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Abstract

Many scientificapplicationsare I/O intensiveand gen-
erate large data sets,spanninghundredsor thousandsof
“files.” Management,storage,efficientaccess,andanalysis
of thisdatapresentan extremelychallengingtask.We have
developeda software system,called ScientificData Man-
ager(SDM),thatusesa combinationof parallel file I/O and
databasesupportfor high-performancescientificdataman-
agement.SDMprovidesa high-levelAPI to theuserand,in-
ternally, usesa parallel file systemto store real dataanda
databaseto store application-relatedmetadata.In this pa-
per, wedescribehowwedesignedandimplementedSDMto
supportirregular applications.SDMcanefficientlyhandle
thereadingandwriting of datain anirregular mesh,aswell
as the distribution of index values. We describethe SDM
userinterfaceandhow we haveimplementedit to achieve
high performance. SDM makesextensiveuseof MPI-IO’s
noncontiguouscollectiveI/O functions.SDMalsousesthe
conceptof a historyfile to optimizethecostof theindex dis-
tributionusingthemetadatastoredin database. Wepresent
performanceresultswith twoirregular applications,a CFD
codecalledFUN3Danda Rayleigh-Taylor instabilitycode,
on theSGIOrigin2000at ArgonneNationalLaboratory.

1. Intr oduction

Many large-scalescientificapplicationsareI/O intensive
andgeneratelargeamountsof data(on theorderof several
hundredgigabytesto terabytes)[8, 25]. Many of theseap-
plicationsperformtheir computationandI/O on an irreg-
�
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ularly discretizedmesh. The dataaccessesin thoseappli-
cationsmakeextensive useof arrays,calledindirectionar-
ray [7, 24] or maparray [10], in which eachvalueof the
arraydenotesthecorrespondingdatapositionin memoryor
in thefile.

The data distribution in irregular applicationscan be
doneeitherby usingcompiler directiveswith the support
of runtime preprocessing[11, 12] or by using a runtime
library [7, 24]. Most of the previous work in the areaof
unstructured-gridapplicationsfocusesmainly on computa-
tion andcommunicationin suchapplications,not on I/O.

Wehavedevelopedasoftwaresystemfor large-scalesci-
entific data management,called Scientific Data Manager
(SDM) [23], thatcombinesthegoodfeaturesof bothfile I/O
anddatabases.SDM providesahigh-level,user-friendly in-
terface. Internally, SDM interactswith a databaseto store
application-relatedmetadataandusesMPI-IO to storethe
realdataon a high-performanceparallelfile system.SDM
takesadvantageof variousI/O optimizationsavailable in
MPI-IO, suchascollectiveI/O andnoncontiguousrequests,
in a mannerthatis transparentto theuser. As aresult,users
can accessdatawith the performanceof parallel file I/O,
withouthaving to botherwith thedetailsof file I/O.

In a previouspaper[23], we describedthe useof SDM
for regularapplications.In thispaper, we describetheAPI,
design,and implementationof SDM for irregular applica-
tions.SDMcanefficiently handlethereadingandwriting of
datain anirregularmesh,aswell asthedistributionof index
values.SDM alsousestheconceptof a historyfile to opti-
mize the costof the index distribution usingthe metadata
storedin database.We presentperformanceresultswith
two irregularapplications,a CFD codecalledFUN3D and
a Rayleigh-Taylor instability code,on theSGI Origin2000
atArgonneNationalLaboratory.

The restof this paperis organizedas follows. In Sec-
tion 2 we discussour goalsin developingSDM for irreg-
ular problems. In Section3 we presenta typical irregular
problemanddescribethedetailedimplementationissuesof



SDM to solve theproblem.Performanceresultson theSGI
Origin2000at ArgonneNationalLaboratoryarepresented
in Section4. Wediscussrelatedwork in Section5 andcon-
cludein Section6.

2. DesignObjectives

Our mainobjectivesin designingSDM for irregularap-
plicationswereto achievehigh-performanceparallelI/O, to
provide a convenienthigh-level API, and to optimize the
executioncostof irregularapplications.

� High-PerformanceI/O . To achievehigh-performance
I/O, we decidedto use a parallel file-I/O systemto
store real data and use MPI-IO to accessthis data.
MPI-IO, theI/O interfacedefinedaspartof theMPI-2
standard[10, 19], is rapidly emerging asthestandard,
portableAPI for I/O in parallelapplications.MPI-IO
is specificallydesignedtoenabletheoptimizationsthat
arecritical for high-performanceparallel I/O. Exam-
plesof theseoptimizationsincludecollective I/O, the
ability to accessnoncontiguousdatasets,andtheabil-
ity to passhints to the implementationaboutaccess
patterns,file-stripingparameters,andsoforth.

� High-Level API . Our goal was to provide a high-
level unified API for any kind of application(regular
or irregular) while encapsulatingthe detailsof either
MPI-IO or databases.With SDM, usercan specify
the datawith a high-level description,togetherwith
annotations,andusea similar API for dataretrieval.
SDM internally translatesthe user’s requestinto ap-
propriateMPI-IO calls, including creatingMPI de-
riveddatatypesfor noncontiguousdata[32]. SDMalso
interactswith the databasewhennecessary, by using
embeddedSQL functions.

� Optimization for Irr egular Applications. In irregu-
lar applications,thecostof anindex distributionis usu-
ally expensive, in termsof communicationandcom-
putation. In SDM, after partitioningthe index values
amongprocesses,the local index subsetsof all pro-
cessesareasynchronouslywritten to ahistoryfile, and
the associatedmetadatais storedin database.When
the sameindex distribution is neededin subsequent
runs, the index valuesare readfrom the history file
usingthemetadatastoredin database,andtherebythe
usercanavoid repeatingthecommunicationandcom-
putationfor thesameindex distribution.

3. Implementation

We discusstheSDM API for solvinga sampleirregular
problemandshow how theAPI is implemented.

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

Figure1 shows a typical irregular problemthat sweeps
overtheedgesof anirregularmesh.In thisproblem,edge1
andedge2 aretwo arraysrepresentingnodesconnectedby
an edge,andarraysx andy arethe actualdataassociated
with eachedgeandnode,respectively. The partitionedar-
raysof edge1, edge2, x, andy containa singlelevel of
“ghostdata”beyondtheboundariesto minimizeremoteac-
cesses.After the computationis completed,the resultsp
andq arewritten to a file in theorderof globalnodenum-
bers.

Figures2 and3 respectively show theSDM API for writ-
ing theresultsp andq andfor partitioningedge1,edge2,
x, andy amongprocessesto solvetheproblemdescribedin
Figure1. We usethe term import to distinguishit from a
readoperation.A readoperationreadsthe datacreatedin
SDM, whereasan import operationreadsthe datacreated
outsideof SDM.

3.2.Implementation Details

Thepartitioning vectoris theonegeneratedfrom a par-
titioning tool, suchas MeTis[15, 26]. Eachvalue of the
vectordenotesa processorrank wherethe nodeshouldbe
assigned.In SDM, the partitioningvectorshouldberepli-
catedamongprocesses.Next, themaparray is theonethat
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SDM initialize(nameOfApplication);
result= SDM makedatalist(2,	 p, q 
 );
result[0].datatype= DOUBLE;
SDM associateattributes(2,&result[0]);
handle= SDM setattributes(2,result);
......
/* Partition edge1,edge2,x andy amongprocesses

(Figure3) */
......
SDM dataview(handle,2, p, &vector, &localNodes);
For (t=1; �
��������������� ; t++) 	

......
Do computationandproduceresultsp andq;
......
For (eachcheckpoint)	

SDM write(handle,p, t, pBuf);
SDM write(handle,q, t, qbuf);





SDM finalize(handle,2);

Figure 2. SDM API for writing results

specifiesthemappingof eachelementof the local arrayto
the global array. This map array is createdin SDM after
partitioning the indexesusinga partitioningvector, or the
maparraycanbespecifiedby theuser.

Figure 2 shows the stepsinvolved in initializing SDM
to solve the problemin Figure 1. Running the problem
on SDM begins by calling the SDM initialize to establish
databaseconnection(for storing metadata).Six database
tables,run table, accesspattern table, executiontable, im-
port table, index table, andindex history table, arecreated
to storethemetadataassociatedwith theapplication.Since
two datasets,p andq, areproducedasa resultof compu-
tationsand they have the samedatatype andglobal size,
thesedatasetsare groupedin a datagroupto experiment
differentwaysof organizingdatain files. All themetadata
associatedwith thesedatasetsarestoredin a databasein
theSDM setattributes.

Figure3 describesthestepsin SDM to partition the in-
dexesanddata.Thefour arrays,edge1, edge2, x, andy,
areimportedby creatinga datagroup. Sincethesearrays
have beencreatedoutsideof SDM, the userhasno con-
trol over thearraysexceptto readthem,by specifyingtheir
datatype,appropriatefile offset,andlength.Theuserneed
not createseveral datagroupsto import the arrays. In the
SDM makeimportlist, the metadataof this importeddata
group,includinga mechanismfor the import (partition), is
storedin the import tablefor a lateruse.

In order to partition edge1 and edge2, the
SDM import is called to import the arrays with the

parametersof file handle,their position in the datagroup,
file offset,file length,anduserbuffer to hold thedata.The

import = SDM makedatalist(4,	 edge1,edge2,x, y 
 );
import[2].datatype= DOUBLE;
SDM associateattributes(2,&import[2]);
SDM makeimportlist(handle,4, import);

SDM import(handle,edge1,0, totalEdges,tmp);
SDM import(handle,edge2,(totalEdges*sizeof(int)),

totalEdges,tmp+(totalEdges*sizeof(int)));

/* Distributeedge1andedge2amongprocesses*/
vector= SDM partition table(handle,

partitioningvector, totalNodes);
partitionededge= SDM partition index(handle,

partitioning vector, totalNodes,&tmp, &vector);

localEdges= SDM partition index size(handle);
localNodes= SDM partition datasize(handle);

/* Makeahistoryof this index distribution*/
SDM index registry(handle,partitionededge,vector);

/* Importx */
file offset= 2*totalEdges*sizeof(int);
SDM dataview(handle,1, x, &partitionededge,

&localEdges);
SDM import(handle,x, file offset,totalEdges,xBuf);

/* Importy */
file offset+= totalEdges* sizeof(double);
SDM dataview(handle,1, y, &vector, &localNodes);
SDM import(handle,y, file offset,totalNodes,yBuf);

SDM releaseimportlist(handle,4);

Figure 3. SDM API for par titioning indexes
and data

SDM import first accessesthe index table in the database
to seewhethera history file exists with this problemsize.
If so, the metadata,such as each process’s partitioned
index sizeandthe 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. Sinceedge1 and edge2 are being
importedin a contiguousway, thereis no needto specify
datamappingbetweenthe file andprocessormemory. In
the SDM import, the total domain(file length) is equally
divided amongprocesses,and the data in the domain is
contiguouslyimportedinto theapplication.In ourexample,
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edges0 and1 areimportedto process0, andedges2 and
3 areimportedto process1.

In theSDM partition table, the globalpartitioningvec-
tor, partitioning vector in Figure3, is convertedto
the local vector, vector in Figure3, to determinewhich
nodeshouldbeassignedto which process.In theexample,
nodes0 and3 areassignedto process0, andnodes1, 2,
and4 areassignedto process1.

If there is a history file for this problem size, the
SDM partition index readsthe alreadypartitionededge1
andedge2 fromthehistoryfile andconvertsthemto thelo-
calizededgesby usingthepartitioning vector. This avoids
the communicationcostto exchangeeachprocess’s edges
andthecomputationcosttochoosetheedgestobeassigned.
Thedisadvantageof thehistoryfile is thatit cannotbeused
if the programis run on a different numberof processes
from whenthefile wascreated,becausetheedgesandnodes
beingassignedto eachprocessdynamicallychangeamong
differentnumbersof processes.Oneefficientuseof thehis-
tory file is to createit in advancefor thevariousnumbersof
processesof interest.As long astheuserrunstheapplica-
tion with any of thosenumbersof processes,anappropriate
history canbe chosento reducecommunicationandcom-
putationcosts.If thereis no historyfile, theedgesin each
processaredistributedby readingall thedatain paralleland
performinga ring-orientedcommunication.

If at leastanodeof anedgehasbeenpartitionedto apro-
cess,theedgeis assignedto theprocess.For example,edge
0 is assignedboth to process0 and1 becauseonenodeof
theedge,edge1 0, hasbeenpartitionedto process0 and
theothernode,edge2 1, hasbeenpartitionedto process
1. This edgeis a ghostedgeof bothprocessesbeingstored
to minimizecommunicationvolumes.

For storing the partitionededgesand nodes,including
the ghostones,a certainamountof memoryspaceis ini-
tially allocatedto eachprocess.Whenthe entirememory
spaceis occupiedby thepartitioneddata,it is automatically
doubledby adjustingthe memorysize. This preventsthe
systemfrom looking throughthe entiredatain two steps,
onestepto decidethe sizeof memoryspaceandthe other
stepto actuallystorethedatain thememoryspace.

After the edgesandnodesaredistributed,the edgesin
eachprocessaremovedto thenext processlocatedataring
network. In the example,process0 receives edges2 and
3, andprocess1 receivesedges0 and1 to partition them
as describedabove. After finishing the edgedistribution,
edges0 and2 areassignedto process0, andedges0, 1,
and3 areassignedto process1. Similarly, nodes0, 1, and
3 areassignedto process0, andnodes0, 1, 2, and4 are
assignedto process1. In Figure3, partitioned edge
containsthe edgesassignedto eachprocess,andvector
containsthe nodesassignedto it. Theseare the two map
arraysto distribute the physicaldataassociatedwith each

edgeandnode,respectively.
If theSDM index registry wasexecutedfor thefirst time

andno historyfile wascreatedearlier, themetadataof the
partitionededges,suchasthe partitionedsizeof eachpro-
cess,is storedin the databasetables index table and in-
dex history table. Also, the partitionededgesare asyn-
chronouslywritten to a history file to be retrieved in sub-
sequentrunsrequiringthesameedgedistribution. Theuse
of theSDM index registry is optional. If theuserdoesnot
call theSDM index registry, no historyfile is createdafter
partitioningtheedges.

In order to import and partition datax and y in the
SDM import, the SDM data view mustbe calledto define
thedatamappingbetweena noncontiguousglobal view of
the file anda local view of the processormemory. Using
thedatamapping,in theSDM import, theassociateddatais
irregularly distributedby calling a collective MPI-IO func-
tion. In the SDM releaseimportlist, the structuresbeing
usedto importdatain thefile handlearefree.

Figure2 shows thestepsto write two datasets,p andq,
aftercompletingthecomputationsat eachcheckpoint.Be-
forewriting p andq, thedatamappingto write is definedin
theSDM data view usingthemaparray(vector) associ-
atedwith thenodepartition.

SDM supportsthreedifferentwaysof organizingdatain
files. In level 1, eachdatasetgeneratedat eachtime step
is written to a separatefile. 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 aseparatefile, but differentiterationsof thesame
datasetareappendedto thesamefile. This methodresults
in a smallernumberof files andsmallerfile-openandfile-
view costs. The offset in the file wheredatais appended
is storedin theexecutiontable. In level 3, all iterationsof
all datasetsbelongingto a grouparestoredin a singlefile.
As in level 2, the file offset for eachdataset is storedin
theexecutiontableby process0 in theSDM write function.
The ideais that if a file systemhashigh file-openandfile-
closecosts,and an applicationgeneratesa 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
degradetheperformance.

Figure4 depictsthemetadatastoragein thedatabaseand
theorganizationof datain files in SDM for theexamplein
Figure1.

4. PerformanceResults

Weobtainedperformanceresultson theSGIOrigin2000
at ArgonneNationalLaboratory. The Origin2000has128

4



import_table
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(Database tables for importing and partitioning indexes and data)Partitioning 

Figure 4. SDM execution flow to solve for the
example in Figure 1

processorsand10 Fibre Channelcontrollersconnectedto
a total of 110 disks of 9 GBytescapacityeach. The file
systemon the Origin2000is SGI’s XFS [13, 30]. For the
results,weusedXFSbufferedI/O andMySQL [20] to store
themetadata.

Thefirst applicationtemplatethatwe benchmarkedwas
a tetrahedralvertex-centeredunstructuredgrid 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 theapplication,we used
about18M edgesand2M nodes. At the initial stage,the
applicationimportsedges,four dataarraysassociatedwith
edges,andanotherfour dataarraysassociatedwith nodes.
The total importeddatasize was about807 MBytes. As
a result of computations,the applicationwrote about 21
MBytesof four datasetseachand105MBytesof a single
dataset. Using 64 processors,we iteratedthe application
templatetwo time steps;at eachtime step,five datasets
werewritten to files.

The secondapplication template that we ran was a
Rayleigh-Taylor instabilityapplication[9] thatis motivated
byajoint projectbetweentheUniversityof ChicagoandAr-
gonneto studythermonuclearflasheson astrophysicalob-
jects. Whenever the currenttime reachesa certainpoint,
theapplicationwrites two datasets:a singlenodedataset

associatedwith verticesin a mesh,anda triangledataset
associatedwith triangleson tetrahedralfaces.In theappli-
cationtemplate,wewroteabout36MBytesof thenodedata
setandabout74MBytesof thetriangledatasetateachtime
step.Sinceweiteratedthetemplatefivetimes,thetotaldata
sizewrittenwasapproximately550MBytes.

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

Figure 5 shows the bandwidthto import and partition
18M edges,four datasetseachof 144 MBytesof dataas-
sociatedwith edges,andanotherfour datasetseachof 21
MBytesof dataassociatedwith nodes.Theoriginalversion
of the application—without usingSDM—performsall the
I/O operationsby a singleprocess(process0), which then
broadcastsdatato otherprocesses.SDM performsI/O in
parallel from all processesusingMPI-IO. The bar labeled
index distri. in Figure5 shows the communication
andcomputationcoststo partition the edgesafter import-
ing themto theapplication.Also, thebarlabeledimport
shows thecostof readingtheedgesandeightdataarrays.

Theoriginalapplicationreadstheedgesin twosteps:one
stepto determinetheamountof memoryto storetheparti-
tionededgesandthe otherstepto actuallyreadthe edges.
SDM, however, extendstheallocatedmemorydynamically
as needed(using C function realloc) and is therefore
ableto readthepartitionededgesin a singlestep.Thiscon-
tributesto the reducedcost of index distri. when
usingSDM. Whenpartitioningtheedgeswith ahistoryfile,

5



the costof index distri. is nothing but readingthe
historyfile of theedgesin a contiguousway, includingthe
databasecostto accessthemetadata.Sincethehistoryfile
containsthe alreadypartitionededges,thereis no needto
import the edges;hence,the readcost in import is re-
duced.
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Figure 6. I/O bandwidth for reading and writ-
ing data in FUN3D

Figure6 shows the I/O bandwidthfor writing andthen
readingbackthedatageneratedfrom theapplicationusing
64 processors.The total datasizewasapproximately379
MBytes. In level 1, eachdataarray is written to separate
files, resulting in the creationof 10 different files. Each
time the dataarray is written to files, level 1 requiresthe
costfor openinga file anddefininganMPI-IO file view to
accessthe datafrom the portion of the file pointedby the
globalfile offset. In level 2, however, eachdataarraygen-
eratedat eachtime stepis appendedin five files, generat-
ing five file-openandfile-view costs.This reducednumber
of files improves the I/O performanceslightly. In level 3,
only two files aregenerated,resultingin the bestI/O per-
formanceamongthe threefile organizations.On the SGI
Origin2000,thedifferencebetweenthreefile organizations
is notsignificantbecausethefile-opencostis small.

4.2.Resultsof RT Application

Figure7 shows the I/O bandwidthfor writing approxi-
mately550MBytesof data.In theoriginal application,the
write operationis performedsequentially. In otherwords,
afterseekingthestartingpositionin a file, processeswrite

their local portionof dataoneby one.Whenwe portedthe
applicationto SDM, theI/O performanceincreasedsignifi-
cantlybecauseof theI/O optimizationsof MPI-IO.

In SDM, we wrote the nodedataset accordingto the
globalnodenumberof thepartitionednodes,andwrotethe
triangledatasetcontiguously. Sincetwo datasetsarewrit-
tento files separately, SDM supportstwo differentwaysof
file organization:level 1 andlevel 2/3 (levels 2 and3 are
identical in this case).As canbe seenin Figure7, on the
SGIOrigin2000,changingthefile organizationdoesnotaf-
fect the I/O performance,since the cost of file-openand
file-view is very low.

When the numberof processorsincreasesto write the
samedatasize,we canseethedegradationof the I/O per-
formance.With 32 processors,the datasizebeingwritten
at eachtime stepis about1 MByte for the nodedataset
and2 MBytes for the triangle dataset. If the numberof
processorsgoesup to 64, the buffer size of eachprocess
becomessmaller, resulting in the performancereduction.
Clearly, thereis an optimal buffer sizethat shows thebest
I/O performance.
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5. RelatedWork

Severaleffortshavesoughtto optimizeI/O in parallelfile
systemsandruntimelibraries[3, 5,6,14,16,18,22, 27, 31].
SRB(StorageResourceBroker)[2] providesanuniformin-
terfaceto accessvariousstoragesystems,suchasfile sys-
tems,Unitree,HPSSanddatabaseobjects.However, it does
not fully supportthe optimizationsimplementedin MPI-
IO. Shoshaniet al. [28, 29] describeanarchitecturefor op-
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timizing accessto large volumesof scientific datastored
on tapes. The Active Data Repository[17] andDataCut-
ter [4] optimizestorage,retrieval, andprocessingof very
large multidimensionaldatasets.The main differencebe-
tweenourwork andotherefforts in I/O is thatSDM aimsto
combinethegoodfeaturesof parallelfile I/O anddatabases,
whereasother efforts focus on either parallel I/O or data
management,notboth.

6. Summary

We have describedthe SDM system,API, and imple-
mentationfor I/O in irregularapplications.SDM provides
an easy-to-useuserinterfacefor managinglarge datasets
andinternallyusesMPI-IO for high-performanceI/O anda
databasefor storingmetadata.We studiedtheperformance
of SDM usingtwo irregularapplications:FUN3D andRT.
Whenwe portedbothapplicationsto useSDM, therewasa
significantimprovementin I/O performancecomparedwith
theoriginalapplication.Also,weobservedthatusingahis-
tory file for theindex distributionhelpedto reducethecom-
putationandcommunicationcosts.However, changingthe
SDM file organizationfrom level 1 to level 3 did notgreatly
affect the performanceon theSGI Origin2000,becauseof
its low file-openandfile-view costs.

We plan to develop SDM further to supportvisualiza-
tion applicationsand to investigatewhetherSDM can ef-
fectively be usedas a strategy for implementinglibraries
suchasHDF [21] andnetCDF[33].
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