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Abstract

Many scientificapplicationsare I/O intensiveand gen-
erate large data sets,spanninghundedsor thousandsof
“files.” Managementstorage efficientaccessandanalysis
of this datapresentan extremelychallengingtask. e have
developeda softwae systemcalled ScientificData Man-
ager(SDM),thatusesa combinatiorof parallel file I/O and
databasesupportfor high-performancecientificdataman-
agementSDMprovidesa high-level APl totheuserand,in-
ternally, usesa parallel file systento store real dataanda
databaseo store applicationtelatedmetadata.ln this pa-
per wedescribehowwedesignedandimplementedDMto
supportirregular applications.SDM can efiiciently handle
thereadingandwriting of datain anirr egular meshaswell
as the distribution of index values. We describethe SDM
userinterfaceand how we haveimplementedt to achieve
high performance SDM makesextensiveuseof MPI-10’s
noncontiguougollectivel/O functions. SDM also usesthe
concepbf a historyfile to optimizethe costof theindex dis-
tributionusingthemetadatastoredin database\We present
performanceesultswith twoirr egular applicationsa CFD
codecalledFUN3D anda Rayleigh-aylor instability code,
onthe SGIOrigin2000at ArgonneNational Laboratory.

1. Intr oduction

Many large-scalescientificapplicationsarel/O intensive
andgeneratdarge amountsof data(on the orderof several
hundredgigabytedo terabytes)8, 25]. Many of theseap-
plicationsperformtheir computationand I/O on an irreg-
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ularly discretizedmesh. The dataaccessem thoseappli-
cationsmakeextensve useof arrays,calledindirectionar
ray [7, 24] or maparray[10], in which eachvalue of the
arraydenoteghe correspondinglatapositionin memoryor
in thefile.

The data distribution in irregular applicationscan be
doneeither by using compiler directives with the support
of runtime preprocessingll, 12] or by using a runtime
library [7, 24]. Most of the previous work in the areaof
unstructured-grigipplicationdocusesmnainly on computa-
tion andcommunicatiorin suchapplicationsnoton 1/O.

We have developeda softwaresystenfor large-scalesci-
entific data managementgalled Scientific Data Manager
(SDM) [23], thatcombineghegoodfeatureof bothfile I/O
anddatabasesSDM providesa high-level, userfriendly in-
terface. Internally, SDM interactswith a databaséo store
application-relatednetadateand usesMPI-10 to storethe
realdataon a high-performancearallelfile system.SDM
takesadwantageof various!/O optimizationsavailable in
MPI-10, suchascollective /0O andnoncontiguousequests,
in amannetthatis transparento theuser As aresult,users
can accesdatawith the performanceof parallelfile 1/0O,
without having to botherwith the detailsof file I/O.

In a previous paper[23], we describedhe useof SDM
for regularapplications In this paperwe describehe AP,
design,andimplementatiorof SDM for irregular applica-
tions. SDM canefficiently handlethereadingandwriting of
datain anirregularmesh aswell asthedistributionof index
values.SDM alsousesthe conceptof a historyfile to opti-
mize the costof the index distribution usingthe metadata
storedin database.We presentperformanceresultswith
two irregular applicationsa CFD codecalledFUN3D and
a Rayleigh-Tylor instability code,on the SGI Origin2000
at ArgonneNationalLaboratory

The restof this paperis organizedasfollows. In Sec-
tion 2 we discussour goalsin developing SDM for irreg-
ular problems. In Section3 we presenta typical irregular
problemanddescribghe detailedimplementatiorissuesof



SDM to solve theproblem.Performanceesultson the SGI
Origin2000at ArgonneNational Laboratoryare presented
in Sectiond. We discusselatedwork in Section5 andcon-
cludein Section6.

2. DesignObjectives

Our mainobjectivesin designingSDM for irregular ap-
plicationswereto achieze high-performancearallell/O, to
provide a corvenienthigh-level API, andto optimize the
executioncostof irregularapplications.

¢ High-Performancel/O. To achiese high-performance
I/0, we decidedto use a parallel file-I/O systemto
store real data and use MPI-1O to accessthis data.
MPI-10, thel/O interfacedefinedaspartof the MPI-2
standard10, 19], is rapidly emeging asthe standard,
portableAPI for I/O in parallelapplications.MPI-10
is specificallydesignedo enableheoptimizationghat
arecritical for high-performancearallell/O. Exam-
plesof theseoptimizationsinclude collective 1/0O, the
ability to accessioncontiguouslatasets,andthe abil-
ity to passhints to the implementationaboutaccess
patternsfile-striping parametersandsoforth.

e High-Level API. Our goal was to provide a high-
level unified API for ary kind of application(regular
or irregular) while encapsulatinghe detailsof either
MPI-IO or databases.With SDM, user can specify
the datawith a high-level description,togetherwith
annotationsand usea similar API for dataretrieval.
SDM internally translateghe users requestinto ap-
propriate MPI-IO calls, including creatingMPI de-
riveddatatypesor noncontiguousiata[32]. SDM also
interactswith the databasevhen necessaryby using
embedde®&QL functions.

e Optimization for Irr egular Applications. In irregu-
lar applicationsthecostof anindex distributionis usu-
ally expensve, in termsof communicatiorand com-
putation. In SDM, after partitioningthe index values
amongprocessesthe local index subsetsof all pro-
cessesireasynchronouslyritten to a historyfile, and
the associatednetadatdas storedin database.When
the sameindex distribution is neededin subsequent
runs, the index valuesare read from the history file
usingthe metadatastoredin databaseandtherebythe
usercanavoid repeatinghe communicatiorandcom-
putationfor the sameindex distribution.

3. Implementation

We discusshe SDM API for solving a sampleirregular
problemandshon how the API is implemented.

3.1.An Irr egular Problemand SDM API
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Figure 1. A sample irregular problem and its
solution

Figure 1 shows a typical irregular problemthat sweeps

overtheedgesf anirregularmesh.In thisproblemedgel
andedge? aretwo arraysrepresentingiodesconnectedy

anedge,andarraysx andy arethe actualdataassociated

with eachedgeandnode,respectiely. The partitionedar
raysof edgel, edge2, x, andy containa singlelevel of
“ghostdata”beyondthe boundarie$o minimizeremoteac-
cesses.After the computationis completed the resultsp
andq arewrittento afile in the orderof globalnodenum-
bers.

Figures? and3 respectrely shav theSDM API for writ-
ing theresultsp andg andfor partitioningedgel, edge2,
X, andy amongprocesse solvetheproblemdescribedn
Figure1l. We usethe termimport to distinguishit from a
readoperation. A readoperationreadsthe datacreatedn
SDM, whereasan import operationreadsthe datacreated
outsideof SDM.

3.2.Implementation Details

The partitioning vectoris the onegeneratedrom a par
titioning tool, suchas MeTis[15, 26]. Eachvalue of the
vectordenotesa processorank wherethe nodeshouldbe
assigned.In SDM, the partitioningvectorshouldbe repli-
catedamongprocessesdNext, themaparray is the onethat



SDM.initialize(nameOfApplication);

result= SDM_makedatalist(2,{p, q});

result[0].datatype= DOUBLE;

SDM_associateattributes(2 &result[0]);

handle= SDM_setattributes(2 result);

/* Partition edgeledge2x andy amongprocesses
(Figure3) */

SDM_dataview(handle 2, p, &vector &localNodes);

For (t=1;t < max Step; t++) {

For (eachcheckpoint){
SDM_write(handle p, t, pBuf);
SDM_write(handleg, t, gbuf);

}

}
SDM finalize(handle?);

Figure 2. SDM API for writing results

specifiegthe mappingof eachelementof the local arrayto
the global array This map arrayis createdin SDM after
partitioning the indexes using a partitioning vector or the
maparraycanbe specifiedby theuser

Figure 2 shows the stepsinvolved in initializing SDM
to solve the problemin Figure 1. Runningthe problem
on SDM bggins by calling the SDM.nitialize to establish
databaseconnection(for storing metadata). Six database
tablesrun_table, accesspatterntable, executiontable, im-
port_ table, index_table, andindex_history table, arecreated
to storethe metadatassociateavith theapplication.Since
two datasets,p andq, areproducedasa resultof compu-
tationsandthey have the samedatatype and global size,
thesedatasetsare groupedin a datagroupto experiment
differentwaysof organizingdatain files. All the metadata
associatedvith thesedatasetsare storedin a databasen
the SDM.setattributes

Figure 3 describeghe stepsin SDM to partitionthein-
dexesanddata.Thefour arrays,edgel, edge?2, x, andy,
areimportedby creatinga datagroup. Sincethesearrays
have beencreatedoutsideof SDM, the userhasno con-
trol over the arraysexceptto readthem,by specifyingtheir
datatype, appropriatdile offset,andlength. The userneed
not createseveral datagroupsto import the arrays. In the
SDM.makeimportlist, the metadataof this importeddata
group,including a mechanisnfor the import (partition), is
storedin theimport tablefor alateruse.

In order to partition edgel and edge2, the
SDM.import is called to import the arrays with the

parameter®f file handle,their positionin the datagroup,
file offset,file length,anduserbuffer to hold the data. The

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

SDM_import(handleedgel1, totalEdgestmp);
SDM_import(handleedge2 (totalEdges*sizeof(int)),
totalEdgestmp+(totalEdges*sizeof(int)));

/* DistributeedgelandedgeZamongprocessed
vector= SDM _patrtitiontable(handle,
partitioning vector totalNodes);
partitionededge= SDM_partitionindex(handle,
partitioning vector totalNodes&tmp, &vector);

localEdges= SDM_partitionindex_size(handle);
localNodes= SDM_partition datasize(handle);

/* Make ahistory of thisindex distribution*/
SDM._index_registry(handle partitionededge vector);

/* Importx */

file_offset= 2*totalEdges*sizeof(int);

SDM_dataview(handle,1, x, &partitioned edge,
&localEdges);

SDM_import(handle, file_offset,totalEdgesxBuf);

/* Importy */

file_offset+=totalEdges sizeof(double);
SDM_dataview(handle,1, y, &vector &localNodes);
SDM_import(handley, file_offset,totalNodesyBuf);

SDM_releaseimportlist(thandle4);

Figure 3. SDM API for partitioning indexes

and data

SDM.import first accesseshe index_table in the database
to seewhethera history file exists with this problemsize.
If so, the metadata,such as each process partitioned
index size andthe history file name,is retrieved from the
index_table and index_history table, and the control exits
the SDM.import. Otherwise,the desireddatais imported
to the application. Sinceedgel and edge?2 are being
importedin a contiguousway, thereis no needto specify
datamappingbetweenthe file and processomemory In
the SDM.import, the total domain (file length)is equally
divided amongprocessesand the datain the domainis
contiguouslyimportedinto the application.In ourexample,



edged) and1 areimportedto proces, andedges? and
3 areimportedto processl.

In the SDM partition_table, the global partitioningvec-
tor,partitioni ng_vect or in Figure3, is corvertedto
the local vector vect or in Figure 3, to determinewhich
nodeshouldbe assignedo which process.n the example,
nodesO and3 are assignedo proces), andnodesl, 2,
and4 areassignedo processl.

If there is a history file for this problem size, the
SDM partition_index readsthe alreadypartitionededge 1
andedge?2 fromthehistoryfile andcorvertsthemto thelo-
calizededgeshy usingthe partitioning vector This avoids
the communicationcostto exchangeeachprocesss edges
andthecomputatiorcostto choosgheedgedo beassigned.
Thedisadwantageof thehistoryfile is thatit cannotbeused
if the programis run on a differentnumberof processes
from whenthefile wascreatedbecaus¢heedgesandnodes
beingassignedo eachprocesslynamicallychangeamong
differenthumberof processesOneefficient useof thehis-
toryfile is to createit in advancefor the variousnumbersof
processesf interest. As long asthe userrunsthe applica-
tion with ary of thosenumberof processesnappropriate
history canbe chosento reducecommunicatiorand com-
putationcosts. If thereis no historyfile, the edgesn each
procesaredistributedby readingall thedatain paralleland
performinga ring-orientedcommunication.

If atleastanodeof anedgehasbeenpartitionedo apro-
cesstheedgeis assignedo the processFor example,edge
0 is assignedothto procesd) and 1 becausenenodeof
theedge,edgel 0, hasbeenpartitionedto process and
the othernode,edge?2 1, hasbeenpartitionedto process
1. This edgeis a ghostedgeof both processebeingstored
to minimize communicatiorvolumes.

For storing the partitionededgesand nodes,including
the ghostones,a certainamountof memoryspaceis ini-
tially allocatedto eachprocess.Whenthe entire memory
spacds occupiedoy the partitioneddata,it is automatically
doubledby adjustingthe memorysize. This preventsthe
systemfrom looking throughthe entire datain two steps,
onestepto decidethe size of memoryspaceandthe other
stepto actuallystorethedatain thememoryspace.

After the edgesand nodesare distributed, the edgesin
eachprocessaremovedto thenext procesdocatedataring
network. In the example, proces0 receves edges?2 and
3, andprocessl recevesedges) and1 to partitionthem
asdescribedabove. After finishing the edgedistribution,
edges0 and2 areassignedo procesd), andedges0, 1,
and3 areassignedo processl. Similarly, nodes0, 1, and
3 areassignedo procesd), andnodes0, 1, 2, and4 are
assignedo processl. In Figure3, partiti oned_edge
containsthe edgesassignedo eachprocessandvect or
containsthe nodesassignedo it. Thesearethe two map
arraysto distribute the physicaldataassociatedvith each

edgeandnode respectiely.

If the SDM.index_registry wasexecutedfor thefirst time
andno historyfile wascreatedearlier the metadataof the
partitionededges suchasthe partitionedsize of eachpro-
cess,is storedin the databasdablesindex_table and in-
dex history table. Also, the partitioned edgesare asyn-
chronouslywritten to a historyfile to be retrieved in sub-
sequentunsrequiringthe sameedgedistribution. The use
of the SDM.index_registry is optional. If the userdoesnot
call the SDM.index registry, no historyfile is createdafter
partitioningthe edges.

In order to import and partition datax andy in the
SDM.import, the SDM data view mustbe calledto define
the datamappingbetweena noncontiguouglobal view of
the file anda local view of the processomemory Using
thedatamappingjn the SDM.import, the associatedatais
irregularly distributedby calling a collective MPI-10 func-
tion. In the SDMreleaseimportlist, the structuresbeing
usedto importdatain thefile handlearefree.

Figure?2 shavs the stepsto write two datasets,p andq,
after completingthe computationsat eachcheckpoint.Be-
forewriting p andq, thedatamappingto write is definedin
the SDM.data view usingthemaparray(vect or ) associ-
atedwith the nodepartition.

SDM supportghreedifferentwaysof organizingdatain
files. In level 1, eachdatasetgeneratedht eachtime step
is written to a separatdile. This file organizationis simple,
but it incursthe costof a file-open,file-view to definethe
visible portion of a file for eachprocessanda file-closeat
eachtime step. In level 2, eachdataset(within a group)is
writtento aseparatdile, but differentiterationsof thesame
datasetareappendedo the saméfile. This methodresults
in a smallernumberof files andsmallerfile-openandfile-
view costs. The offsetin the file wheredatais appended
is storedin the executiontable. In level 3, all iterationsof
all datasetsbelongingto a grouparestoredin a singlefile.
As in level 2, the file offset for eachdatasetis storedin
theexecutiontableby proces® in the SDM write function.
Theideais thatif afile systemhashigh file-openandfile-
close costs,and an applicationgenerates high file-view
cost,asin irregularapplications SDM cangeneratea very
smallnumberof files. However, if anapplicationproduces
alargenumberof datasetswith alargeproblemsize,level 3
file organizationwould resultin very largefiles, which may
degradethe performance.

Figure4 depictsthemetadatatoragan thedatabasand
the organizationof datain filesin SDM for the examplein
Figurel.

4. Performance Results

We obtainedperformanceesultson the SGI Origin2000
at ArgonneNationalLaboratory The Origin2000has128



(Database tables for writing and reading simulation results)
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Figure 4. SDM execution flow to solve for the
example in Figure 1

processorsnd 10 Fibre Channelcontrollersconnectedo
a total of 110 disks of 9 GBytes capacityeach. The file
systemon the Origin2000is SGI's XFS [13, 30]. For the
resultswe usedXFS bufferedl/O andMySQL [20] to store
themetadata.

Thefirst applicationtemplatethatwe benchmarkedavas
atetrahedralertex-centeredunstructuredyrid codedevel-
opedby W. K. Andersonof the NASA Langley Research
Center[1]. This applicationusesa partitioningvectorgen-
eratedfrom MeTis to partition the nodesand edgesin a
mesh.To evaluateSDM portedto the application,we used
about18M edgesand 2M nodes. At the initial stage,the
applicationimportsedgesfour dataarraysassociateavith
edgesandanotherfour dataarraysassociateavith nodes.
The total imported datasize was about807 MBytes. As
a result of computationsthe applicationwrote about21
MBytes of four datasetseachand105 MBytes of a single
dataset. Using 64 processorsye iteratedthe application
templatetwo time steps;at eachtime step, five datasets
werewritten to files.

The secondapplication templatethat we ran was a
Rayleigh-Tylorinstability application[9] thatis motivated
by ajoint projectbetweertheUniversityof ChicagoandAr-
gonneto studythermonucleaflasheson astrophysicabb-
jects. Wheneer the currenttime reachesa certainpoint,
the applicationwritestwo datasets:a singlenodedataset

associatedvith verticesin a mesh,anda triangle dataset
associateavith triangleson tetrahedrafaces.In the appli-
cationtemplatewe wroteabout36 MBytesof thenodedata
setandabout74 MBytesof thetriangledatasetateachtime
step.Sinceweiteratedthetemplatefive times,thetotal data
sizewritten wasapproximately550 MBytes.

4.1.Resultsfor FUN3D
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Figure 5. Execution time for partitioning in-
dices and data in FUN3D

Figure 5 shavs the bandwidthto import and partition
18M edges four datasetseachof 144 MBytes of dataas-
sociatedwith edgesandanotherfour datasetseachof 21
MBytesof dataassociateavith nodes.Theoriginal version
of the application—withat using SDM—performsall the
I/O operationddy a single procesqproces), which then
broadcastslatato otherprocesses.SDM performsl/O in
parallelfrom all processesising MPI-IO. The bar labeled
i ndex distri. in Figure5 shavsthe communication
and computationcoststo partition the edgesafter import-
ing themto the application.Also, the barlabeledi npor t
shavsthecostof readingthe edgesandeightdataarrays.

Theoriginalapplicationreadgheedgesn two steps:one
stepto determinethe amountof memoryto storethe parti-
tionededgesandthe otherstepto actuallyreadthe edges.
SDM, however, extendsthe allocatedmemorydynamically
as needed(using C functionr eal | oc) and is therefore
ableto readthe partitionededgesn a singlestep.This con-
tributesto the reducedcostof i ndex distri. when
usingSDM. Whenpatrtitioningtheedgeswith a historyfile,



the costof i ndex di stri. isnothingbut readingthe
historyfile of the edgesin a contiguousway, includingthe
databaseostto accesghe metadata Sincethe historyfile
containsthe alreadypartitionededges thereis no needto
import the edges;hence,the readcostin i mport is re-
duced.

150.0
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1/0 Bandwidth (MB/Sec.)
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Figure 6. 1/0 bandwidth for reading and writ-
ing data in FUN3D

Figure 6 shaws the I/O bandwidthfor writing andthen
readingbackthe datageneratedrom the applicationusing
64 processors.The total datasize wasapproximately379
MBytes. In level 1, eachdataarrayis written to separate
files, resultingin the creationof 10 differentfiles. Each
time the dataarray is written to files, level 1 requiresthe
costfor openinga file anddefiningan MPI-10 file view to
accesdhe datafrom the portion of the file pointedby the
globalfile offset. In level 2, however, eachdataarraygen-
eratedat eachtime stepis appendedn five files, generat-
ing five file-openandfile-view costs.This reducechumber
of files improvesthe I/O performanceslightly. In level 3,
only two files are generatedresultingin the bestl/O per
formanceamongthe threefile organizations.On the SGI
Origin2000,the differencebetweerthreefile organizations
is notsignificantbecauséhefile-opencostis small.

4.2.Resultsof RT Application

Figure 7 shaws the I/O bandwidthfor writing approxi-
mately550 MBytes of data.In the original application the
write operationis performedsequentially In otherwords,
after seekingthe startingpositionin afile, processesvrite

theirlocal portion of dataoneby one. Whenwe portedthe
applicationto SDM, thel/O performancencreasedignifi-
cantlybecaus®f thel/O optimizationsof MPI-10.

In SDM, we wrote the node dataset accordingto the
globalnodenumberof the partitionednodes andwrote the
triangledatasetcontiguously Sincetwo datasetsarewrit-
tento files separatelySDM supportgwo differentwaysof
file organization:level 1 andlevel 2/3 (levels 2 and3 are
identicalin this case). As canbe seenin Figure7, on the
SGIOrigin2000,changinghefile organizationrdoesnot af-
fect the I/O performancesincethe cost of file-openand
file-view is very low.

When the numberof processorsncreasedo write the
samedatasize, we canseethe degradationof the I/O per
formance. With 32 processorsthe datasize beingwritten
at eachtime stepis about1 MByte for the nodedataset
and 2 MBytes for the triangle dataset. If the numberof
processorgjoesup to 64, the buffer size of eachprocess
becomessmaller resultingin the performancereduction.
Clearly, thereis an optimal buffer sizethat shows the best
I/O performance.
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Figure 7.1/0 bandwidth for RT

5. RelatedWork

Severaleffortshave soughto optimizel/O in parallelfile
systemandruntimelibraries[3, 5, 6,14,16,18,22, 27, 31].
SRB(StorageResourcddroker)[2] providesanuniformin-
terfaceto accessvariousstoragesystemssuchasfile sys-
tems,Unitree, HPSSanddatabasebjects.However, it does
not fully supportthe optimizationsimplementedin MPI-
I0. Shoshanetal. [28, 29] describeanarchitecturdor op-



timizing accesdo large volumesof scientific data stored
on tapes. The Active Data Repository[17] and DataCut-
ter [4] optimize storage retrieval, and processingf very
large multidimensionaldatasets.The main differencebe-
tweenourwork andothereffortsin 1/0O is thatSDM aimsto
combinethegoodfeaturesf parallelfile 1/O anddatabases,
whereasother efforts focus on either parallel /O or data
managementnotboth.

6. Summary

We have describedthe SDM system,API, and imple-
mentationfor 1/O in irregular applications.SDM provides
an easy-to-useiserinterfacefor managinglarge datasets
andinternally usesMPI-1O for high-performanc&/O anda
databaséor storingmetadata\We studiedthe performance
of SDM usingtwo irregularapplications:FUN3D andRT.
Whenwe portedbothapplicationgo useSDM, therewasa
significantimprovementin 1/O performanceomparedvith
theoriginal application.Also, we obseredthatusinga his-
tory file for theindex distributionhelpedto reducethecom-
putationandcommunicatiorcosts.However, changingthe
SDM file organizatiorfrom level 1 to level 3did notgreatly
affect the performanceon the SGI Origin2000,becausenf
its low file-openandfile-view costs.

We planto develop SDM further to supportvisualiza-
tion applicationsandto investigatewhetherSDM can ef-
fectively be usedas a strat@y for implementinglibraries
suchasHDF [21] andnetCDF[33].
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