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Abstract

Datasetstorage, exchange, and accessplay a critical
role in scientificapplications. For sud purposesetCDF
servesasa portableand efficientfile formatand program-
minginterface which is popularin numeousscientificap-
plicationdomains However, theoriginal interfacedoesnot
provide a efficientmedanismfor parallel datastorage and
access.

In thiswork,wepresenta new parallel interfacefor writ-
ing and reading netCDF datasets. This interfaceis de-
rived with minimal changesfrom the serial netCDFinter-
face but definessemanticdor parallel accessand is tai-
lored for high performance The underlyingparallel 1/0
is achievedthroughMPI-1O, allowing for dramaticperfor
mancegainsthroughtheuseof collectivel/O optimizations.
We compae the implementatiorstrategieswith HDF5 and
analyzeboth. Our testsindicate programmingcornvenience
andsignificantl/O performancemprovementvith this par-
allel netCDFinterface

1. Intr oduction

Scientistshave recognizedthe importanceof portable
andefficient mechanismgor storinglarge dataset&reated
andusedby theirapplicationsThe Network CommonData
Form (netCDF)[9, 8] is one such mechanisnusedby a
numberof applications.

NetCDF intends to provide a common data access
methodfor atmosphericscienceapplicationsto deal with
a variety of datatypesthat encompassingle-pointobser
vations,time series regularly spacedyrids, andsatelliteor
radarimageq8]. Todayseveralorganizationdave adopted
netCDFasadataaccesstandard19].

The netCDFdesignconsistsof both a portablefile for-

mat andan easy-to-usapplicationprogrammingnterface
(API) for storingandretrieving netCDFfiles acrosamulti-
ple platforms.More andmorescientificapplicationshoose
netCDFas their outputfile format. While theseapplica-
tionsbecomecomputationahnddataintensve, they tendto
be parallelizedon high-performanceomputers.Hence, it
is highly desirabldo have anefficientparallelprogramming
interfaceto thenetCDFfiles. Unfortunatelytheoriginalde-
signof thenetCDFinterfaceis provinginadequatéor paral-
lel applicationdecausef its lackof aparallelaccessnech-
anism. In particular thereis no supportfor concurrently
writing to a netCDFfile. Therefore,parallelapplications
operatingon netCDFfiles mustserializeaccessTradition-
ally, parallelapplicationswrite to netCDFfiles throughone
of the allocatedprocessesvhich easily becomesa perfor
mancebottleneck. The serial /O accesss both slow and
cumbersoméo theapplicationprogrammer

To facilitate parallell/O operationswe have defineda
parallelAPI for concurrentlyaccessingnetCDFfiles. With
minimal changego the namesand argumentlists, this in-
terfacemaintainghelook andfeel of the serialnetCDFin-
terfacewhile the implementationunderneattincorporates
well-known parallell/O techniquessuchas collective /10
to allow high-performancelataaccessWe implementthis
work on top of MPI-IO, which is specifiedby the MPI-2
standard3, 7, 2] andis freely availableon mostplatforms.
MPI hasbecomethe de factoparallelmechanisnfor com-
municationandl/O on mostparallelernvironmentsmaking
this approacltportableacrosdifferentplatforms.

HierarchicalDataFormatversion5 (HDF5)[5] alsopro-
videsa portablefile formatandprogrammingnterfacesfor
storingmultidimensionablrraystogethemith ancillarydata
in asinglefile. It supportgarallell/O andits implementa-
tion is alsobuilt on top of MPI-10. Similar to HDF5, our
goal on designingthe parallelnetCDFis to make the pro-
gramminginterfacea dataaccesstandardor parallelsci-
entificapplicationsandprovide moreoptimizationopportu-



nitiesfor I/O performance&nhancement.

We ran a set of benchmarkausing regular dataaccess
patterncommonlyseenin scientificapplicationsaswell as
the onesfrom a productionastrophysicsapplicationcalled
FLASH [1]. We studythescalabilityof ourparallelnetCDF
implementationand comparethe performanceresultsbe-
tween using parallel netCDF and parallel HDF5 in the
FLASH I/O benchmarl{18]. In this benchmarkpour ex-
perimentsshow significantl/O performancamprovement
whenusingparallelnetCDFE

Therestof this paperis organizedasfollows. Section2
reviews somerelatedwork. Section3 presentghe design
backgroundf netCDFandpointsoutits potentialusagean
parallelscientificapplications Thedesignandimplementa-
tion of our parallelnetCDFis describedn Sectiord. Exper
imentalperformanceesultsaregivenin Section5. Section
6 concludeghepaper

2. RelatedWork

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

MPI-IO is aparallell/O interfacespecifiedn the MPI-2
standard.It is implementedand usedon a wide rangeof
platforms.The mostpopularimplementationROMIO [17]
is implementedportably on top of an abstractl/O device
layer[14, 16] thatenablegportability to new underlyingl/O
systems. One of the mostimportantfeaturesin ROMIO
is collective I/O operationswhich adopta two-phasel/O
stratgy[11, 12, 13, 15] andimprovetheparallell/O perfor
manceby significantlyreducingthe numberof I/O requests
thatwould otherwiseresultin mary small, noncontiguous
I/O requests. However, MPI-10 readsand writes datain
a raw formatwithout providing ary functionality to effec-
tively managethe associateanetadata.Nor doesit guar
anteedata portability, therebymakingit incorvenientfor
scientiststo organize,transfer and sharetheir application
data.

HDF is afile formatandsoftware,developedat NCSA,
for storing, retrieving, analyzing,visualizing,and corvert-
ing scientific data. The most popular versionsof HDF
are HDF4 [4] and HDF5 [5]. The designgoal of HDF4
is mainly to dealwith sequentiadataaccessandits API
is consistentwith its earlier versions. On the other hand,
HDF5 is a major revision in which its APl is completely
re-designed.Both versionsstore multidimensionalarrays
togethemwith ancillary datain portable self-describindile
formats. The supportfor paralleldataaccessn HDF5 is
built on top of MPI-1O, which ensurests portability since
MPI-IO hasbecomea de facto standardfor parallel I/O.

However, the fact that HDF5 file format is not compati-
ble with HDF4 canbeincorvenientfor existing HDF4 pro-
grammerdo migratetheir applicationso HDF5. Further
more, HDF5 addsseveral new features,suchasa hierar
chicalfile structure thatgive the programmemore power
to describemetadatavhile makingit moredifficult for the
implementatiorto optimize parallel dataaccess.And the
overheadnvolved may make HDF5 perform muchworse
thanits underlyingMPI-10. By usinganumberof scientific
applicationsthis problemis addresseth [6, 10].

3. NetCDF Background

NetCDFis an abstractionthat supportsa view of data
asa collection of self-describingportable,array-oriented
objectsthatcanbe accessethrougha simpleinterface. It
definesa file formataswell asa setof programmingnter-
facesfor storing and retrieving datain the form of arrays
in netCDFfiles. We first describethe netCDFfile format
andits serial APl andthenconsidervariousapproacheto
accessetCDFfilesin parallelcomputingervironments.

3.1 File Format

NetCDF storesdatain an array-orientedlatasetwhich
containsdimensionsyariables,and attributes. Physically
thedatasefile is dividedinto two parts:file heademandar
ray data. The headercontainsall information(or metadata)
aboutdimensions attributes, and variablesexceptfor the
variabledataitself, while the datapart containsarraysof
variablevalues(or raw data).

ThenetCDFfile headeffirst definesa numberof dimen-
sions,eachwith anameandalength. Thesedimensionare
usedto definetheshape®f variabledn thedatasetOnedi-
mensiorcanbeunlimitedandis usedasthe mostsignificant
dimension(recorddimension)or growing-sizevariables.

Following the dimensionsa list of namedattributesare
usedto describethe propertiesof the dataset(e.g., data
range,purposeassociate@pplications). Thesearecalled
globalattributesandareseparatdérom attributesassociated
with individual variables.

The basicunits of nameddatain a netCDFdatasetre
variables,which are multidimensionalarrays. The header
partdescribesachvariableby its name,shape hamedat-
tributes,datatype,arraysize,anddataoffset,while thedata
partstoreghearrayvaluesfor onevariableafteranotherin
their definedordet

To supportvariable-sizearrays(e.g.,datagrowing with
time stamps)netCDFintroducesecordvariablesanduses
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 afile
header containing metadata of the stored ar-
rays, then the fixed-size arrays are laid out in
the follo wing contiguous file space in alinear
order, with variable-size arrays appending at
the end of the file in an interlea ved pattern.

togetherdefine the shapefor one record of the variable.
For fixed-sizearrays,eacharrayis storedin a contiguous
file spacestartingfrom a givenoffset. For variable-sizear-
rays, netCDFfirst definesa recod of an arrayasa subar
ray comprisingall fixed dimensionsandthe recordsof all
sucharraysarestoredinterlearedin the arrays’definedor-
der. Figurel illustratesthe storagelayoutsfor fixed-size
andvariable-sizaarraysin a netCDFfile.

In order to achieve network transpareng (machine-
independence)hoth the headerand dataparts of the file
arerepresentedh an well-definedformat similar to XDR
(eXternalDataRepresentatiorfut extendedto supportef-
ficientstorageof arraysof non-bytedata.

3.2 Serial NetCDF API

The original netCDFAPI wasdesignedor serialcodes
to performnetCDFoperationghrougha singleprocess.n
the serialnetCDFlibrary, a typical sequencef operations
to write anew netCDFdatasets to createhedatasetdefine
thedimensionsyariablesandattributes;write variabledata;
andclosethe dataset.Readingan existing netCDFdataset
involvesfirst openingthe dataset;inquiring aboutdimen-
sions,variables,and attributes; readingvariabledata; and
closingthedataset.

ThesenetCDFoperationsanbedividedinto thefollow-
ing five cateyories.Referto [8] for detailsof eachfunction
in thenetCDFlibrary.

(1) DatasetFunctions. create/open/close dataset,
setthe dataseto define/datanode,andsynchro-
nizedatasethangeso disk

(2) Define Mode Functions. definedatasetdimen-
sionsandvariables

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

(4) Inquiry Functions. return datasetmetadata:
dim(id, name Jen),var(hamendims,shapejd)

(5) Data AccessFunctions. provide the ability to
read/write variable datain one of the five ac-
cesamethodssinglevalue wholearray subarray
subsamplearray (stridedsubarray)and mapped
stridedsubarray

Thel/O implementatiorof theserialnetCDFAPI is built
on the native 1/0 systemcalls and hasits own buffering
mechanismn userspace lts designandoptimizationtech-
niguesare suitablefor serial accessbut are not efficient
or even not possiblefor parallelaccessnor do they allow
further performanceyainsprovided by modernparallell/O
techniques.

3.3 Using NetCDF in Parallel Environments

Today most scientific applicationsare programmedo
runin parallelervironmentsdueto the increasingrequire-
mentson dataamountand computationakesources.lIt is
highly desirabldo developasetof parallelAPIsfor access-
ing netCDFfiles thatemploys appropriatgarallell/O tech-
nigues.In the meantimeprogrammingconveniences also
important,sincescientificusersmay desireto spendmini-
maleffort ondealingwith I/O operationsBeforepresenting
ourdesignonparallelnetCDFEwewouldliketo discussur-
rentapproachefor usingnetCDFin parallelprogramsn a
message-passirgvironment.

Thefirst andmoststraightforvardapproachs described
in the scenarioof Figure 2(a) in which one processis in
chageof collecting/distriluting dataandperformingl/O to
a singlenetCDFfile usingthe serialnetCDFAPI. Thel/O
requestsrom otherprocessearecarriedoutby shippingall
the datathroughthis single process.The dravbackof this
approachs thatcollectingall I/0 dataon a singleprocess
can easily causean I/O performancebottleneckand may
overwhelmits memorycapacity

To avoid unnecessargatashipping,an alternatve ap-
proachis to have all processeperformtheir I/O indepen-
dentlyusingtheserialnetCDFAPI, asshovnin Figure2(b).
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Figure 2. Using netCDF in parallel programs: (a) use serial netCDF API to access single files through
a single process; (b) use serial netCDF API to access multiple files concurrentl y and independentl vy;
(c) use new parallel netCDF API to access single files cooperativel y or collectivel vy.

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

A third approachintroducesa new setof APIswith par
allelaccessemanticeindoptimizedparallell/O implemen-
tation suchthatall processeperform|/O operationoop-
eratively or collectively throughtheparalleinetCDFlibrary
to accesa singlenetCDFfile. This approachasshavnin
Figure2(c), bothfreestheuserdrom dealingwith detailsof
parallell/O andprovidesmoreopportunitiefor employing
variousparallell/O optimizationsin orderto obtainhigher
performanceWe discusghedetailsof this parallelnetCDF
designandimplementatiorin the next section.

4. Parallel NetCDF

To facilitate corvenientand high-performancearallel
accessto netCDF files, we define a new parallel inter-
face and provide a prototypeimplementation. Since a
large numberof existing usersare running their applica-
tions over netCDF; our parallelnetCDFdesignretainsthe
original netCDFfile format(version3) andintroducesmin-
imal change$rom theoriginalinterface.We distinguishthe
parallelAPI from theoriginal serial API by prefixingthe C
functioncallswith “ncmpi_” andthe Fortranfunction calls
with “nfmpi_".

4.1 Interface Design

Our parallelnetCDFAPI is built ontop of MPI-10. The
parallelnetCDFbuilt on MPI-IO canbenefitfrom several
well-known optimizationsalreadyusedin existing MPI-10
implementationssuchas datasieving and two-phasel/O

stratgies[11, 12, 13, 15 in ROMIO. Figure 3 describes
theoverallarchitecturdor our design.

In parallelnetCDF, afile is openedpperatedandclosed
by theparticipatingorocesses acommunicatiorgroup.in
orderfor theseprocesseto operateon the samefile space,
especiallyuponthe structuralinformationcontainedn the
file headeranumberof changesiare beermadeto theorig-
inal serialnetCDFAPI.

For thefunction callsthat create/opem netCDFfile, an
MPI communicatoiis addedin the argumentlist to define
the participatingl/O processesvithin the file’s openand
closescope.An MPI_Info objectis alsoaddedto passuser
accesshints to the MPI-1O for further optimizations. By
describinghecollectionof processewith acommunicatar
we providetheunderlyingimplementatiorwith information
that canbe usedto ensurefile consisteng. The MPI_Info
hint providesusersthe ability to deliver the high level ac-
cessinformationto netCDFandMPI-IO libraries,suchas
file accesgatternsandfile systemspecificsto direct opti-
mization.

We keepthe samesyntaxandsemanticdor the parallel
netCDFdefinemodefunctions,attribute functions,andin-
quiry functionsasthe original ones. Thesefunctionsare
also made collective to guaranteeconsisteng of dataset
structureamongheparticipatingprocessem thesameMPI
communicatiorgroup.For instanceall processemustcall
the definemodefunctionswith the samevalues.

The major effort of this work is the parallelizationof
the dataaccesgunctions. We provide two setsof dataac-
cessAPIs: a high-level API thatmimicsthe serialnetCDF
dataaccesgunctionsand senesan easypath for original
netCDF usersto migrateto the parallel interface, and a
flexible API that providesa more MPI-lik e style of access.
Specifically theflexible APl usesnoreMPI functionalityin
orderto provide betterhandlingof internaldatarepresenta-
tions andto morefully exposethe capabilitiesof MPI-10
to the applicationprogrammer The major differencebe-



Compute |Computg |Compute | Compute
Node Node Node Node
Parallel netCDF

(UserSpace | [ MPIIO } o

File System

Space

Communication Network

lfe} l[e}

10

0 ) 0
Figure 3. Design of parallel netCDF on a par-
allel 1/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 library, and then the I/O servers re-

ceive the MPI-IO requests and perform 1/O
over the end storage on behalf of the user.

tweenthe two is the useof MPI derived datatypes. We
believe usingMPI deriveddatatypesanbetterillustratethe
accesatternghanthe subarraymappingmethodausedin
theoriginal API.

The mostimportantchangefrom the original netCDF
interfacewith respectto dataaccesdunctionsis the split
of datamodeinto two distinct modes:collective andnon-
collectve datamodes. To make it obvious the functions
involve all processescollective function namesend with
“_all". Similarto MPI-10, the collective functionsaresyn-
chronousacrossthe processedn the communicatorasso-
ciatedto the openednetCDFfile, while the non-collectve
functionsarenot. Using collective operationsanprovide
theunderlyingparallelnetCDFimplementatioranopportu-
nity to further optimize accesdo the netCDFfile. These
optimizationsare performedwithout further intervention
by the applicationprogrammerand have beenproven to
provide dramaticperformancémprovementn multidimen-
sionaldataseticces$15]. Figure4 shavs examplecodeof
usingour parallelnetCDFAPI to write andreada dataset
usingcollective I/0.

4.2 Parallel Implementation

The parallel APl implementationis discussedn two
parts: headerl/O and parallel datal/O. We first describe

(a) WRITE:
1 ncmpi_create(mpi_comm, filename, 0, mpi_inf&file_id);
2 ncmpi_def_var(file_id, ...);
ncmpi_enddef(file_id);
3 ncmpi_put_vara_all(file_id, var_id,
start[], count[],
buffer, bufcount,
mpi_datatype);
4 ncmpi_close(file_id);
(b) READ:
1 ncmpi_open(mpi_comm, filename, 0, mpi_infc&file_id);
2 ncmpi_inqg(file_id, ...);
3 ncmpi_get_vars_all(file_id, var_id,
start[], count]], stride[],
buffer, bufcount,
mpi_datatype);
4 ncmpi_close(file_id);

Figure 4. Example of using parallel netCDF.
Typicall y there are 4 main steps: 1. col-
lectivel y create/open the dataset; 2. collec-
tively define the dataset by adding dimen-
sions, variables 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 implementatiorstratgjiesfor datasefunctions,define
modefunctions, attribute functions,and inquiry functions
thataccesshenetCDFfile header

4.2.1 Accesdo File Header

Internally, the headeris read/writtenonly by a single
process,althougha copy is cachedin local memoryon
eachprocess. The definemodefunctions, attribute func-
tions, andinquiry functionsall work on the local copy of
thefile headerSincethey areall in-memoryoperationgiot
involved in ary file 1/0O, they bearfew changesrom the
serialnetCDFAPI. They aremadecollective, but this fea-
ture doesnot necessarilymply inter-processsynchroniza-
tion. In somecaseshowever, whenthe headeefinitionis
changedsynchronizatiorns neededo verify thatthe values
passedn by all processesnatch. In all possiblecasesve
allow inter-procesommunications.

The dataseffunctions,unlike the otherfunctionscited,
needto be completelyreimplementedecausehey arein
chage of collectively opening/creatinglatasetsperform-
ing headerl/O andfile synchronizatiorfor all processes,
andmanagingnter-proces€ommunication\We build these
functions over MPI-10 so that they have better portabil-
ity and provide more optimizationopportunities. The ba-
sic ideais to let the ROOT processfetch the file header



broadcastt to all processesvhenopeninga file, andwrite
the file headerat the end of definemodeif any modifica-
tion occursin the headerpart. Sinceall definemodeand
attribute functionsare collective andrequireall processes
in the communicatoto provide the sameargumentswvhen
adding/remuing/changng definitions, the local copiesof
thefile headershall be the sameacrossall processesnce
thefile is collectively openedanduntil it is closed.

4.2.2 Parallel 1/O for Array Data

Sincethe majority of time spentaccessing netCDFfile
is in dataaccessthe datal/O mustbe efficient. By imple-
mentingthedataacces$unctionsabose MPI-10, we enable
anumberof advantagesndoptimizations.

For eachof the five dataaccessnethodsin the flexible
dataaccesdunctions,we representhe dataaccesgattern
asan MPI file view (a setof datavisible and accessible
from an openfile [7]), which is constructedrom the vari-
ablemetadatgshapesize, offset, etc.) in the netCDFfile
headeandstart[],count[],stride[],imap[], mpi_datatypear
gumentgrovidedby users.For parallelaccessparticularly
for collective accesseachprocesshasa differentfile view.
All processem combinationcanmake a singleMPI-10O re-
guestto transferlarge contiguousdataasa whole, thereby
preservinguseful semanticinformation that would other
wise be lost if the transferwere expressedas per process
noncontiguousequests.

The high-level data accessfunctions are implemented
in termsof the flexible dataaccesgunctions,so that ex-
isting usersmigrating from serial netCDF can also bene-
fit from the MPI-1O optimizations. However, the flexible
dataaccessunctionsarecloserto MPI-10 andhencencur
lessoverhead. They accepta userspecifiedMPI derived
datatypeandpasst directlyto MPI-10 for optimalhandling
of in-memorydataaccesgpatterns.

In somecaseg(for instance,in recordvariableaccess)
the datais storedinterleared by recordandthe contiguity
informationis lost, so the existing MPI-1O collective 1/0
optimizationmaynothelp. In thatcasewe needmoreopti-
mizationinformationfrom userssuchasthenumberorder,
andrecordindicesof the recordvariablesthey will access
consecutiely. With suchinformationwe cancollectmulti-
plel/O request®ver anumberof recordvariablesandopti-
mizethefile 1/O overalarge pool of datatransfersthereby
producingmorecontiguousandlarger transfers.This kind
of informationis passedn asanMPI_Info hint whenauser
opensor createsa netCDFdatasetWe implementour user
hintsin parallelnetCDFfor all suchspecificoptimization
points, while a numberof standarchints are passediown
for MPI-10 to take control of optimal parallel /O beha-
iors. Thusexperiencedusershave the opportunityto tune
their applicationdor furtherperformanceains.

4.3 Advantagesand Disadvantages

There are a number of advantageswithin the design
and implementationof our parallel netCDF as compared
to otherrelatedwork, like HDF5.

First, the parallelnetCDFdesignandimplementatioris
optimizedfor the netCDFfile format so that the datal/O
performancds as good as the underlyingMPI-1O imple-
mentation. The NetCDFfile choosedinear datalayout, in
which the dataarraysareeitherstoredin contiguousspace
andin a predefinedorder or interleaved in a regular pat-
tern. This regular and highly predictabledatalayout en-
ablesthe parallelnetCDFdatal/O implementatiorto sim-
ply passthe databuffer, metadatgfileview, mpi_datatype,
etc.), and other optimizationinformationto MPI-1O, and
all parallell/O operationsarecarriedoutin the sameman-
neraswhenMPI-IO aloneis used. Thus,thereis very lit-
tle overheadandthe parallelnetCDFperformanceshould
be nearlythe sameasMPI-IO if only raw datal/O perfor
mances comparedOn theotherhand,parallelHDF5 uses
tree-like file structurethataresimilarto the UNIX file sys-
tem andthe datais irregularly laid out using superblock,
heademblocks,datablocks,extendecheadeblocksandex-
tendeddatablocks. Thisirregularlayoutpatternmay make
it difficult to passuseraccesgatternsdirectly to MPI-1O
especiallyfor the caseof variable-sizearrays.Instead par
allel HDF5 useddataspacandhyperslabso definethedata
organizationmapandtransferdatabetweemmemoryspace
andthe file spaceanddoesbuffer packing/unpackingn a
recursive way, while thesecan otherwisebe directly han-
dledby MPI-10 in amoreefficientandoptimizedway.

Secondlythe parallelnetCDFimplementatiormanages
to keepthe overheadnvolvedin headel/O aslow aspos-
sible. In thenetCDFfile, thereis only oneheadethatcon-
tainsall necessarinformationfor directacces®f eachdata
arrayandeacharrayis associategvith a predefinednumer
ical ID thatcanbe efficiently inquiredwhenit is neededo
accesghearray By maintainingalocal copy of theheader
on eachprocessour implementationsaves a lot of inter-
processynchronizatiomswell asavoidsrepeatecces®f
the file headereachtime the headeiinformationis needed
to accessa singlearray All headerinformationcanbe ac-
cessedlirectly in local memoryandinter-processynchro-
nizationis needednly duringthe definition of the dataset.
Oncethedefinitionof the datasets createdgacharraycan
beidentifiedby its permanentD andaccessedt ary time
by ary process,without ary collective open/closeopera-
tion. Onthe otherhand,in HDF5 the heademetadatas
dispersedn separatédeademblocksfor eachobjectand,in
orderto operateon an object, it hasto iteratethroughthe
entirenamespacé getthe headerinformationof thatob-
ject andthen open,accessand closeit. This kind of ac-
cesanethodmaybeinefficientfor parallelaccesssincethe



parallel[HDF5 designghe open/closef eachobjectascol-
lective operationswhich forcesall participatingprocesses
to communicatevhen accessingne single object, not to
mentionthecostof file accesso locateandfetchtheheader
informationof thatobject.

Finally, the programming interface of the parallel
netCDFis conciseanddesignedor easyusageandthefile
formatis fully compatiblewith serialnetCDF Porting ex-
isting serialnetCDFapplicationto parallelnetCDFshould
be straightforvardbecausehe parallelAPI containsnearly
all functionsof the serial API with parallel semanticsut
with minimal changeof functionnamesandargumentlists.

However, thereare alsolimitationsin parallelnetCDFE
Unlike HDF5, netCDFdoesnot supporthierarchicalgroup
basedrganizatiorof dataobjects.Sinceit laysoutthedata
in a linear order addingfixed-sizearray or extendingthe
file heademay be very costly oncethefile is createdand
hasexisting datastored thoughmoving the existing datato
the extendedareais performedin parallel. Also, parallel
netCDFdoesnot provide functionality to combinetwo or
morefilesin memorythroughsoftwaremounting,asHDF5
does.Nor doesnetCDFsupportdatacompressiomvithin its
file format. Fortunately thesefeaturescanall be achiesed
by externalsoftware,sacrificingsomemanageabilityof the
files.

5. PerformanceEvaluation

To evaluatethe performanceand scalability of our par
allel netCDFwith that of serialnetCDF we ran someex-
perimentsandcomparedheresults.We alsocomparedhe
performancef paralleinetCDFwith thatof parallelHDF5,
usingthe FLASH I/0O benchmark.

The experimentswere run on an IBM SP-2machine.
Thissystermis ateraflop-scalelusteredsMPwith 144com-
putenodes Eachcomputenodehas4 GB of memoryshared
amongits eight375MHz Pawer3processorsAll thecom-
pute nodesare interconnectedy switchesand also con-
nectedvia switchesto the multiple I/O nodesrunningthe
GPFSparallelfile system. Thereare 12 1/O nodes,each
with dual222 MHz processesThe aggrejatedisk spaces
5 TB andthepeakl/O bandwidthis 1.5 GB/s.

5.1 Scalability Analysis

We wrote atestcode(in C) to evaluatethe performance
of the currentimplementatiorof parallelnetCDF This test
codewasoriginally developedin Fortranby Woo-sunYang
and Chris Ding at Lawrence Berkeley National Labora-
tory (LBL). Basicallyit reads/writesa three-dimensional
arrayfield tt(Z,Y,X) from/into a singlenetCDFfile, where
Z=level is the mostsignificantdimensionand X=longitude
is the leastsignificantdimension. The testcode partitions
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ZY Partition ZX Partition YX Partition

[J Processor0 [ Processor 4

[J Processor1 M Processor 5

[ Processor2 M Processor 6

@ Processor3 M Processor 7

ZYX Partition

Figure 5. Various 3-D array partitions on 8 pro-
Cessor s

thethreedimensionabrrayalongZz, v, X, ZY, ZX, YX, and
ZYX axes,respectiely, asillustratedin Figure5. All data
I/O operationsn thesetestsusedcollective 1/0. For com-
parisonpurposewe preparedhe sametestusingthe origi-
nal serialnetCDFAPI andranit in serialmode,in whicha
singleprocessoreads/writeshewholearray

Figure6 shaws the performanceesultsfor readingand
writing 64 MB and1 GB netCDFdatasets Generally the
parallelnetCDFperformancacalesvith thenumberof pro-
cessesBecausef collective I/O optimization,the perfor
mancedifferencemadeby variousaccesgatternss small,
althoughpartitioningin theZ dimensiorgenerallyperforms
betterthan in the X dimensionbecauseof the different
accesscontiguity  The overheadinvolved is inter-process
communicationwhich is negligible comparedo the disk
I/O whenusinga large file size. The I/O bandwidthdoes
not scalein direct proportionbecauseghe numberof 1/0
nodes(anddisks)is fixed so that the dominatingdisk ac-
cesgimeatl/O nodess almostfixed. As expectedthepar
allel netCDFoutperformghe original serialnetCDFasthe
numberof processemcreasesThe differencebetweerthe
serialnetCDFperformancendthe paralleinetCDFperfor
mancewith one processois becausef their differentl/O
implementationsinddifferentl/O caching/luffering strate-
gies. In theserialnetCDFcasejf, asin Figure2(a), multi-
processorsvere usedandthe ROOT processoneededo
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Figure 6. Serial and parallel netCDF performance for 64 MB and 1 GB datasets. The first column of
each chart shows the 1/O performance of reading/writing the whole array through a single processor
using serial netCDF; the rest of the columns show the results using parallel netCDF.

collectpartitioneddataandthenperformthe serialnetCDF
I/O, the performancewould be muchworseand decrease
with the numberof processordecauseof the additional
communicationrcostand division of a singlelarge I/O re-
guestinto a seriesof smallrequests.

5.2 FLASH 1/O Performance

The FLASH I/0 benchmarlsimulateghel/O patternof
an important scientific applicationcalled FLASH [1]. It
recreatedhe primary datastructuresin the FLASH code
andproduces checkpoinfile, aplotfile with centeredlata,
anda plotfile with cornerdata,usingparallelHDF5. Basi-
cally, thesethreeoutputfiles containsa seriesof multidi-
mensionalarrays,andthe accesgatternis simple (Block,
* ...), which is similar to the Z partition in Figure5. In
eachof the files, the benchmarkwrites the relatedarrays
in a fixed orderfrom contiguoususerbuffers, respectrely.
Thel/O routinesin the benchmarlareidenticalto the rou-
tinesusedby FLASH, so ary performanceamprovements
madeto thebenchmarlprogramwill be sharedoy FLASH.
In our experimentsjn orderto focuson the datal/O per
formance,we modified this benchmarkyemoved the part
of codewriting attributes,portedit to parallelnetCDF and
obsenedthe effect of our new parallell/O approach.

Figure 7 shaws the performanceaesultsof the FLASH
I/O benchmarkusing parallelnetCDFand parallelHDF5.
We testedboth smalldatasizeandlarge datasize. The pa-
rametersisedin thesewo 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
abore MPI-10, the parallel netCDF has much less over-
headand outperformsparallel HDF5 by almostdoubling
the overall I/O rate. The extra overheadnvolvedin paral-
lel HDFS5 includesinter-processsynchronizationgnd file
headeraccesyerformedinternally in parallel open/close
of every datasefanalogougo a netCDFvariable)andre-
cursive handlingof the hyperslabusedfor parallelaccess,
which makesthe packingof the hyperslabsnto contiguous
bufferstake arelatively long time.

6. Conclusionand Futur e Work

In this work, we extendthe serial netCDFinterfaceto
facilitateparallelaccessandwe provide animplementation
for asubsebf thisnew parallelnetCDFinterface.By build-
ing ontop of MPI-10, we gainanumberof interfaceadvan-
tagesandperformanceptimizationsuserscanbenefitfrom
by usingthis paralleinetCDFpackageasshavn by ourtest
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results.Sofar, we havereleasedaur parallelnetCDHibrary
atthe websitehttp://wwwmcs.anl.gw/parallel-netcdf/ and
a numberof usersfrom LBL, ORNL, and University of
Chicagoareusingour parallelnetCDFlibrary.

Future work involves developing a production-quality
parallelnetCDFAPI (for C, C++, Fortran,and other pro-
gramminglanguagesandmakingit freely availableto the
high-performanceomputingcommunity Moreover, we
needto developa mechanisnfor matchingthe file organi-
zationto accespatternsandwe needto develop cross-file
optimizationdor addressingommondataaccespatterns.
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