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Abstract. Largescalescienti�c andcommercialapplicationsconsumeandpro-
ducepetabytesof data.This dataneedsto be safely stored,catalogedand re-
producedwith high-performance.Thecurrentgenerationof singleheadedNAS
(Network AttachedStorage)basedsystemssuchasNFS is not able to provide
an acceptablelevel of performanceto thesetypesof demandingapplications.
ClusteredNAS have evolved to meetthe storagedemandsof thesedemanding
applications.However, theperformanceof theseClusteredNAS solutionsis lim-
ited by the communicationprotocolbeingused,usuallyTCP/IP. In this paper,
we propose,designandevaluatea clusteredNAS; pNFSover RDMA on In�ni-
Band.Ourresultsshow thatfor asequentialworkloadon8 dataservers,thepNFS
overRDMA designcanachieve apeakaggregateReadthroughputof up to 5,029
MB/s, a maximumimprovementof 188%over theTCP/IPtransportanda Write
throughputof 1,872MB/s; a maximumimprovementof 150%over the corre-
spondingTCP/IPtransportthroughput.Evaluationswith othertypeof workloads
andtracesshow animprovementin performanceof upto 27%.Finally, ourdesign
of pNFSover RDMA improvestheperformanceof BTIO relative to theLustre
�le system.

1 Intr oduction

Theexplosivegrowth in multimedia,Internetandothercontenthavecausedadramatic
increasein thevolumeof mediathatneedsto stored,catalogedandaccessedef�ciently .
In addition,high-performanceapplicationson largesupercomputersprocessandcreate
petabytesof applicationandcheckpointdata.Modernsingle-headednodeswith a large
numberof disks(singleheadedNetwork AttachedStorage(NAS)) may not have the
adequatecapacityto storethis data.Also, thesingleheador singleserver maypoten-
tially becomea bottleneckwith accessesfrom a largenumberof clients.Also, a failure
of thenodeor thedisk mayleadto a lossof data.

To dealwith severalof theseproblems,clusteredNAS solutionshaveevolved.Clus-
teredNAS solutionsattemptto storethedataacrossa numberof storageservers.This
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hasanumberof bene�ts.First,wearenolongerlimited to thecapacityof asinglenode.
Second,dependingon theway datais strippedacrossthenodes,with accessesfrom a
large numberof clients, the load will be more evenly distributedacrossthe servers.
Third, for large �les, this architecturehasthe advantagesof multiple streamsof data
from differentnodesfor betteraggregatebandwidthfor larger �le sizes.Finally, clus-
teredNAS allowsdatato bestoredredundantlyacrossa numberof differentnodes[1],
reducingthelikelyhoodof dataloss.

EventhoughclusteredNAS providesseveralbene�ts in termof capacity, enhanced
load capacity, betteraggregatethroughputandbetterfault-tolerance,they bring with
themtheir own setof uniqueproblems.First, sincethedata-servershave now beende-
coupled,any givenstreamof datawill requiremultiple network, usuallyTCP/IP, con-
nectionsfrom theclientsto thedataserversandmetadataservers.TCP/IPconnections
havebeenshown to haveconsiderableoverhead,mainly in termsof copying costs,frag-
mentationandreassembly, reliability andcongestioncontrol.In addition,with multiple
streamsof incoming datafrom multiple data-servers,TCP/IP connectionshave been
shown to suffer from theproblemof incast[2], whichseverelyreducesthethroughput.
Second,TCP/IPwith multiple copiesandconsiderableoverheadis unableto take ad-
vantageof the high-performancenetworks like In�niBand and10GigE.Third, with a
singleheadedNAS, thereis only asinglepointof failure,makingit easierto protectthe
dataon theNAS. However, with a clusteredNAS, we have multiple dataservers,with
multiple failurepoints.

Modern high-performancenetworks suchas In�niBand provide low-latency and
high-bandwidthcommunication.For example,the currentgenerationConnectXNIC
from Mellanoxhasa 4 bytemessagelatency of around1� s anda bi-directionalband-
width of up to 4 GB/s for large messages.Applicationscanalsodeploy mechanisms
like RemoteDirect Memory Access(RDMA) for zero-copy low-overheadcommuni-
cation.RDMA operationsallow two appropriatelyauthorizedpeersto readandwrite
datadirectly from eachother's addressspace.RDMA requiresminimal CPUinvolve-
mentonthelocalend,andnoCPUinvolvementontheremoteend.Designingthestack
with RDMA mayeliminatethecopy overheadinherentin theTCPandUDPstacksand
reduceCPUutilization. As a result,a high-performanceRDMA enablednetwork like
In�niBand might potentially reducethe overheadof TCP/IP connectionsin clustered
NAS.

In our earlierwork, we designeda Network File System(NFS) (which is a single
headedNAS) with RDMA operationsin In�niBand [3] for NFSv3andNFSv4.In this
paper, we propose,designandevaluatea clusteredNetwork AttachedStorage(NAS).
This clusteredNAS is basedon parallelNFS (pNFS)with RDMA operationsin In-
�niBand. While otherparallelandclustered�le systemssuchasLustre[1] exist, we
choosepNFSsinceNFS is widely deployedandused.In this paper, we make the fol-
lowing contributions:

– An in-depthdiscussionof thetradeoffs in designingahigh-performancepNFSwith
anRPC/RDMA transport.

– An understandingof theissueswith sessionsthatprovidesexactly oncesemantics
in the faceof network faultsandthe trade-offs in designingpNFSwith sessions
overRDMA.

– A comprehensiveperformanceevaluationwith micro-benchmarksandapplications
of a RDMA enabledpNFSdesign.

Our evaluationsshow thatby enablingpNFSwith anRDMA transport,we cande-
creasethelatency for smalloperationsby upto 65%in somecases.Also,pNFSenabled
with RDMA allows us to achieve a peakIOzoneWrite andReadaggregatethrough-
put of 1,872MB/s and5,029MB/s, respectively usinga sequentialtracewith 8 data



servers.TheRDMA enabledWrite andReadaggregatethroughputis 150%and188%
betterthanthecorrespondingthroughputwith aTCP/IPtransport.Also,evaluationwith
a Zipf tracedistribution allows us to achieve a maximumimprovementof up to 27%
whenswitchingtransportsfrom RDMA to TCP/IP. Finally, applicationevaluationwith
BTIO shows thattheRDMA enabledtransportwith pNFSperformsbetterthanwith a
TCP/IPtransportby up to 8.8%andbetterthanLustreby up to 22%.

Therestof thepaperis presentedasfollows.Then,Section2 looksat theparallel
NFSandsessionsextensionsto NFSv4.1.Following that,Section3 looksat thedesign
considerationsfor pNFSover RDMA. After that,Section4 evaluatestheperformance
of thedesign.We presentrelatedwork in Section5. Finally, Section6 discussescon-
clusionsandfuturework.

2 NFSv4.1:Parallel NFS(pNFS)and Sessions

In this section,we discusspNFSandsessions,which arede�ned by theNFSv4.1se-
mantics.

Parallel NFS (pNFS): The NFSv4.1[4] standardde�nes two main components;
namelyparallelNFS(pNFS)andsessions.Thefocusof pNFSis to make anNFSv4.1
client a front-endfor clusteredNAS or parallel �le-system. The pNFSarchitectureis
shown in Figure1. The NFSv4.1client cancommunicatewith any parallel �le using
the Layoutand I/O driver in concertwith communicationswith the NFSv4.1server.
The NFSv4.1server hasmultiple roles. It actsas a metadataserver (MDS) for the
parallel/cluster�le system.It sendsinformationto theclientonhow to accesstheback-
end cluster�le system.This information takes the form of GETDEVICEINFO, which
returnsinformationabouta speci�c data-server in thecluster�le system,usuallyanIP
addressandportnumberthatis storedby theclient layoutdriver. TheNFSv4.1server is
alsoresponsiblefor communicatingwith thedataserversfor �le creationanddeletion.
TheNFSv4.1server mayeitherdirectly communicatewith thedataservers,or it may
communicatewith a metadataserver, that is responsiblefor talking to andcontrolling
the dataservers in the parallel �le system.The pNFSclient usesthe �le layout and
I/O driver for communicatingwith the dataservers.The layout driver is responsible
for translatingREAD andWRITE requestsfrom theupperlayerinto thecorresponding
protocol that the back-endparallel/cluster�le systemuses;namelyobject,block and
�le. This is achievedthroughtheadditionalNFSproceduresGETFILELAYOUT(how the
�le is distributedacrossthedataservers),RETURNFILELAYOUT (aftera �le is closed),
LAYOUTCOMMIT (commit changesto �le layout at the metadataserver, after writes
havebeencommittedto dataservers).Examplesof pNFSdesignsarediscussedfurther
in thetechnicalreport[5].

NFSv4.1and sessions:Sessionsareaimedat makingthe NFSv4non-idempotent
requestsresilient to network level faults.Traditionally, non-idempotentrequestsare
takencareof throughtheDuplicateRequestCache(DRC) at theserver. TheDRC has
a limited numberof entries,and theseentriesare sharedamongall the clients. So,
eventuallysomeentrieswill be evicted from the cache.In the faceof network-level
partitions,duplicaterequeststhatarrive thathave beenevicted from theDRC, will be
re-executed.Sessionssolve this problemby requiringeachconnectionto be alloteda
�x ednumberof RPCslotsin theDRC. Theclient is only allowedto issuerequestsup
to thenumberof slotsin theconnection.Becauseof this reservationpolicy, duplicate
requestsfrom the client to the server in the faceof network-level partitionswill not
be re-executed.We will considerdesignissueswith sessionsand RPC/RDMA in the
following section.

RPC/RDMA for NFS: The existing RPC/RDMA designfor Linux andOpenSolaris
is basedon theRead-Writedesign[3]. It consistsof two protocols;namelythe inline



protocol for small requestsand the bulk datatransferprotocol for large operations.
The inline protocolon Linux is enabledthroughtheuseof a setof persistentbuffers;
(32buffersof 1K eachfor Sendand32buffersof 1K eachfor receivesonLinux). RPC
Requestsaresentusingthepersistentinline buffers.RPCrepliesarealsoreceivedusing
the persistentinline buffers.The responsesfor someNFS proceduressuchasREAD
andREADDIR might be quite large.Theseresponsesmay be sentto theuservia the
bulk-datatransferprotocol,which usesRDMA Write to sendlargeresponsesfrom the
server to theclientswithoutacopy andRDMA Readsto pull datain from theclient for
proceduressuchasWrite. Thedesigntrade-offs for RPC/RDMAarediscussedfurtherin
[3].

3 DesignConsiderationsfor pNFSover RDMA

In this section,we examinetheconsiderationsfor a high-performancedesignof pNFS
overRDMA. First,welookatthedetailedarchitectureof pNFSwith a�le layoutdriver.

3.1 Designof pNFS usinga �le layout

Asdiscussedin Section2,pNFScanpotentiallyuseanobject,blockor �le basedmodel.
In thispaper, weusethe�le-basedmodelfor designingthepNFSarchitecture.Wenow
discussthehigh-level designof thepNFSarchitecture.
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pNFS Ar chitecture: Thedetailedarchitectureis shown in Figure2. TheNFSv4.1
clientsusea �le layoutdriverwhich is responsiblefor communicatingwith theNFSv4
servers,thatactasthedata-servers.At theNFSv4.1server, thesPNFSdaemonrunsin
user-space.The sPNFSdaemoncommunicateswith the NFSv4.1server in thekernel
via the RPCPipeFS.The RPCPipeFSis essentiallya wait queuein the kernel.The
NFSv4.1server enqueuesrequestsfrom the clientsvia thecontrol path,andthesere-
questsarethenpushedto the sPNFSdaemonvia an upcall.The sPNFSdaemonthen



processeseachof theserequestsand makes a downcall into the kernelwith the ap-
propriatedata/responsefor the requests.The NFSv4.1requestswhich aresentup to
the sPNFSdaemonfor processingincludetheNFSv4.1proceduresGETFILELAYOUT,
RETURNFILELAYOUT, LAYOUTCOMMIT and GETDEVICEINFO. Theseproceduresare
discussedin Section2. In-orderto work on theprocessingof the requests,thesPNFS
daemonmountsanNFSv3directoryfrom eachof thedata-servers.For example,when
a�le layoutis requested(GETFILELAYOUT), thesPNFSdaemonmayneedto createthe
�le on eachof the dataserversor openthe �le throughthe VFSDataServerControl
Path.

sPNFS�le creation: To createa �le, thesPNFSdaemonwill openthe �le on the
mountof eachof thedataserversin createmode.It will thendoastatto makesurethat
the�le actuallygot createdor exists.It will thenclosethe�le (the�le handleis static).
This traf�c will propagatevia RPCcalls throughtheMDS-DScontrol path. Finally, it
will returnthesetof open�le descriptorto theNFSv4.1server aspartof theresponse
to the upcall.The NFSv4.1server will thenreply to the NFSv4.1client with the �le
layout.The client will thenusethe layout received (throughthe �le layout driver) to
communicatewith theNFSv4dataserversusingtheDataPaths.

sPNFS�le deletion: File deletesare initiated by the NFS REMOVE procedure.
The REMOVE procedureis sentup to thesPNFSdaemonthroughRPCPipeFS.The
processof deletinga �le is oppositeto thatof creation.ThesPNFSdaemonwill try to
deleteeachof the�le from themountpoints.Oncethis is achieved,sPNFSwill senda
messageto theNFSkernelthreadaboutthis.

3.2 RPC Connectionsfr om clients to MDS (Control Path)

The RPCconnectionsfrom the clientsto the MDS may be througheitherRDMA or
TCP/IP. A majority of the communicationfrom the clients to the metadataserver is
expectedto be small operationsor metadataintensive workloads.As a result, these
workloadsmay potentiallybene�t from the lower latency of RDMA. However, since
NFSandRPCarein thekernel,thereis thecostof a context switchfrom user-spaceto
kernel-space,in additionto thecopying costswith theNFSandRPCstacks.Depending
on factorssuchastheCPUspeedandmemorybus-bandwidth,thesecostsmightdomi-
nate.Correspondingly, thelowerlatency of RDMA mightnotprovidemuchof abene�t
in thesecases.Anotherimportantfactorthatneedsto beconsideredis thememoryuti-
lization andscalabilityof theMDS. TheMDS is requiredto maintainRDMA enabled
RPCconnectionswith all theclients.Eachof theseconnectionholds321K sendbuffers
and322K receivebuffers.Thesebuffersarenotsharedacrossall theconnections.With
a very large numberof client connectionsusingRPC over RDMA, the MDS server
might run outof buffersthatmightbeappropriatelyutilized. In thesecases,usingRPC
overTCPmightbemoreappropriatefor themajorityof clients,thoughthehighcopying
costassociatedwith TCP/IPconnectionsneedsto beconsidered.If anRDMA enabled
RPCtransportcanprovideadequatebene�t for smalloperations,it might beappropri-
ateto usea few connectionswith RDMA for someclientsthatcommunicatefrequently
with theMDS andaTCPenabledRPCtransportfor theremainingconnections.A �nal
factor that needsto be consideredis the disconnecttime for a RDMA enabledRPC
transport.RDMA enabledRPCconnectionsaredisconnectedafter2 minutesidle time.
ReestablishingaRDMA enabledRPCconnectionis averyexpensiveoperationbecause
of thehigh-overheadof registeringmemoryandreestablishingtheeagerprotocol[3].
In comparison,RPCoverTCPdoesnot have suchhigh-latenciesfor reestablishingthe
connections.



3.3 RPC Connectionsfr om MDS to DS (MDS-DScontrol path)

It mightbepotentiallypossibleto useRPCoverRDMA or RPCoverTCPconnections
betweentheMDS andDSes.TheMDS-DScontrol pathallows theMDS to controlthe
NFSv4data-servers.This control is in the form of �le creationsanddeletions.There
area numberof factorsthat affect the choiceof a RPCenabledwith RDMA or TCP
connectionfrom the metadataserver to the dataservers.As discussedearlier, the sP-
NFS daemonis multi-threaded.As a result, thereareexpectedto be a large number
of requestsin �ight, in parallel.So, the lower potentiallatency of RPCwith RDMA
is likely to provide a bene�t in completionof theserequests.Also, the �x ed number
of buffers per connectionis expectedto provide a better�o w-control mechanismfor
a largenumberof outstandingparallelrequests.Finally, thenumberof dataserversis
relatively small in comparisonto thenumberof clients.As a result,theMDS-DScon-
trol path is not likely to be severely affectedby the buffer scalability issuethat may
potentiallyaffect theControl Path.

3.4 RPC Connectionsfr om clients to data servers (Datapaths)

Theexpectedtraf�c patternsfrom theclient to thedataserversis expectedto consistof
small,largeandmediumsizetraf�c. Since32K is themaximumpayloadfor thecached
I/O case,this is likely to bethemostcommontransferover thenetwork, dependingon
thestripesizeof the�le at thedataservers.We alsoneedto considerthecaseof buffer
scalability. Sincedata-serversareexpectedto have connectionsfrom a large number
of clients,andsinceeachconnectionwill have persistentbuffers, this might causea
memoryscalability issue.However, clientsdo not connectto a particulardataserver
unlessthedataserver is in the list of DSesreturnedin the �le layout.As a result,not
all clientswill be connectedto all dataserversat any given time. Dependingon the
loadon theback-end�le system,usinganRPCoverRDMA connectionfrom thedata-
servers to the client might not causea large amountof overheadat the data-servers.
Also, quiescentclientswill bedisconnectedfrom thedata-servers,furtherreducingthe
overhead.Sincean RPC transportenabledwith RDMA hasbeenshown to provide
considerablebene�ts via-viz large transfers,it might be bene�cial to useRPC over
RDMA betweentheclientsanddata-servers.

3.5 SessionsDesignwith RDMA

As discussedearlier, sessionsprovidesexactlyoncesemanticsfor all NFSproceduresin
thewake of network-level faults.To do this,sessionsprovidededicatedslotsof buffers
to eachconnectionbetweentheclientandtheservers.Theclientmayonlysendrequests
upto amaximumnumberof slotspersession.In orderto designsessionswith aRDMA
enabledRPCtransport,weassociatetheinline buffersin eachconnectionwith themin-
imum numberof slotsrequiredfrom the connection.If the numberof slotsrequested
is lower thanthe numberavailable,andthe caller cannotaccepta lower number, the
sessioncreaterequestwill fail. Thedisadvantagesof thesessionsdesignwith RDMA
is thatadvancedfeaturesof theIn�niBand network suchastheSharedReceive Queue
(SRQ)cannotbeused.SRQenhancesthebuffer scalabilityby having thebuffersshared
acrossall theIn�niBand connections.Whenthenumberof buffersfallsbelow acertain
watermark,an interruptmaybegeneratedto postmorebuffers.Sincesessionsrequire
thatslotsbeguaranteedperconnection,SRQcannotbeused.



4 PerformanceEvaluation

In this section,we evaluatethe performanceof pNFS designedwith an RPC over
RDMA transportFirst, We discussthe experimentalsetupin Section4.1. Following
that, in Sections4.2, 4.3 and 4.4,we look at the relative performanceadvantagesof
usinganRDMA enabledRPCtransportoveraTCP/IPtransportin differentcon�gura-
tionsinvolving themetadataserver(MDS),DataServer(DS)andClient.Sincesessions
only requiresreservationof RDMA inline buffers,wedonotevaluatethesessionspor-
tion of thedesign.
4.1 Experimental Setup
Toevaluatetheperformanceof theRPCoverRDMA enabledpNFSdesign(pNFS/RDMA),
we useda 32-nodecluster. Eachnodein theclusteris equippedwith a dualIntel Xeon
3.6GHzCPUand2GBmainmemory. For In�niBand communication,eachnodeusesa
MellanoxDoubleDataRate(DDR) HCA. Thenodesareequippedwith SATA drivers,
which are usedto mount the backend ext3 �lesystem. A memorybased�lesystem
ramfsis alsousedfor someexperiments.The pNFSwith socketsusesIP over In�ni-
Band(IPoIB) andwe refer to this transportaspNFS/IPoIB.We usepNFS/IPoIBand
pNFS/TCPinterchangeably. All experimentsusingIPoIB arebasedonReliableConnec-
tion mode(IPoIB-RC)andanMTU of 64KB,unlessotherwisenoted.Weexplicitly use
pNFS/IPoIB-UDto explicitly meananunreliabledatagrammodeof transport.IPoIB-
UD usesa 2K MTU size.

4.2 Impact of RPC/RDMA on Performancefr om the client to the Metadata
Server

Theclientscommunicatewith theMDS usingeitherNFSv4or NFSv4.1procedures.As
Section2 mentions,thevastmajorityof NFSv4.1requestsfrom theclientsto theMDS
areexpectedto be proceduressuchasGETDEVICEINFO, GETDEVICELIST, GETFILE-
LAYOUTandRETURNFILELAYOUT. Thesesmallprocedureswill potentiallycarrysmall
andmediumsizepayloads.For example,GETFILELAYOUTreturnsa list of �le handles,
which is only a small amountof payload.A �le handlecanbeencodedwith no more
than16bytesof information(althougha native �le handlesizemayvarydependingon
platforms).Oneof thelargestdeploymentsof aparallel�le systemLustre[1] in recent
timesis theTACC [6] clusterwith 8,000nodescontaining64,000cores,servicedby a
bankof 1,000dataservernodes.With 1,000dataserver nodesandtheassumptionthat
a �le is strippedacrossall the dataserver nodes,the payloadfrom GETFILELAYOUT
will only be16K. Also, someof theseoperationssuchasGETDEVICEINFOareonly ex-
ecutedatmounttimeandarenot in thecritical path.Ontheotherhand,operationssuch
asCREATED, GETFILELAYOUT, RETURNFILELAYOUT areexecutedevery time a �le is
created,openedandclosed.With a workloadconsistingof a largenumberof suchop-
erations(metadataintensive workloads)RPC/RDMA is likely to provide somebene�t.
Also, LAYOUTCOMMITis executedoncea WRITE operationcompletesandis likely to
bein thecritical pathfor workloadsdominatedby write operations.To understandthe
relative performanceof small operationswhenswitchingtransportsfrom RPC/TCPto
RPC/RDMA, we measuredthelatency of issuinga GETFILELAYOUT (at theRPClayer)
from theclient to theMDS andthetimerequiredfor it to complete,averagedover1024
times,while thepayloadfrom theMDS to theclientwasvariedfrom 1 to 32K bytes.A
32K messagecancontaintheinformationfor morethan2,000�le handlesandmightbe
consideredlargefor contemporary, high-performanceparallel�le systemdeployments.
The measuredlatency is shown in Figure3. As shown in Figure3, the latency with a
1 byte payloadis 68� s with RPC/RDMA and71� s with RPC/TCP. The relatively low



improvementin performanceis becausethe high accesslatency of the disk which is
a dominantportion of the latency. With larger access,the disk blocksareprefetched
becauseof sequentialaccessandtheperformanceimprovementfrom usingRPC/RDMA
is increasedby up to 65%.Theperformancebene�t of theRPC/RDMAconnectionfrom
the client to the MDS is taken in the context of the inline buffers,which needto be
staticallyallocatedper-client at the MDS. With an increasingnumberof clients, the
RPC/RDMAconnectionsmayconsumeconsiderablememoryresources.SincetheMDS
is likely to be the targetof a mainly metadataintensive workload,it becomesimpera-
tiveto maintaina largenumberof inline buffersin orderto guaranteeahigh throughput
performance.

4.3 RPC/RDMA versusRPC/TCP on metadataserver to Data Server

Theconnectionfrom theMDS to theDSesmayalsoconsistof RPC/RDMA. ThesPNFS
daemoncontrolstheDSesby mountingtheexporteddirectoriesfrom thedataservers.
The sPNFSdaemoncreates,openanddeletes�les in the exporteddirectories.These
callsaretranslatedthroughtheVFS layer to RPC/RDMA calls.Thusthescalabilityof
thesecallsis directly impactedby thetimerequiredby theRPCoperationsto complete.
To gain insight into therelative scalabilityof theRPC/RDMA andRPC/TCPtransports,
we measuredthe performanceof createportion of the sPNFSdaemonsoperation.In
this multi-processbenchmark,eachprocessis synchronizedin thestartphaseby a bar-
rier. After beingreleasedfrom thebarrier, eachprocessperformsastatoperationonthe
target�le to checkits state,thenopensthis �le in creationmode.Thesetwo operations
are followed by a chmodto set the modeof this �le, anda closeoperationto close
this �le. Thecloseoperationis a portion of theprocessto opena pNFS�le, andit is
includedto avoid runningoutof open�le handles,a limited operatingsystemresource.
Eachprocessperformseachof theseoperationson every oneof the DS mounts.The
time requiredfor 1024of theseoperationsis measuredandaveragedout. This test is
performedfor a RPC/RDMAandRPC/TCPtransportfrom theMDS to theDSes.These
numbersareshown in Figures4 and 5. In Figures4 and 5, we observe thefollowing

 0

 20

 40

 60

 80

 100

 120

 140

 160

 32768 16384 1

L
a

te
n

c
y
 (

u
s
)

Payload (bytes)

IPoIB
RDMA

Fig.3. SmallOperations

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 16 8 4 2 1

L
a

te
n

c
y
 (

u
s
)

Number of data servers

IPoIB-1Proc
RDMA-1Proc
IPoIB-2Proc

RDMA-2Proc

Fig.4.Latency for 1 and2
processes

 0

 5000

 10000

 15000

 20000

 25000

 30000

 16 8 4 2 1

L
a

te
n

c
y
 (

u
s
)

Number of data servers

IPoIB-4
RDMA-4
IPoIB-8

RDMA-8
IPoIB-16

RDMA-16

Fig.5.Latency for 4,8and
16processes

trends.RPC/RDMA performsworsethanRPC/TCP(indicatedasIPoIB) for 1 process.



Note that in this case,we aremeasuringthe time at the VFS level, whereasin Sec-
tion 4.2,wearemeasuringthetimeat theRPClayer. In thecurrentscenario,theIPoIB-
RCdriverusesaring of 128receivebufferof size64K and64sendbuffers.Ontheother
hand,RPC/RDMAuses32-buffersof 1K. As aresult,with anincreasingnumberof data
servers,and1 process,morecreateandstatoperationscanbe issuedin parallelwith
IPoIB-RCthanwith RPC/RDMA (we issue1,024createoperationsand1,024statoper-
ationsfor a total of 2,048operations).However, with IPoIB-RCall 128receivebuffers
aresharedacrossall the connectionsusingSRQ.With RPC/RDMA, eachconnection
from anMDS to a DS is allocateda setof 32-buffers.As a result,whenthenumberof
connectionsincreases,RPC/RDMA hasa dedicatedsetof buffers in which to receive
messages,while IPoIB hasa �x ednumberof buffers,andthis might resultin dropped
messageswith IPoIB. Also in RPC/IPoIB,thereareup to 5 copiesfrom theapplication
to the IP-level. With RPC/RDMA,thereareup to 3 copiesfrom theapplicationdown
to theRPC/RDMAlayer. With anincreasingnumberof processes,thelargernumberof
copiesin thecaseof IPoIB beginsto dominateandIPoIB performsworsethanRDMA.
Thecopying costwith IPoIB and1 client doesnot totally consumetheCPUandso is
not thedominantfactor. As a result,with 1 process,RPC/TCPis ableto performbetter
thanRPC/RDMA. At 2 processesper-node,RPC/RDMA andRPC/TCPperformcompa-
rably with an increasingnumberof dataservers.At 4 processes/nodeandabove with
RPC/RDMA, thetime requiredto performthecreateoperationsis lower thanRPC/TCP.
At 16 processesat the MDS, the improvementwith 16 DSesthereis a maximumde-
creasein latency of 15%.The trendswe have observed indicatethat RPC/RDMA will
performbetterthanRPC/TCPwith a larger volumeof operations.We have conducted
a testwith 32 client threadswith both RPC/RDMA andRPC/TCP. RPC/RDMA exhibits
similar degreeof improvementover RPC/TCP. Analysis shows that the SRQusedin
IPoIB playsa role in theperformancereductionwith RPC/TCPandis discussedfurther
in thetechnicalreport[5].

4.4 RPC/RDMA versusRPC/TCP fr om clients to DS

Wemeasuretherelativeperformanceimpactof changingthetransportfrom RPC/RDMA
to RPC/TCPfrom theclient to thedataservers.To measuretheperformanceimpact,we
usethreedifferentbenchmarks:sequentialthroughputwith IOzone,throughputof a
Zipf traceanda parallelapplicationBTIO.

SequentialThr oughput. WeuseIOzone[7] in clustermodeto measuretheperfor-
manceof a sequentialworkloadmodelingthe throughputfrom theclient to theDSes.
8 nodesact as dataservers,8 nodesact as clients,and 1 nodeis designatedad the
metadataserver. Eachclient nodehostsoneIOzoneprocess.Thebenchmarkis run on
boththeIPoIB ReliableConnectionmode(IPoIB-RC)andIPoIB UnreliableDatagram
mode(IPoIB-UD) to compareagainstRPC/RDMA. The IOzonerecordsize is kept at
32KB, the default cachedI/O maximumsizeandthe total �le sizeper client usedis
512MB.TheWrite andReadthroughputwhile varyingthenumberof dataserversand
clients(aggregatethroughput)is shown in Figures6 and 7, respectively.

For Write, RPC/RDMAbeginsto outperformRPC/TCPasthenumberof dataserver
is increasedbeyond two. At 8 dataserversand8 clients,RPC/RDMA reachesits peak
write throughputof 1,872MB/s, which is 22%higherthanIPoIB-RCand150%higher
thanIPoIB-UD. For Read,thereis animprovementin performancefor all cases.Using
RPC/RDMA achieves a peakreadthroughputof 5,029MB/s at 8 clients and 8 data
servers,whichoutperformsIPoIB-RCby 89%andIPoIB-UD by 188%.

Thr oughput with a Zip Trace.Zipf 's law, namedaftertheHarvardlinguisticpro-
fessorGeorgeKingsley Zipf (1902-1950),is the observation that frequency of occur-
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renceof someevent (P), asa functionof the rank (i) whenthe rank is determinedby
theabovefrequency of occurrence,is apower-law functionPi � 1/ia with theexponent
� closeto unity. Zipf distributionshave beenshown to occurin a variety of different
environmentssuchasword distributionsin documents,web-pageaccesspatternsand
�le andblockdistributionsin storagesub-systems[8].

We modi�ed IOzoneto issuewrite andreadrequests,wherethesizeandlocation
of the Reador Write requestfollows a Zipf distribution with an � =0.9. We usedIO-
zoneto measurethe throughputof the traceon a singlenodewith onethread,issuing
requestswherethe locationandI/O sizeof the issuedrequestfollows a Zipf distribu-
tion. Weuseda512MB�le sizeonbothanext3 aswell asa ramfsbackend�le system.
Theramfs�le systemstreamsdatafrom memoryandservesasanupperboundon the
performanceimprovementwe canexpectwith pNFS/RDMA. We comparepNFS/RDMA
with pNFS/IPoIB-RCwhile varyingthenumberof dataservers.Theresultsfor Write are
shown in Figure8, while the resultsfor Readareshown in Figure9. We observe that
theRPCtransportuseddoesnot have a large impacton performancefor Writes.Disk
FilesystemWrite performanceis generallysensitive to theperformanceof thebackend
storagesubsystem.Thelargemajorityof disksexhibit poorrandomWrite performance.
Also,dependingontheorganizationof thein-memory�le system,ramfsbasedsystems
have alsobeenshown to exhibit poor performancefor randomWrite operations.Cor-
respondingly, for the Zipf basedWrite distribution, we seea very poor throughputof
around500MB/s for bothpNFS/RDMAandpNFS/IPoIB-RC. SincetheCPUis not fully
utilized for TCP/IPwhenthe throughputis lower, we expectlittle improvementfrom
pNFS/RDMA over pNFS/IPoIB-RC. On the otherhand,the IOzoneReadthroughputis
impactedby theunderlyingRPCtransport.With a ramfsbased�le system,we seean
improvementof 22%from pNFS/IPoIB-RCto pNFS/RDMA with 1 dataserver. The im-
provementin throughputfrom pNFS/IPoIB-RCto pNFS/RDMA increasesto 27% at 8
dataservers.We arealsoableto achieveapeakthroughputof 2073MB/s with theZipf
traceat 8 dataservers.Since,theZipf tracehasanelementof randomness,aportionof
theReaddatais cachedat theclient.As a resultweseesomeamountof cacheeffect in
additionto network-level transfers,which reducesthepotentialperformanceimprove-
mentwith pNFS/RDMA. Techniquesfor improving theperformanceof pNFS/RDMA for
a Zipf workloadarediscussedfurtherin thetechnicalreport[5].

Performancewith a Scienti�c Kernel NAS BTIO. TheNAS ParallelBenchmarks
(NPB) suitediscussedfurtherin thetechnicalreport[5], is usedto measuretheperfor-
manceof ComputationalFluid Dynamic(CFD)codesonaparallelmachine.Oneof the
benchmarksBT measurestheperformanceof block-triangulationequationsin parallel.
In addition to the computationalphaseof BT, BTIO addsadditionalcodefor check-
pointingandverifying thedatafrom thecomputation.We usetheFull MPI I/O mode
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Fig.10.BTIO with ext3

in whichMPI collectivecallsareusedto aggregateReadandWrite operations.We run
BTIO with a classA size(that usesa 64x64x64array)over pNFS/RDMA, pNFS/IPoIB
andLustre.In this con�guration, BTIO generatesa �le of size400 MB. The results
with anext3 back-end�le systemat eightdataserversareshown in Figure10.

In this experiment,we measuredtheperformanceof BTIO with eightdataservers.
We usedone,16,64and256processes(BTIO requiresa squarenumberof processes).
For the 16 processcase,we useeight client nodes(two processes/node).For the 64
and256 processcase,we also useeight andsixteenclient nodesrespectively (eight
processesper node and 16 processes/noderespectively). We observe the following
trends.First, pNFS/IPoIB-RCandpNFS/RDMA performcomparablyat oneprocesson
onenode.As thenumberof processesincreases,pNFS/RDMAbeginsto performbetter
thanpNFS/IPoIB-RC. At 16 processes(two processes/node),BTIO over a pNFS/RDMA
transportperformsupto 4%betterthanoverapNFS/IPoIB-RCtransport.At 64processes
(eightprocesses/node)and256processes(16processes/node),this increasesto approx-
imately 7% and8.8%,respectively. The betterbandwidthof the underlyingtransport
helpsimprove MPI collective I/O performanceandis discussedfurther in the techni-
cal report[5]. Finally, wealsocomparedwith LustreusinganativeIn�niBand transport
andeightdataservers.pNFS/RDMAoutperformsLustreby upto 22%at256processes.

5 RelatedWork

Therearea large numberof single headedNAS, clusteredNAS storagesystemand
parallel �le-systems.Network File System(NFS) is one of the most popularsingle
headedNAS systems.RPCover RDMA transportfor NFSexistson bothOpenSolaris
andLinux [3]. In our work, we designanRPCoverRDMA transportfor parallelNFS.
Lustre[1] is anotherpopularparallel�le system.It alsoallows accessto native In�ni-
Bandthroughthe IB Network AccessLayer (NAL). The native In�niBand NAL uses
RDMA operations.Ourwork differsfrom theIB NAL of Lustrein thatwedesignRPC
directly over RDMA, whereasLustreusesRPC over portals,which in turn calls the
NAL functionality.

6 Conclusionsand Future Work

In this paper, we propose,designandevaluatea high-performanceclusteredNAS. The
clusteredNAS usesparallelNFS (pNFS)with an RDMA enabledtransport.We con-



sidera numberof designconsiderationsand trade-offs, in particular, buffer manage-
mentat theclient,DS andMDS, scalabilityof theconnectionswith increasingnumber
of clientsanddataservers.We alsolook at how anRDMA transportmaybedesigned
with sessionswhich givesus exactly oncesemantics.Our evaluationsshow that en-
ablingpNFSwith a RDMA transport,wecandecreasethelatency for smalloperations
by up to 65%in somecases.Also, pNFSenabledwith RDMA allows us to achieve a
peakIOzoneWrite andReadaggregatethroughputof 1,800+MB/s (150%betterthan
TCP/IP)and5,000+MB/s (188%improvementover TCP/IP)respectively, usinga se-
quentialtraceand8 dataservers.Also, evaluationwith a Zipf tracedistribution allows
us to achieve a maximumimprovementof up to 27%whenswitchingtransportsfrom
RDMA to TCP/IP. Finally, applicationevaluationwith BTIO showsthattheRDMA en-
abledtransportwith pNFSperformsbetterthana transportwith TCP/IPby up to 8.8%
andbetterthanLustreby up to 22%.

As partof futurework,wewouldliketo explorehow to designafault tolerantpNFS
enabledwith RDMA. pNFSallows us to usemulti-pathingto enableredundantdata-
servers.Wewouldalsoliketo explorehow thesharedreceivequeue(SRQ)optimization
maybeusedwith anRDMA enabledRPCtransportthatusessessions.Sessionsrequire
thereservationof slotsor RDMA eagerbuffersperRPCconnection.Dedicatinga �x ed
numberof buffersmight have an impacton thescalabilityof largersystemsdeployed
with pNFS.Finally, we would like to evaluatethe scalabilityof our RDMA enabled
pNFSdesign.
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