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Abstract

Datasetstorage, exchange, and accessplay a critical
role in scientificapplications. For such purposesnetCDF
servesasa portable, efficientfile formatandprogramming
interface, which is popular in numerousscientificapplica-
tion domains.However, theoriginal interfacedoesnotpro-
vide an efficient mechanismfor parallel data storage and
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-
loredfor high performance. Theunderlyingparallel I/O is
achievedthroughMPI-IO, allowing for substantialperfor-
mancegainsthroughtheuseof collectiveI/O optimizations.
Wecomparetheimplementationstrategiesandperformance
with HDF5. Our testsindicateprogrammingconvenience
andsignificantI/O performanceimprovementwith thispar-
allel netCDF(PnetCDF)interface.
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1. Intr oduction

Scientistshave recognizedthe importanceof portable
andefficient mechanismsfor storinglargedatasetsthatare
createdandusedby their applications.TheNetwork Com-
mon DataForm (netCDF)[10, 9] is onesuchmechanism
usedby a numberof applications.

The netCDFdesignconsistsof both a portablefile for-
mat andan easy-to-useapplicationprogramminginterface
(API) for storingandretrieving netCDFfiles acrossmulti-
ple platforms. NetCDFprovidesapplicationswith a com-
mondataaccessmethodfor storageof structureddatasets.
Atmosphericscienceapplications,for example,usenetCDF
to storea varietyof datatypesthatencompasssingle-point
observations,time series,regularly spacedgrids,andsatel-
lite or radar images[9]. Many organizations,including
muchof the climatecommunity, rely on the netCDFdata
accessstandard[21] for datastorage.

Unfortunately, the original designof the netCDFinter-
faceis proving inadequatefor parallelapplicationsbecause
of its lack of a parallelaccessmechanism.Becausethereis
no supportfor concurrentlywriting to a netCDFfile, paral-
lel applicationswriting netCDFfiles mustserializeaccess.
This serializationis usuallyperformedby passingall data
to a singleprocessthatthenwritesall datato netCDFfiles.
The serial I/O accessis both slow andcumbersometo the
applicationprogrammer.

To providethebroadcommunityof netCDFuserswith a
high-performance,parallel interfacefor accessingnetCDF
files, we have definedan alternative parallelAPI for con-
currentlyaccessingnetCDFfiles. This interfacemaintains

1



the look andfeel of theserialnetCDFinterfacewhile pro-
viding flexibility underthe implementationto incorporate
well-known parallelI/O techniques,suchascollective I/O,
to allow high-performancedataaccess.We implementthis
work on top of MPI-IO, which is specifiedby the MPI-2
standard[3, 7, 2]. BecauseMPI hasbecomethe de facto
parallel mechanismfor communicationand I/O on most
parallel environments,this approachprovides portability
acrossmostplatforms. More important,our useof MPI-
IO allowsusto benefitfrom theoptimizationsbuilt into the
MPI-IO implementations,suchasdatashippingin theIBM
implementation[13] anddatasieving andtwo-phaseI/O in
ROMIO [17], whichwewouldotherwiseneedto implement
ourselvesor simplydowithout.

HierarchicalData Format version5 (HDF5) [5] is the
otherwidely usedportablefile formatandprogrammingin-
terfacesfor storingmultidimensionalarraystogetherwith
ancillary data in a single file. It alreadysupportspar-
allel I/O, and its implementationis also built on top of
MPI-IO. Similar to HDF5, our goal in designinga parallel
netCDFAPI is to make the programminginterfacea data
accessstandardfor parallelscientificapplicationsandpro-
vide moreoptimizationopportunitiesfor I/O performance
enhancement.

In this paper we describe the design of our paral-
lel netCDF (PnetCDF)interface and discusspreliminary
benchmarkingresultsusingbothasyntheticbenchmarkac-
cessinga multidimensionaldatasetandtheI/O kernelfrom
theFLASH astrophysicsapplication[20]. This simulation
of theFLASH checkpointandvisualizationdatageneration
processis now availablefor bothPnetCDFandHDF5.

Therestof this paperis organizedasfollows. Section2
reviews somerelatedwork. Section3 presentsthe design
backgroundof netCDFand points out its potentialusage
in parallel scientificapplications. Section4 describesthe
designandimplementationof ourPnetCDF. Section5 gives
experimentalperformanceresults.Section6 concludesthe
paperwith someideasfor futureresearch.

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 [19]
is implementedportablyon top of an abstractI/O device
layer[16, 18] thatenablesportability to new underlyingI/O
systems. One of the most importantfeaturesin ROMIO
is collective I/O operations,which adopta two-phaseI/O

strategy [12, 14, 15, 17] 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-
tivelymanagetheassociatedmetadata,nordoesit guarantee
dataportability, therebymaking it inconvenientfor scien-
tiststo organize,transfer, andsharetheirapplicationdata.

HDF is a file formatandsoftware,developedat NCSA,
for storing,retrieving, analyzing,visualizing,andconvert-
ing scientificdata. Themostpopularversionsof HDF are
HDF4 [4] andHDF5 [5]. Both versionsstoremultidimen-
sionalarraystogetherwith ancillary datain portable,self-
describingfile formats.HDF4wasdesignedwith serialdata
accessin mind, much like the currentnetCDF interface.
HDF5is amajorrevisionin which its API is completelyre-
designedandnow includesparallelI/O access.Thesupport
for paralleldataaccessin HDF5 is built on top of MPI-IO,
which ensuresits portability. This move undoubtedlyin-
conveniencedusersof HDF4,but it wasa necessarystepin
providing parallelaccesssemantics.HDF5 alsoaddssev-
eralnew features,suchasa hierarchicalfile structure,that
provideapplicationprogrammerswith a hostof optionsfor
organizinghow datais storedin HDF5files. Unfortunately
this high degreeof flexibility can sometimescomeat the
costof highperformance,asseenin previousstudies[6, 11].

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 a nameanda length. Thesedimensions
are usedto definethe shapesof variablesin the dataset.
One dimensioncan be unlimited and is usedas the most
significantdimension(recorddimension)for variablesof
growing-size.
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Figure 1. NetCDF file structure: A file header
contains metadata of the stored arrays; then
the fix ed-siz e arrays are laid out in the fol-
lowing contiguous file space in a linear or-
der, with variab le-siz ed arrays appended at
the end of the file in an interlea ved pattern.

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-sizedarrays(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
togetherdefinetheshapefor onerecordof thevariable.For
fixed-sizearrays,eacharray is storedin a contiguousfile
spacestartingfrom agivenoffset.For variable-sizedarrays,
netCDFfirst definesa record of anarrayasasubarraycom-
prisingall fixeddimensions;the recordsof all sucharrays
arestoredinterleavedin thearrays’definedorder. Figure1
illustratesthe storagelayoutsfor fixed-sizedandvariable-
sizedarraysin a netCDFfile.

In order to achieve network transparency (machinein-
dependence),both the headeranddatapartsof the file are
representedin awell-definedformatsimilarto XDR (eXter-
nal DataRepresentation)but extendedto supportefficient
storageof arraysof nonbytedata.

3.2. Serial NetCDF API

Theoriginal netCDFAPI wasdesignedfor serialcodes
to performnetCDFoperationsthrougha singleprocess.In
theserialnetCDFlibrary, a typical sequenceof operations
to write a new netCDFdatasetis to createthe dataset;de-
fine thedimensions,variables,andattributes;write variable
data; and closethe dataset. Readingan existing netCDF
datasetinvolvesfirst openingthe dataset;inquiring about
dimensions,variables,andattributes;readingvariabledata;
andclosingthedataset.

ThesenetCDFoperationscanbedividedinto thefollow-
ing five categories.Referto [9] for detailsof eachfunction
in thenetCDFlibrary.

(1) Dataset Functions: create/open/close/aborta
dataset,set the datasetto define/datamode,and
synchronizedatasetchangesto storage

(2) Define Mode Functions: definedatasetdimen-
sionsandvariables

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

(4) Inquiry Functions: return datasetmetadata:
dim(id, name,len), var(id, name,ndims,shape,
datatype),numberof dims/vars/attributes,unlim-
ited dimension,etc.

(5) Data AccessFunctions: provide the ability to
read/writevariabledatain oneof the five access
methods:singleelement,whole array, 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 parallelenvironmentsbecauseof the increasingre-
quirementsondataamountandcomputationalresources.It
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Parallel File System
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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.

is highly desirableto developa setof parallelAPIs for ac-
cessingnetCDFfiles thatemploys appropriateparallelI/O
techniques.In themeantime,programmingconvenienceis
also important,sincescientificusersmay desireto spend
minimal effort on dealingwith I/O operations.Beforepre-
sentingourPnetCDFdesign,wediscusscurrentapproaches
for usingnetCDFin parallelprogramsin amessage-passing
environment.

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

In orderto avoid unnecessarydatashipping,analterna-
tive approachis to have all processesperformtheir I/O in-
dependentlyusingtheserialnetCDFAPI, asshown in Fig-
ure 2(b). In this case,all netCDFoperationscanproceed
concurrently, but over multiple files, onefor eachprocess.
However, managinganetCDFdatasetis moredifficult when
it is spreadacrossmultiplefiles. Thisapproachalsoviolates
the netCDFdesigngoal of easydataintegrationandman-
agement.

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

Our PnetCDFAPI is built on top of MPI-IO, allowing
usersto benefitfrom severalwell-known optimizationsal-
readyusedin existing MPI-IO implementations,suchas
datasieving andtwo-phaseI/O strategies[12, 14, 15, 17]
in ROMIO. Figure3 describesthe overall architecturefor
ourdesign.

In PnetCDFa file is opened,operated,andclosedby the
participatingprocessesin a communicationgroup.In order
for theseprocessesto operateon the samefile space,es-
pecially on the structuralinformationcontainedin the file
header, anumberof changeshavebeenmadeto theoriginal
serialnetCDFAPI.

For thefunctioncallsthatcreate/opena netCDFfile, an
MPI communicatoris addedin the argumentlist to define
the participatingI/O processeswithin the file’s openand
closescope.By describingthecollectionof processeswith
acommunicator, weprovidetheunderlyingimplementation
with informationthatcanbeusedto ensurefile consistency
duringparallelaccess.An MPI Info objectis alsoaddedto
passuseraccesshintsto theimplementationfor furtheropti-
mizations.Usinghintsis notmandatory(MPI INFO NULL
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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.

canbepassedin, indicatingno hints). However, hintspro-
vide usersthe ability to deliver the high-level accessin-
formation to PnetCDFand MPI-IO libraries. Traditional
MPI-IO hints tunethe MPI-IO implementationto thespe-
cific platformandexpectedlow-levelaccesspattern,suchas
enablingor disablingcertainalgorithmsor adjustinginter-
nal buffer sizesandpolicies. Thesearepassedthroughthe
PnetCDFlayer to the MPI-IO implementation. PnetCDF
hints can be usedto describeexpectedaccesspatternsat
the netCDFlevel of abstraction,in termsof variablesand
records.Thesehintscanbeinterpretedby thePnetCDFim-
plementationandeitherusedinternallyor convertedinto ap-
propriateMPI-IO hints. For example,givena hint indicat-
ing thatonlyacertainsmallsetof variablesweregoingtobe
readanaggressive PnetCDFimplementationmight initiate
a nonblockingreadof thosevariablesat opentime so that
thevalueswereavailablelocally at readtime. For applica-
tionsthatpull a smallamountof datafrom a largenumber
of separatenetCDFfiles, this typeof optimizationcouldbe
a big win, but is only possiblewith thisadditionalinforma-
tion.

Wekeepthesamesyntaxandsemanticsfor thePnetCDF
define mode functions, attribute functions, and inquiry
functionsas the original ones. Thesefunctionsare also
madecollective to guaranteeconsistency of datasetstruc-
ture amongthe participatingprocessesin the sameMPI

communicationgroup.For instance,all processesmustcall
thedefinemodefunctionswith thesamevaluesto getcon-
sistentdatasetdefinitions.

The major effort of this work is the parallelizationof
thedataaccessfunctions. We provide two setsof dataac-
cessAPIs. The high-level API closely follows the origi-
nal netCDFdataaccessfunctionsandservesan easypath
for original netCDFusersto migrateto the parallel inter-
face. Thesecalls take a singlepointerfor a contiguousre-
gionin memory, justastheoriginalnetCDFcalls,andallow
for thedescriptionof singleelements(var1 ), wholearrays
(vara ), stridedarrays(vars ), andmultiplenoncontiguous
regions(varm ) in file.

Onedrawbackof theoriginal netCDFinterface,andour
high-levelone,is thatonly contiguousmemoryregionsmay
be describedto the API. Theflexible API providesa more
MPI-likestyleof accessandrelaxesthisconstraint.Specif-
ically, theflexible API providestheuserwith theability to
describenoncontiguousregionsin memory, which is miss-
ing from theoriginal interface.Theseregionsaredescribed
using MPI datatypes. For applicationprogrammersthat
arealreadyusingMPI for messagepassing,this approach
shouldbenatural.Thefile regionsarestill describedby us-
ing theoriginal parameters.All our high-level dataaccess
routinesareactuallywrittenusingthis interface.

Themostimportantchangefrom theoriginalnetCDFin-
terfacewith respectto dataaccessfunctionsis the split of
datamodeinto two distinctmodes:collective andnoncol-
lective datamodes. In order to make it obvious that the
functionsinvolve all processes,collective function names
endwith “ all”. Similar to MPI-IO, thecollective functions
mustbecalledby all theprocessesin thecommunicatoras-
sociatedto the openednetCDFfile, while the noncollec-
tive functionsdo not have this constraint.Usingcollective
operationsprovidesthe underlyingPnetCDFimplementa-
tion anopportunityto furtheroptimizeaccessto thenetCDF
file. While userscanchoosewhetherto usecollective I/O,
theseoptimizationsareperformedwithout furtherinterven-
tion by theapplicationprogrammerandhavebeenprovento
providedramaticperformanceimprovementin multidimen-
sionaldatasetaccess[17]. Figure4 showsexamplecodeof
usingourPnetCDFAPI to write andreadadatasetby using
collective I/O.

4.2. Parallel Implementation

Basedonourparallelinterfacedesign,weprovideanim-
plementationfor a major subsetof this new parallelAPI.
The implementationis discussedin two parts: headerI/O
and parallel data I/O. We first describeour implementa-
tion strategiesfor datasetfunctions,definemodefunctions,
attribute functions, and inquiry functions that accessthe
netCDFfile header.
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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 PnetCDF. Typicall y
there are 4 main steps: 1. collectivel y cre-
ate/open the dataset; 2. collectivel y define
the dataset by adding dimensions, variab les
and attrib utes in WRITE, or inquir y about the
dataset to get metadata associated with the
dataset in READ; 3. access the data arrays
(collective or noncollective); 4. collectivel y
close the dataset.

4.2.1. Accessto File Header

Internally, theheaderis read/writtenonlyby asinglepro-
cess,althougha copy is cachedin local memoryon each
process. The definemodefunctions, attribute functions,
andinquiry functionsall work on thelocal copy of thefile
header. Since they are all in-memoryoperationsnot in-
volvedin any file I/O, they bearfew changesfrom theserial
netCDFAPI. They aremadecollective,but thisfeaturedoes
notnecessarilyimply interprocesssynchronization.In some
cases,however, whentheheaderdefinitionis changed,syn-
chronizationis neededto verify thatthevaluespassedin by
all processesmatch.

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,
andmanaginginterprocesscommunication.We build these
functionsover MPI-IO so that they have betterportability
and provide more optimizationopportunities. The basic
idea is to let the root processfetch the file header, broad-
castit to all processeswhenopeninga file, andwrite the
file headerat theendof definemodeif any modificationoc-
cursin theheaderpart. Sinceall definemodeandattribute
functionsarecollectiveandrequireall processesin thecom-
municatorto provide thesameargumentswhenadding,re-

moving, or changingdefinitions,thelocal copiesof thefile
headerareguaranteedto be the sameacrossall processes
oncethefile 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 transferwereexpressedasper process
noncontiguousrequests.

In somecases(for instance,in recordvariableaccess)the
datais storedinterleavedby record,andthe contiguity in-
formationis lost,sotheexistingMPI-IO collectiveI/O opti-
mizationmaynothelp. In suchcases,moreoptimizationin-
formationfrom userscanbebeneficial,suchasthenumber,
order, andrecordindicesof the recordvariablesthey will
accessconsecutively. With suchinformationwe can col-
lectmultipleI/O requestsoveranumberof recordvariables
and optimize the file I/O over a large pool of datatrans-
fers, therebyproducingmorecontiguousandlarger trans-
fers. This kind of informationis passedin asanMPI Info
hint whenauseropensor createsanetCDFdataset.We im-
plementouruserhintsin PnetCDFasextensionsto theMPI
hint mechanism,while anumberof standardhintsmaystill
be passeddown to MPI-IO to control optimal parallelI/O
behaviorsat thatlevel. Thusexperiencedusershavetheop-
portunityto tunetheir applicationsfor furtherperformance
gains.

4.3. Advantagesand Disadvantages

Our designand implementationof PnetCDFoffers a
numberof advantages,ascomparedwith relatedwork, such
asHDF5.

First, thePnetCDFdesignandimplementationareopti-
mizedfor the netCDFfile format so that the dataI/O per-
formanceis asgoodastheunderlyingMPI-IO implementa-
tion. ThenetCDFfile chooseslineardatalayout, in which
the dataarraysare either storedin contiguousspaceand
in a predefinedorder or interleaved in a regular pattern.
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This regularandhighly predictabledatalayoutenablesthe
PnetCDFdataI/O implementationto simply passthe data
buffer, metadata(file view, MPI Datatype,etc.),andother
optimizationinformationtoMPI-IO, andall parallelI/O op-
erationsarecarriedout in the samemanneraswhenMPI-
IO aloneis used.Thus,thereis very little overhead,andthe
PnetCDFperformanceshouldbe nearlythe sameasMPI-
IO if only raw dataI/O performanceis compared.

On the other hand,parallel HDF5 usesa tree-like file
structurethatis similar to theUNIX file system:thedatais
irregularly laid out usingsuperblock, headerblocks,data
blocks,extendedheaderblocks,andextendeddatablocks.
Thisis averyflexible systemandmighthaveadvantagesfor
someapplicationsandaccesspatterns.However, this irreg-
ular layoutpatterncanmake it difficult to passuseraccess
patternsdirectlyto MPI-IO, especiallyfor variable-sizedar-
rays.Instead,parallelHDF5usesdataspaceandhyperslabs
to definethe dataorganization,mapandtransferdatabe-
tweenmemoryspaceand the file space,and doesbuffer
packing/unpackingin a recursive way. MPI-IO is usedun-
derthis,but thisadditionaloverheadcanresultin significant
performanceloss.

Second,the PnetCDFimplementationmanagesto keep
theoverheadinvolvedin headerI/O aslow aspossible.In
thenetCDFfile, only oneheadercontainsall necessaryin-
formationfor directaccessof eachdataarray, andeachar-
ray is associatedwith a predefined,numericalID that can
beefficiently inquiredwhenit is neededto accessthearray.
By maintaininga local copy of theheaderon eachprocess,
our implementationsavesa lot of interprocesssynchroniza-
tion aswell asavoidsrepeatedaccessof thefile headereach
time the headerinformation is neededto accessa single
array. All headerinformationcanbe accesseddirectly in
local memoryand interprocesssynchronizationis needed
only during the definition of the dataset.Oncethe defini-
tion of thedatasetis created,eacharraycanbeidentifiedby
its permanentID andaccessedat any time by any process,
withoutany collectiveopen/closeoperation.

On theotherhand,in HDF5 theheadermetadatais dis-
persedin separateheaderblocks for eachobject, and, in
orderto operateon an object, it hasto iteratethroughthe
entirenamespaceto get theheaderinformationof thatob-
jectbeforeaccessingit. Thiskind of accessmethodmaybe
inefficient for parallelaccess,particularlybecauseparallel
HDF5 definestheopen/closeof eachobjectto bea collec-
tive operation,which forcesall participatingprocessesto
communicatewhenaccessinga singleobject,not to men-
tion the cost of file accessto locateand fetch the header
informationof that object. Further, HDF5 metadatais up-
datedduring datawrites in somecases. Thus additional
synchronizationis necessaryatwrite time in orderto main-
tainsynchronizedviewsof file metadata.

However, PnetCDFalsohaslimitations. Unlike HDF5,

netCDFdoesnot supporthierarchicalgroupbasedorgani-
zationof dataobjects.Sinceit laysout thedatain a linear
order, addingafixed-sizedarrayor extendingthefile header
maybevery costlyoncethefile is createdandhasexisting
datastored,thoughmoving theexistingdatato theextended
areais performedin parallel.Also, PnetCDFdoesnot pro-
vide functionality to combinetwo or more files in mem-
ory throughsoftwaremounting,asHDF5 does. Nor does
netCDFsupportdatacompressionwithin its file format(al-
thoughcompressedwritesmustbeserializedin HDF5,lim-
iting their usefulness).Fortunately, thesefeaturescan all
be achieved by externalsoftware suchas netCDFOpera-
tors[8], with somesacrificeof manageabilityof thefiles.

5. PerformanceEvaluation

To evaluate the performanceand scalability of our
PnetCDFwith thatof serialnetCDF, we comparedthetwo
with a syntheticbenchmark.We alsocomparedtheperfor-
manceof PnetCDFwith that of parallelHDF5, using the
FLASH I/O benchmark.

Both setsof experimentswere run on IBM SP-2ma-
chines.Thesystemonwhich theserial/parallelcomparison
wasrunis ateraflop-scaleclusteredSMPwith 144compute
nodesat theSanDiego SupercomputerCenter. Eachcom-
putenodehas4 GB of memorysharedamongits eight375
MHz Power3processors.All thecomputenodesareinter-
connectedby switchesandalsoconnectedvia switchesto
the multiple I/O nodesrunningthe GPFSparallelfile sys-
tem. Thereare12 I/O nodes,eachwith dual222MHz pro-
cesses.Theaggregatedisk spaceis 5 TB andthepeakI/O
bandwidthis 1.5GB/s.

TheFLASH I/O comparisonof HDF5andPnetCDFwas
performedon ASCI White Frost,a 68 computenodesys-
tem with 16 Power3 processorsper node. This systemis
attachedto a 2-nodeI/O systemrunningGPFS.Resultsin
thesetestsaretheaverageof 20 runs.

Version 0.8.4 of the PnetCDFpackagewas used, as
was version1.4.5-post2of HDF5. No hints were passed
to PnetCDF. HDF5 runswereexecutedboth without hints
andwith sieve buf size andalignment hints;these
have beenhelpful in somepreviousrunson this systembut
did notappearto beusefulin thisparticularcase.

5.1. Scalability Analysis

We wrote a test code (in C) to evaluate the perfor-
manceof the current implementationof PnetCDF. This
testcodewasoriginally developedin Fortranby Woo-sun
YangandChrisDing at LawrenceBerkeley NationalLab-
oratory. Basically it reads/writesa three-dimensionalar-
ray field tt(Z,Y,X) from/into a single netCDFfile, where
Z=level is themostsignificantdimensionandX=longitude
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is the leastsignificantdimension.The testcodepartitions
thethree-dimensionalarrayalongZ, 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 and 1 GB netCDF datasets. Generally,
PnetCDFperformancescaleswith thenumberof processes.
Becauseof collectiveI/O optimization,theperformancedif-
ferencemadeby variousaccesspatternsis small,although
partitioning in the Z dimensiongenerallyperformsbetter
thanin theX dimensionbecauseof thedifferentaccesscon-
tiguity. Theoverheadinvolvedis interprocesscommunica-
tion, which is negligible comparedwith thedisk I/O when
usinga large file size. The I/O bandwidthdoesnot scale
in directproportionbecausethenumberof I/O nodes(and
disks) is fixed so that the dominatingdisk accesstime at
I/O nodesis almostfixed. As expected,PnetCDFoutper-
formstheoriginalserialnetCDFasthenumberof processes
increases.The differencebetweenserial netCDFperfor-
manceandPnetCDFperformancewith oneprocessoris be-
causeof their different I/O implementationsanddifferent
I/O caching/bufferingstrategies.In theserialnetCDFcase,
if, as in Figure 2(a), multi-processorswere usedand the

root processorneededto collect partitioneddataandthen
performthe serialnetCDFI/O, the performancewould be
much worseand decreasewith the numberof processors
becauseof theadditionalcommunicationcostanddivision
of a singlelargeI/O requestinto a seriesof smallrequests.

5.2. FLASH I/O Performance

The FLASH code[1] is an adaptive mesh,parallelhy-
drodynamicscodedevelopedto simulateastrophysicalther-
monuclearflashesin two or threedimensions,suchasType
Ia supernovae, Type I X-ray bursts, and classicalnovae.
It solves the compressibleEuler equationson a block-
structuredadaptive meshand incorporatesthe necessary
physicsto describetheenvironment,includingtheequation
of state,reactionnetwork, anddiffusion.

FLASH is primarilty written in Fortran90andusesMPI
for interprocesscommunication.The target platformsare
theASCI machines(FrostandBlue Pacific at LLNL, QSC
andRedatSNL, andNirvanaatLANL) andLinux clusters
(JazzandChibaCity atANL andC-plantatSNL).Thecode
scaleswell up to thousandsof processors,hasbeenported
to overa dozenplatforms,andhasbeenusedfor numerous
productionruns.

TheFLASH I/O benchmarksimulatestheI/O patternof
FLASH [20]. It recreatestheprimarydatastructuresin the
FLASH codeandproducesacheckpointfile, aplotfile with
centereddata,anda plotfile with cornerdata,usingparallel
HDF5. The in-memorydatastructuresare3D AMR sub-
blocksof size8x8x8or 16x16x16with a perimeterof four
guardcellsthatareleft outof thedatawritten to file. In the
simulation80 of theseblocksareheld by eachprocessor.
Basically, thesethreeoutputfiles containa seriesof multi-
dimensionalarrays,andtheaccesspatternis 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 ourexperiments,in orderto focuson thedataI/O perfor-
mance,we modifiedthis benchmark,removed the part of
codewriting attributes,portedit to PnetCDF, andobserved
theeffectof ournew parallelI/O approach.

Figure7 shows the performanceresultsof the FLASH
I/O benchmarkusingPnetCDFandparallelHDF5. Check-
pointfilesarethelargestof thethreeoutputdatasets.In the
8x8x8caseeachprocessoroutputsapproximately8 MB and
in the16x16x16caseapproximately60 MB. In theplotfile
casesprocessorswrite approximately1 MB in the 8x8x8
caseand6 MB in the16x16x16cases.

Although both I/O libraries are built above MPI-IO,
PnetCDFhasmuch lessoverheadand outperformsparal-
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lel HDF5 in everycase,morethandoublingtheoverall I/O
rate in many cases. The extra overheadinvolved in par-
allel HDF5 includesinterprocesssynchronizationsandfile
headeraccessperformedinternally in parallel open/close
of every dataset(analogousto a netCDFvariable)andre-
cursive handlingof the hyperslabusedfor parallelaccess,
whichmakesthepackingof thehyperslabsinto contiguous
bufferstakea relatively long time.

6. Conclusionand Future Work

In this work we extend the serial netCDFinterfaceto
facilitate parallel access,and we provide an implemen-
tation for a subsetof this new parallel netCDF inter-
face. By building on top of MPI-IO, we gain a num-
ber of interface advantagesand performanceoptimiza-
tions. Preliminary test results show that the somewhat
simplernetCDFfile format coupledwith our parallelAPI
combineto provide a very high-performancesolution to
the problemof portable,structureddatastorage. So far,
we have releasedour PnetCDF library at the website
http://www.mcs.anl.gov/parallel-netcdf/, and a numberof
usersfrom ArgonneNationalLaboratory, LawrenceBerke-
ley NationalLaboratory, Oak Ridge National Laboratory,
and the University of Chicagoareusing our PnetCDFli-

brary.
Futurework involvescompletingtheproduction-quality

parallelnetCDFAPI (for C, C++, Fortran,andotherpro-
gramminglanguages)andmakingit freely availableto the
high-performancecomputingcommunity. Testingon alter-
nativeplatformsandwith additionalbenchmarksis alsoon-
going. In particularwe are interestedin seeinghow read
performancecomparesbetweenPnetCDFandHDF5; per-
hapswithout the additionalsynchronizationof writes the
performanceis morecomparable.We alsoneedto develop
a mechanismfor matchingthe file organizationto access
patterns,and we needto develop cross-fileoptimizations
for addressingcommondataaccesspatterns.
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