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Abstract

I/0 is quickly emeging as the main bottlenek limiting
performancen modernday clustes. Theneedfor scalable
parallel /0O and le systemds becomingmore and more
urgent. In this paper we examinethe feasibility of lever-
aging In niBand technolagiesto improve I/O performance
and scalability of cluster le systems.\We usePVFSasa
basisfor exploring thesefeatuies.

We designand implementa PVFSversion over In ni-
Bandbytakingadvantayeof In niBand featuresandresolv-
ing manychallengingissues.In this paper we designand
test: atransportlayer customizedor the PVFSprotocol by
tradingtranspaencyandgeneality for performancebuffer
managemenfor ow control andefcient memoryregistra-
tion and deregistration, and communicatiormanajement
for reducingnetwork congestionand achieving differenti-
atedservices.

Compaed to a PVFS implementationover standad
TCP/IP on the sameln niBand network,our implementa-
tion offers threetimesthe bandwidthif workloadsare not
disk-boundand40%improvementn bandwidthin the disk-
boundcase Client CPU utilizationis reducedo 1.5%from
91%onTCP/IR

1 Intr oduction

Clustersystemareincreasingljbecomingamainstream
platform for parallelcomputingin variousapplicationdo-
mains. Out of the latestTop 500 Supercomputer$93 sys-
temsareclusterd14]. Clustersystemsrenow presenttall
levelsof performancedueto theincreasingperformancef
commodityprocessoranemoryandnetwork technologies.
However, in modernday clusters,l/O is quickly emeging
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asthe main bottleneckimiting performanceThe needfor
scalableparallell/O and le systemss becomingmoreand
moreurgent. As well, the useof standardén the hardware
component@ndin the software usedin the clusteris also
becomingnotjustcorvenientbut a necessityto ensuresoft-
warereuse.

Therehasbeena signi cant amountof work on parallel
andcluster le systemswhich hasrepeatedlydemonstrated
that a viable infrastructureconsistsof commoditystorage
units connectedwith commoditynetworktechnologies to
provide high performanceandscalabld/O supportin clus-
ter systemd22, 29, 2, 28, 34, 13, 6]. The PVFS(Parallel
Virtual File System)[6] is a good exampleof suchan ar-
chitectureandaleadingcluster le systenfor parallelcom-
putingin clustersystemslt addressethe needof high per
formance/O onlow-costLinux clusters.EachPVFS le is
stripedacrosamultiple diskson differentl/O nodes.Datais
transferrecbetweencomputenodesand I/O units directly.
The basicideabehindPVFSis to aggreyatedisk and net-
work performanceo achieve high throughputandscalable
concurrentle access.

However, the performanceof network storagesystems
is often limited by overheadsin the I/O path, such as
memorycopying, network accessosts,andprotocolover
head[1, 27, 24, 19]. Emeging network architecturesuch
asVirtual Interface(VI) Architecture[9] andin niBand Ar-
chitecturg15] createanopportunityto addressheseissues
without changingfundamentaprinciplesof productionop-
eratingsystemsTwo commonfeaturesharedy thesenet-
worksare:userlevel networkingandremotedirectmemory
accesgRDMA). Userlevel networking allows applications
to directly and safelyaccesghe network interfacewithout
goingthroughthe operatingsystem RDMA allowsthenet-
work interfaceto transferdatabetweenlocal and remote
memorybufferswithoutoperatingsystemandprocessom-
terventionby usingDMA engines.

In niBand hasbeenrecently standardizedy industry
to designnext generatiorhigh-endclustersfor both data-



centerandhigh performanceomputing.Sinceit is targeted
for both storagel/O and Inter-ProcessoiCommunication
(IPC), In niBand offers additionalfeaturessuchas multi-
ple transportservicesatomicoperationsyirtual lanes,and
servicelevelswith hardwaresupportto designhigh perfor
mancehighly scalableandhighly availablesystemsIn our
previouswork [20], we have demonstratethatIn niBand
canoffer high performanceo parallelapplicationghatuse
messag@assing.

In this paperwe examinethefeasibility of leveragingin-
niBand technologieso improvel/O performancandscal-
ability of cluster le systems.We usePVFSasa basisfor
exploringthesefeaturesandfocusonanumberof challeng-
ing issueghatareimportantfor cluster le systems.First,
we proposeamodulararchitecturdor designing?VVFSover
In niBand. This architecturetakesfull advantagef In-
niBand features.Secondwe focuson improving the I/O
pathfrom the computenodeto the I/O sener node with
multiple optimizationtechniques. Third, we focuson ef-
cient memoryregistrationandderegistrationwith respect
to 1/0 intensve applicationsandin particularapplications
with noncontiguous/O accesse§’]. Fourth, we develop
schemedo provide fair anddynamicbuffer sharingin 1/O
senersthatservicea large numberof concurrentrequests.
Finally, we implementPVFSover In niBand by takingad-
vantageof userlevel networking andRDMA. We evaluate
our implementationusing PVFS and MPI-10 benchmarks
andapplications.We comparédts performancevith that of
unmodi ed PVFSoverIBNice [23], aTCP/IPimplementa-

tion onIn niBand.

This work containsseveral researckcontrilbutions. Pri-
marily, it takesthe rst steptoward understandinghe role
of theln niBand architecturén next-generatiorcluster le
systemsOur resultsshaw that:

1. The capabilities of userlevel communicationand
RDMA canimproveall performancaspect®f PVFS.
Comparedo aPVFSimplementatiorover|BNice, our
implementatioroffersafactorof threeimprovemenin
throughput. Utilization decreasefrom 91% with IB-
Niceto 1.5%in our native implementation.

2. A transportlayer basedon In niBand userlevel pro-
gramminginterfacerequirescareful designregarding
aspect®f o w control, buffer managemenaindcom-
municationstrateyy selection.

3. Optimizationsin small datatransfer pipelined bulk
datatransfer and memory managementor noncon-
tiguousl/O canachieve signi cant performanceyains.

The restof the paperis organizedasfollows. We rst
give a brief overview on bothPVFSandIn niBand in sec-
tion 2. Section3 presentghe designof PVFS over In-
niBand. Section4 describesour performanceoptimiza-
tions. Implementatioris presentedn section??. The per

formanceresultsarepresentedn section6. Finally we ex-
aminerelatedwork in section7 anddrav our conclusions
andfuturework in section8.

2 Overview of PVFS and In niBand
2.1 PVFSOverview

PVFSis aleadingparallel le systemfor Linux cluster
systems.It wasdesignedo meetincreasingl/O demands
of parallelapplicationsn clustersystemsAs shavnin Fig-
urel1, anumberof nodesin a clustersystemcanbecon g-
uredas|/O senersandone of themis alsocon gured to
be the metadatananager It is possiblefor a nodeto host
computationsvhile servingasan|/O node.

1/0 servel _
Node
| Daa)

Compute
Node

Compute
Node

Compute
Node

Compute 1/0 serve @
Node Node

Figure 1. Typical PVFS setup.

PVFSachieseshigh performancdy striping les across
a setof 1/0 sener nodesto achieve parallelaccesseand
aggregateperformance.PVFS usesthe native le system
on the I/O senersto storeindividual le stripes. An 1/O
daemorrunson eachl/O nodeandservicesrequestgrom
computenodes particularlyreadandwrite requestsThus,
datais transferredlirectlybetween/O senersandcompute
nodes.

A managemdaemonruns on a metadatananagemode.
It handlesmetadateoperationsinvolving le permissions,
truncation, le stripe characteristicsandso on. Metadata
is alsostoredin the local le system.The metadatanan-
agerprovidesa clusterwideconsistenhamespaceo appli-
cations. In PVFS,the metadatananageroesnot partici-
patein read/writeoperations.

PVFSsupportsa setof feature-richinterfacesjncluding
supportfor both contiguousandnoncontiguousccessem
bothmemoryand les [7]. PVFScanbeusedwith multiple
APIs: a native API, the UNIX/POSIX API, MPI-10 [31],
and an array I/O interface called the Multi-Dimensional
Block Interface (MDBI). The presenceof multiple popu-
lar interfacescontributesto the wide succesof PVFSin
bothindustryanduniversity settings.Work is undervay on
thenext majorrevision of PVFSwhich involvesa complete
designof all majorsubsystems.

2.2 InniBand Overview

Theln niBand Architecture(IBA) [15] de nesaSystem
Area Network (SAN) for interconnectingooth processing



nodesandl/O nodes It providesacommunicatiomndman-
agementinfrastructurefor inter-processorcommunication
andl/O. In niBand Architecturehashbuilt-in QoS mecha-
nismswhich provide virtual laneson eachlink andde ne

servicelevelsfor individual paclets.

In an In niBand network, processingnodesand I/O
nodesare connectedto the fabric by ChannelAdapters
(CA). Therearetwo kindsof these:HostChannelAdapters
(HCA) and Target ChannelAdapters(TCA). HCAs sit on
processingnodesandtheir semantidnterfaceto consumers
is speci edin theform of In niBand Verbs.TCAs connect
I/O nodego thefabricandhaveinterfacedo consumersghat
areimplementatiorspeci ¢ andthusnot de ned in the In-
niBand speci cation. ChannelAdaptersusuallyhave pro-
grammableDMA engineswith protectionfeatures.

TheIn niBand communicatiorstackconsistsof differ-
entlayers. Theinterfacepresentedy ChannelAdaptersto
consumerdelongsto the transportlayer A queue-based
modelis usedin this interface. A QueuePair consistsof
two queues:a sendqueueand a receve queue. The send
gueueholds instructionsto transmitdataand the receve
gueueholdsinstructionsthat describewherereceived data
is to be placed. The completionof requestsis reported
throughCompletionQueuegCQs).Applicationscancheck
thecompletionqueuego seef ary requeshasbeennished.

In niBand Architecturesupportdothchannebndmem-
ory semantics.In channelsemanticssend/receie opera-
tionsareusedfor communication.A recever mustexplic-
itly posta descriptorto receve messagei adwance. In
memorysemanticsRDMA write and RDMA readopera-
tions are used. RDMA operationsenablethe initiator to
write datainto or readdatafrom memorybuffersof the peer
sidewithout interventionof the peerside.

3 Designof PVFSover In niBand

In this sectionwe describehe designof PVFSover In-
niBand. First, we de ne a generalsoftware architecture
of PVFSbasedon In niBand, thenwe shav the designof
eachcomponent.We mainly focuson the PVFStransport
layer, buffer managerandcommunicatiormanager Other
componentsare currentlyundegoingredesignfor the sec-
ond versionof PVFS, but are not speci ¢ to the network
andarenot discussedurtherhere,includingthe le access
managef5] andrequesmanagef26].

3.1 PVFSArchitecture

Figure 2 shavs the PVFS software architecture. Since
the metadatasener is a simplercaseof the I/O sener, we
only shav the architectureof the client andthe I/O sener
here.

Therearesix modulesn thePVFSarchitectureA buffer
managera communicatiormanageranda PVFStransport
layerresideon boththe client andsener sides. The PVFS

library is usedby theclientto generateequestsA request
managelanda le accessnanageexist onthe senerside
to procesglientrequests.

Client Server
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Figure 2. PVFS Software Architecture .

Thetransportayertransferdatausinguserlevel In ni-
Band primitives. The buffer managersuppliesthe trans-
portlayerbuffersandalsosuppliesbuffersto the le access
manageffor le accesses.The requestmanagerreceves
requestsaanddecidesn whatorderto servicerequestsus-
ing information suppliedby the le accessnanager The
communicationmanagerchoosescommunicationmecha-
nismsandscheduleslatatransfers.In this paper we focus
on thetransportiayer, buffer managerandcommunication
managerwhich becomamorecomplicatedvhendesigning
PVFSoverin niBand ascomparedo theoriginal designof
PVFSoverTCP/IR

3.2 PVESTransport Layer

The PVFStransportlayer provides data, metadatagand
controlchanneldbetweerPVFScomputenodes /O sener
nodes,andthe metadatananager In this section,we rst
analyzethe characteristic®f varioustypesof messagem
PVFS thenwe chooseappropriat&eommunicatiorschemes
for them,respectiely.

3.2.1 Messagesnd Buffers in PVFS
Messagef PVFScanbe cateyorizedasfollows:

1. RequestmessagesA requestmessagés sentby the
computenodesto the seners (both I/O sener nodes
andthemetadatananagesener)to directthemto ini-
tiate operationssuchasread,write, andlookup. The
managemodealso usesa requestmessageo inform
the I/O sener nodesof metadatananagemenvpera-
tionsif needed.

2. Reply messagesA reply messagés sentby a sener
to inform the requestinitiator of completionof a re-
quest. It usually containsthe statusof operationsand
relatedinformation suchasthe numberof bytesread
or written.

3. Data messages:Data messagesire usedto transfer
payloadfor le readsandwrites.



4. Control messages: Control messagesare internal
messagef the PVFS system. Computenodes,|/O
sener nodesand the metadatasener all use control
message$o exchangeinformation suchas ow con-
trol to maintainPVFS protocols. Somecontrol infor-
mationmaybeexchangedmplicitly usingrequestnd
reply messages.

Therearetwo typesof buffers:

1. Inter nal buffers: Internalbuffersareallocatedby the
PVFSsystem.They are pinnedwhena connectionis
establishedremainactive for a long period of time,
andonthesenersthey canbe usedto servicemultiple
clients.

2. RDMA buffers: RDMA buffers are usedto achieve
zero-copy datatransferbetweenthe computenodes
andthe /O sener nodes. On the client side, RDMA
buffers are provided by the applicationwhenit initi-
atesreadandwrite operationsOn thel/O sener side,
RDMA buffers areallocatedto stagedatain memory
beforeit movesto thedisk or to the network.

3.2.2 Communication Choices

In niBand provides both reliable and unreliable connec-
tion anddatagranservices.SincePVFSrequiresareliable
transportlayer, we focus only on the reliable connection
service.

In reliable connectionservice, In niBand offers both
Send/Recwperationandbothreadandwrite RDMA oper
ations.Theinitiator canchoosefor eachoperationwhether
to generatea completionevent. Send/Recwperationsand
RDMA Write with Immediateoperationsconsumereceve
descriptoraandresultin SolicitedandUnsolicitedcomple-
tion onthereceve side[15]. Thesefeaturegprovidea e x-
ible designspaceand the opportunityto optimize perfor
mance.However, the obviousquestiorwhich arisesis how
to chooseef cient communicatioroperationsandcomple-
tion schemedor eachof themessagéypesin PVFS.

Generallyspeaking,eachmessagdype can use either
send/recvor RDMA operation; however, a better t can
be obtainedfor particularmessageypesaccordingto how
well they alignwith thecharacteristicef thecorresponding
communicatioroperations.Table 1 lists messagehracter
isticsandsuitablecommunicatiorchoices.

The completionof Send,RDMA Write and Readoper
ationson theinitiator sideis somavhatcomplicatedby the
needto drive the messagerogressengine. It canbe ex-
pectedthatbetterperformanceanbeachievedby avoiding
an explicit completionnoti cation; however, this noti ca-
tion providesaneasyway to manageesourcesndquickly
checkthe statusof communicationFor example,consider
ing a PVFS le write, if the l/O sener usesRDMA Read
operationgo bring datafrom the computenodebuffer, the
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Figure 3. Server-based RDMA Mechanism.

senerwouldliketo know whentheRDMA Readsarecom-
pletesothatit caninitiate le write operationto move the
datato disk, but it is not necessaryor every RDMA Read
operationto generate&eompletionnoti cation. Thereforejn
our design,every sendgenerates completionandthe last
RDMA operationin a functionalmessagealsogenerates
completion.

3.2.3 MessageTransfer Mechanisms

As discussedn 3.2.2, appropriatecommunicationopera-
tionsmustbechoserfor eachmessagéype. In this subsec-
tion, we shav how to usethemto transfermessagesThere
are four basic messagédransfermechanisms:Send/Recv
medanism serverbasedRDMA medanism client-based
RDMA medanism and hybrid RDMA medanism We
elaboratethesemechanism&nd how to map PVFS oper
ationsto them.

In Send/Recymechanismmessageare sentfrom send
internalbuffersto receveinternalbuffers. Requesandcon-
trol messageare sentby this mechanism.Datamessages
alsocanbe sentusingthis mechanismat the costof some
memorycopies. Send/Recvmessagéransferis ow con-
trolled asdescribedn section3.3.1.

In senerbasedRDMA mechanismRDMA operations
areinitiatedonly by the I/O seners.Theclientsarerespon-
siblefor providing RDMA buffer information.Figures3(a)
and 3(b) showv the operationsinvolved in read and write
transfersrespectiely. Sinceclient RDMA buffer informa-
tion canbe provided alongwith the requestmessageshe
I/O senerscaninitiate RDMA operationsasynchronously
accordingo whenthey canbe scheduled.

Figures4(a) and 4(b) shav the operationsinvolved to
performreadsandwriteswheninitiatedusingRDMA oper
ationsfrom theclient. Generallyspeakingtheclient-based
RDMA mechanismgequirethe sener to senda control
messagecontainingits RDMA buffer information before
datatransfercanbegin. It alsorequiresthatthe client no-



Table 1. Communication Choices

Characteritics Choices
MessageUnexpected Size In-place Immediate | Operation Completionn Comments
processing| Attention
Request Unexpected Short | Yes Yes Send/Recv Solicited
Reply | Expected | Short | Yes Yes Send/Recv  or | Solicited | Send/Recus simplerthan
RDMA Write RDMA Write with Imme-
diatedata.
Control | Unexpected Short | Yes Yes Send/Recv Solicited
Data Expected | Variable Zero-coy | No RDMA Read or | No Tradeof between zero-
sizes | expected Write copy and non zero-copy,
discussedn 4.1.
_ _ in Figure5. Therefore,one canconsidera hybrid RDMA
Client Server Client Server . . . .
mechanism,wherein only RDMA Write operationsare
Pin bufers Pin buffers used. In the hybrid mechanisma PVFSreadis designed
;n; E:Satd, [Request | File Write- - % with ser\er-_ba.sed?D.MA Wr.ite agshONn in Figure3(a)a_nd
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Recy, - o Bullecaio—T - Sen recene | Buterie—] oo™ as shown in Fllgure 4(b). This mechanisms a common
T33s. ~ RDMA Wite methodto designle andstoragesystemson networksthat
o Ry :eDn“:'jA Ry do not supportthe RDMA Readoperation[22, 34]. Us-
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(a) PVFSread (b) PVFSwrite

Figure 4. Client-based RDMA Mechanism.

tify the senerswhen RDMA operationsare nished. In
thePVFSReadcasethis needsa separateontrolmessage.
In the PVFS Write case,this noti cation may be carried
out using RDMA Write with Immediatedataon the last
RDMA Write operationjf the64-bitimmediatedatais suf-
cient to carry the necessarytateinformation. It canbe
seenthat more controlmessageareusuallyneededn the
client-basedRDMA mechanismgcomparedto the sener
basedRDMA mechanism.
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Figure 5. RDMA Read and Write Throughput.

65536 262144 1.04858e+06

RDMA readis a round-trip operationand its perfor
manceis usuallylowerthanthatof RDMA Write, asshavn

reusethesebuffers. Secondextra controlmessagemaybe
requiredto avoid the loss of scalability and resourcecon-
sumptionassociateavith this mechanism.For example,a
certainnumberof bufferscanberegisteredandassignedo
eachclient andthe registrationinformationcanbe cached
on the client. However, larger messagdransferswill re-
guiremorespaceahanhadbeenpreallocatedorcingtheuse
of more control message$o synchronizeuseof the nite
buffer space. Third, as mentionedin [21], using sener
basedRDMA Readto designa PVFSwrite permitsa nat-
ural o w controlalgorithmbetweenthe network anddisks
asthesenerwill fetchnew datafrom the network no faster
thanit canwrite it to disk. Thisis notpossiblein thehybrid
mechanism.

In our design,we usethe following combinationof the
abore mechanismsSend/Recvs usedto transferrequest,
control and reply messages.SenerbasedRDMA Write
is usedfor PVFS read operations. Sener-basedRDMA
Readis usedto implementiarge PVFSwrite operationsbut
client-basedRDMA Write is usedfor small PVFSwrites,
asdiscussedn sectiord.1.

3.2.4 Polling or Interrupt on Events

In niBand providesanaggreyatedeventnoti cation mech-
anismfor scalableaventnoti cation anddelivery. A single




structure CompletionQueuesis usedto notify anddeliver
eventsfor alargenumberof connectionsEventssuchasar
rival of aclientrequestpr completionof a datatransfercan
beefciently detectedy entriesin oneor moreCompletion
Queues. Thereare two basic methodsto catchan event.
Oneis that applicationsexplicitly poll relatedCompletion
Queuedo retrieve interestedevents. Anotheroneis to in-
voke pre-ragisteredeventhandlergo notify applicationsof
eventsby interrupts.In this method,applicationscansleep
andrelinquishCPU whenwaiting for an event. Polling is
usually CPU intensie; however, it offers betterresponse
lateng. While servicingan interruptalwaysincreaseghe
latengy, it doesconsumdewer CPU cycles,particularlyif it
is necessaryo poll for along time beforetheeventarrives.

ImportantgoalswhendesigningPVFS over In niBand
areto minimize CPU overheadn the client side,minimize
responséateng for shorttransfersandmaximizethrough-
putfor largetransfersln ourdesignnoti cation of comple-
tion of sendingrequesimessagesn the client sideis done
usingpolling andnoti cation of completionof incomingre-
ply messagewith interrupts. On the sener side, all event
noti cation is donewith polling, asis appropriatdor aded-
icatedmachine.

3.3 Buffer Management

A buffer managemrovides buffers to the PVFS trans-
port layers. Buffers are eitherinternal buffers or RDMA
buffers. Thereare three main tasksin a buffer manager
First, o w control on internal buffersis to ensurethat ev-
ery messageentby a Sendoperationhasa receve buffer
postedon the recever side. Secondjt shouldprovide ef -
cientmemoryregistrationandderagistrationoperationgor
RDMA buffers. Third, abuffer manageshouldprovidefair
anddynamicsharingto buffer consumersThis taskis par
ticularly importantin the l/O sener.

3.3.1 Flow Control on Inter nal Buffers

Internalbuffer managemerns awell-discussedssuein the
literature[16, 18]. A smallsetof internalbuffersareallo-
catedandpinnedon both sidesof a connection.Eachcon-
nectionhasa separatgool of internalreceve buffers. To
ensurethat anincomingmessageanbe put in aninternal
receve buffer, acredit-basedo w controlmechanisnis de-
ployed on a perconnectionbasis. At the beginning, some
numberof receve descriptorsgachassociatedvith anin-
ternalreceve buffer, arepostedfor eachconnection.Then,
thenumberof currentlypostedreceve buffersis adwertised
by o w controlupdateswhich canbe piggybacledon other
messagesr sentasacontrolmessageThisinformationcan
alsobeexchangedmplicitly in the o w of matchedequest
andresponsenessag@airs.

3.3.2 Sewer RDMA Buffer Management

Sener RDMA buffersareusedto receve datafrom clients
andto readdatafrom les. Thesebuffers are effectively
usedto bridge the performancegap betweennetwork and
disk. Dueto highly concurrentequestsaindpossiblelarge
requestsizes, a signi cant portion of the total memory
mustbe allocatedasRDMA bufferson a dedicatedsener.
Clearly, the sener canreusethesebuffers for differentre-
quests. Thus, all theseregions can be pre-ragisteredat
startup. The I/O sener then keepsusingthemto service
clientrequestsA slightly morecomplicatedsolutionis that
thel/O sener maydynamicallyregisteror deregistersome
regions. For example,if the working setof client requests
is not large enough the I/O sener canderaistersomere-
gionswhich are seldomused. This may improve perfor
mancesincethe systeml/O cachecompetesfor memory
The fewer buffersthat areregistered the morebuffers that
canbeusedfor I/O cacheandotherpurposesEvenwith this
dynamicsjt canbe expectedthatthe frequeng of memory
registrationandderagistrationis low in the I/O sener side.
Thus,ef cient memoryregistrationandderegistrationis not
ahugeissue.

Themoreimportantfunctionfor asenerbuffer manager
is to provide a fair and dynamicbuffer sharingamongall
clients. Thistaskis notdif cult in PVFSover TCP/IR First,
TCP/IPprovidesastreancommunicationthesenercanre-
ceive and senda large datamultiple timesusinga smaller
buffer. Secondtheclient sidecanstopsendingdataif there
is nospacdeft in thesocletrecevebuffer of thesenerside.
Third, selectprovidesa mechanisnto notify the sener of
dataarrival beforedataplacement.In the PVFStransport
layer basedon In niBand, all datais transferrecaswhole
messagesjot asbytesin a stream. Buffers are also sup-
plied explicitly. Messagdransfersarethusatomic,anddata
placementinddataarrival are not separatedsthey arein
TCP/IR Therefore explicit buffer assignmenis neededn
PVFSoverIn niBand.

Anotherissueis that transfersizesfor requestsare dif-
ferent. This variability requiresthat the buffer managebe
ableto supplydifferentsizesof virtually contiguousbuffers.
Avoiding fragmentatioris importantin this scenario.

The sener buffer managerin our designworks as fol-
lows. First, all RDMA buffersareallocatedandorganized
in zones,where eachzone has buffers of the samesize.
Thereis alist of RDMA bufferswith size of 64 Kbytes,a
list of RDMA bufferswith sizeof 128Kbytes,upto alist of
RDMA bufferswith sizeof 2 Mbytes,which is the biggest
zonesize. Givena particulartransfersize,we rst look at
thecorrespondingonelist to try to geta contiguoudbuffer.
If thereis nobuffer available thebuffer maybechoserfrom
abiggerzonelist. If thereis no biggerbuffer available,the
transferwill be choppednto small transfersusingsmaller
RDMA buffers. By this way, thereis no dynamicfragmen-



tationandit is usuallypossibleto transferdatawith agiven
transfersize. Secondwhena requestis scheduledy the
requesimanageratransfersizeis choserto take advantage
of potentialoverlapof communicatiorandl/O. Buffersare
allocatedfrom one or more zonelists and assignedo the
request.Thenaspartsof or the requesttomplete their as-
signedbuffersarereleasedackto thezonelists. This pol-

icy works well with PVFS, becausehe sener is a single
threadandall le operationsareblocking. If, in thefuture,
the sener is multi-threadedand/orusesnon-blocking le

operationsthis buffer managepolicy will changeaccord-

ingly.

3.3.3 Client RDMA Buffer Management

RDMA buffersin theclient sideareprovidedby PVFSap-
plications. The client buffer manageiis primarily respon-
sible for efcient registration and deraistration of these
memoryregions. PVFS I/O applicationsrequire a large
numberof 1/0 buffers which may be allocatedno earlier
thanwhenthe requestis issued. To reducethe costof dy-

namicregistrationandderagistration apin-dowvn cachg12]

is incorporatedn the buffer manager Pin-dowvn cachede-
laysderayistrationof registeredouffersandcachegheirreg-
istrationinformation. Whenthesebuffers arereusedtheir
registration information can be retrieved from pin-down
cache. This techniqueis quite effective whenthe amount
of buffer reuseis high. Furtheroptimizationsperformedoy
theclient buffer managearedescribedn section5.

3.4 Communication Management

This components responsibléor choosinganappropri-
ate communicationmechanisnfor eachmessage.lt also
scheduleslatacommunicationto reducenetwork conges-
tion and avoid delayingothertrafc in the network. It is
capableof applyinga servicelevel to eachmessageavhich
marksits priority asit movesthroughthe network. Themo-
tivationfor this modulecomesfrom threeaspects.

First, asmentionedearlier thereare a large numberof
optionsin In niBand datatransportmechanismgor each
possiblePVFSmessageype. Onerole of the communica-
tion manageiis to malke this decisionaccordingto param-
etersin the messagesuchasdestinationmessagéength,
andavailability of remotebuffer credits.Second]/O trafc
and communicationtraf ¢ sharethe sameln niBand net-
work. A singlel/O nodemustservicerequestdrom mul-
tiple clientsandeasilybecomes communicatiorhot-spot.
This localizedcommunicatiorpatterncanleadto a severe
form of congestionwhich canseriouslydegradethe over-
all performanceof theinterconnecf{11]. The situationbe-
comeswvorsewhenthelO nodeperformsRDMA operations
to transferdatafor bothreadandwrite operationssinceall
dataoriginatesfrom the 10 node. Careful arrangementf
communicatioroperationsanreducecongestiorandeffect

onothertrafc. Third, In niBand providesvirtual lanesand

servicelevelsto offer differentservice. Thecommunication
managercanassigrservicelevelsto messageaccordingo

therelatedrequestequirement.

4 Optimizations in the PVFS Transport
Layer

In generalour experienceshaws that native In niBand
primitives can be instrumentalin reducingoverheadsand
increasingbandwidthin thel/O path.We have alsoencoun-
tereda numberof challengingissuesin designingPVFS
over In niBand, including small data transfersand bulk
datatransfers.To dealwith theseissueswe explore vari-
ousoptimizationshereandquantifytheirimpacton perfor
mancein Section6.

4.1 Small Data MessageTransfer

Recall that data messagesre transferredwith either
sener-initiated or client-initiated RDMA operations. Ei-
therway, applicationbuffersmustberegisteredbeforedata
transfer Thesebuffersmayalsoneedto be deragisteredaf-
terdatatransferdueto alimitation ontotal sizeof registered
buffers. For small datamessageghe performancebene t
of zero-copy transfermay not offset the cost of memory
registrationand deragistration. Two optimizationscan be
appliedto improve this situationin the caseof small data
messagé¢ransfers.

4.1.1 Inline Data Transfer

Datais rst copiedinto internal buffers which are pre-

registeredand then transferredby Send/Recvnechanism.
For PVFS write data,if they can t in an internal buffer

with the requestmessagegataandrequestare sentin one

messageOtherwise following therequestmessagethere-

maining dataare sentseparately For PVFSreaddata,the

sener actssimilarly. Datais senteithertogetherwith the

reply messager asa separatenessage Onecopy on the

client sideis thenrequiredto placethe data. On the the

sener a copy is not usually necessarypecauseét canpro-

cesstherequesimessagén place. This techniquehasbeen
usedelsavhere[10].

4.1.2 FastRDMA Write

Figure5 shavsthereis asigni cant performancalifference
betweerRDMA ReadandRDMA Write whenthetransfer
sizeis not large. This impliesthatusingRDMA Write for
smalldatatransferds preferabléf thebene t canoffsetthe
overheadof doing so. Fast RDMA Write optimizesPVFS
write andreadoperationsasfollows.

To optimize small writes, the client doesRDMA Write
to transferdatato thel/O sener. However, asshavn in Fig-
ure 4(b), two additionalcontrol messagesare needed. To
avoidthe rst controlmessagegsmallsetof RDMA buffers



(called Fast RDMA hbuffers) are allocatedand registered
whenaconnectioris establishedThe buffer informationis
cachedon the peerside. Thus,the clientcanRDMA write
datadirectly into the FastRDMA buffersonthesener. We
useRDMA Write with Immediatedatato avoid the second
control message.Furthermore we add anotherinterface,
chedcif_registered, into our pin-down cacheimplementa-
tion. This call returnsregistrationinformationif a buffer
happengo be cached.Otherwisejt returnsNULL. Before
datatransfertheclient callschedc if_registeredto seeif the
userbuffer is registered. If so, FastRDMA Write is car
ried out betweenthe registereduserbuffer andthe sener
FastRDMA buffers. If not, theclient rst copiesdatainto
its FastRDMA huffers, and Fast RDMA Write is carried
out betweernthe FastRDMA buffers of both sides. In the
latter case the requestmessag&an be combinedwith the
datamessagén oneoperationusingone datasegment. In
theformercasepneRDMA Wirte with Immediatedatacan
be used,however, two datasegmentsmustbe speci ed in
RDMA Write gatherist, onefor requestaindonefor data.

To optimize small reads, the client again calls
chedcif_registered rst to nd out whetherthe userbuffer
is registered.If so,it sendgo the senerinformationon the
registereduserbuffer in the requestmessage.Otherwise,
it suppliesto the sener a pointerto a FastRDMA buffer.
Similarly, thereply messageanbe combinedwith the data
messagen this case. Then, the sener performsRDMA
Write asinstructed. The client mustcopy dataout of the
FastRDMA buffer if theuserbuffer wasnotregistered.

The number of Fast RDMA buffers per connection
neededn the sener sideis variableaccordingto resource
availability. However, this numberand the Fast RDMA
buffer sizecanbecomea hindranceo scalabilityin a large
system.In PVFS,sincethereis only one outstandingead
or write from eachclient, one FastRDMA buffer for each
connectionworkswell. Thus,scalabilityis notanissue.If
morethanoneoutstandingequests allowed, asexpected
in the next-generatiordesignof PVFS, more FastRDMA
buffers can offer betterperformance.However, ow con-
trol mustbe appliedto ensurethat future requestsdo not
overwriteearlierones.Theoptimal FastRDMA buffer size
shouldbe decidedby comparingthe costof memoryregis-
tration andderegistrationto the costof copying. A similar
techniquéhasbeenusedon othernetworkswithout RDMA
Readsupport21, 17].

4.2 Pipelined Bulk Data Transfer

Scienti ¢ applicationsrequentlywrite large amountsof
data(100 MB to 10 GB), suchasto performcheckpoints
or to outputresults. Thereare two major phasesn each
I/O path: communicationphase ,wheredatais transfered
betweenclient buffers and sener buffers, and I/O phase,
where datais moved from sener buffers to disk. Over-

lap betweerthesetwo phasess necessaryor high perfor
mancein thecaseof largewrite (or read)requestsOneway
to achieve communicatiorand /O overlapis to split large
transferanto multiple smallertransfers For example when
aclientwantsto read100MB from a sener, thesener can
readl MB, thenstartal MB RDMA write operatiorto the
client, thenrepeathesetwo operationsaanother99 times.

In PVFS thetransfersizeis usuallythesameasthestripe
sizeof the le dueto the contiguity of client buffers and
sener les. In casewherelargertransferunitsarepossible,
thetransfersizeshouldbeno morethanhalf of thetotal size
to achieve goodpipelining.

Pipelining communicationand I/O also reducesmem-
ory pressuren 1/O seners. Thel/O sener canusedouble
bufferingto serviceconcurrentequestsThus,eachrequest
only needsbuffer spacefor two transfersizes(2 MB), not
onebuffer for the entiresize(100MB).

5 Efcient Support for List 1/O

Another challengingissuewe facedis to provide ef -
cientlist 1/0O operationdn PVFSover In niBand. Thelist
I/O interfaceprovidedby PVFSallows a setof buffersto be
usedasreador write asdestinationsn memoryontheclient
anda setof offsetsin the le onthesener. Thisinterface
offersef cient noncontiguousccessem bothmemoryand
le space[7]. For example,MPI-IO [31] usesthis inter
faceto implementnoncontiguousaccessesising the MPI
DataType representationSupportinglist 1/0 ef ciently in
PVFSis critical to userapplications.In our design,we ap-
pliedthesmalldatatransferandpipelinedbulk datatransfer
optimizationsdiscussedbore to list I/O operationsasap-
propriate. However, thereis still a performanceproblem
relatedto theregistrationof memoryregionsin list 1/0.

This complicationin list I/O mayresultin a large num-
ber of buffer registration and deregistration events, even
when using a registrationcache. Consideringthe follow-
ing example as illustratedin Figure 6(a), assumea pro-
cessusesthe uppercorner1024 768 subarray(subl) in
a two-dimensional2048 1536 array of charactersas the
destinationfor a le read. Thereare 768 buffers, one for
eachrow, which are not contiguouswith eachother If
these768 buffers are registeredindividually throughthe
pin-down cachejt mayresultin seriousperformancerob-
lems, for mary reasons. First, it resultsin high registra-
tion overheadsgsinceit is likely that someof the individual
rows arenotalreadypinned.Secondcachemissedncrease
because large numberof pin-dowvn entriesareneededor
eachlist I/0, perhapgausingsomecacheduffersto dereg-
ister. Thisnotonly increasesheregistrationtime for thelist
I/O buffersfor this operation but alsomayrequireanother
registrationto repin frequentlyusedbuffers. Registration
cachethrashingmay occut Thus, reducingthe numberof
buffersneededo beregisteredasmuchaspossibles criti-



calto alleviatetheseproblems.

(0,0) (1024,0)
Subl Sub2
(0, 768 (t024,768) ]
Sub3 Sub4 ]

(a) One Big Buffer

Figure 6. Examples of the List I/O Extended
Interface

(b) Three Big Buffers

Anotherobsenationwe have on VI-networks[3] andIn-
niBand is thatto registerandderegistera largebuffer once
is much more ef cient thanto register and deregister the
samesizebuffer in multiple small chunks. For example,it
takes530 storegisterandderagistera400kB buffer, while
it takes12400 s to registerandderagister 100 buffers of
size4 kB eachon ourIn niBand testbed.

Basedon theseobsenations,we suggest procedurgo
reduceregistrationoverheadsn the caseof list I/O opera-
tions. The rst stepis to concatenatbufferswhichareactu-
ally partsof the sameallocationin processirtual memory
space.This caneffectively reducethe numberof registra-
tions. Thetrivial caseis whenall buffersin alist I/O oper
ationarecontiguouswith no holes,andcanthenobviously
be treatedasoneregion. The morelikely caseissueis the
oneillustratedin Figure6(a). Holesbetweenthesebuffers
may or may not have beenallocatedin the memoryof the
processandthereis no guaranteedvay to tell. The min-
core systemcall in someoperatingsystemscould be used
to querythe statusof individual pagesput the resultis not
guarantee@ccurate.More informationis neededrom the
applicationitself.

The secondstepin our optimizationis to decidehow
much of the buffer should be registered. Given that we
know that (someof) the individual component®f the list
I/O arepartsof a singlecontiguousvirtual memoryalloca-
tion, isit betterto registertheentirelargeallocationor justa
subsetvhich coverstheareago beaccesseth alist I/0? It
is likely true thatwe shouldpreferto performa singlereg-
istration of the entire allocation, given the obsenation on
how muchfasterthatwill be,andthechancehatsomepart
of theregisteredareawill bereusedn latercalls. However,
thereis a limitation on the total size of registeredbuffers
aswell asthe numberof registeredbuffers. Again, it is up
to the PVFSapplicationgo specifythe expectedregistered
lengthof a buffer by consideringhe accesgatternsof the
region.

To corvey thisinformationfrom theapplicationwe pro-
posean extensionto the PVFSlist 1/O interface,which al-
lows PVFSapplicationsto passadditionalbuffer informa-

tion for ef cient memoryregistration:
pvfs_readlist(int fd,

int memlist_count,
void*  memoffsets[],

int memlengths],

void *  allocation_offsets],
int allocation_lengths],
int le _list_count,
inté4dt le _offsets]],

int32t  le _lengths[])

Two arraysare addedas input parametersshovn in bold

above, to provide informationon the actualallocationsun-

derlyingthememoryregionspassedn thecall. For abuffer

listed in memoffsets the addressof the largestbuffer to

which it belongs(the “parentbuffer”) is speci ed in allo-

cation offsets The length of the part of the parentbuffer

which is expectedto be registeredis speci ed in alloca-

tion_lengths Clearly; this lengthmustnot be lessthanthe
relatedlength speci ed in memlengths For example,in

Figure6(a)theparentouffer addresss theinitial addres®f

the whole two-dimensionahrray andthe allocationlength
is the length of the arraywhich coversall list buffers, i.e.

2048 767 768bytes.Theallocationlengthscanalsobe
the wholelengthof the arrayif the applicationknows it is

bene cial to pin the entirearray Thesetwo additionalpa-
rametergrovide importantinformationto the buffer man-
agerto achieve ef cient memoryregistrationand deregis-

tration. They alsoprovide e xibility to PVFSapplications.
Figure6(b) demonstratethe casewherelist 1/0O is usedfor

buffers which comefrom differentallocationsin the pro-

cessmemoryspace.lf we hadproposedhatpvfsreadlist

be extendedto assumea single contiguousallocation, this

usagemodelwould no longerbe availableto applications.
Instead,PVFS applicationscan usethesetwo newv param-
etersto notify the buffer managetthatlist I/O buffers are
subset®f threedifferentparentbuffers,in this case.

This extendedist I/O interfaceworkswell with MPI-10
which usesMPI derived datatypego achieve noncontigu-
ousaccesseslf anaccesds contiguousin memory only
oneregistrationis neededIf anaccesss noncontiguousn
memory for example,a processiseshesubarrayasshovn
in Figure 6(a) as a derived Datatypeto accessa le, be-
fore callinga PVFSilist I/O routine,the MPI-10 layersuch
asROMIO [31] canparsethe correspondinglatatypeand

Il outappropriatevaluesin theinput parametersThis re-
sultsin requiringonly oneregistrationin the commoncase
whereasingleinitial buffer addresss usedfor eachlist I/0
request.

Since the native PVFS interfacesare usually usedin
other portablelayerssuchas ROMIO, this extensionwill
notdisturbend-useapplications.



6 PerformanceResults

We have implementedPVFSon our In niBand testbed
with designsdescribedin Sections3 and 4. Our imple-
mentationis basedon PVFSversion1.5.6. Theln niBand
interfaceis VAPI [23], which is a userlevel programming
interfacedevelopedby Mellanox and compatiblewith the
In niBand Verbsspeci cation. This sectionpresentgper
formanceresultsfrom a rangeof benchmarkson our im-
plementatiorof PVFSover In niBand. First, we quantify
that PVFS cantake full advantage®f In niBand features
to achieve high throughputjow CPU utilization, andhigh
scalabilityby comparingperformanceof our implementa-
tion with that of PVFSover IBNice [23], a TCP/IPimple-
mentationfor In niBand. We useboth PVFSandMPI-10
micro-benchmarksswell asapplicationsto carry out the
comparison.Thenwe examinethe impactof systemopti-
mizationson PVFS performance Unlessstatedotherwise,
theunit megabyte{MB) in this paperis anabbreiation for
2 Dbytes,or1024 1024bytes.

6.1 Experimental setup

Our experimentaltestbedconsistsof a cluster system
consistingof 8 nodeshbuilt around SuperMicro SUPER
PADL6 motherboardsvhich include 64-bit 133 MHz PCI-
X interfaces.Eachnodehastwo Intel Xeon 2.4 GHz pro-
cessorswith a 512 kB L2 cacheand a 400 MHz front
side bus. The machinesare connectedwith Mellanox
In niHost MT23108 DualPort4x HCA adapterthrough
anIn niScale MT43132Eight 4x PortIn niBand Switch.
The Mellanox In niHost HCA SDK versionis thca-x86-
0.0.6-rc1-ild-002. The adapter rmw are versionis fw-
23108-1.16.0005-build-001. Eachnode hasa Seagate
ST340016AATA 10040GB disk. We usedtheLinux Red-
Hat 7.2 operatingsystem.

6.2 Network and File SystemPerformance

Table2 shovstheraw 4-byteone-waylateng andband-
width of VAPI andIBNice. IBNice is a TCP/IPstackover
In niBand offeredby Mellanox. The benchmarkwe used
for this purposeis ttcp, version1.12-2,with alarge soclet
buffer sizeof 256 kB to improve IBNice performanceThe
VAPI Send/Recvand RDMA Write performances mea-
suredusingthe Mellanoxperf_mainbenchmarkThe VAPI
RDMA Readperformanceas measuredisingour own pro-
gramwhichis constructedimilarly to perf.main

Table 3 compareghe read and write bandwidthto an
ext3fs le systenonthelocal40 GB diskagainsbandwidth
achievedto memory usingramfs aRAM le system.The
bonnie le-systembenchmarks used.

It canbe seenthat thereis a large differencein band-
width realizableover the network comparedo that which
canbeobtainedo adisk-basede system.However, appli-
cationscanstill bene tfrom fastnetworksfor mary reasons

Table 2. Network performance

Lateny ( s) | Bandwidth(MB/s)

IBNice 40.1 185

VAPI Send/Recv 9.2 825
VAP| RDMA Write 6.0 827
VAP| RDMA Read 12.4 816

Table 3. File system performance

Write (MB/s) | Read(MB/s)
ext3fs 25 20
ramfs 556 1057

in spiteof this disparity Datais frequentlyalreadyin sener
memorydueto le cachingandread-ahea@vhenarequest
arrives. Also, in large disk array systems,the aggreate
performanceof mary disks canapproachnetwork speeds.
Cacheondisk arraysandonindividual disksalsoseneto
speedup transfers. Therefore,the following experiments
aredesignedo stresghenetwork datatransferindependent
of ary disk actvities. We mainly focuson experimentson
a memory-residentle system. Resultson ramfsare rep-
resentatie of workloadswith sequential/O on large disk
arraysor random-accedsadson senerswhich arecapable
of delivering dataat network speeds.We alsoshav some
resultson ext3fs to quantifytheimpactof CPU utilization.

6.3 PVFS Concurrent Read/Write Bandwidth

Thetestprogramusedfor concurrenteadandwrite per
formancads pvfs-testwhichis includedin the PVFSrelease
package.We followed the sametest methodas described
in [6]. In all tests,eachcomputenodewrites andreadsa
single contiguousregion of size MB, where s the
numberof 1/O nodesn use.

Figure7 shavs the readandwrite performancevith 1B-
Nice ontheln niBand networks. For readsthe bandwidth
increasestarateof around120MB/s with eachadditional
computenode. Similar performancecanbe seenfor writes
with IBNice. The bandwidthhereincreasest a rateof ap-
proximately160 MB/s with eachadditionalcomputenode
whentherearesufcient I/O nodeso carrytheload.

Figure 8 shavs the readand write performanceof our
implementationPVFS over native VAPI. The samephysi-
cal networksareusedyet signi cant performanceémprove-
ments by designingand implementing PVFS on native
VAPI layersis achieved. Sincedatatransfersare mostly
performedusingRDMA initiated by the /O nodesthe ag-
gregate capacityof all the I/O nodescan be deliveredto
computenodes. The bandwidthincreasefrom addingan-
otherl/O nodeis roughly400 MB/s for simultaneouseads
from mary computenodes. For writes, the bandwidthin-
creasestapproximatelythe samerate,thoughslightly less
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Figure 7. PVFS performance with IBNice (TCP/IP over In niBand).

dueto thelower performanceof RDMA Readcomparedo
RDMA Write.

6.4 MPI-IO Micr o-Benchmark Performance

The sametestasin the previoussectionwasmodi ed to
useMPI-IO callsratherthannative PVFScalls. The hum-
ber of I/O nodesis x ed at four, andthe numberof com-
putenodeswasvariedfrom oneto four. Figure9 shavsthe
performanceof MPI-1O over PVFSon VAPI andIBNice,
for both memoryanddisk le systems.Onthe RAM le
system,Figure 9, shows that PVFS native over VAPI of-
fers aboutthreetimesbetterperformancehan PVFS over
IBNice. Evenonadisk le system,ext3fs, it canbe seen
that althougheachl/O sener is disk-bound,a signi cant
performanceémprovement,15-42%;is still achieved. This
is becausehe lower overheadof PVFS-\API leavzesmore
CPU cyclesfree for 1/0 senersto processconcurrentre-
guestsWith four computenodesMPI-10 overPVFS-\API
canachieve 95 MB/s aggreyatewrite bandwidth,which is
almostfour timesthe peakwrite bandwidthof the diskswe
usedfor thetests.ThisshavsthatPVFS-\API offersalmost
perfectperformanceaggreationof multiple I/0 seners.

100

80 1 O PVFS-IBNice Read

B PVFS-IBNice Write
OPVFS-VAPI Read
O PVFS-VAPI Write

60 -

40 A

CPU Utilization (%)

20 1

0

Number of Compute Nodes

Figure 10. CPU Utilization of MPI-IO

Figure 10 shavs CPU utilization on the computenodes
whenthesameprogramrunswith four I/O senersonramfs.
It canbeseernthatthe CPUoverheadf computenodess as
highas91%in PVFS-IBNice.Thisis becaus¢hattheover-
headof PVFSover IBNice is dominatedby the datatrans-
fer, mostly becausef copying overheadcontect switches
andsystemcallsin IBNice. CPU utilization dropsoff with

11

increasingnumberof computenodes,becausdhe waiting
time increasesn eachrequestwhen the sener hasmore
concurrentrequestgo service. However, the CPU utiliza-
tion is still considerablyhigh. In contrastthe overheadof
PVFSover VAPI is dominatedby requesinitialization and
responsdandlingcostsin the PVFSclient code,sincethe
NIC handlesdatatransportusing RDMA and thereis no
kernelinvolvementin thel/O path.TheCPUoverheads as
low as1.5%whichwill enablegreaterscalabilityto alarge
numberof computenodeclients.

6.5 Impact of Small Data Transfer Optimizations

To evaluatetheimpactof varioussmalldatatransferopti-
mizationswe measuredheaccessime of smallPVFSread
andwrite requestdor differentdesignschemesTheaccess
sizevariesfrom 128B to 64 kB. Figure11 shovsthatthese
optimizationsresultin signi cant improvementson write
performancelt alsoshavstheseoptimizationschemeglif-
fer. As mentionedn section3, sener-basedatatransferis
the basicschemeusedfor PVFSwrites. Whenuserbuffer
registrationsareall cachedthe sener usesRDMA readto
movedatadirectlyfrom userbuffers,notedasServerbased,
100% hit in the plot. If userbuffers are not cached,user
buffers must rst be registered. The worst casewhereall
buffers are not cachedis labeledServerbased,0% hit in
Figurell.

In bothcasestheFastRDMA schemeffersthebestper
formance.Whenbuffersareall cached,100% of accesses
hit in the pin-dowvn cache.Sinceonecopy is neededn the
Inline schemethe FastRDMA schemeoutperformgheln-
line schemegspeciallyfor large messagesBoth schemes
offer betterperformancehanthe Senerbasedschemeas
both Send/RecandRDMA Write in the native VAPI layer
performsigni cantly betterthanRDMA Readonsmalldata
transfers.Whenno buffers are cached 0% of accessehit
in the pin-down cache.Onecopy is neededn boththeIn-
line and FastRDMA schemes.Since RDMA Write per
formsslightly betterthanSend/Rec¥n ourtestbedtheFast
RDMA schemeoffers the bestperformance.As showvn in
the left graphof Figure 11, thereis a signi cant perfor
mancedropin the Sener-basedschemeavhichrequiresreg-
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Figure 11. Effects of Small Data Transf er Optimizations on Write

isteringuserbuffersperformsworstdueto the prohibitively
costlymemoryregistration.in the currentreleaseof Inifni-
Bandsoftware.

Similar resultsare achieved for read performance put
not shavn here. Theseresultswere usedto decidethe
schemaisedby thecommunicatiormanagerSincethereis
no materialdifferencebetweenthe Inline and FastRDMA
schemesfor simplerdesigncompleity, the Inline scheme
is usedto transfermessagesessthan 4 kB, Fast RDMA
for messagespto 64 kB, andSener-basedo transferdata
largerthan64 kB.

6.6 Impact of Pipelined Bulk Data Transfer

This experimentwas designedto showv the effect of
pipelinedbulk datatransfersin PVFSover In niBand. In
this test, a PVFS client transfers32 MB to or from an
I/O senerusingthe RAM le system.Thistestrepresents
workloadsin which large amountsof dataaremovedto or

from a singlelarge buffer ontheclient, suchasfor acheck-
pointsnapshot.
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Figure 12. Effects of Pipelined Bulk Data
Transf er, 32 MBytes

Figure12shavstheimpactof transferunit sizeon PVFS
performancefrom asingle32 MB ontheright-handsideof



thegraphto 512smalltransferontheleft. Theresultsshav
thata transfersizesmallerthanabout2 MB is sufcient to
allow completeoverlapbetween/O accessandcommuni-
cation. Thereis a slight degradatiorwhenthetransfersize
is very small due to the effect of communicationstartup
overheads.

6.7 Impact of List I/0O with File Discontiguity

Thetestapplicationmpi-tile-io[25] implementdiled ac-
cesdo atwo dimensionatlensedatasetThis type of work-
load is seenin visualizationapplicationsandin somenu-
mericalapplications.For our tests,we usedfour compute
nodesandfour I/0O sener nodes.Eachcomputenoderen-
derstooneof a2 2 arrayof displayseachwith 1024 768
pixelsasillustratedin Figure6(a). Thesizeof eachelement
is 24 bytes,leadingto a le sizeof 72 MB.

The accesgatternin this testis noncontiguousn le
spacebut contiguousn memory Thisis agoodcandidatdo
exercisePVFSlist 1/0. We testtwo versionsof mpi-tile-io:
oneis to usemultiple contiguoud/O operationgo achieve
noncontiguousle accesse§'Without list 1/0”), the other
usesPVFSlist I/0 to make a singlenoncontiguousiccess.
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Figure 13. Performance of tiled 1/O.

Figure 13 shaws the resultsfor both PVFS-\API and
PVFS-IBNice. It canbe seenthatlist I/O improvesperfor
mancesigni cantly. Thisis becaus&68individualrequests
arerequiredto access tile whennot usingPVFSlist I/0O.
Theoverheadf requesandreply messagelsecomeslomi-
nantin this case With list /0, however, only 6 requestsre
requiredsinceonelist 1/0 requests large enoughto con-
tain 128 le accessespeci cations. Comparedo the per
formanceof PVFS-\API and PVFS-IBNice,with list 1/O,
PVFS-\API offers2.7 and2.2 timesthebandwidthon read
andwrite, respectrely. Without list I/O, the improvement
is 79%and93%. This differences becausehe accessize
is largerwith list I/O andcanyield moreimprovementfrom
the VAPI layer

6.8 Impact of List I/O Memory Registration

We modi ed mpi-tile-io to showv the effect of list 1/0O
memoryregistrationandderagistrationon its performance.
Themodi cation is to usenoncontiguousiccesses mem-
ory aswell. We usethe sameparametersasin the previ-
ous section,exceptthat the size of an elementis now 64

400

200

Bandwidth (MBytes/sec)

(o}

Write Read

list 11O

13

bytes. This changeforcesthe testnot to useFastRDMA
Write to transferdatasothattheclientwill beforcedto reg-
ister memoryto carry out the transfers. Also eachclient
allocatesa full 2048 1536arraysothatits individual sub-
array will be storedas noncontiguousstripesin memory
Thus, noncontiguousaccessesn both memory and le

spaceare necessary We also changedthe ROMIO [31]
sourcecodeto usetheextendednterfacedor pvfsreadlist
andpvfswrite_list thatwe proposedn Section5.

The numberof memoryregistrationand deregistration
eventsis interestingasit will indicate transferoverhead.
With theunmodi ed PVFSinterface,eachprocessnitiates
6 list I/O requestshowever, therequestseferencanemory
regionswhich are not adjacentthus 768 memoryregistra-
tion operationsare needed. With the extendedinterface,
though,PVFSis informedthat these768 memoryregions
areactuallyall from the sameallocation.In fact,the ADIO
layer[30] knowsthisinformationwhenit parseshederived
Datatypeandcomposeparameter®f PVFSlist calls; the
applicationis unchangedThus,only 6 memoryregistration
operationsareneeded5 of which arecached.
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Figure 14. Effects of the Extended List I/O In-
terface

Figure14 shavsthereis a 85%bandwidthimprovement
for reads,and 71% for writes, owing to thelist I/O buffer
managemertdptimization.Notethatthedereyistrationtime
is nottakeninto accounin readandwrite operationsn this
test, sincethe size of the cacheis sufcient to containall
theentriesrequiredfor eithercase.If thiswerenottrue,the
performanceyapwould be evenlarger

7 RelatedWork

Varioususerlevel communicationprotocolshave been
usedfor network storagein the past. Zhou et al. [34]
presenttheir experienceswith VIA networks for database
storage.They implementeda block-level storagearchitec-
ture that takes advantageof featuresfoundin VI commu-
nication systems. They found that VIA canimprove I/O
performanceébetweenthe databasesystemandthe storage
back-end.Magoutisetal. [22] explore DAFS performance
characteristicsalsoon VIA. Our work is basedon the In-



niBand architecturavhich providesmorefeaturesandser

vicesthan VIA suchas RDMA Readand servicelevels,
yielding a more e xible designspaceanddifferentdesign
goalsandtechniques.

A setof transportlayersbasedon userlevel communi-
cationnetworks have beendiscussedndtarmettedfor dif-
ferentdomains.Zahir [33] describesa storage-netarking
transportlayer for the Lustre le systembasedon VI-lik e
networks. Carns[4] designsa Buffer Messagelnterface
(BMI) asa transportlayer for the next generationPVFS.
His prototypeimplementationworks on both TCP/IP and
Myrinet/GM. Liu etal. [17] proposeaclient/senercommu-
nicationmiddlewvareover systemareanetworks. It provides
a communcatiorabstractiorto upperlayersby hiding the
discrepang of varioussystemareanetworksin themiddle-
ware. We sharesimilaritieswith theseefforts in designing
atransportiayeron In niBand to supportPVFS,although
ourwork differsin signi cant ways. First, thedesignof this
transportiayeris customizedor high performancey tak-
ing advantageof PVFS protocol characteristics.Second,
our transportlayer is capableof cooperatingwith buffer
managemenrdandcommunicatiormanagemenb dealwith
particularissuedn 1/O intensve applications.

Memoryregistrationandderegistrationareacommonis-
suein modernnetworkswhich provide RDMA capabilities.
Basuetal. [32] shav how the NIC andhost-level software
cancollaborateto managdarge amountsof hostmemory
Tezukaetal. [12] proposeapin-donn cacheo reducemem-
ory registrationand derayistrationoverheadfor zero-copy
communicationZhouetal. [34] proposea batcheddereg-
istration schemeo derayisterall buffersin aregionin one
operation. Signi cant changesn both host-level software
andtheNIC have beenmadein theirapproachln ourwork,
we deplgy a pin-down cachein the PVFSlayer; however,
we focuson optimizationon reducingcallsto the cache.

Coll etal. [8] shav theimportanceof the placemenf
I/O nodesin a clustersystem. The main purposeof such
placements to reducel/O traf c congestiorandthe effect
on othertraf ¢ from the physicallevel. Our work focuses
on the softwarelevel. Their work can be combinedwith
ourcommunicatiormanagemertb achieve the bestperfor
mance.

8 Conclusionsand Future Work

In this paperwe studyhow to leverageln niBand tech-
nologiesto improvel/O performancandscalabilityof clus-
ter le systems. We designand implementa version of
PVFSthattakesadwvantageof In niBand features Ourwork
shaws that the In niBand network andits userlevel com-
municationand RDMA featurescan improve all aspects
of PVFS,includingthroughput,accesgime, and CPU uti-
lization. However, In niBand networks also posea hum-

ber of challengingissuego I/O intensie applicationssuch
asPVFS.In particulay we addresgheissuesin this paper
with: atransportayercustomizedor the PVFSprotocolby
tradingtransparengandgeneralityfor performancebuffer
managementor o w control and ef cient memoryregis-
trationandderggistration,andcommunicatiormanagement
for reducingnetwork congestionand achieving differenti-
atedservices.

Comparedto a PVFS implementationover standard
TCP/IP on the sameln niBand network, our implementa-
tion offers threetimesthe bandwidthif workloadsare not
disk-boundand 40% improvementin bandwidthif disk-
bound.Theclient CPU utilization is reducedo 1.5%from
91%on TCP/IR

As of this writing, a major rewrite of PVFSis in active
development. Our work is directly applicableto this next
generatiorPVFSover networks with userlevel accessaand
RDMA capabilities We areeagerlyworkingwith thePVFS
teamto incorporateour designinto the next PVFSandto
implementPVFSon In niBand networks.
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