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Abstract

Datasetstorage, exchange, and accessplay a critical
role in scientificapplications. For such purposesnetCDF
servesasa portableandefficientfile formatandprogram-
minginterface, which is popularin numerousscientificap-
plicationdomains.However, theoriginal interfacedoesnot
providea efficientmechanismfor parallel datastorageand
access.

In thiswork,wepresenta new parallel interfacefor writ-
ing and reading netCDF datasets. This interface is de-
rived with minimal changesfrom the serial netCDFinter-
face but definessemanticsfor parallel accessand is tai-
lored for high performance. The underlyingparallel I/O
is achievedthroughMPI-IO, allowing for dramaticperfor-
mancegainsthroughtheuseof collectiveI/O optimizations.
We compare the implementationstrategieswith HDF5 and
analyzeboth. Our testsindicateprogrammingconvenience
andsignificantI/O performanceimprovementwith thispar-
allel netCDFinterface.

1. Intr oduction

Scientistshave recognizedthe importanceof portable
andefficient mechanismsfor storinglargedatasetscreated
andusedby theirapplications.TheNetwork CommonData
Form (netCDF)[9, 8] is one suchmechanismusedby a
numberof applications.

NetCDF intends to provide a common data access
methodfor atmosphericscienceapplicationsto deal with
a variety of datatypesthat encompasssingle-pointobser-
vations,time series,regularly spacedgrids,andsatelliteor
radarimages[8]. Todayseveralorganizationshaveadopted
netCDFasadataaccessstandard[19].

The netCDFdesignconsistsof both a portablefile for-

mat andan easy-to-useapplicationprogramminginterface
(API) for storingandretrieving netCDFfiles acrossmulti-
pleplatforms.Moreandmorescientificapplicationschoose
netCDFas their output file format. While theseapplica-
tionsbecomecomputationalanddataintensive,they tendto
be parallelizedon high-performancecomputers.Hence,it
is highlydesirabletohaveanefficientparallelprogramming
interfaceto thenetCDFfiles. Unfortunately, theoriginalde-
signof thenetCDFinterfaceis proving inadequatefor paral-
lel applicationsbecauseof its lackof aparallelaccessmech-
anism. In particular, thereis no supportfor concurrently
writing to a netCDFfile. Therefore,parallel applications
operatingon netCDFfiles mustserializeaccess.Tradition-
ally, parallelapplicationswrite to netCDFfiles throughone
of the allocatedprocesseswhich easilybecomesa perfor-
mancebottleneck. The serial I/O accessis both slow and
cumbersometo theapplicationprogrammer.

To facilitateparallel I/O operations,we have defineda
parallelAPI for concurrentlyaccessingnetCDFfiles. With
minimal changesto the namesandargumentlists, this in-
terfacemaintainsthelook andfeel of theserialnetCDFin-
terfacewhile the implementationunderneathincorporates
well-known parallel I/O techniquessuchascollective I/O
to allow high-performancedataaccess.We implementthis
work on top of MPI-IO, which is specifiedby the MPI-2
standard[3, 7, 2] andis freelyavailableon mostplatforms.
MPI hasbecomethedefactoparallelmechanismfor com-
municationandI/O on mostparallelenvironments,making
thisapproachportableacrossdifferentplatforms.

HierarchicalDataFormatversion5 (HDF5)[5] alsopro-
videsa portablefile formatandprogramminginterfacesfor
storingmultidimensionalarraystogetherwith ancillarydata
in a singlefile. It supportsparallelI/O andits implementa-
tion is alsobuilt on top of MPI-IO. Similar to HDF5, our
goal on designingthe parallelnetCDFis to make the pro-
gramminginterfacea dataaccessstandardfor parallelsci-
entificapplicationsandprovidemoreoptimizationopportu-
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nitiesfor I/O performanceenhancement.
We ran a set of benchmarksusing regular dataaccess

patternscommonlyseenin scientificapplicationsaswell as
theonesfrom a productionastrophysicsapplicationcalled
FLASH [1]. Westudythescalabilityof ourparallelnetCDF
implementationand comparethe performanceresultsbe-
tween using parallel netCDF and parallel HDF5 in the
FLASH I/O benchmark[18]. In this benchmark,our ex-
perimentsshow significantI/O performanceimprovement
whenusingparallelnetCDF.

Therestof this paperis organizedasfollows. Section2
reviews somerelatedwork. Section3 presentsthe design
backgroundof netCDFandpointsout its potentialusagein
parallelscientificapplications.Thedesignandimplementa-
tion of ourparallelnetCDFis describedin Section4. Exper-
imentalperformanceresultsaregivenin Section5. Section
6 concludesthepaper.

2. RelatedWork

Considerableresearchhas been done on data access
for scientificapplications. The work hasfocusedon data
I/O performanceanddatamanagementconvenience.Two
projects,MPI-IO andHDF, aremostcloselyrelatedto our
research.

MPI-IO is a parallelI/O interfacespecifiedin theMPI-2
standard.It is implementedandusedon a wide rangeof
platforms.Themostpopularimplementation,ROMIO [17]
is implementedportablyon top of an abstractI/O device
layer[14, 16] thatenablesportability to new underlyingI/O
systems. One of the most importantfeaturesin ROMIO
is collective I/O operations,which adopta two-phaseI/O
strategy [11, 12, 13, 15] andimprovetheparallelI/O perfor-
manceby significantlyreducingthenumberof I/O requests
that would otherwiseresult in many small, noncontiguous
I/O requests.However, MPI-IO readsand writes datain
a raw format without providing any functionality to effec-
tively managethe associatedmetadata.Nor doesit guar-
anteedataportability, therebymaking it inconvenientfor
scientiststo organize,transfer, andsharetheir application
data.

HDF is a file formatandsoftware,developedat NCSA,
for storing,retrieving, analyzing,visualizing,andconvert-
ing scientific data. The most popular versionsof HDF
are HDF4 [4] and HDF5 [5]. The designgoal of HDF4
is mainly to dealwith sequentialdataaccessand its API
is consistentwith its earlierversions. On the otherhand,
HDF5 is a major revision in which its API is completely
re-designed.Both versionsstoremultidimensionalarrays
togetherwith ancillarydatain portable,self-describingfile
formats. The supportfor paralleldataaccessin HDF5 is
built on top of MPI-IO, which ensuresits portability since
MPI-IO hasbecomea de facto standardfor parallel I/O.

However, the fact that HDF5 file format is not compati-
ble with HDF4canbeinconvenientfor existingHDF4pro-
grammersto migratetheir applicationsto HDF5. Further-
more, HDF5 addsseveral new features,suchas a hierar-
chical file structure,thatgive theprogrammermorepower
to describemetadatawhile makingit moredifficult for the
implementationto optimizeparalleldataaccess.And the
overheadinvolved may make HDF5 performmuchworse
thanits underlyingMPI-IO. By usinganumberof scientific
applications,thisproblemis addressedin [6, 10].

3. NetCDF Background

NetCDF is an abstractionthat supportsa view of data
as a collectionof self-describing,portable,array-oriented
objectsthat canbeaccessedthrougha simpleinterface. It
definesa file formataswell asa setof programminginter-
facesfor storingandretrieving datain the form of arrays
in netCDFfiles. We first describethe netCDFfile format
andits serialAPI andthenconsidervariousapproachesto
accessnetCDFfiles in parallelcomputingenvironments.

3.1. File Format

NetCDFstoresdatain an array-orienteddataset,which
containsdimensions,variables,andattributes. Physically,
thedatasetfile is dividedinto two parts:file headerandar-
ray data.Theheadercontainsall information(or metadata)
aboutdimensions,attributes,and variablesexcept for the
variabledataitself, while the datapart containsarraysof
variablevalues(or raw data).

ThenetCDFfile headerfirst definesa numberof dimen-
sions,eachwith anameandalength.Thesedimensionsare
usedto definetheshapesof variablesin thedataset.Onedi-
mensioncanbeunlimitedandis usedasthemostsignificant
dimension(recorddimension)for growing-sizevariables.

Following thedimensions,a list of namedattributesare
usedto describethe propertiesof the dataset(e.g., data
range,purpose,associatedapplications). Thesearecalled
globalattributesandareseparatefrom attributesassociated
with individualvariables.

The basicunits of nameddatain a netCDFdatasetare
variables,which aremultidimensionalarrays. The header
part describeseachvariableby its name,shape,namedat-
tributes,datatype,arraysize,anddataoffset,while thedata
partstoresthearrayvaluesfor onevariableafteranother, in
theirdefinedorder.

To supportvariable-sizearrays(e.g.,datagrowing with
time stamps),netCDFintroducesrecordvariablesanduses
a specialtechniqueto storesuchdata.All recordvariables
sharethe sameunlimited dimensionas their most signif-
icant dimensionand are expectedto grow togetheralong
that dimension. The other, lesssignificantdimensionsall
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Figure 1. NetCDF file structure: there is a file
header containing metadata of the stored ar-
rays, then the fix ed-siz e arrays are laid out in
the follo wing contiguous file space in a linear
order, with variab le-siz e arrays appending at
the end of the file in an interlea ved pattern.

togetherdefine the shapefor one recordof the variable.
For fixed-sizearrays,eacharray is storedin a contiguous
file spacestartingfrom a givenoffset. For variable-sizear-
rays,netCDFfirst definesa record of an arrayasa subar-
ray comprisingall fixed dimensionsandthe recordsof all
sucharraysarestoredinterleavedin thearrays’definedor-
der. Figure1 illustratesthe storagelayoutsfor fixed-size
andvariable-sizearraysin a netCDFfile.

In order to achieve network transparency (machine-
independence),both the headerand datapartsof the file
are representedin an well-definedformat similar to XDR
(eXternalDataRepresentation)but extendedto supportef-
ficientstorageof arraysof non-bytedata.

3.2. Serial NetCDF API

Theoriginal netCDFAPI wasdesignedfor serialcodes
to performnetCDFoperationsthrougha singleprocess.In
theserialnetCDFlibrary, a typical sequenceof operations
to write anew netCDFdatasetis to createthedataset;define
thedimensions,variablesandattributes;write variabledata;
andclosethedataset.Readinganexisting netCDFdataset
involvesfirst openingthe dataset;inquiring aboutdimen-
sions,variables,andattributes;readingvariabledata;and
closingthedataset.

ThesenetCDFoperationscanbedividedinto thefollow-
ing five categories.Referto [8] for detailsof eachfunction
in thenetCDFlibrary.

(1) DatasetFunctions: create/open/closea dataset,
setthedatasetto define/datamode,andsynchro-
nizedatasetchangesto disk

(2) Define Mode Functions: definedatasetdimen-
sionsandvariables

(3) Attrib ute Functions: manageadding,changing,
andreadingattributesof datasets

(4) Inquiry Functions: return datasetmetadata:
dim(id, name,len),var(name,ndims,shape,id)

(5) Data AccessFunctions: provide the ability to
read/writevariable data in one of the five ac-
cessmethods:singlevalue,wholearray, subarray,
subsampledarray(stridedsubarray)andmapped
stridedsubarray

TheI/O implementationof theserialnetCDFAPI is built
on the native I/O systemcalls and has its own buffering
mechanismin userspace.Its designandoptimizationtech-
niquesare suitablefor serial accessbut are not efficient
or even not possiblefor parallelaccess,nor do they allow
furtherperformancegainsprovidedby modernparallelI/O
techniques.

3.3. UsingNetCDF in Parallel Envir onments

Today most scientific applicationsare programmedto
run in parallelenvironmentsdueto the increasingrequire-
mentson dataamountand computationalresources.It is
highly desirableto developasetof parallelAPIsfor access-
ing netCDFfiles thatemploysappropriateparallelI/O tech-
niques.In themeantime,programmingconvenienceis also
important,sincescientificusersmaydesireto spendmini-
maleffort ondealingwith I/O operations.Beforepresenting
ourdesignonparallelnetCDF, wewouldliketodiscusscur-
rentapproachesfor usingnetCDFin parallelprogramsin a
message-passingenvironment.

Thefirst andmoststraightforwardapproachis described
in the scenarioof Figure 2(a) in which one processis in
chargeof collecting/distributingdataandperformingI/O to
a singlenetCDFfile usingtheserialnetCDFAPI. TheI/O
requestsfromotherprocessesarecarriedoutby shippingall
thedatathroughthis singleprocess.Thedrawbackof this
approachis that collectingall I/O dataon a singleprocess
can easily causean I/O performancebottleneckand may
overwhelmits memorycapacity.

To avoid unnecessarydatashipping,an alternative ap-
proachis to have all processesperformtheir I/O indepen-
dentlyusingtheserialnetCDFAPI, asshown in Figure2(b).
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Parallel File System
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Parallel File System Parallel File System

Parallel netCDF
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Figure 2. Using netCDF in parallel programs: (a) use serial netCDF API to access single files thr ough
a single process; (b) use serial netCDF API to access multiple files concurrentl y and independentl y;
(c) use new parallel netCDF API to access single files cooperativel y or collectivel y.

In this case,all netCDF operationscan proceedconcur-
rently, but over multiple files, onefor eachprocess.How-
ever, it is moredifficult to managea netCDFdatasetwhen
it is spreadacrossmultiple files. This approachalsovio-
latesthe netCDFdesigngoal of easydataintegrationand
management.

A third approachintroducesa new setof APIs with par-
allelaccesssemanticsandoptimizedparallelI/O implemen-
tationsuchthatall processesperformI/O operationscoop-
eratively or collectively throughtheparallelnetCDFlibrary
to accessa singlenetCDFfile. This approach,asshown in
Figure2(c),bothfreestheusersfrom dealingwith detailsof
parallelI/O andprovidesmoreopportunitiesfor employing
variousparallelI/O optimizationsin orderto obtainhigher
performance.Wediscussthedetailsof thisparallelnetCDF
designandimplementationin thenext section.

4. Parallel NetCDF

To facilitate convenientand high-performanceparallel
accessto netCDF files, we define a new parallel inter-
face and provide a prototype implementation. Since a
large numberof existing usersare running their applica-
tions over netCDF, our parallelnetCDFdesignretainsthe
originalnetCDFfile format(version3) andintroducesmin-
imal changesfrom theoriginal interface.Wedistinguishthe
parallelAPI from theoriginal serialAPI by prefixingtheC
functioncallswith “ncmpi ” andtheFortranfunctioncalls
with “nfmpi ”.

4.1. Interface Design

OurparallelnetCDFAPI is built on topof MPI-IO. The
parallelnetCDFbuilt on MPI-IO canbenefitfrom several
well-known optimizationsalreadyusedin existing MPI-IO
implementations,suchas datasieving and two-phaseI/O

strategies [11, 12, 13, 15] in ROMIO. Figure 3 describes
theoverallarchitecturefor ourdesign.

In parallelnetCDF, afile is opened,operated,andclosed
by theparticipatingprocessesin acommunicationgroup.In
orderfor theseprocessesto operateon thesamefile space,
especiallyuponthestructuralinformationcontainedin the
file header, anumberof changeshavebeenmadeto theorig-
inal serialnetCDFAPI.

For thefunctioncallsthatcreate/opena netCDFfile, an
MPI communicatoris addedin the argumentlist to define
the participatingI/O processeswithin the file’s openand
closescope.An MPI Info objectis alsoaddedto passuser
accesshints to the MPI-IO for further optimizations. By
describingthecollectionof processeswith acommunicator,
weprovidetheunderlyingimplementationwith information
that canbe usedto ensurefile consistency. The MPI Info
hint providesusersthe ability to deliver the high level ac-
cessinformationto netCDFandMPI-IO libraries,suchas
file accesspatternsandfile systemspecificsto directopti-
mization.

We keepthesamesyntaxandsemanticsfor theparallel
netCDFdefinemodefunctions,attribute functions,andin-
quiry functionsas the original ones. Thesefunctionsare
also madecollective to guaranteeconsistency of dataset
structureamongtheparticipatingprocessesin thesameMPI
communicationgroup.For instance,all processesmustcall
thedefinemodefunctionswith thesamevalues.

The major effort of this work is the parallelizationof
thedataaccessfunctions. We provide two setsof dataac-
cessAPIs: a high-level API thatmimics theserialnetCDF
dataaccessfunctionsandservesan easypath for original
netCDF usersto migrate to the parallel interface, and a
flexible API thatprovidesa moreMPI-like styleof access.
Specifically, theflexibleAPI usesmoreMPI functionalityin
orderto providebetterhandlingof internaldatarepresenta-
tions andto morefully exposethe capabilitiesof MPI-IO
to the applicationprogrammer. The major differencebe-
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Figure 3. Design of parallel netCDF on a par-
allel I/O architecture . Parallel netCDF runs as
a librar y between user space and file system
space . It processes parallel netCDF requests
from user compute nodes and, after optimiza-
tion, passes the parallel I/O requests down to
MPI-IO librar y, and then the I/O servers re-
ceive the MPI-IO requests and perform I/O
over the end stora ge on behalf of the user.

tweenthe two is the useof MPI derived datatypes. We
believeusingMPI deriveddatatypescanbetterillustratethe
accesspatternsthanthesubarraymappingmethodsusedin
theoriginalAPI.

The most importantchangefrom the original netCDF
interfacewith respectto dataaccessfunctionsis the split
of datamodeinto two distinct modes:collective andnon-
collective datamodes. To make it obvious the functions
involve all processes,collective function namesend with
“ all”. Similar to MPI-IO, thecollective functionsaresyn-
chronousacrossthe processesin the communicatorasso-
ciatedto the openednetCDFfile, while the non-collective
functionsarenot. Using collective operationscanprovide
theunderlyingparallelnetCDFimplementationanopportu-
nity to further optimizeaccessto the netCDFfile. These
optimizationsare performedwithout further intervention
by the applicationprogrammerand have beenproven to
providedramaticperformanceimprovementin multidimen-
sionaldatasetaccess[15]. Figure4 showsexamplecodeof
usingour parallelnetCDFAPI to write andreada dataset
usingcollective I/O.

4.2. Parallel Implementation

The parallel API implementationis discussedin two
parts: headerI/O and parallel dataI/O. We first describe

1 &file_id);ncmpi_create(mpi_comm, filename, 0, mpi_info,
ncmpi_def_var(file_id, ...);
ncmpi_enddef(file_id);

2

ncmpi_put_vara_all(file_id, var_id,
start[], count[],
buffer, bufcount,
mpi_datatype);

3

ncmpi_close(file_id);4

1 ncmpi_open(mpi_comm, filename, 0, mpi_info,&file_id);
(b) READ:

2 ncmpi_inq(file_id, ... );

3 ncmpi_get_vars_all(file_id, var_id,

4

buffer, bufcount,
start[], count[], stride[],

ncmpi_close(file_id);
mpi_datatype);

(a) WRITE:

Figure 4. Example of using parallel netCDF.
Typicall y there are 4 main steps: 1. col-
lectivel y create/open the dataset; 2. collec-
tivel y define the dataset by adding dimen-
sions, variab les and attrib utes in WRITE, or
inquir y about the dataset to get metadata as-
sociated with the dataset in READ; 3. access
the data arrays (collective or non-collective);
4. collectivel y close the dataset.

our implementationstrategiesfor datasetfunctions,define
modefunctions,attribute functions,and inquiry functions
thataccessthenetCDFfile header.

4.2.1. Accessto File Header

Internally, the headeris read/writtenonly by a single
process,althougha copy is cachedin local memory on
eachprocess. The definemodefunctions,attribute func-
tions, and inquiry functionsall work on the local copy of
thefile header. Sincethey areall in-memoryoperationsnot
involved in any file I/O, they bearfew changesfrom the
serialnetCDFAPI. They aremadecollective, but this fea-
ture doesnot necessarilyimply inter-processsynchroniza-
tion. In somecases,however, whentheheaderdefinitionis
changedsynchronizationis neededto verify thatthevalues
passedin by all processesmatch. In all possiblecaseswe
allow inter-processcommunications.

The datasetfunctions,unlike the other functionscited,
needto be completelyreimplementedbecausethey are in
charge of collectively opening/creatingdatasets,perform-
ing headerI/O and file synchronizationfor all processes,
andmanaginginter-processcommunication.Webuild these
functionsover MPI-IO so that they have betterportabil-
ity andprovide moreoptimizationopportunities.The ba-
sic idea is to let the ROOT processfetch the file header,
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broadcastit to all processeswhenopeninga file, andwrite
the file headerat the endof definemodeif any modifica-
tion occursin the headerpart. Sinceall definemodeand
attribute functionsarecollective andrequireall processes
in the communicatorto provide thesameargumentswhen
adding/removing/changing definitions,the local copiesof
the file headershall be the sameacrossall processesonce
thefile is collectively openedanduntil it is closed.

4.2.2. Parallel I/O for Array Data

Sincethemajorityof timespentaccessinganetCDFfile
is in dataaccess,thedataI/O mustbeefficient. By imple-
mentingthedataaccessfunctionsaboveMPI-IO, weenable
a numberof advantagesandoptimizations.

For eachof the five dataaccessmethodsin the flexible
dataaccessfunctions,we representthedataaccesspattern
as an MPI file view (a set of datavisible and accessible
from anopenfile [7]), which is constructedfrom thevari-
ablemetadata(shape,size,offset,etc.) in the netCDFfile
headerandstart[],count[],stride[],imap[],mpi datatypear-
gumentsprovidedby users.For parallelaccess,particularly
for collective access,eachprocesshasa differentfile view.
All processesin combinationcanmakeasingleMPI-IO re-
questto transferlargecontiguousdataasa whole, thereby
preservinguseful semanticinformation that would other-
wise be lost if the transferwereexpressedas per process
noncontiguousrequests.

The high-level data accessfunctionsare implemented
in termsof the flexible dataaccessfunctions,so that ex-
isting usersmigrating from serial netCDFcan also bene-
fit from the MPI-IO optimizations. However, the flexible
dataaccessfunctionsarecloserto MPI-IO andhenceincur
lessoverhead. They accepta user-specifiedMPI derived
datatypeandpassit directlyto MPI-IO for optimalhandling
of in-memorydataaccesspatterns.

In somecases(for instance,in recordvariableaccess)
the datais storedinterleaved by recordandthe contiguity
information is lost, so the existing MPI-IO collective I/O
optimizationmaynothelp. In thatcase,weneedmoreopti-
mizationinformationfrom users,suchasthenumber, order,
andrecordindicesof the recordvariablesthey will access
consecutively. With suchinformationwecancollectmulti-
ple I/O requestsoveranumberof recordvariablesandopti-
mizethefile I/O overa largepoolof datatransfers,thereby
producingmorecontiguousandlarger transfers.This kind
of informationis passedin asanMPI Info hint whenauser
opensor createsa netCDFdataset.We implementour user
hints in parallelnetCDFfor all suchspecificoptimization
points,while a numberof standardhints arepasseddown
for MPI-IO to take control of optimal parallel I/O behav-
iors. Thusexperiencedusershave the opportunityto tune
theirapplicationsfor furtherperformancegains.

4.3. Advantagesand Disadvantages

There are a numberof advantageswithin the design
and implementationof our parallel netCDF, as compared
to otherrelatedwork, likeHDF5.

First, theparallelnetCDFdesignandimplementationis
optimizedfor the netCDFfile format so that the dataI/O
performanceis as good as the underlyingMPI-IO imple-
mentation.TheNetCDFfile chooseslineardatalayout, in
which thedataarraysareeitherstoredin contiguousspace
and in a predefinedorder or interleaved in a regular pat-
tern. This regular and highly predictabledatalayout en-
ablestheparallelnetCDFdataI/O implementationto sim-
ply passthe databuffer, metadata(fileview, mpi datatype,
etc.), and other optimizationinformation to MPI-IO, and
all parallelI/O operationsarecarriedout in thesameman-
neraswhenMPI-IO aloneis used.Thus,thereis very lit-
tle overhead,andthe parallelnetCDFperformanceshould
benearlythesameasMPI-IO if only raw dataI/O perfor-
manceis compared.On theotherhand,parallelHDF5uses
tree-like file structurethataresimilar to theUNIX file sys-
tem andthe datais irregularly laid out usingsuperblock,
headerblocks,datablocks,extendedheaderblocksandex-
tendeddatablocks.This irregularlayoutpatternmaymake
it difficult to passuseraccesspatternsdirectly to MPI-IO
especiallyfor thecaseof variable-sizearrays.Instead,par-
allel HDF5usesdataspaceandhyperslabsto definethedata
organization,mapandtransferdatabetweenmemoryspace
andthe file spaceanddoesbuffer packing/unpackingin a
recursive way, while thesecan otherwisebe directly han-
dledby MPI-IO in amoreefficientandoptimizedway.

Secondly, theparallelnetCDFimplementationmanages
to keeptheoverheadinvolvedin headerI/O aslow aspos-
sible. In thenetCDFfile, thereis only oneheaderthatcon-
tainsall necessaryinformationfor directaccessof eachdata
arrayandeacharrayis associatedwith apredefined,numer-
ical ID thatcanbeefficiently inquiredwhenit is neededto
accessthearray. By maintaininga local copy of theheader
on eachprocess,our implementationsaves a lot of inter-
processsynchronizationaswell asavoidsrepeatedaccessof
the file headereachtime the headerinformationis needed
to accessa singlearray. All headerinformationcanbeac-
cesseddirectly in local memoryandinter-processsynchro-
nizationis neededonly duringthedefinitionof thedataset.
Oncethedefinitionof thedatasetis created,eacharraycan
be identifiedby its permanentID andaccessedat any time
by any process,without any collective open/closeopera-
tion. On the otherhand,in HDF5 the headermetadatais
dispersedin separateheaderblocksfor eachobjectand,in
order to operateon an object, it hasto iteratethroughthe
entirenamespaceto get theheaderinformationof thatob-
ject and then open,accessandcloseit. This kind of ac-
cessmethodmaybeinefficientfor parallelaccess,sincethe
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parallelHDF5designstheopen/closeof eachobjectascol-
lective operations,which forcesall participatingprocesses
to communicatewhenaccessingonesingleobject, not to
mentionthecostof file accessto locateandfetchtheheader
informationof thatobject.

Finally, the programming interface of the parallel
netCDFis conciseanddesignedfor easyusage,andthefile
format is fully compatiblewith serialnetCDF. Portingex-
isting serialnetCDFapplicationto parallelnetCDFshould
bestraightforwardbecausetheparallelAPI containsnearly
all functionsof the serialAPI with parallel semanticsbut
with minimalchangeof functionnamesandargumentlists.

However, therearealso limitations in parallelnetCDF.
Unlike HDF5,netCDFdoesnot supporthierarchicalgroup
basedorganizationof dataobjects.Sinceit laysoutthedata
in a linear order, addingfixed-sizearrayor extendingthe
file headermay be very costly oncethe file is createdand
hasexistingdatastored,thoughmoving theexistingdatato
the extendedareais performedin parallel. Also, parallel
netCDFdoesnot provide functionality to combinetwo or
morefiles in memorythroughsoftwaremounting,asHDF5
does.Nor doesnetCDFsupportdatacompressionwithin its
file format. Fortunately, thesefeaturescanall beachieved
by externalsoftware,sacrificingsomemanageabilityof the
files.

5. PerformanceEvaluation

To evaluatethe performanceandscalabilityof our par-
allel netCDFwith that of serialnetCDF, we ran someex-
perimentsandcomparedtheresults.We alsocomparedthe
performanceof parallelnetCDFwith thatof parallelHDF5,
usingtheFLASH I/O benchmark.

The experimentswere run on an IBM SP-2 machine.
Thissystemisateraflop-scaleclusteredSMPwith 144com-
putenodes.Eachcomputenodehas4 GBof memoryshared
amongits eight375MHz Power3processors.All thecom-
pute nodesare interconnectedby switchesand also con-
nectedvia switchesto the multiple I/O nodesrunningthe
GPFSparallel file system. Thereare12 I/O nodes,each
with dual222MHz processes.Theaggregatedisk spaceis
5 TB andthepeakI/O bandwidthis 1.5GB/s.

5.1. Scalability Analysis

We wrotea testcode(in C) to evaluatetheperformance
of thecurrentimplementationof parallelnetCDF. This test
codewasoriginally developedin Fortranby Woo-sunYang
and Chris Ding at LawrenceBerkeley National Labora-
tory (LBL). Basically it reads/writesa three-dimensional
arrayfield tt(Z,Y,X) from/into a singlenetCDFfile, where
Z=level is themostsignificantdimensionandX=longitude
is the leastsignificantdimension.The testcodepartitions

Z

Y

ZYX Partition

Processor 0

Y PartitionZ Partition X Partition

YX PartitionZY Partition ZX Partition

Processor 7

Processor 1

Processor 2

Processor 3

Processor 4

Processor 5

Processor 6

X

Figure 5. Various 3-D array par titions on 8 pro-
cessor s

thethreedimensionalarrayalongZ, Y, X, ZY, ZX, YX, and
ZYX axes,respectively, asillustratedin Figure5. All data
I/O operationsin thesetestsusedcollective I/O. For com-
parisonpurpose,we preparedthesametestusingtheorigi-
nal serialnetCDFAPI andranit in serialmode,in which a
singleprocessorreads/writesthewholearray.

Figure6 shows theperformanceresultsfor readingand
writing 64 MB and1 GB netCDFdatasets.Generally, the
parallelnetCDFperformancescaleswith thenumberof pro-
cesses.Becauseof collective I/O optimization,theperfor-
mancedifferencemadeby variousaccesspatternsis small,
althoughpartitioningin theZ dimensiongenerallyperforms
better than in the X dimensionbecauseof the different
accesscontiguity. The overheadinvolved is inter-process
communication,which is negligible comparedto the disk
I/O whenusinga large file size. The I/O bandwidthdoes
not scalein direct proportionbecausethe numberof I/O
nodes(anddisks) is fixed so that the dominatingdisk ac-
cesstimeat I/O nodesis almostfixed.As expected,thepar-
allel netCDFoutperformstheoriginal serialnetCDFasthe
numberof processesincreases.Thedifferencebetweenthe
serialnetCDFperformanceandtheparallelnetCDFperfor-
mancewith oneprocessoris becauseof their differentI/O
implementationsanddifferentI/O caching/bufferingstrate-
gies. In theserialnetCDFcase,if, asin Figure2(a),multi-
processorswere usedand the ROOT processorneededto
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collectpartitioneddataandthenperformtheserialnetCDF
I/O, the performancewould be muchworseanddecrease
with the numberof processorsbecauseof the additional
communicationcostanddivision of a single large I/O re-
questinto a seriesof smallrequests.

5.2. FLASH I/O Performance

TheFLASH I/O benchmarksimulatestheI/O patternof
an importantscientific applicationcalled FLASH [1]. It
recreatesthe primary datastructuresin the FLASH code
andproducesacheckpointfile, aplotfile with centereddata,
anda plotfile with cornerdata,usingparallelHDF5. Basi-
cally, thesethreeoutputfiles containsa seriesof multidi-
mensionalarrays,andthe accesspatternis simple(Block,
*, ...), which is similar to the Z partition in Figure5. In
eachof the files, the benchmarkwrites the relatedarrays
in a fixedorderfrom contiguoususerbuffers,respectively.
TheI/O routinesin thebenchmarkareidenticalto therou-
tinesusedby FLASH, so any performanceimprovements
madeto thebenchmarkprogramwill besharedby FLASH.
In our experiments,in order to focuson the dataI/O per-
formance,we modifiedthis benchmark,removed the part
of codewriting attributes,portedit to parallelnetCDF, and
observedtheeffectof ournew parallelI/O approach.

Figure7 shows the performanceresultsof the FLASH
I/O benchmarkusingparallelnetCDFandparallelHDF5.
We testedbothsmalldatasizeandlargedatasize. Thepa-
rametersusedin thesetwo experimentsare:(a)nxb= nyb =
nzb= 8, nguard= 4, numberof blocks= 80,andnvar= 24;
(b) nxb = nyb = nzb= 16, nguard= 8, numberof blocks=
80, and nvar = 24. Although both I/O libraries are built
above MPI-IO, the parallel netCDFhas much less over-
headand outperformsparallel HDF5 by almostdoubling
theoverall I/O rate. Theextra overheadinvolvedin paral-
lel HDF5 includesinter-processsynchronizationsand file
headeraccessperformedinternally in parallel open/close
of every dataset(analogousto a netCDFvariable)andre-
cursive handlingof the hyperslabusedfor parallelaccess,
which makesthepackingof thehyperslabsinto contiguous
bufferstake arelatively long time.

6. Conclusionand Future Work

In this work, we extendthe serial netCDFinterfaceto
facilitateparallelaccess,andweprovideanimplementation
for asubsetof thisnew parallelnetCDFinterface.By build-
ing ontopof MPI-IO, wegainanumberof interfaceadvan-
tagesandperformanceoptimizationsuserscanbenefitfrom
by usingthisparallelnetCDFpackage,asshown by our test

8



W
rit

e 
B

an
dw

id
th

 (
M

B
/s

)

W
rit

e 
B

an
dw

id
th

 (
M

B
/s

)

8 16 32 646432168

(a) Small Data Size

Number of Processors

Parallel HDF5Parallel HDF5

Number of Processors

(b) Large Data Size

Prallel netCDFPrallel netCDF

0

140

120

100

80

35

5

60

40

20

0

10

30

40

15

20

25

Figure 7. Performance of FLASH I/O benc hmark using parallel HDF5 and parallel netCDF. The two
experiments use diff erent parameter s so that the file sizes are diff erent. Also the file sizes are varies
with the number of processor s. The I/O amount is 3MB * Number of Processor s in (a), and 24MB *
Number of Processor s in (b).

results.Sofar, wehavereleasedourparallelnetCDFlibrary
at thewebsitehttp://www.mcs.anl.gov/parallel-netcdf/, and
a numberof usersfrom LBL, ORNL, and University of
ChicagoareusingourparallelnetCDFlibrary.

Future work involves developing a production-quality
parallelnetCDFAPI (for C, C++, Fortran,andotherpro-
gramminglanguages)andmakingit freely availableto the
high-performancecomputingcommunity. Moreover, we
needto developa mechanismfor matchingthefile organi-
zationto accesspatterns,andwe needto developcross-file
optimizationsfor addressingcommondataaccesspatterns.
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