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Abstract

Datasetstorage, exchange, and accessplay a critical
role in scientificapplications. For sud purposesetCDF
servesasa portablg efficientfile formatand programming
interface which is popularin numeousscientificapplica-
tion domains.Howerer, theoriginal interfacedoesnot pro-
vide an efficient medanismfor parallel data storage and
access.

In thiswork,wepresenta new parallel interfacefor writ-
ing and reading netCDF datasets. This interfaceis de-
rived with minimal changesfrom the serial netCDF inter-
face but definessemanticdor parallel accessand is tai-
loredfor high performance Theunderlyingparallel 1/O is
achievedthroughMPI-10, allowing for substantialperfor-
mancegainsthroughtheuseof collectivel/O optimizations.
We compaetheimplementatiostrategiesandperformance
with HDF5. Our testsindicate programmingcorvenience
andsignificantl/O performancemprovementvith this par-
allel netCDF(PnetCDF)interface
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1. Intr oduction

Scientistshave recognizedthe importanceof portable
andefficient mechanisméor storinglarge datasetshatare
createdandusedby their applications.The Network Com-
mon Data Form (netCDF)[10, 9] is one suchmechanism
usedby a numberof applications.

The netCDFdesignconsistsof both a portablefile for-
mat andan easy-to-usapplicationprogrammingnterface
(API) for storingandretrieving netCDFfiles acrosamulti-
ple platforms. NetCDF providesapplicationswith a com-
mon dataaccessnethodfor storageof structureddatasets.
Atmosphericscienceapplicationsfor example,usenetCDF
to storea variety of datatypesthatencompassingle-point
obsenations,time seriesyegularly spacedyrids, andsatel-
lite or radarimages[9]. Many organizations,including
much of the climate community rely on the netCDFdata
accesstandard?1] for datastorage.

Unfortunately the original designof the netCDFinter
faceis proving inadequatdor parallelapplicationsbecause
of its lack of a parallelaccessnechanismBecauseghereis
no supportfor concurrentlywriting to a netCDFfile, paral-
lel applicationswriting netCDFfiles mustserializeaccess.
This serializationis usually performedby passingall data
to asingleprocesghatthenwritesall datato netCDFfiles.
The seriall/O accesss both slow andcumbersoméo the
applicationprogrammer

To provide thebroadcommunityof netCDFuserswith a
high-performanceparallelinterfacefor accessingietCDF
files, we have definedan alternatve parallel API for con-
currentlyaccessingnetCDFfiles. This interfacemaintains



thelook andfeel of the serialnetCDFinterfacewhile pro-
viding flexibility underthe implementatiorto incorporate
well-known parallell/O techniquessuchascollective I/O,
to allow high-performancelataaccessWe implementthis
work on top of MPI-1O, which is specifiedby the MPI-2
standard3, 7, 2]. BecauseMPI hasbecomethe de facto
parallel mechanismfor communicationand I/O on most
parallel environments, this approachprovides portability
acrossmost platforms. More important,our use of MPI-
10 allows usto benefitfrom the optimizationgbuilt into the
MPI-IO implementationssuchasdatashippingin the|IBM
implementatiorf13] anddatasieving andtwo-phasd/O in
ROMIO [17], whichwewould otherwiseneedto implement
oursehesor simply do without.

HierarchicalData Formatversion5 (HDF5) [5] is the
otherwidely usedportablefile formatandprogrammingn-
terfacesfor storing multidimensionalarraystogetherwith
ancillary datain a single file. It already supportspar
allel 1/0O, and its implementationis also built on top of
MPI-IO. Similarto HDF5, our goalin designinga parallel
netCDFAPI is to make the programminginterfacea data
accesstandardor parallelscientificapplicationsandpro-
vide more optimizationopportunitiesfor I/O performance
enhancement.

In this paper we describethe design of our paral-
lel netCDF (PnetCDF)interface and discusspreliminary
benchmarkingesultsusingbotha synthetichoenchmarlac-
cessinga multidimensionabatasetindthe /O kernelfrom
the FLASH astrophysicapplication[20]. This simulation
of theFLASH checkpointandvisualizationdatageneration
processs now availablefor bothPnetCDFandHDF5.

Therestof this paperis organizedasfollows. Section2
reviews somerelatedwork. Section3 presentghe design
backgroundof netCDFand points out its potentialusage
in parallel scientific applications. Section4 describeghe
designandimplementatiorof our PnetCDESectionb gives
experimentalperformanceaesults. Section6 concludeghe
paperwith someideasfor futureresearch.

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 [19]
is implementedportably on top of an abstractl/O device
layer[16, 18] thatenablegportability to new underlyingl/O
systems. One of the mostimportantfeaturesin ROMIO
is collective I/O operationswhich adopta two-phasel/O

stratgyy [12, 14, 15, 17] 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 manageheassociatethetadatanordoest guarantee
dataportability, therebymakingit incorvenientfor scien-
tiststo organize transferandsharetheir applicationdata.
HDF is a file formatandsoftware,developedat NCSA,
for storing, retrieving, analyzing,visualizing,andcorvert-
ing scientificdata. The mostpopularversionsof HDF are
HDF4 [4] andHDF5 [5]. Both versionsstoremultidimen-
sionalarraystogethemwith ancillary datain portable,self-
describindile formats.HDF4wasdesignedvith serialdata
accessn mind, much like the currentnetCDF interface.
HDF5is amajorrevisionin whichits APl is completelyre-
designedandnow includesparallell/O accessThesupport
for paralleldataaccessn HDF5 is built ontop of MPI-10,
which ensuredts portability. This move undoubtedlyin-
conveniencedisersof HDF4, but it wasa necessargtepin
providing parallelaccessemantics.HDF5 alsoaddsser-
eralnew featuressuchasa hierarchicalffile structure that
provide applicationprogrammersvith a hostof optionsfor
organizinghow datais storedin HDF5 files. Unfortunately
this high degree of flexibility cansometimesomeat the
costof highperformanceasseenn previousstudied6, 11].

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
accessietCDFfilesin 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 definesanumberof dimen-
sions,eachwith a nameanda length. Thesedimensions
are usedto definethe shapesof variablesin the dataset.
Onedimensioncan be unlimited andis usedas the most
significantdimension(record dimension)for variablesof
growing-size.



netCDF Header
1*' non-record variable
2"%non-record variable

((
)
((
)

nth non-record variable

15t record for ¥ record variablg
1% record for ™  record variahle

~
~—1

((
))

1% record for'f record variablé

2"%records fort %2 ..,
rth record variables in ordef

variable-size arrays fixed-size arrays

Interleaved records grow in the UNLIMITED
dimension for # ,® |, ...thr  variables

Figure 1. NetCDF file structure: A file header
contains metadata of the stored arrays; then
the fixed-size arrays are laid out in the fol-
lowing contiguous file space in a linear or-
der, with variable-sized arrays appended at
the end of the file in an interlea ved pattern.

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

The basicunits of nameddatain a netCDFdatasetare
variables,which are multidimensionalarrays. The header
partdescribesachvariableby its name,shapehamedat-
tributes,datatype,arraysize,anddataoffset,while thedata
partstoreshearrayvaluesfor onevariableafteranotherin
their definedorder

To supportvariable-sizedrrays(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
togetherdefinethe shapedor onerecordof thevariable.For
fixed-sizearrays,eacharrayis storedin a contiguousfile
spacestartingfrom agivenoffset. For variable-sizedrrays,
netCDFfirst definesarecod of anarrayasa subarraycom-
prising all fixed dimensionsthe recordsof all sucharrays
arestoredinterleavedin thearrays’definedorder Figurel
illustratesthe storagelayoutsfor fixed-sizedand variable-
sizedarraysin a netCDFfile.

In orderto achieve network transpareng (machinein-
dependencefoththe headeranddatapartsof thefile are
representeth awell-definedformatsimilarto XDR (eXter
nal Data Representationjut extendedto supportefficient
storageof arraysof nonbytedata.

3.2 Serial NetCDF API

The original netCDFAPI wasdesignedor serialcodes
to performnetCDFoperationghrougha singleprocess.in
the serialnetCDFlibrary, a typical sequencef operations
to write a new netCDFdataseis to createthe datasetge-
fine thedimensionsyariablesandattributes;write variable
data; and closethe dataset. Readingan existing netCDF
datasetnvolvesfirst openingthe dataset;inquiring about
dimensionsyariablesandattributes;readingvariabledata;
andclosingthe dataset.

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

(1) Dataset Functions: create/open/close/abos
datasetsetthe dataseto define/datanode,and
synchronizalatasethangeso 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 dimshars/attritutes,unlim-
ited dimensiongtc.

(5) Data AccessFunctions. provide the ability to
read/writevariabledatain oneof thefive access
methods:single element,whole array subarray
subsamplea@rray (stridedsubarray)and mapped
stridedsubarray

Thel/O implementatiorof theserialnetCDFAPI is built
on the native 1/0 systemcalls and hasits own buffering
mechanisnin 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

run in parallelervironmentsbecausef the increasingre-
guirementn dataamountandcomputationatesourcesit
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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.

is highly desirableto developa setof parallel APIs for ac-
cessingnetCDFfiles thatemploys appropriatgparallel l/O
techniquesln the meantimeprogrammingcorveniences
also important, since scientific usersmay desireto spend
minimal effort on dealingwith 1/O operations Beforepre-
sentingour PnetCDRdesignwe discussurrentapproaches
for usingnetCDFin parallelprogramsn amessage-passing
ervironment.

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
requestérom otherprocessearecarriedoutby shippingall
the datathroughthis singleprocess.The dravbackof this
approachs that collectingall 1/0 dataon a singleprocess
can easily causean I/O performancebottleneckand may
overwhelmits memorycapacity

In orderto avoid unnecessargatashipping,an alterna-
tive approachis to have all processeperformtheir I/O in-
dependentlysingtheserialnetCDFAPI, asshowvn in Fig-
ure 2(b). In this case,all netCDFoperationscan proceed
concurrently but over multiple files, onefor eachprocess.
However, managinganetCDFdatasets moredifficult when
it is spreadacrossnultiplefiles. Thisapproaclalsoviolates
the netCDFdesigngoal of easydataintegrationand man-
agement.

A third approactintroducesa new setof APIswith par
allelaccessemanticeindoptimizedparallell/O implemen-
tation suchthatall processeperform|/O operationoop-
eratiely 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 prototype implementation. Since a
large numberof existing usersare running their applica-
tions over netCDF; our parallelnetCDFdesignretainsthe
original netCDFfile format(version3) andintroducesnin-
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 PnetCDFAPI is built on top of MPI-IO, allowing
usersto benefitfrom severalwell-known optimizationsal-
readyusedin existing MPI-IO implementationssuch as
datasieving andtwo-phasd/O stratgjies[12, 14, 15, 17]
in ROMIO. Figure 3 describeghe overall architecturefor
ourdesign.

In PnetCDFafile is openedpperatedandclosedby the
participatingprocesses acommunicatiorgroup.In order
for theseprocesseso operateon the samefile space,es-
pecially on the structuralinformationcontainedn the file
headeranumberof changefiave beenmadeto theoriginal
serialnetCDFAPI.

For thefunction callsthat create/opem netCDFfile, an
MPI communicatoiis addedin the argumentlist to define
the participatingl/O processesvithin the file’s openand
closescope.By describingthe collectionof processewith
acommunicatamwe providetheunderlyingimplementation
with informationthatcanbe usedto ensurdile consisteng
duringparallelaccessAn MPI_Info objectis alsoaddedto
passuseraccessintsto theimplementatiorior furtheropti-
mizations.Usinghintsis notmandatoryMPI_INFO_NULL
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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.

canbe passedn, indicatingno hints). However, hints pro-

vide usersthe ability to deliver the high-level accessin-

formationto PnetCDFand MPI-IO libraries. Traditional
MPI-IO hintstunethe MPI-IO implementatiorto the spe-
cific platformandexpectedow-level accespatternsuchas
enablingor disablingcertainalgorithmsor adjustinginter-

nal buffer sizesandpolicies. Thesearepassedhroughthe
PnetCDFlayer to the MPI-IO implementation. PnetCDF
hints can be usedto describeexpectedaccesyatternsat

the netCDFlevel of abstractionjn termsof variablesand
records.Thesehintscanbeinterpretedy the PnetCDHm-

plementatiorandeitherusednternallyor corvertedinto ap-
propriateMPI-10 hints. For example,givena hint indicat-
ing thatonly acertainsmallsetof variablesveregoingto be
readan aggressie PnetCDFRmplementatiommight initiate

a nonblockingreadof thosevariablesat opentime so that
thevalueswereavailablelocally atreadtime. For applica-
tionsthat pull a smallamountof datafrom alarge number
of separatmetCDFfiles, this type of optimizationcouldbe
abig win, butis only possiblewith this additionalinforma-
tion.

We keepthesamesyntaxandsemanticgor thePnetCDF
define mode functions, attribute functions, and inquiry
functions as the original ones. Thesefunctionsare also
madecollective to guaranteeonsisteng of datasestruc-
ture amongthe participatingprocessesn the sameMPI

communicatiorgroup. For instanceall processemustcall
the definemodefunctionswith the samevaluesto getcon-
sistentdatasetlefinitions.

The major effort of this work is the parallelizationof
the dataaccesgunctions. We provide two setsof dataac-
cessAPIs. The high-level API closely follows the origi-
nal netCDFdataaccesgunctionsand senesan easypath
for original netCDFusersto migrateto the parallelinter-
face. Thesecallstake a single pointerfor a contiguouse-
gionin memoryjustastheoriginalnetCDFcalls,andallow
for thedescriptiorof singleelementgvarl ), wholearrays
(vara ), stridedarrays(vars ), andmultiple noncontiguous
regions(varm) in file.

Onedrawbackof the original netCDFinterface,andour
high-level one,is thatonly contiguousnemoryregionsmay
be describedo the API. The flexible API providesa more
MPI-lik e style of accesandrelaxesthis constraint.Specif-
ically, theflexible API providesthe userwith the ability to
describenoncontiguousegionsin memory which is miss-
ing from theoriginalinterface.Theseregionsaredescribed
using MPI datatypes. For applicationprogrammerghat
are alreadyusing MPI for messageassingthis approach
shouldbe natural.Thefile regionsarestill describedy us-
ing the original parametersAll our high-level dataaccess
routinesareactuallywritten usingthis interface.

Themostimportantchangdrom theoriginal netCDFin-
terfacewith respecto dataaccesdunctionsis the split of
datamodeinto two distinct modes:collective andnoncol-
lective datamodes. In orderto make it obvious that the
functionsinvolve all processescollective function names
endwith “_all”. Similarto MPI-10, thecollective functions
mustbe calledby all the processem thecommunicatoas-
sociatedto the openednetCDFfile, while the noncollec-
tive functionsdo not have this constraint.Using collective
operationsprovidesthe underlying PnetCDFimplementa-
tion anopportunityto furtheroptimizeaccesso thenetCDF
file. While userscanchoosewhetherto usecollective I/O,
theseoptimizationsareperformedwithoutfurtherinterven-
tion by theapplicationprogrammeandhave beenprovento
provide dramaticperformancémprovementn multidimen-
sionaldataseficces$17]. Figure4 shaovs examplecodeof
usingour PnetCDFAPI to write andreada dataseby using
collective l/O.

4.2 Parallel Implementation

Basedonourparallelinterfacedesignwe provideanim-
plementationfor a major subsetof this new parallel API.
The implementatioris discussedn two parts: header/O
and parallel data l/O. We first describeour implementa-
tion stratgiesfor datasefunctions,definemodefunctions,
attribute functions, and inquiry functionsthat accessthe
netCDFfile header



(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_infa&file_id);
2 ncmpi_ing(file_id, ...);
3 ncmpi_get_vars_all(file_id, var_id,
start[], countf], stride[],

buffer, bufcount,
mpi_datatype);

4 ncmpi_close(file_id);

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, variables
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 Accesdo File Header

Internally, theheaders read/writteronly by asinglepro-
cess,althougha copy is cachedin local memoryon each
process. The define mode functions, attribute functions,
andinquiry functionsall work on the local copy of thefile
header Sincethey are all in-memory operationsnot in-
volvedin ary file I/O, they bearfew changed$rom theserial
netCDFAPI. They aremadecollective, but thisfeaturedoes
notnecessarilymply interprocessynchronizationln some
caseshowever, whenthe headedefinitionis changedsyn-
chronizationis neededo verify thatthevaluespassedn by
all processematch.

The datasefunctions,unlike the otherfunctionscited,
needto be completelyreimplementeecausdhey arein
chage of collectively opening/creatinglatasetsperform-
ing headerl/O andfile synchronizatiorfor all processes,
andmanagingnterprocessommunication\We build these
functionsover MPI-10 sothatthey have betterportability
and provide more optimization opportunities. The basic
ideais to let the root procesdetch the file headerbroad-
castit to all processesvhenopeninga file, andwrite the
file heademtthe endof definemodeif any modificationoc-
cursin the headerpart. Sinceall definemodeandattribute
functionsarecollectiveandrequireall processem thecom-
municatorto provide the sameargumentsvhenadding,re-

moving, or changingdefinitions,thelocal copiesof thefile
headerare guaranteedo be the sameacrossall processes
oncethefile 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 advantagegndoptimizations.

For eachof the five dataaccessnethodsin the flexible
dataaccesdunctions,we representhe dataaccesgattern
as an MPI file view (a set of datavisible and accessible
from an openfile [7]), which is constructedrom the vari-
able metadatgshape size, offset, etc.) in the netCDFfile
heademndstart[],count[],stride[],imap[], mpi_datatypear-
gumentgrovidedby users.For parallelaccessparticularly
for collective accesseachprocesshasa differentfile view.
All processem combinationcanmalke a singleMPI-1O re-
guestto transferlarge contiguousdataasa whole, thereby
preservinguseful semanticinformation that would other
wise be lost if the transferwere expressedas per process
noncontiguousequests.

In somecasegfor instancein recordvariableaccess)he
datais storedinterleared by record,andthe contiguity in-
formationis lost, sotheexisting MPI-10 collective I/O opti-
mizationmaynothelp. In suchcasesmoreoptimizationin-
formationfrom userscanbe beneficial suchasthenumber
order andrecordindicesof the recordvariablesthey will
accessconsecutiely. With suchinformationwe cancol-
lectmultiple I/O request®ver anumberof recordvariables
and optimize the file 1/O over a large pool of datatrans-
fers, therebyproducingmore contiguousand larger trans-
fers. This kind of informationis passedn asan MPI_Info
hint whena useropensor createsnetCDFdatasetWe im-
plementouruserhintsin PnetCDFasextensiongo the MPI
hint mechanismyhile anumberof standarcints maystill
be passedlown to MPI-10 to control optimal parallell/O
behaiorsatthatlevel. Thusexperiencedisershave theop-
portunityto tunetheir applicationgfor furtherperformance
gains.

4.3 Advantagesand Disadvantages

Our designand implementationof PnetCDFoffers a
numberof advantagesascomparedvith relatedwork, such
asHDF5.

First, the PnetCDFdesignandimplementatiorare opti-
mizedfor the netCDFfile format so that the datal/O per
formanceis asgoodastheunderlyingMPI-10 implementa-
tion. The netCDFfile choosedineardatalayout,in which
the dataarraysare either storedin contiguousspaceand
in a predefinedorder or interleaved in a regular pattern.



This regularandhighly predictabledatalayout enableghe
PnetCDFdatal/O implementatiorto simply passthe data
buffer, metadatgfile view, MPI_Datatype etc.),andother
optimizationinformationto MPI-10, andall parallell/O op-
erationsare carriedout in the samemanneraswhenMPI-
IO aloneis used.Thus,thereis very little overheadandthe
PnetCDFperformanceshouldbe nearlythe sameas MPI-
10 if only raw datal/O performancés compared.

On the other hand, parallel HDF5 usesa tree-like file
structurethatis similarto the UNIX file system:the datais
irregularly laid out usingsuperblock, headerblocks, data
blocks,extendedheadelblocks,and extendeddatablocks.
Thisis averyflexible systemandmighthave advantagegor
someapplicationandaccesgpatterns However, thisirreg-
ular layout patterncanmake it difficult to passuseraccess
patterngirectlyto MPI-10, especiallyfor variable-size@r
rays.InsteadparallelHDF5 usesdataspacandhyperslabs
to definethe dataorganization,map andtransferdatabe-
tweenmemory spaceand the file space,and doesbuffer
packing/unpackingn arecursve way. MPI-IO is usedun-
derthis, but thisadditionaloverheadtanresultin significant
performancéoss.

Secondthe PnetCDFimplementatiormanagedo keep
the overheadnvolvedin headed/O aslow aspossible.In
the netCDFfile, only oneheadercontainsall necessann-
formationfor directacces®f eachdataarray andeachar-
ray is associateavith a predefinednumericallD that can
beefficiently inquiredwhenit is neededo accesshearray
By maintaininga local copy of the headeron eachprocess,
ourimplementatiorsavesalot of interprocessynchroniza-
tion aswell asavoidsrepeatedcces®f thefile headereach
time the headerinformationis neededto accessa single
array All headerinformationcanbe accessedlirectly in
local memoryand interprocessynchronizationis needed
only during the definition of the dataset.Oncethe defini-
tion of thedatasets createdeacharraycanbeidentifiedby
its permanentD andaccessedt ary time by ary process,
withoutary collective open/closeperation.

Ontheotherhand,in HDF5 the heademetadatas dis-
persedin separatéheaderblocksfor eachobject, and, in
orderto operateon an object, it hasto iteratethroughthe
entirenamespacé getthe headerinformationof thatob-
jectbeforeaccessingt. Thiskind of accessnethodmaybe
inefficient for parallelaccessparticularlybecauseparallel
HDF5 definesthe open/closef eachobjectto bea collec-
tive operation,which forcesall participatingprocesseso
communicatevhenaccessing single object, not to men-
tion the cost of file accesdo locate and fetch the header
informationof that object. Further HDF5 metadatds up-
datedduring datawrites in somecases. Thus additional
synchronizations necessargtwrite time in orderto main-
tain synchronizediiews of file metadata.

However, PnetCDFalsohaslimitations. Unlike HDF5,

netCDFdoesnot supporthierarchicalgroup basedorgani-
zationof dataobjects. Sinceit lays out the datain alinear
order addingafixed-sizedarrayor extendingthefile header
may be very costly oncethefile is createdandhasexisting
datastored thoughmoving theexisting datato theextended
areais performedn parallel. Also, PnetCDFdoesnot pro-
vide functionality to combinetwo or more files in mem-
ory throughsoftware mounting,asHDF5 does. Nor does
netCDFsupportdatacompressionvithin its file format(al-
thoughcompressedritesmustbeserializedn HDF5, lim-
iting their usefulness).Fortunately thesefeaturescan all
be achieved by external software suchas netCDF Opera-
tors[8], with somesacrificeof manageabilityof thefiles.

5. Performance Evaluation

To evaluate the performanceand scalability of our
PnetCDFwith thatof serialnetCDF we comparedhe two
with a syntheticbenchmarkWe alsocomparedhe perfor
manceof PnetCDFwith that of parallelHDF5, using the
FLASH I/O benchmark.

Both setsof experimentswere run on IBM SP-2ma-
chines.The systemonwhich the serial/parallecomparison
wasrunis ateraflop-scalelusteredSMPwith 144compute
nodesat the SanDiego Supercompute€enter Eachcom-
putenodehas4 GB of memorysharedamongits eight375
MHz Pawver3processorsAll the computenodesareinter
connectedy switchesandalso connectedria switchesto
the multiple I/O nodesrunningthe GPFSparallelfile sys-
tem. Thereare121/0O nodesgachwith dual222 MHz pro-
cessesTheaggrayatedisk spaceis 5 TB andthe peakl/O
bandwidthis 1.5GB/s.

TheFLASH I/O comparisorof HDF5andPnetCDFwvas
performedon ASCI White Frost,a 68 computenodesys-
tem with 16 Powver3 processorper node. This systemis
attachedo a 2-nodel/O systemrunning GPFS.Resultsin
thesetestsarethe averageof 20 runs.

Version 0.8.4 of the PnetCDF packagewas used, as
was version1.4.5-post2of HDF5. No hints were passed
to PnetCDEFHDF5 runswere executedboth without hints
andwith sieve _buf _size andalignment hints;these
have beenhelpful in somepreviousrunson this systembut
did notappeato beusefulin this particularcase.

5.1 Scalability Analysis

We wrote a test code (in C) to evaluatethe perfor
manceof the currentimplementationof PnetCDFE This
testcodewasoriginally developedin Fortranby Woo-sun
Yangand Chris Ding at LawrenceBerkeley NationalLab-
oratory Basicallyit reads/writesa three-dimensionahr-
ray field tt(Z,Y,X) from/into a single netCDFfile, where
Z=level is the mostsignificantdimensionand X=longitude
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is the leastsignificantdimension. The testcode partitions
thethree-dimensionalrrayalongz, Y, X, ZY, ZX, YX, and
ZYX axes,respectrely, 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 and 1 GB netCDF datasets. Generally
PnetCDFperformancecaleswith thenumberof processes.
Becausef collectivel/O optimization theperformancdlif-
ferencemadeby variousaccesatternds small, although
partitioningin the Z dimensiongenerallyperformsbetter
thanin theX dimensiorbecausef thedifferentaccesgon-
tiguity. The overheadnvolvedis interprocesgommunica-
tion, which is negligible comparedwith the disk I/O when
usinga large file size. The /O bandwidthdoesnot scale
in direct proportionbecausehe numberof 1/0O nodes(and
disks)is fixed so that the dominatingdisk accesgime at
I/O nodesis almostfixed. As expected,PnetCDFoutper
formstheoriginal serialnetCDFasthenumberof processes
increases. The differencebetweenserial netCDF perfor
manceandPnetCDFperformancavith oneprocessors be-
causeof their differentl/O implementationsand different
I/O caching/luffering stratayies. In the serialnetCDFcase,
if, asin Figure 2(a), multi-processorsvere usedand the

root processomneededo collect partitioneddataandthen
performthe serialnetCDFI/O, the performancewvould be
much worse and decreasawvith the numberof processors
becausef the additionalcommunicatiorcostanddivision
of asinglelargel/O requesinto a seriesof smallrequests.

5.2 FLASH |/O Performance

The FLASH code[1] is an adaptie mesh,parallel hy-
drodynamicgodedevelopedo simulateastrophysicather
monuclearflashesn two or threedimensionssuchasType
la supernwae, Type | X-ray bursts, and classicalnovae.
It solves the compressibleEuler equationson a block-
structuredadaptive meshand incorporatesthe necessary
physicsto describeheernvironment,includingtheequation
of state reactionnetwork, anddiffusion.

FLASH is primarilty writtenin Fortran90 andusesMPI
for interprocessommunication. The target platformsare
the ASCI machinegFrostandBlue Pacificat LLNL, QSC
andRedat SNL, andNirvanaat LANL) andLinux clusters
(JazzandChibaCity atANL andC-plantatSNL). Thecode
scaleswell up to thousand®f processorshasbeenported
to overadozenplatforms,andhasbeenusedfor numerous
productionruns.

The FLASH I/0O benchmarlsimulateghel/O patternof
FLASH [20]. It recreateshe primarydatastructuresn the
FLASH codeandproducesa checkpoinfile, a plotfile with
centereddata,anda plotfile with cornerdata,usingparallel
HDF5. The in-memorydatastructuresare 3D AMR sub-
blocksof size8x8x8or 16x16x16with a perimeterof four
guardcellsthatareleft out of the datawrittento file. In the
simulation80 of theseblocks are held by eachprocessar
Basically thesethreeoutputfiles containa seriesof multi-
dimensionahrraysandtheaccespatternis simple(Block,
*, ...), which is similar to the Z partitionin 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 thebenchmarkprogramwill besharedoy FLASH.
In our experimentsin orderto focuson thedatal/O perfor
mance,we modified this benchmarkyemoved the part of
codewriting attributes,portedit to PnetCDEFandobsened
theeffect of our new parallell/O approach.

Figure 7 shaws the performanceaesultsof the FLASH
I/0 benchmarlusingPnetCDFandparallelHDF5. Check-
pointfiles arethelargestof thethreeoutputdatasets.In the
8x8x8casesachprocessooutputsapproximatel8 MB and
in the 16x16x16caseapproximately60 MB. In the plotfile
casesprocessorsvrite approximatelyl MB in the 8x8x8
caseand6 MB in the 16x16x16cases.

Although both 1/O libraries are built above MPI-I10,
PnetCDFhas muchlessoverheadand outperformsparal-
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lel HDF5in every casemorethandoublingthe overall 1/O
ratein mary cases. The extra overheadinvolved in par
allel HDF5 includesinterprocessynchronizationsndfile
headeraccessperformedinternally in parallel open/close
of every dataseianalogougo a netCDFvariable)andre-
cursive handlingof the hyperslabusedfor parallelaccess,
which makesthe packingof the hyperslabsnto contiguous
bufferstake arelatively 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 shav that the someavhat
simplernetCDFfile format coupledwith our parallel API
combineto provide a very high-performancesolution to
the problemof portable,structureddatastorage. So far,
we have releasedour PnetCDF library at the website
http://wwwmcs.anl.ge/parallel-netcdf/ and a number of
usersrom ArgonneNationalLaboratory LawrenceBerke-
ley National Laboratory Oak Ridge National Laboratory
and the University of Chicagoare using our PnetCDFIi-

brary.

Futurework involvescompletingthe production-quality
parallelnetCDFAPI (for C, C++, Fortran,and other pro-
gramminglanguagesandmakingit freely availableto the
high-performanceomputingcommunity Testingon alter
native platformsandwith additionalbenchmarkss alsoon-
going. In particularwe areinterestedn seeinghow read
performanceomparedetweenPnetCDFand HDF5; per
hapswithout the additional synchronizatiorof writes the
performances morecomparableWe alsoneedto develop
a mechanisnfor matchingthe file organizationto access
patterns,and we needto develop cross-fileoptimizations
for addressingommondataaccesgatterns.
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