof eachnodeat certainiterations. The structureof thesevaluesis a distributedglobal vectot
andeachvaluehasfive componentgdensity enegy, andthreecoordinate®f momentum).In addition,the
applicationwritesthe physicalcoordinatesandpressuret eachmeshpoint. In our experimentswe ranthe
codefor 50iterationsandwrote dataat every 5 iterations.The problemsizewas194 x 34 x 34.

41.1 Cost of Database Access

SDM usesTCP/IPto connectto the databaseseners. We performedour experimentswith two different
databasesdylySQL [25] andPostgreSQL31]. Figure10showsthe database-accessstin the SDM write
operationon the Origin2000. The connectiorto anddisconnectiorfrom the databaseener occuroncein
SDMi nitial i ze andSDMf i nal i ze, respectiely. In SDMset _attri but es, procesd accesses
ther un_t abl e andaccess _pat t er n_t abl e to storeattributes.In thewrite operationproces® stores
thefile offsetin theexecuti on_t abl e. Accessto theexecuti on_t abl e occurredl9 timesin AS-
TRO3D versus60 timesin the Euler solver. As canbe seenin Figure 10, the database-acces®stusing
eitherof thedatabassenerswaslessthan0.6 sec.This cost,hawever, will changeaccordingto thenumber
of I/O operationccurringin theapplications.

We obsenredthat MySQL performsbetterthan PostgreSQLTherefore we usedonly MySQL for the
restof the performancexperiments.
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412 Resaultsfor ASTRO3D

Figure 11 shows the write andreadbandwidthsfor ASTRO3D on theIBM SPusing32 processorsor 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
were createdand, therefore,only threefile opensoccurred.The high costof file openson the PIOFSfile
system[40] resultedin lower performanceor levels 1 and 2, where19 separatdiles were created. The
impactof file-opentime canindeedbe quitelarge.

Figuresl2 and13 shov the write andreadbandwidthsfor ASTRO3D onthe SGI using16 processors.
We measuregherformancdor bothdirectl/O andbuffered!/O. For writing data,directl/O performedbetter
thanbufferedl/O. Therearetwo reasondor this. First, with bufferedl/O, XFS serializesconcurrentvrites
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 serializebufferedreads;therefore direct
readsdo not have ary extra advantagein the areaof parallelism. The secondreasoris that XFS performs
aread-aheadprefetch)in the caseof bufferedreadsbut notin caseof directreads.Theread-aheagolicy
workswell for this application,andbufferedreadsthereforeperformbetter Sincethe costof file opensis
smallon XFS, thethreelevelsof file organizationperformedhearlythe same.

41.3 Reaultsfor the Euler Solver

Figure 14 shows the write and readbandwidthsfor the Euler solver on the IBM SP using 32 processors.
Thetotal datawritten wasaround240 Mbytes. In level 3, only two files weregeneratedonefor writing the
coordinatesindpressuret eachmeshnodeandtheotherfor writing the physicalvaluesandresidualateach
node.In level 2, six vectors(thatis, thethreecoordinatespressurephysicalvaluesof eachnode,andnodal
residual)werewritten separatelyresultingin atotal of six files. In level 1, the six vectorsgeneratedvery
five iterationswerewritten separatelyresultingin atotal of 60 files. As Figure14 shaws, level 3 performed
the bestbecausef the high opencoston PIOFS.In level 1, thefile-opencosttook around80% of thetotal
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executiontime;in level 2, it took around30%;andin level 3, it took around20% of thetotal executiontime.

Figurel5 shonsthewrite andreadbandwidthgor the Eulersolver using16 processorenthe SGI. For
this application,we usedonly bufferedl/O. We could not usedirectl/O becaus¢he memoryallocationfor
distributedvectorswasdoneinsidethe numericallibrary (PETSc[30]) that the applicationuses,andthus
we could not align the buffersto the cacheline asrequiredfor directl/O. For the write operation Jevels 2
and 3 performedslightly betterthanlevel 1. For the readoperation however, level 1 performedthe best.
Thereasoris thattheread-aheagolicy of XFS for bufferedreadsoperate®n a perfile basisandtherefore
worksto theapplicationsadwantagenvhenit hasa greatemumberof files.

4.2 Performance Resultsfor Irregular Applications

We obtainedperformanceesultsfor irregularapplicationsonthe SGI Origin2000at ArgonneNationalLab-
oratory Thefirst applicationtemplatethatwe benchmarkedvasa tetrahedralertex-centeredunstructured
grid codecalledFUN3D developedby W. K. Andersonof the NASA Langley ResearctCenter[1]. This
applicationusesa partitioning vector generatedrom METIS to partition the nodesandedgesin a mesh.
The meshwe usedhad about18 million edgesand2 million nodes. At the initial stage,the application
importsedgesfour dataarraysassociateavith edgesandanotherfour dataarraysassociatedvith nodes.
Thetotalimporteddatasizewasabout807Mbytes. As aresultof computationstheapplicationwroteabout
21 Mbytesof four datasetseachand 105 Mbytesof a singledataset. Using 64 processorsye iteratedthe
applicationtemplatefor two time steps;at eachtime step five datasetswerewrittento files.

The secondapplicationtemplatethat we ran wasa Rayleigh-Rylor instability application[11] thatis
motivatedby ajoint projectbetweerthe Universityof ChicagoandArgonneto studythermonucleaflashes
on astrophysicabbjects. Whenerer the simulationtime reaches certainpoint, the applicationwrites two
datasets:a singlenodedatasetassociatedvith verticesin a mesh,anda triangledatasetassociatedvith
triangleson tetrahedrafaces. In the applicationtemplate we wrote about36 Mbytesof the nodedataset
andabout74 Mbytesof thetriangledatasetat eachtime step.Sincewe iteratedthe templatefive times,the
total datasizewritten wasapproximately550 Mbytes.
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421 Resaultsfor FUN3D

Figure16 shavs the bandwidthto importandpartition 18 million edgesfour datasetseachof 144 Mbytes
of dataassociateavith edgesandanotherfour datasetseachof 21 Mbytesof dataassociatedvith nodes.
The original versionof the application—withotiusing SDM—performsall the I/O operationdy a single
procesg(procesd)), which then broadcastslatato other processes.SDM performsl/O in parallel from
all processessingMPI-IO. Thebarlabeledi ndex di stri in Figure16 shovsthecommunicatiorand
computationcoststo partitionthe edgesafterimporting themto the application. The barlabeledi npor t
showvsthe costof readingtheedgesandeightdataarrays.

The original applicationreadsthe edgesn two steps:onestepto determinethe amountof memoryto
storethepartitionededgesandtheotherstepto actuallyreadtheedges SDM, however, extendstheallocated
memorydynamicallyasneededusingC functionr eal | oc) andis thereforeableto readthe partitioned
edgesn a single step. This contributesto the reducedcostof i ndex di stri whenusingSDM. When
partitioningtheedgeswith a historyfile, thecostof i ndex di stri isnothingbutreadingthe historyfile
of theedgesn a contiguousway, includingthe databaseostto accesshe metadataSincethe historyfile
containghealreadypartitionededgesthereis no needto importtheedgeshencethereadcostin i npor t
is reduced.

Figurel7 shonsthel/O bandwidthfor writing andthenreadingbackthe datageneratedrom the appli-
cationusing 64 processorsThetotal datasizewasapproximately379 Mbytes. In level 1, eachdataarray
is written to separatdiles, resultingin the creationof 10 differentfiles. Eachtime the dataarrayis written
to files, level 1 requiresthe costfor openinga file anddefiningan MPI-10 file view to accesshe datafrom
the portion of the file pointedby the global file offset. In level 2, however, eachdataarray generatedat
eachtime stepis appendedn five files, generatindive file-openandfile-view costs.This reducechumber
of filesimprovesthel/O performanceslightly. In level 3, only two files aregeneratedresultingin the best
I/0 performanceamongthe threefile organizations.The differencebetweernthreefile organizationds not
significantbecausehefile-opencostis smallon the SGI Origin2000.
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4.2.2 Resultsof RT Application

Figure 18 shows the I/O bandwidthin the RT applicationfor writing approximately550 Mbytes of data.
In the original application,the write operationis performedsequentially In otherwords, after seekingto

the startingpositionin afile, processesuvrite their local portion of dataone by one. Whenwe portedthe

applicationto SDM, the I/O performancéncreasedsignificantlybecausef the parallell/O optimizations
of MPI-IO.

In SDM, we wrote the nodedatasetaccordingto the globalnodenumberof the partitionednodesand
wrote the triangle datasetcontiguously Sincetwo datasetsarewritten to files separatelySDM supports
two differentwaysof file organization:level 1 andlevel 2/3 (levels2 and3 areidenticalin this case) When
the numberof processorsvasincreasedrom 32 to 64, but the total datasize remainedconstantthe I/O
performanceleclined.With 32 processorghe datasizebeingwritten at eachtime stepwasaboutl Mbyte
for thenodedatasetand2 Mbytesfor the triangledataset. Whenthe numberof processorsvasincreased
to 64,thesizeof eachl/O operationbecamesmaller reducingperformance.

5 Related Work

Relatedvorkin thisareafalls into thecateyoriesof I/O librariesandparalleffile systemdor high-performance
I/O andotherlibrariesthataimto provide data-managemeiapabilities.

Severalefforts have soughtto optimizel/O in parallelfile systemsandruntimelibraries[4, 6,7, 17, 21,
23, 27, 35, 39]. SDM usesMPI-I0O and parallelfile systemso accesgeal data,andthereforeSDM is a
consumenf theresultsof suchresearctefforts asthey becomeavailablethroughMPI-10 implementations.

Otherefforts provide data-managemengpability For example HDF [44] andNetCDF[26] arepopular
librariesfor datamanagemerih scientificapplicationsandthey provide aself-describinglataformat. SRB
(StorageResourceBroker) [3] provides uniform interfaceto accessvariousstoragesystemssuchasfile
systemsPnitree,HPSSanddatabasebjects.Shoshangtal. [36, 37] describeanarchitecturdo storelarge
volumesof scientificdataon tertiary storagesystemdn a way thatthe costof dataretrieval is minimized.
TheActive DataRepository|22] andDataCuttef5] optimizestorageretrieval, andprocessingf verylarge
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multidimensionadatasets.

The main differenceshetweenour work and the above efforts are that we strive for performancen
additionto flexibility andthatwe aimto begeneraburposenottiedto aparticularapplicationor particular
classof applications.Thetechniquewne useof separatinglataandmetadatandstoringthe datain a parallel
file systemandmetadatan adatabaseouldbeusedto implementotherlibraries,suchasHDF andNetCDF,
andwe planto investigatehatin thefuture.

6 Conclusions

We have presentedhe designandimplementatiorof an ervironmentfor high-performancecientificdata
managementalledScientificDataManagel(SDM), thatis built ontop of MPI-IO andalsointeractswith a
databasdor storingmetadataSDM providesa simple,high-level interfaceand performsall 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 dependsn how the numberandsize of files affect performanceon the particularfile system.
An appropriatdile-organizationpolicy cantherebybe choserfor a particularfile system.

Onthe XFSfile systemwe foundthatthefile-opencostwasso smallthatit did not significantlyaffect
I/O performancelnsteadpur experimentfocusedontheuseof 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
proceedconcurrently For readingdata,however, buffered!l/O performedbetterbecausef its read-ahead
policy.

We have also presentedhe SDM API andarchitecturefor I/O in irregular applications. Besidespro-
viding an easy-to-useiserinterfacefor managindarge datasets,SDM usesthe conceptof a historyfile to
optimizethe costof the index distribution. We studiedthe performancef SDM usingtwo irregular appli-
cations:FUN3D andRT. Whenwe usedSDM in both applicationstherewasa significantimprovementin
I/0 performanceomparedvith thatof the original applications Also, we obseredthatusinga historyfile
for theindex distribution helpedto reducethe computatiorandcommunicatiorcosts.

In the future, we planto use SDM with more applicationsand evaluateboth the usability and perfor
mance.We planto refinethe SDM API sothatit canbe usedon a wide rangeof applications.We planto
studyandimprove the scalabilityof the system particularlythe scalabilityof the metadata\We alsoplanto
investigatehow our implementatiorapproactcould be usedto implementHDF andNetCDFandwhether
suchanapproachwould improve performancendflexibility of thoselibraries.
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