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Abstract. Largescalescienti c andcommercialapplicationsconsumeandpro-
ducepetabytesof data. This dataneedsto be safely stored,catalogedand re-
producedwith high-performanceThe currentgeneratiorof singleheaded\AS
(Network AttachedStorage)basedsystemssuchasNFS is not ableto provide
an acceptabldevel of performanceto thesetypesof demandingapplications.
ClusteredNAS have evolved to meetthe storagedemand=f thesedemanding
applicationsHowever, the performancef theseClustered\NAS solutionsis lim-
ited by the communicationprotocol beingused,usually TCP/IP In this paper
we proposedesignandevaluatea clusteredNAS; pNFSover RDMA on In ni-
Band.Ourresultsshav thatfor asequentialvorkloadon 8 dataseners,thepNFS
over RDMA designcanachieve apeakaggreateReadthroughpuof upto 5,029
MB/s, a maximumimprovementof 188%over the TCP/IPtransportanda Write
throughputof 1,872 MB/s; a maximumimprovementof 150% over the corre-
spondingT CP/IPtransporthroughputEvaluationswith othertype of workloads
andtracesshav animprovementin performancef upto 27%.Finally, ourdesign
of pNFSover RDMA improvesthe performanceof BTIO relative to the Lustre
le system.

1 Intr oduction

Theexplosive growth in multimedia,Internetandothercontenthave causedh dramatic
increasen thevolumeof mediathatneedgo stored catalogecandaccessedf ciently .
In addition,high-performanceapplicationson large supercomputergrocessandcreate
petabyte®f applicationandcheckpoindata.Modernsingle-headedodeswith alarge
numberof disks (single headed\etwork AttachedStorage(NAS)) may not have the
adequatesapacityto storethis data.Also, the singleheador single sener may poten-
tially becomea bottleneckwith accesseffom alarge numberof clients.Also, afailure
of thenodeor thedisk mayleadto alossof data.

To dealwith severalof theseproblemsclusteredNAS solutionshave evolved.Clus-
teredNAS solutionsattemptto storethe dataacrossa numberof storageseners.This
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hasanumberof bene ts.First,we arenolongerlimited to thecapacityof asinglenode.
Seconddependingon the way datais strippedacrossthe nodeswith accessefrom a
large numberof clients, the load will be more evenly distributed acrossthe seners.
Third, for large les, this architecturehasthe advantagesof multiple streamsof data
from differentnodesfor betteraggrejatebandwidthfor larger le sizes.Finally, clus-
teredNAS allows datato be storedredundantlyacrossa numberof differentnoded1],

reducingthelikelyhoodof dataloss.

EventhoughclusteredNAS providesseveralbene tsin termof capacityenhanced
load capacity betteraggreyatethroughputand betterfault-tolerancethey bring with
themtheir own setof uniqueproblemsFirst, sincethe data-serershave now beende-
coupled,ary givenstreamof datawill requiremultiple network, usually TCP/IP, con-
nectionsfrom the clientsto the datasenersandmetadatasseners. TCP/IP connections
have beenshavn to have considerableverheadmainly in termsof copying costsfrag-
mentatiorandreassemblyreliability andcongestiorcontrol.In addition,with multiple
streamsof incoming datafrom multiple data-serers, TCP/IP connectionshave been
shawn to suffer from the problemof incast[2], which seserelyreduceghethroughput.
Second,TCP/IPwith multiple copiesand considerableverheads unableto take ad-
vantageof the high-performancaetworks like In niBand and 10GigE. Third, with a
singleheaded\AS, thereis only a singlepointof failure,makingit easieito protectthe
dataonthe NAS. However, with a clustered\NAS, we have multiple dataseners,with
multiple failure points.

Modern high-performancanetworks suchas In niBand provide low-lateng/ and
high-bandwidthcommunicationFor example,the currentgenerationConnectXNIC
from Mellanox hasa 4 byte messagdateng of aroundl sanda bi-directionalband-
width of up to 4 GB/s for large messagesApplicationscanalso deploy mechanisms
like RemoteDirect Memory Access(RDMA) for zero-copy low-overheadcommuni-
cation.RDMA operationsallow two appropriatelyauthorizedpeersto readandwrite
datadirectly from eachother's addresspace RDMA requiresminimal CPU involve-
mentonthelocalend,andno CPUinvolvementbntheremoteend.Designingthestack
with RDMA mayeliminatethe copy overheadnherentin the TCPandUDP stacksand
reduceCPU utilization. As a result,a high-performanc&DMA enablednetwork like
In niBand might potentially reducethe overheadof TCP/IP connectionsn clustered
NAS.

In our earlierwork, we designeda Network File System(NFS) (which is a single
headed\NAS) with RDMA operationsn In niBand [3] for NFSv3andNFSv4.In this
paper we proposedesignandevaluatea clusteredNetwork AttachedStorage(NAS).
This clusteredNAS is basedon parallel NFS (pNFS) with RDMA operationsin In-
niBand. While otherparallelandclusteredle systemssuchasLustre[1] exist, we
choosepNFSsinceNFSis widely deployed andused.In this paper we malke the fol-
lowing contrikutions:

— Anin-depthdiscussiorof thetradeofs in designinga high-performanceNFSwith
anRPC/RDMAtransport.

— An understanding@f theissueswith sessionshatprovidesexactly oncesemantics
in the faceof network faultsandthe trade-ofs in designingpNFS with sessions
over RDMA.

— A comprehensie performancevaluationwith micro-benchmarkandapplications
of aRDMA enablecpNFSdesign.

Our evaluationsshaw thatby enablingpNFSwith anRDMA transportwe cande-
creasahelateng for smalloperationdy upto 65%in somecasesAlso, pNFSenabled
with RDMA allows usto achieve a peaklOzoneWrite and Readaggreatethrough-
put of 1,872MB/s and 5,029 MB/s, respectiely usinga sequentiatracewith 8 data



seners.The RDMA enabled/rite andReadaggregatethroughpuis 150%and188%
betterthanthecorrespondinghroughputwvith aTCP/IPtransportAlso, evaluationwith
a Zipf tracedistribution allows us to achieze a maximumimprovementof up to 27%
whenswitchingtransport§rom RDMA to TCP/IR Finally, applicationevaluationwith
BTIO shavsthatthe RDMA enabledransportwith pNFSperformsbetterthanwith a
TCP/IPtransporty upto 8.8%andbetterthanLustreby up to 22%.

Therestof the paperis presentedisfollows. Then,Section2 looks at the parallel
NFSandsessiongxtensiongo NFSv4.1.Following that, Section3 looks atthe design
considerationsor pNFSover RDMA. After that, Section4 evaluateshe performance
of the design.We presentrelatedwork in Section5. Finally, Section6 discussegon-
clusionsandfuturework.

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

In this section,we discusspNFSandsessionswhich arede ned by the NFSv4.1se-
mantics.

Parallel NFS (pNFS): The NFSv4.1[4] standardde nes two main components;
namelyparalleINFS (pNFS)andsessionsThe focusof pNFSis to make anNFSv4.1
client a front-endfor clusteredNAS or parallel le-system. The pNFSarchitectures
shavn in Figure 1. The NFSv4.1client cancommunicataevith ary parallel le using
the Layoutand /O driver in concertwith communicationsvith the NFSv4.1sener.
The NFSv4.1sener hasmultiple roles. It actsas a metadatasener (MDS) for the
parallel/clusterle systemlt sendsnformationto theclientonhow to accessheback-
end cluster le system.This informationtakes the form of GETDEVICEINFQ which
returnsinformationabouta speci ¢ data-sererin thecluster le systemusuallyanIP
addressandportnumberthatis storedby theclientlayoutdriver. TheNFSv4.1seneris
alsoresponsibldor communicatingvith the datasenersfor le creationanddeletion.
The NFSv4.1sener may eitherdirectly communicatewith the dataseners,or it may
communicatenith a metadatasener, thatis responsibldor talking to andcontrolling
the datasenersin the parallel le system.The pNFSclient usesthe le layoutand
I/O driver for communicatingwith the dataseners. The layout driver is responsible
for translatingREAD andWRITE requestérom theupperlayerinto the corresponding
protocolthat the back-endparallel/clusterle systemuses;namelyobject,block and

le. Thisis achievedthroughtheadditionaINFSprocedure SETFILELAYOUT (how the
le is distributedacrosshe dataseners),RETURNFILELAOUT (aftera le is closed),
LAYOUTCOMMIT (commit changedo le layout at the metadatasener, after writes
have beencommittedto dataseners).Exampleof pNFSdesignsarediscussedurther
in thetechnicalreport[5].

NFSv4.1and sessionsSessionsare aimedat makingthe NFSv4 non-idempotent
requestgesilientto network level faults. Traditionally, non-idempotentequestsare
taken careof throughthe DuplicateRequestCache(DRC) atthe sener. The DRC has
a limited numberof entries,and theseentriesare sharedamongall the clients. So,
eventually someentrieswill be evicted from the cache.In the face of network-level
partitions,duplicaterequestghatarrive that have beenevicted from the DRC, will be
re-executed.Sessionsolve this problemby requiringeachconnectionto be alloteda
x ednumberof RPCslotsin the DRC. Theclientis only allowedto issuerequestsip
to the numberof slotsin the connection Becauseof this resenation policy, duplicate
requestdrom the client to the sener in the faceof network-level partitionswill not
be re-executed.We will considerdesignissueswith sessionsand RPC/RDMA in the
following section.

RPC/RDMAfor NFS: The existing RPC/RDMA designfor Linux and OpenSolaris
is basedon the Read-Writedesign[3]. It consistsof two protocols;namelytheinline



protocol for small requestsand the bulk datatransferprotocol for large operations.
Theinline protocolon Linux is enabledthroughthe useof a setof persistentuffers;
(32huffersof 1K eachfor Sendand32 buffersof 1K eachfor receveson Linux). RPC
Requestaresentusingthe persisteninline buffers.RPCrepliesarealsorecevvedusing
the persisteninline buffers. The response$or someNFS proceduresuchas READ
andREADDIR might be quite large. Theseresponsesnay be sentto the uservia the
bulk-datatransferprotocol,which usesRDMA Write to sendlargeresponsefrom the
senerto theclientswithouta copy andRDMA Readsgo pull datain from theclientfor
proceduresuchasWrite. Thedesigntrade-ofs for RPC/RDMAarediscussedurtherin

(3]

3 DesignConsiderationsfor pNFS over RDMA

In this section,we examinethe considerationgor a high-performancelesignof pNFS
overRDMA. First,welook atthedetailedarchitecturef pNFSwith a le layoutdriver.

3.1 Designof pNFSusinga le layout

Asdiscusseth Section2, pNFScanpotentiallyuseanobject,blockor le basednodel.
In this paperwe usethe le-basedmodelfor designinghe pNFSarchitectureWe now
discusghehigh-level designof the pNFSarchitecture.

NFSv4.1 Client

Layout driver

Metadata Operations g
(NFS Procedures) Parallel 110 f
NFSv4.1 Server
Management
<4+ Hih High High
Metadata Server g - _po| Speed Speed Speed
(MDS) Legacy \_Disk Disk Disk
NE NESUA Daia Server
Fig. 1. pNFShigh-level architecture Fig. 2. pNFSdetaileddesign

PNFS Ar chitecture: The detailedarchitecturds shovn in Figure2. TheNFSv4.1
clientsusea le layoutdriverwhichis responsibldor communicatingvith the NFSv4
seners,thatactasthe data-serers.At the NFSv4.1sener, the sSPNFSdaemorrunsin
userspace.The sPNFSdaemoncommunicatesvith the NFSv4.1sener in the kernel
via the RPC PipeFS.The RPC PipeFSis essentiallya wait queuein the kernel. The
NFSv4.1sener enqueuesequestdrom the clientsvia the control path,andthesere-
questsarethenpushedio the sSPNFSdaemorvia an upcall. The sSPNFSdaemornthen



processegachof theserequestsand makes a downcall into the kernelwith the ap-
propriatedata/responséor the requestsThe NFSv4.1lrequestsvhich are sentup to
the sPNFSdaemonfor processingncludethe NFSv4.1procedureSSETFILELAYOUT,
RETURNFILELAOUT, LAYOUTCOMMIT and GETDEVICEINFQO Theseproceduresare
discussedn Section2. In-orderto work on the processingf the requeststhe SPNFS
daemommountsan NFSv3directoryfrom eachof the data-serers.For example,when
a le layoutis requestedGETFILELAYOUT), the sSPNFSdaemommayneedto createthe
le on eachof the datasenersor openthe le throughthe VFS DataServerContiol
Path.

SPNFS le creation: To createa le, the sSPNFSdaemornwill openthe le onthe
mountof eachof the datasenersin createmode.lt will thendo a statto make surethat
the le actuallygotcreatedor exists. It will thenclosethe le (the le handleis static).
Thistrafc will propagatevia RPCcallsthroughthe MDS-DScontrol path Finally, it
will returnthe setof open le descriptorto the NFSv4.1sener aspartof theresponse
to the upcall. The NFSv4.1sener will thenreply to the NFSv4.1client with the le
layout. The client will thenusethe layout received (throughthe le layoutdriver) to
communicatevith the NFSv4datasenersusingthe Data Paths

sPNFS le deletion: File deletesare initiated by the NFS REMOVE procedure.
The REMOVE procedurds sentup to the sPNFSdaemonthroughRPCPipeFS.The
procesof deletinga le is oppositeto thatof creation.The sSPNFSdaemornwill try to
deleteeachof the le from themountpoints.Oncethisis achiezed,sPNFSwill senda
messag¢o the NFSkernelthreadaboutthis.

3.2 RPC Connectionsfrom clientsto MDS (Control Path)

The RPC connectiondrom the clientsto the MDS may be througheither RDMA or
TCP/IP A majority of the communicatiorfrom the clientsto the metadatasener is
expectedto be small operationsor metadatantensve workloads.As a result, these
workloadsmay potentiallybene t from the lower latengy of RDMA. However, since
NFSandRPCarein the kernel,thereis the costof a context switchfrom userspaceo
kernel-spacan additionto thecopying costswith theNFSandRPCstacks Depending
onfactorssuchasthe CPU speecandmemaorybus-bandwidththesecostsmight domi-
nate.Correspondinglythelowerlatengy of RDMA mightnot provide muchof abene t
in thesecasesAnotherimportantfactorthatneedgo be considereds the memoryuti-
lization andscalabilityof the MDS. The MDS is requiredto maintainRDMA enabled
RPCconnectionsvith all theclients.Eachof theseconnectiorholds32 1K sendbuffers
and32 2K receve buffers. Thesebuffersarenot sharedacrossall the connectionswith
a very large numberof client connectionausing RPC over RDMA, the MDS sener
might run out of buffersthatmightbeappropriatelyutilized. In thesecasesusingRPC
overTCPmightbemoreappropriatéor themajority of clients,thoughthehighcopying
costassociatedvith TCP/IPconnectionsieeddo be consideredlf anRDMA enabled
RPCtransportcanprovide adequatéoene t for small operationsit might be appropri-
ateto useafew connectionsvith RDMA for someclientsthatcommunicatdrequently
with theMDS anda TCPenabledRPCtransporfor theremainingconnectionsA nal
factorthat needsto be considereds the disconnectime for a RDMA enabledRPC
transportRDMA enabledRPCconnectionsredisconnectedfter2 minutesidle time.
Reestablishing RDMA enabledRPCconnectioris avery expensve operatiorbecause
of the high-overheadof registeringmemoryandreestablishinghe eagemrotocol [3].
In comparisonRPCover TCP doesnot have suchhigh-latenciedor reestablishinghe
connections.



3.3 RPC Connectionsfrom MDS to DS (MDS-DScontrol path)

It might be potentiallypossibleto useRPCover RDMA or RPCover TCP connections
betweerthe MDS andDSes.The MDS-DScontml pathallows theMDS to controlthe
NFSv4data-serers. This controlis in the form of le creationsanddeletions.There
area numberof factorsthat affect the choiceof a RPC enabledwith RDMA or TCP
connectionfrom the metadatasener to the dataseners. As discusseckarlier, the sP-
NFS daemonis multi-threaded As a result,thereare expectedto be a large number
of requestdn ight, in parallel. So, the lower potentiallatengy of RPCwith RDMA
is likely to provide a bene t in completionof theserequestsAlso, the x ed number
of buffers per connectionis expectedto provide a better o w-control mechanisnfor
alarge numberof outstandingoarallelrequestsFinally, the numberof datasenersis
relatively smallin comparisorto the numberof clients.As aresult,the MDS-DScon-
trol pathis not likely to be severely affectedby the buffer scalabilityissuethat may
potentiallyaffectthe Control Path.

3.4 RPC Connectionsfrom clientsto data sewvers (Data paths)

Theexpectedrafc patternsrom theclientto thedatasenersis expectedo consistof

small,largeandmediumsizetraf c. Since32K is themaximumpayloadfor thecached
I/0O casethisis likely to be the mostcommontransferover the network, dependingon

thestripesizeof the le atthedataseners.We alsoneedto considerthe caseof buffer

scalability Sincedata-serersare expectedto have connectionfrom a large number
of clients,and sinceeachconnectionwill have persistentouffers, this might causea

memoryscalabilityissue.However, clientsdo not connectto a particulardatasener

unlessthe datasener is in thelist of DSesreturnedin the le layout. As aresult,not

all clientswill be connectedo all datasenersat ary giventime. Dependingon the
loadontheback-endle systemusinganRPCover RDMA connectiorfrom thedata-
senersto the client might not causea large amountof overheadat the data-serers.
Also, quiescentlientswill be disconnectedrom the data-serers,furtherreducingthe
overhead.Sincean RPC transportenabledwith RDMA hasbeenshowvn to provide

considerablébene ts via-viz large transfers,it might be bene cial to use RPC over
RDMA betweertheclientsanddata-serers.

3.5 SessionPesignwith RDMA

As discussee@arlier sessionprovidesexactlyoncesemanticgor all NFSproceduresn
thewake of network-level faults.To dothis, sessionprovide dedicatedslotsof buffers
to eachconnectiorbetweertheclientandtheseners.Theclientmayonly sendrequests
upto amaximumnumberof slotspersessionln orderto designsessionsvith aRDMA
enabledRPCtransportwe associat¢heinline buffersin eachconnectiorwith themin-
imum numberof slotsrequiredfrom the connectionlf the numberof slotsrequested
is lower thanthe numberavailable,and the caller cannotaccepta lower number the
sessiorcreaterequestwill fail. The disadwantage®of the sessionglesignwith RDMA
is thatadwvancedfeaturesof the In niBand network suchasthe SharedReceve Queue
(SRQ)cannoteused SRQenhancethebuffer scalabilityby having thebuffersshared
acrosall theln niBand connectionsWhenthe numberof buffersfalls belov a certain
watermarkaninterruptmay be generatedo postmorebuffers. Sincesessionsequire
thatslotsbe guaranteegerconnectionSRQcannotbe used.



4 Performance Evaluation

In this section,we evaluatethe performanceof pNFS designedwith an RPC over
RDMA transportFirst, We discussthe experimentalsetupin Section4.1. Following
that,in Sections4.2, 4.3and 4.4, we look at the relative performanceadvantagef
usinganRDMA enabledRPCtransporiovera TCP/IPtransporin differentcon gura-
tionsinvolving themetadataener (MDS), DataSener (DS)andClient. Sincesessions
only requiresresenationof RDMA inline buffers,we do not evaluatethe sessiongor-
tion of thedesign.

4.1 Experimental Setup

To evaluatetheperformancef theRPCoverRDMA enabledpNFSdesign(pNFS/RDMA),
we useda 32-nodecluster Eachnodein the clusteris equippedwith a dualintel Xeon
3.6GHzCPUand2GB mainmemory For In niBand communicationeachnodeusesa
Mellanox DoubleDataRate(DDR) HCA. Thenodesareequippedvith SATA drivers,
which are usedto mountthe baclend ext3 lesystem. A memory based lesystem
ramfsis alsousedfor someexperiments.The pNFSwith socletsuseslP over In ni-
Band(IPolB) andwe refer to this transportas pNFS/IPolB.We usepNFS/IPolBand
pNFS/TCPinterchangeablAll experimentsusinglPolB arebasedn ReliableConnec-
tion mode(IPolB-RC)andanMTU of 64KB, unlessotherwisenoted.We explicitly use
pNFS/IPolB-UDto explicitly meanan unreliabledatagranmodeof transport.PolB-
UD usesa2K MTU size.

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

Theclientscommunicatavith theMDS usingeitherNFSv4or NFSv4.1proceduresis
Section2 mentionsthe vastmajority of NFSv4.1requestdrom theclientsto theMDS
are expectedto be proceduresuchas GETDEVICEINFQ GETDEVICELIST GETFILE-
LAYOUT andRETURNFILELAOUT. Thesesmallproceduresvill potentiallycarrysmall
andmediumsizepayloadsFor example GETFILELAYOUT returnsalist of le handles,
which is only a smallamountof payload.A le handlecanbe encodedvith no more
than16 bytesof information(althougha native le handlesizemayvary dependingn
platforms).Oneof thelargestdeploymentsof aparallel le systemLustre[1] in recent
timesis the TACC [6] clusterwith 8,000nodescontaining64,000cores servicedby a
bankof 1,000datasener nodesWith 1,000datasener nodesandthe assumptiorthat
a le is strippedacrossall the datasener nodes,the payloadfrom GETFILELAYOUT
will only be16K. Also, someof theseoperationsuchasGETDEVICEINFOareonly ex-
ecutedatmounttime andarenotin thecritical path.On theotherhand,operationsuch
asCREATED, GETFILELAYOUT, RETURNFILELAOUT areexecutedevery time a le is
createdppenedandclosed.With a workloadconsistingof a large numberof suchop-
erations(metadatdntensie workloads)RPC/RDMA s likely to provide somebene t.
Also, LAYOUTCOMMITIs executedoncea WRITE operationcompletesandis likely to
bein the critical pathfor workloadsdominatedby write operationsTo understandhe
relative performanceof small operationsvhen switchingtransport§rom RPC/TCPto
RPC/RDMA we measuredhe lateng of issuinga GETFILELAYOUT (atthe RPClayer)
fromtheclientto theMDS andthetime requiredfor it to complete averagedbver 1024
times,while the payloadfrom the MDS to the clientwasvariedfrom 1 to 32K bytes.A
32K messageancontaintheinformationfor morethan2,000 le handlesandmightbe
consideredargefor contemporaryhigh-performancearallel le systemdeployments.
The measuredateny is shown in Figure3. As shown in Figure 3, the latengy with a
1 byte payloadis 68 s with RPC/RDMA and71 swith RPC/TCP The relatively low



improvementin performancds becausehe high accesdateng of the disk which is

a dominantportion of the lateng. With larger accessthe disk blocks are prefetched
becausef sequentiahccesaindthe performancémprovementfrom usingRPC/RDMA

isincreasedy upto 65%.The performancéene t of the RPC/RDMA connectiorfrom

the client to the MDS is taken in the context of the inline buffers, which needto be

statically allocatedperclient at the MDS. With an increasingnumberof clients, the

RPC/RDMAconnectionsnayconsumesonsiderablenemoryresourcesSincetheMDS

is likely to be the target of a mainly metadatantensve workload,it becomesmpera-
tive to maintainalargenumberof inline buffersin orderto guaranteea high throughput
performance.

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

Theconnectiorfrom theMDS to theDSesmayalsoconsistof RPC/RDMA ThesPNFS
daemorcontrolsthe DSesby mountingthe exporteddirectoriesfrom the dataseners.
The sPNFSdaemoncreatesppenanddeletesles in the exporteddirectories.These
callsaretranslatedhroughthe VFS layerto RPC/RDMA calls. Thusthe scalability of
thesecallsis directlyimpactedoy thetime requiredby the RPCoperationgo complete.
To gaininsightinto the relative scalabilityof the RPC/RDMA and RPC/TCPtransports,
we measuredhe performanceof createportion of the sSPNFSdaemonsoperation.In
this multi-procesenchmarkeachprocesss synchronizedn the startphaseby a bar
rier. After beingreleasedrom thebarrier eachprocesgperformsastatoperatioronthe
target le to checkits state thenopensthis le in creationmode.Thesetwo operations
arefollowed by a chmodto setthe modeof this le, anda closeoperationto close
this le. The closeoperationis a portion of the procesgo opena pNFS le, andit is
includedto avoid runningout of open le handlesalimited operatingsystenresource.
Eachprocesgerformseachof theseoperationson every one of the DS mounts.The
time requiredfor 1024 of theseoperationss measuredind averagedout. This testis
performedfor a RPC/RDMA andRPC/TCPtransportfrom the MDS to the DSes.These
numbersareshawn in Figures4 and 5. In Figures4 and 5, we obsene the following
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trends.RPC/RDMA performsworsethan RPC/TCP(indicatedas IPolIB) for 1 process.



Note thatin this case,we are measuringhe time at the VFS level, whereasn Sec-
tion 4.2,we aremeasuringhetime attheRPClayer. In thecurrentscenariothe|PolB-
RCdriverusesaring of 128receve buffer of size64K and64 sendbuffers.Ontheother
hand,RPC/RDMAuses32-tuffersof 1K. As aresult,with anincreasinghumberof data
seners,and 1 processmore createand statoperationscan be issuedin parallelwith
IPolB-RCthanwith RPC/RDMA (we issuel,024createoperationsandl,024statoper
ationsfor atotal of 2,0480operations)However, with IPolB-RCall 128receire buffers
are sharedacrossall the connectionausing SRQ. With RPC/RDMA, eachconnection
from anMDS to a DS is allocateda setof 32-tuffers.As aresult,whenthe numberof
connectionsncreasesRPC/RDMA hasa dedicatedsetof buffersin which to receve
messagesyhile IPolB hasa x ed numberof buffers,andthis might resultin dropped
messagewith IPolB. Also in RPC/IPolB thereareupto 5 copiesfrom theapplication
to the IP-level. With RPC/RDMA, thereareup to 3 copiesfrom the applicationdown
to the RPC/RDMAlayer. With anincreasinghumberof processeghelargernumberof
copiesin thecaseof IPoIB beginsto dominateandIPolB performsworsethanRDMA.
The copying costwith 1PoIB and1 client doesnot totally consumehe CPU andsois
not the dominantfactor As aresult,with 1 processRPC/TCPis ableto performbetter
thanRPC/RDMA At 2 processepernode,RPC/RDMA and RPC/TCPperformcompa-
rably with anincreasingnumberof dataseners.At 4 processes/nodendabove with
RPC/RDMA, thetime requiredto performthe createoperationss lowerthanRPC/TCP
At 16 processesit the MDS, the improvementwith 16 DSesthereis a maximumde-
creasdn latengy of 15%. The trendswe have obsened indicatethat RPC/RDMA will
performbetterthanRPC/TCPwith a larger volume of operationsWe have conducted
atestwith 32 client threadswith both RPC/RDMA andRPC/TCP RPC/RDMA exhibits
similar degree of improvementover RPC/TCP Analysis shows that the SRQ usedin
IPoIB playsarole in the performanceeductionwith RPC/TCPandis discussedurther
in thetechnicalreport[5].

4.4 RPC/RDMA versusRPC/TCP from clientsto DS

We measureherelative performancémpactof changinghetransporfrom RPC/RDMA
to RPC/TCPfrom theclientto the dataseners.To measurehe performancémpact,we
usethreedifferentbenchmarkssequentiathroughputwith 10zone,throughputof a
Zipf traceanda parallelapplicationBTIO.

SequentialThr oughput. We uselOzone[7] in clustermodeto measurgheperfor
manceof a sequentialvorkload modelingthe throughputfrom the client to the DSes.
8 nodesact as dataseners, 8 nodesact as clients,and 1 nodeis designatechd the
metadatesener. Eachclient nodehostsonelOzoneprocessThe benchmarks runon
boththelPolB ReliableConnectiormode(IPolB-RC)andIPolB UnreliableDatagram
mode (IPoIB-UD) to compareagainstRPC/RDMA. The IOzonerecordsizeis keptat
32KB, the default cachedl/O maximumsizeandthetotal le size per client usedis
512MB. The Write andReadthroughputwhile varyingthe numberof datasenersand
clients(aggreyatethroughput)s shavn in Figurest and 7, respectiely.

For Write, RPC/RDMA beginsto outperformRPC/TCPasthe numberof datasener
is increasedeyondtwo. At 8 datasenersand8 clients,RPC/RDMA reachests peak
write throughpubf 1,872MB/s, whichis 22%higherthanlPolB-RCand150%higher
thanlPolB-UD. For Read thereis animprovementn performancdor all caseslUsing
RPC/RDMA achieves a peakreadthroughputof 5,029 MB/s at 8 clients and 8 data
seners,which outperformdPolB-RChby 89%andIPolB-UD by 188%.

Throughput with a Zip Trace. Zipf's law, namedafterthe Harvardlinguistic pro-
fessorGeoge Kingsley Zipf (1902-1950)]s the obsenationthatfrequeny of occur
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renceof someevent (P), asa function of the rank (i) whentherankis determinedoy
theabovefrequeng of occurrenceis apower-law functionP;  1/i# with theexponent

closeto unity. Zipf distributionshave beenshawn to occurin a variety of different
ervironmentssuchasword distributionsin documentsyeb-pageaccesgatternsand
le andblockdistributionsin storagesub-system§s].

We modi ed I0zoneto issuewrite andreadrequestsyherethe sizeandlocation
of the Reador Write requestfollows a Zipf distribution with an =0.9. We usedIO-
zoneto measurdhe throughputof the traceon a singlenodewith onethread,issuing
requestsvherethe locationandl/O sizeof the issuedrequestfollows a Zipf distribu-
tion. Weuseda512MB le sizeonbothanext3 aswell asaramfsbaclend le system.
Theramfs le systemstreamglatafrom memoryandsenesasanupperboundonthe
performancemprovementwe canexpectwith pNFS/RDMA. We comparepNFS/RDMA
with pNFS/IPoIB-RCwhile varyingthe numberof dataseners.Theresultsfor Write are
shown in Figure 8, while the resultsfor Readareshown in Figure9. We obsere that
the RPCtransportuseddoesnot have a largeimpacton performancdor Writes. Disk
FilesystemWrite performances generallysensitie to the performancef thebaclend
storagesubsystemThelargemajority of disksexhibit poorrandomWrite performance.
Also, dependingntheorganizatiorof thein-memory le systemyamfsbasedsystems
have alsobeenshavn to exhibit poor performancdor randomWrite operationsCor-
respondinglyfor the Zipf basedWrite distribution, we seea very poor throughputof
around500MB/s for bothpNFS/RDMA andpNFS/IPolB-RC Sincethe CPUis not fully
utilized for TCP/IPwhenthe throughputis lower, we expectlittle improvementfrom
pNFS/RDMA over pNFS/IPoIB-RC On the otherhand,the I0zone Readthroughputis
impactedby the underlyingRPCtransportWith aramfsbasedle systemwe seean
improvementof 22% from pNFS/IPolB-RCto pNFS/RDMAwith 1 datasener. Theim-
provementin throughputfrom pNFS/IPolB-RCto pNFS/RDMA increasego 27% at 8
dataseners.We arealsoableto achieve a peakthroughpubof 2073MB/s with the Zipf
traceat 8 dataseners.Since the Zipf tracehasanelementof randomness portion of
the Readdatais cachedatthe client. As aresultwe seesomeamountof cacheeffectin
additionto network-level transferswhich reduceghe potentialperformancemprove-
mentwith pNFS/RDMA Techniquegor improving the performancef pNFS/RDMA for
a Zipf workloadarediscussedurtherin thetechnicalreport[5].

Performancewith a Scienti ¢ Kernel NAS BTIO. TheNAS ParallelBenchmarks
(NPB) suitediscussedurtherin thetechnicalreport[5], is usedto measureghe perfor
manceof ComputationaFluid Dynamic(CFD) codesonaparallelmachine Oneof the
benchmark®8T measureshe performancef block-triangulatiorequationsn parallel.
In additionto the computationaphaseof BT, BTIO addsadditionalcodefor check-
pointing andverifying the datafrom the computationWe usethe Full MPI I/O mode
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in which MPI collective callsareusedto aggreyateReadandWrite operationsWe run
BTIO with aclassA size (thatusesa 64x64x64array)over pNFS/RDMA, pNFS/IPolB
and Lustre. In this con guration, BTIO generates le of size400 MB. The results
with anext3 back-endle systemateightdatasenersareshovnin Figurel0.

In this experimentwe measuredhe performancef BTIO with eightdataseners.
We usedone, 16,64 and256 processeéBTIO requiresa squarenumberof processes).
For the 16 processcase,we useeight client nodes(two processes/nodelror the 64
and 256 processcase,we also useeight and sixteenclient nodesrespectiely (eight
processeger node and 16 processes/nodeespectiely). We obsere the following
trends.First, pNFS/IPolB-RCand pNFS/RDMA perform comparablyat one processon
onenode.As the numberof processesicreasespNFS/RDMA beginsto performbetter
thanpNFS/IPolB-RC At 16 processegtwo processes/nodelBTIO over a pNFS/RDMA
transporperformsupto 4% betterthanoverapNFS/IPolB-RCGransportAt 64 processes
(eightprocesses/nodend256processeél 6 processes/noddfisincreaseso approx-
imately 7% and8.8%, respectiely. The betterbandwidthof the underlyingtransport
helpsimprove MPI collective I/O performanceandis discussedurtherin the techni-
calreport[5]. Finally, we alsocomparedvith Lustreusinganative In niBand transport
andeightdataseners.pNFS/RDMAoutperformd_ustreby upto 22%at256processes.

5 RelatedWork

Thereare a large numberof single headed\NAS, clusteredNAS storagesystemand
parallel le-systems. Network File System(NFS) is one of the most popularsingle
headed\AS systemsRPCover RDMA transportfor NFS exists on both OpenSolaris
andLinux [3]. In ourwork, we designanRPCover RDMA transportfor paralleINFS.
Lustre[1] is anothempopularparallel le systemlt alsoallows accesgo native In ni-
Bandthroughthe IB Network AccessLayer (NAL). The native In niBand NAL uses
RDMA operationsOurwork differsfrom thelB NAL of Lustrein thatwe designRPC
directly over RDMA, wheread_ustre usesRPC over portals,which in turn calls the
NAL functionality.

6 Conclusionsand Future Work

In this paperwe proposedesignandevaluatea high-performancelusteredNAS. The
clusteredNAS usesparallelNFS (pNFS)with an RDMA enabledransport.We con-



sidera numberof designconsiderationgnd trade-ofs, in particular buffer manage-
mentattheclient, DS andMDS, scalabilityof the connectionsvith increasinghumber
of clientsanddataseners.We alsolook at how anRDMA transportmay be designed
with sessionavhich gives us exactly once semanticsOur evaluationsshav that en-
ablingpNFSwith a RDMA transportwe candecreas¢helateng for smalloperations
by up to 65%in somecasesAlso, pNFSenabledwith RDMA allows usto achieve a
peaklOzoneWrite andReadaggreyatethroughputof 1,800+MB/s (150%betterthan
TCP/IP)and5,000+MB/s (188%improvementover TCP/IP)respectiely, usinga se-
guentialtraceand8 dataseners.Also, evaluationwith a Zipf tracedistribution allows
usto achieve a maximumimprovementof up to 27% whenswitchingtransportfrom
RDMA to TCP/IR Finally, applicationevaluationwith BTIO shovsthattheRDMA en-
abledtransportwith pNFSperformsbetterthanatransportwith TCP/IPby upto 8.8%
andbetterthanLustreby upto 22%.

As partof futurework, wewouldlik e to explorehow to designafaulttolerantpNFS
enabledwith RDMA. pNFSallows us to usemulti-pathingto enableredundantata-
seners.Wewouldalsoliketo explorehow thesharedeceive queug SRQ)optimization
maybeusedwith anRDMA enabledRPCtransporthatusessessionsSessionsequire
theresenationof slotsor RDMA eagetbuffersperRPCconnectionDedicatinga x ed
numberof buffers might have animpacton the scalability of larger systemaeployed
with pNFS. Finally, we would like to evaluatethe scalability of our RDMA enabled
pNFSdesign.
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