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Abstract

This paper describesa methodolgy for efciently
implementinghe collectiveopemtions,in this casethe
barrier, on clustes with the emeging In niBand Ar-
chitectuie (IBA). IBA provides hardware level support
for theRemoteDirectMemoryAccesgRDMA) messge
passingmodelas well as the multicastoperation. Ex-
ploiting thesefeaturesof In niBand to efciently imple-
mentthe barrier operationis a challenge in itself. This
paper describesthe design,implementatiorand eval-
uation of three barrier algorithmsthat leverage these
medtanisms. Performanceevaluation studiesindicate
that consideable bene ts can be achieved usingthese
medtanismgompaedto thetraditionalimplementation
basednthepoint-to-pointmessge passingnodel.Our
experimentatresultsshowa performancéene tof upto
1.29timesfor a 16-nodebarrier andupto 1.71timesfor
non-powes-of-2groupsizebarriers. Each proposedal-
gorithm performsthe bestfor certain ranges of group
sizesand the optimal algorithm can be chosenbased
onthisrange. To the bestof our knowledg, this is the
r st attemptto characterizethe multicastperformance
in IBA andto demonstatethebene tsachievedby com-
bining it with RDMA operationsfor efcient implemen-
tationsof barrier.

1 Intr oduction

The barrieroperation[15] is a commonlyusedcol-
lective operationin parallelapplicationsthataredevel-
opedusing the MessagePassinglnterface (MPI) [11]
programmingmodel. Barriersare usedfor synchroniz-
ing theparallelprocesseandinvolve notransferof data.
They maybeusedto separatgphasesf an application
program. The MPI_Barrier function call is invoked by
all the processefn a group. This call blocksa process
until all the othermembersn the group have invoked
it. An efcient implementatiorof the barrieris essen-
tial becausét is ablockingcall andno computatiorcan
be performedin parallelwith this call. Fasterbarriers
improve the parallel speedupof applicationsand helps
in scalability Thereforeit is importantto minimize the
time spentwaiting on barriers.

This researchis supportedin part by SandiaNational Labora-
tory's contract#30505, Departmentof Enegy's Grant #DE-FC02-
01ER25506andNationalSciencd~oundations grants#EIA-9986052
and#CCR-0204429.

P. Wyckoff D. K. Panda

Ohio Supercompute€enter
1224KinnearRoad
Columhlus,OH 43212
pw@osc.edu

The fastimproving performanceof the modernday
interconnect$asled to the shift in communicatiorbot-
tleneckfrom the network fabricto the softwarelayer at
the sendingand receving ends. Henceit is vital that
the software developersmake the bestuseof the prim-
itives offered by the interconnectsaand implementthe
messagindayerswith minimal overheads.Communi-
cationprotocolssuchasAM [20], LAPI [3], EMP[12],
VIA [2] have madeuserlevel transferof datapossible
without the needfor kernelcontext switchesand mul-
tiple datacopies. Theseuserlevel protocolsprovide a
send/receie model of communicationwhich calls for
postingof descriptorsat the senderand recever ends.
Recenttechnologiedike VIA andIn niBand Architec-
ture [5] also offer a differentmodel basedon memory
semanticsThey allow transferof datadirectly between
userlevel buffers on remote nodeswithout the active
participationof eitherthe senderor the recever. This
methodof operationis called RemoteDirect Memory
Access(RDMA). RDMA allows a processto directly
accesa remoteprocessiuserbuffer withouttheremote
processmakingan explicit function call. Thereneeds
to be someinitial addressxchangedonebetweenpro-
cesse®ntheendnodesAfter thisinitial handshak, the
sendsaretransparento thereceiverandthereis no post-
ing of receve descriptordeingdonein thecritical path.

In theearliergeneratiorMPP andSMP systemscol-
lective operationsvereachiezed by usingspecialhard-
ware support. Today parallel systemsare increasingly
being built out of affordable commodity workstations
andinterconnectsThesecurrentgeneratiorclustersuse
softwarebasedcollective operationshasedon point-to-
pointcommunicationIn currentgeneratiorclustersthe
MPI collective operationsareimplementecdusingalgo-
rithms that usethe MPI point-to-pointcommunication
calls. When an operationlike barrieris executedthe
nodesmake explicit sendandreceie calls. Thereceve
operationis generallyan expensve operationsince it
involvespostinga descriptorfor the message Also, if
the messagarrivesbeforethereceve call is made,it is
placedin atemporarybuffer. Thereceve functionthen
hasto searchthe unexpectedqueuefor themessageand
whenfoundthe datais copiedinto the userbuffer. All
this processingaddsconsiderabl@verheado the basic
send-receie lateng, therebymakingthe entire barrier
operationslower. This is thekind of overheadthatcan
be effectively eliminatedusingRDMA operations.

Anotherattractive featurein the IBA networksis the
supportfor hardware-basednulticast. This primitive is



providedunderthe UnreliableDatagram(UD) transport
mode. IBA allows processedo attachto a multicast
group and thenthe messagesentto the group will be

deliveredto all the processef the group. This means
that a single descriptorneedsto be postedin orderto

performacollective operation.

Given thesepowerful and ef cient featuresin IBA
we are facedwith the interestingquestionof whether
theseremotememory datatransferand multicastsup-
portin IBA clusterscanbe madeuseof for optimizing
the performanceof collective operations. While most
earlierwork focusedon optimizing collective operation
basedon the Send/Recvynodel, Guptaet al [14] pro-
posedan RDMA basedalgorithmfor VIA-basedclus-
ters. The performancecharacteristic®f IBA networks
and the addedfeatureslead us to rethink the way in
which barriersarecurrentlyimplemented.

In this paper we aim to provide answergo the fol-
lowing two questions:

1. Can we optimizethe MPI collective opertions
by usingalgorithmsthat leverage the RDMA primitives
in IBA insteadof algorithmsthat usethe existing MPI
point-to-pointoperations?

2. Canthemulticastprimitivesin IBA be usedto im-
plementcalablecollectivecommunicatiompermations?

The paper shavs that replacing the point-to-point
communicationcalls in the collective operationswith
fastedower-level operationcanprovide signi cant per
formancegains. Performanceémprovementis possible
dueto variousreasons. Primarily, the numberof data
copiesis reducedby avoiding point-to-pointmessaging
protocols. Also, software overheaddik e tag matching
and unexpectedmessagédiandlingare eliminated. The
hardware multicastfeature ts in well with the seman-
tics of collective operationsandhencecanbe utilisedto
ouradwantage.

We proposethree algorithmsthat utilize thesefea-
turesin IBA. Thesealgorithmswereimplementedand
integratedinto the MVAPICH [7] implementationof
MPI over IBA, andwe discussthe designand imple-
mentationissues. We also presentthe resultsof our
performancesvaluationson two differentclusters,and
shav that considerablébene ts are achieved using the
proposedechniques.

Therestof thepaperis organizedasfollows: Section
2 givesanoverview of IBA, andMVAPICH. In Section
3 we describethe prposedalgorithms. Section4 dis-
cussesheissuesnvolvedin designandin Sections we
describethe detailsof the implementation. Section6
presentshe experimentakesults.We mentionsomere-
latedwork in Section7 andconcluden Section8.

2 Overview of IBA and MVAPICH

In this sectionwe provide anoverview of In niBand
Architectureandthe setof featureshat canbe utilized
for the ef cient implementationof point-to-pointand
collective messag@assingoperations We alsoprovide
a brief overview of the MVAPICH messag@assindi-
brary.

2.1 InniBand Architecture
In niBand Architecture[5] is emepging asthe next

generationnterconnecfor 1/O andinter-processcom-
munication. This industry standard uses scalable

switchedseriallinks to designclustersand seners of-
fering high bandwidthandlow lateng. IBA makesuse
of kernel-bypastechniqueso offer zero-processaropy
datatransfersbetweenuserlevel processe®n remote
nodes. In anIn niBand network, nodesare connected
to the IBA fabric using ChannelAdapters(CA). Host
ChannelAdapters(HCA) areinstalledinto the process-
ing nodesandinitiate communicatiorwithin the fabric.
Target ChannelAdapters(TCA) connectl/O nodesto
thefabric.

IBA de nesasemantidnterfacecalledVerbsto con-
gure, manageand operatea HCA. VAPI is the Verbs
implementatiorprovidedby Mellanox Technologie$9]
for the HCAs. It supportswo kinds of communication
semantics:channelsemanticsand memory semantics.
In channelsemanticssend/receie operationsare used
for communicationIn memorysemanticsiemotedirect
memory accessoperations(RDMA write and RDMA
read)are used. Currently two typesof transportser
vices, Reliable Connection(RC) and Unreliable Data-
gram(UD) areimplementedoy In niHost. In orderto
communicategachprocesscreatesa QueuePair (QP)
which consistsof a SendQueueanda Receve Queue.
The transportserviceneededhasto be speci ed when
the QPsare created.Communicatiorrequestsareiniti-
atedby postingWork QueueRequestgor descriptors)
to the work queues. The HCA executesthesework
requestsn the orderthat they are placedin the work
gueue. Whenthe HCA completesa requestit places
a CompletionQueueEntry (CQE) in the Completion
Queue(CQ). The processesanthen poll on the CQs
to checkfor completionof the requests. User buffers
usedfor transferringdatamustberegisteredrst before
they canbeusedfor communication.

Addressingof the destinationendpointsis deter
minedbasedon the QP servicetype. For RC QPs,the
destinatiomaddresss speci edwhenthe QPis created.
For UD QPs,thedestinatioraddres®f the nodeis con-
tainedin the addresshandlewhich is submittedin the
work request.

Someof the IBA featuresthat are of interestin the
messag@assingcontext aredescribedelow.

211 RDMA Read

This is a memorysemanticoperationthatallows a pro-
cessto reada virtually contiguousbuffer on a remote
nodeandwrite to a local memorybuffer. RDMA ser

viceis availableonly onthe RC transporimode.

2.1.2 RDMA Write

This memory semanticoperationallows a processto

write to a virtually contiguousbuffer on aremotenode.
This is a one-sidedperationthatdoesnot incur a soft-

wareoverheacdat theremoteside Thereis alsoa gather
list available to senddata from non-contiguoudocal

buffers. Figure 1 shavs the differencein latenciesbe-
tweenthe Send/Rece&ie andRDMA write operationsas
measuredn Clusterl, describedn Section6. We see
thattheperformanc®f RDMA write is muchbetterthan
thatof a Send/Receke operationandhenceit would be
bene cial to usethis primitive for our purposes.

2.1.3 Multicast

Multicastis theability to sendasinglemessagéo aspe-
ci ¢ addresaindhave it deliveredto multiple processes
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Figure 1. Comparison of RDMA write la-
tency with Send/Recv latency at the VAPI
layer (Cluster 1)

whichmaybeon differentendnodesThisfeatureis im-
plementedn the IB switch which replicatesthe multi-
castmessagandsendst to all thedesignatedecevers.
Performanceevaluationsof this multicastprimitive on
the In niScale switch shav thatit takesabout9.6 sto
senda 1-bytemessagé¢o 1 nodeand9.8 sto sendthe
messagdo 7 nodes. This shaws that the operationis
very scalableandcanbe usedeffectively to designscal-
ablecollective operationsThemulticastfacility is avail-
ableonly with the UD servicetype. The UD serviceis
connectionlesandunacknaevledged.It allows the con-
sumerof the QP to communicatevith any UD QP on
ary node, andthus greatly improvesthe scalability of
IBA. Currentversionof VAPI supportsa single multi-
castgroupthatincludesall the nodesin the subnet.We
have madeuseof this “broadcast”primitive for ourim-
plementation Whenthe laterversionsof VAPI provide
supportfor attachingo differentmulticastgroupsit will
be possibleto designnew algorithmswhere messages
aresentonly to aselectgroupof processes.

2.2 MessagePassinginterface

MessagédPassingnterface(MPI) is astandardibrary
speci cation for messagepassingin parallel applica-
tions. It de nes operationdor both point-to-pointand
collective communication. MPICH [4] from Argonne
NationalLaboratoryis apopularopensourceémplemen-
tation of the MPI standard.At the core of the MPICH
designis a small set of functionsthat form the Ab-
stractDevice Interface(ADI) [16]. TheADI allowseasy
portingof MPICH to variousinterconnectechnologies.
MVICH [6] from LawrenceBerkeley NationalLabora-
tory is onesuchimplementatiorof ADI2 for VIA based
clusters.MVAPICH [7] is theimplementatiorof ADI2
for the VAPI interfaceof theIn niHost HCAs andis de-
rivedfrom MVICH. Ourbarrierdesignijmplementation
andevaluationsin this paperhave beendoneusingthe
MVAPICH 0.8.5codebase.

3 ProposedBarrier Algorithms

In this sectionwe describethe threealgorithmsthat
we have designedandimplementedor the barrier op-
eration. The aim is to leveragethe fastestprotocols
(RDMA andmulticast)offeredby IBA to thefullest ex-
tent possible. In the following subsectionsve denote
processesisingsymbols, , andthetotal numberof
processefvolvedin the barrieris denotedby . We
referto the procesghathasa distinguishedole to play
in somealgorithmsastheroot. We indicatethe number
of thecurrentbarrierby the symbolbarrier id.

3.1 RDMA-based Pairwise Exchange(RPE)

Thealgorithmfor thebarrieroperatiorin the MPICH
distribution is called the Pairwise Exchange(PE) re-
cursive doubling algorithm. MPICH makes useof the
MPI_Sendand MPI_Recv calls for the implementation
of this algorithm. This is a recursve algorithmwhere
the nodesare pairedup andeachnodedoesa sendand
recevewith its partner If thenumberof nodesperform-
ing the barrieris a power of two, then every process
in this algorithmmalkes sendsandreceies,and
thustakes stepsIf  isnotapowerof two, then
thealgorithmtakes steps.Figure2 shavs
the stepsperformedor a8 nodebarrier
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Figure 2. Pairwise Exchange Algorithm

Now we describehow this algorithm can be per
formedusingthe RDMA Write primitive. The barrier
is a collective call, andsoeachproceskeepsarunning
countof thecurrentbarriernumberbarrierid. Eachpro-
cesshasanarrayof bytesof length . In eachstepof
the PE,process writesthebarrierid inthe  position
of thearrayof the partnemprocess . It thenwaitsfor the
barrierid to appeaiin the positionof its own array
Sinceeachprocesss directly polling on memaoryfor the
receptionof data,it avoids the overheadof postingde-
scriptorsandcopying of datafrom temporarybuffers,as
is the casewhenthe MPI_Recvcall is used.

Figure3 givesa pictorial representationf this algo-
rithm. Here is 4, andtheprocessearecalledPO,P1,
P2,andP3. In the rst stepPO doesan RDMA write
of barrierid, in this casel, to index 0 of P1's arrayand
waitsfor P1to write in index 1 of its own array In the
secondstepit performsthe sameoperationswith P2.
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Figure 3. Steps performed in RPE for a 4-
node barrier

3.2 RDMA-based Dissemination(RDS)

In this DisseminatiorBarrier algorithmasdescribed
in [10], thesynchronizatiofs notdonepairwiseasin the
previousalgorithm.In round , process sendsames-
sageto process = . It thenwaitsfor a
messagérom theprocess = . This



algorithmtakes stepsateachprocessirrespec-
tive of whethertherearepower of two or non-paver of
two numberof nodesandthusis amoreef cient pattern
of synchronizations.

The barriersignalingoperationsusing RDMA write
aredoneexactly asin the RPE algorithm, andthis al-
gorithm only variesin way in which the processesare
groupedfor communicationin eachstep.

TheFigure4 shavsthecommunicationn thevarious
stepsof this algorithmfor a barrieron 5 nodes.
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Figure 4. Dissemination Algorithm
and Multicast

3.3 RDMA-based Gather
(RGM)

In this schemethe barrier operationis divided into
two phases.In the rst phasecalledthe gather every
nodeindicatests arrival atthebarrierby sendinga mes-
sageto a specialprocessyoot This processof gather
canbedonein ahierarchicafashionby imposingalog-
ical tree structureon the processes.Onceroot hasre-
ceived the messagefrom all its children, it entersthe
multicastphaseln this phaseootbroadcasta message
to all the nodesto signalthatthey cannow exit the bar
rier.

In this two-steptechniquewe use RDMA writes in
the gatherphase. The processeare arrangedn a tree
structure. Eachprocesshasan array of byteson which
it polls for messagefom its children. Onceit receives
messagefom all its children,the procesdorwardsthe
messagéo its parent.

Whenroot recevesall the RDMA messagest does
a hardwaremulticastto all the processesThe multicast
messageontainghebarrierid. This phases aonestep
processsincethemulticastprimitiveis suchthatthesin-
gle messaggetssentto all themember®f themulticast
group.

Let us assumehat the gatherphaseis donewith a
maximumfan-inof . Thevalueof is chosento bea

value,and . Sothenumberof lev-
elsin thetreecreatedn this phase/\nll be
andthis is the numberof hopsdoneby the barrlerS|g-
nalto reachroot. In the multicastphasgust onestepis
taken by the root to signalcompletionof the barrierto
all nodes.

Figure5 shavshaow thisalgorithmworksfor abarrier
on 8 processesHerethe gatheris doneusinga 2 stage
treewith thevalueof as3. Proces®isroot Thevalue
for canbe chosenbasedon the numberof nodesand
the performancef the RDMA write operation.

4 Designlssues

We now discussthe intrinsic issuesassociatedvith
the designand implementationof the proposedalgo-
rithms. We discussthe buffer managementnd data
receptionissuesto be handledwhenusingRDMA. We
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Figure 5. Gather and Multicast Algorithm

alsodiscusshetechniquego addreliability for theUD
multicast. In this sectionwe presentdifferentalterna-
tivesfor eachof theseissues. In the next section,we
focuson our choicesandtheirimplementations.

4.1 Buffer Management

IBA speci cationrequireghatall thedatatransferbe
doneonly betweenbuffers that are registered. Imple-
menting collective operationson top of point-to-point
messagepassingcalls leadsus to rely on the internal
buffer managementind data transfer schemeswhich
might not alwaysbe optimalin thecollective operations
contet. In usingRDMA, we have bettercontrol of the
buffer consumptiorpatternsin orderto usethe RDMA
methodof datatransfer eachnodeis requiredto pin
somebuffers and send/receie datausingthem. Also,
the remotenodesshould be aware of the local buffer
addressandmemoryhandle , which meanshata hand-
shale for theaddresexchangeshouldbedone. Theal-
location andregistrationcan be doneat variousstages
duringthe life of the MPI application. The rst option
is for eachprocessto allocatea setof buffers for the
barrieroperatiorandexchangehe addresseduringthe
initialization phase(i.easa partof MPL_Init). Thedis-
adwantageof this approachs thatthe bufferswill beal-
locatedandpinnedevenif theapplicationis notmaking
ary barriercall.

The secondoptionis for the buffersto be registered
duringthe rst barriercall. This meanghatthe buffers
are allocatedonly when needed. However, buffer reg-
istrationis an expensve processandthereforethe rst
barriercall is boundto take moretime.

Another alternatve is to allow dynamic allocation
andregistrationof buffersduring every barriercall. But
this callsfor anaddres&xchangeoperationduringeach
barriercall.

4.2 Data Reception

The RDMA write operationis transparenat the re-
ceving endand hencethe receier is not aware of the
arrival of data. We needa mechanisnto notify there-
ceiver of thecompletionof the RDMA write.

Onemethodis to make useof theRDMA with imme-
diatedatafeature.This operationconsumes descriptor
at the remoteend and hencedeprives us of the trans-
pareny bene t of the RDMA write .

The other methodis for the receiver to poll on the
buffers for arrival of data. This meansthat when the
buffersareallocatedthey will needto beinitialized with
somespecialdataso that the dataarrival canbe recog-
nized.



4.3 Adding reliability for unreliable multicast
operations

The MPI speci cation assumeghat the underlying
communicationinterface is reliable and that the user
neednot copewith communicatiorfailures. Sincethe
multicastoperationin IBA is unreliable,reliability has
to behandledn our design.

One alternatve is to provide an acknavledgment
(ACK) messagdrom the processesfter every multi-
castmessagés received. The sendingprocesswaitsfor
the ACKs from all the nodesandretransmittherwise.
Thistechniquds veryexpensvesincethereis amessage
beingsentbackfrom everyprocesso theroot, evenafter
thebatrrieris logically completed.

Anothertechniquewould be for eachreceving pro-
cessto maintaina timer and senda negative acknawl-
edgment(NAK) whenit hasnot receved a message.
ThisNAK couldbesentusingthe Send/Recyrimitives.
Whenthe root procesgecevesthis messageit canre-
transmitthe multicastmessage.However, this means
thattheapplicationshouldmake someMPI| communica-
tion call in orderfor the root nodeto receve the paclet
andmake progress.

The IB speci cation allows for event handlersto
be calledwhena completionqueueentry is generated.
Thereis theoptionof triggeringtheseeventhandlerson
therecevesideonly if the“solicit” ag is setin themes-
sageby thesenderThisfacility canbeusedin the NAK
message By settingthe solicit ag, this messagerig-
gersthe event handlerat the , which thendoesa
retransmissiomf the multicastmessage.

5 Implementation Details
We now describethe designdecisionsmadeandthe
implementatiordetailsfor thethreealgorithms.

5.1 Buffer
change

Management and Address Ex-

Sincethe barrieris a collective call, during the rst
MPI_Barrier call, all the processesllocatememoryfor
thebarrier Thesizeof thememoryallocateds thesame
asthesizeof thecommunicatarEachelemenin thisal-
locatedarraywill be written by the correspondingro-
cessusingan RDMA write call. Sinceevery processn
the communicatotis identi ed by a rankthe arrayele-
mentscanbeindexedusingthis rankvalue.

In orderto performanRDMA write, aprocesseeds
to provide the remotememorys virtual addresandthe
memoryhandlethatis obtainedafter the registrationof
the memory After the allocation of the buffers, the
nodesexchangetheseaddressesind memory handles.
This addressexchangehappenausingthe sendandre-
ceive primitives.

This designoption seemgo be the bestamongthe
onesmentionedin Section4, sinceit ensureghat the
memoryis registeredonly if the applicationis involved
in collective operations. The overheadis also not in-
creasedasincethetime for addresgxchangewill always
be spent.eitherduringtheinitialization phasepr in the

rst barrierasis donecurrently Oncethe buffers are
allocatedthey canbe usedfor all the barriersexecuted
duringthelife of theprocess.

5.2 Data validation at the receving end

Thereis a static count called the that is
maintainedby eachprocess.This valueis always pos-
itive. So during the initialization we assigna negative
valueto all thearrayelementsWhena processeedsa
messagérom aremoteprocessit pollsthecorrespond-
ing array element. It waits for the valueto be greater
thanor equalto thecurrent . Thisis neededo
handlecaseswvith consecutie barriers.If oneprocesss
fasterthanthe other it will enterthe secondarrierbe-
foretheothercanexit the rst one.Thusit will write the
larger barriernumberin the array This designalterna-
tive seemso give the bestperformancemongall those
mentionedn Sectior4.

5.3 Handling UD multicast messagesalong
with the RC messages

In the broadcastphaseof the RGM algorithm we
make useof the multicastfeaturewhich usesUD pack-
ets. This requiresthatevery processreatea QP for the
UD servicetype. This is doneduring MPL_Init. The
addres®f the QPsis alsoexchangecamongall the pro-
cesses.The QP of eachprocesds alsoattachedo the
global multicastgroup in orderto enableit to receve
messagesentto the multicastgroup.

In the IB speci cation the UD message$ave the
initial 40 bytesassignedor the Global Route Header
(GRH). If the RC andUD completionsare sentto the
sameCQ, it will bedif cult to distinguishbetweenRC
andUD messagebasedn thedatacontentbecauseve
don'tknow wheretheactualdatastarts.Hencewe create
aseparat€Q for the UD work requestompletions.

5.4 Reliability

Oncea processsendsthe barriermessageéo its par
entin the gatherphasejt beginsto wait for the multi-
castmessagdrom the root. We imposea timeouton
this phase,and senda NAK to the root if no message
is receved within the time period speci ed. The NAK
messagés sentusingthe Sendprimitive andit contains
the“solicit” ag settotrue. TheNAK messagealsocon-
tainsthe thatthe processs currentlywaiting
to complete.

Whenthe NAK messagerrivesat the root, it trig-
gersthe registeredcompletionevent handler The root
thenchecksf themessagés valid retransmitrequesby
looking at the barriernumber It thendoesa retransmit
of themulticastmessagéor thatbarriernumber

We have seenin our clusterghattherateof dropping
UD pacletsis verylow, andhencethisreliability feature
is not calleduponoften. Also, sincelBA allows usto
specifyservicelevelsto QPs,we could assignhigh pri-
ority servicelevelsto the UD QPs.Thusthe chance®f
thesemessagegettingdroppeds reducedevenfurther.
We alsoseethatin thenormalscenariosvherethereare
no pacletsdroppedthereis nooverheadmposedoy the
reliability component.

6 PerformanceEvaluation

We conductedour performanceevaluationson the
following setof clusters.



Clusterl: A clusterof 8 SuperMicroSUPERP4DL6
nodes,eachwith dual Intel Xeon 2.4GHz processors,
512MB memory PCI-X 64-bit 133MHz bus, and con-
nectedto a Mellanox In niHost MT23108DualPort4x
HCA. The nodesare connectedisingthe Mellanox In-

niScale MT43132eight4x portswitch. TheLinux ker-
nelversionis 2.4.7-10smpTheln niHost SDK version
is 0.1.2andtheHCA rmw areversionis 1.17.

Cluster2: A clusterof 16 Microway nodesgachwith
dualintel Xeon2.4GHzprocessor2GB memory PCI-
X 64-bit 133MHzbus, andconnectedo a Topspin[17]
In niBand 4x HCA [18]. The HCAs are connectedo
the Topspin360 SwitchedComputingSystemwhichis
a24portdxIn niBand switchwith theability to include
upto 12 gatevay cardsin thechassisTheLinux kernel
versionis 2.4.18-10smpTheHCA SDK versionis 0.1.2
and rmw areversionis 1.17.

The barrier latenyy was obtained by executing
MPI_Barrier 1000timesandthe averageof thelatencies
acrossll thenodeswascalculated.

Figure7 and8 shav the performanceomparisonsf
the threeproposeddarrieralgorithmswith MPI-PE, the
standardpairwise exchangeMPICH implementaionof
the barrier On the left-handsidewe show the absolute
valuesof the barrierlateng/ andon the right-handside
we shaw thefactorsof improvement.

In Figure7(a) and 7(c), we seethat RPEand RDS
perform betterthan MPI-PE. For group sizesof 2 and
4, RGM doesworse becausehe baselateng of the
UD multicastoperationis greaterthanthat of a single
RDMA write. The performanceof RPE and RDS for
powers-of-2 group sizesis very similar. For 8 nodes
in Cluster1, we gain as much as 1.25 factor of im-
provementwith RPEand1.27with RDS,asseenn Fig-
ure7(b). Figure7(d) shavsthatin Cluster2, RGM does
thebestfor 16 nodeswith animprovementof 1.29. This
is becausdor larger groupsizes,RGM hasthe bene t
of theconstantime multicastphase.

Figure 8 illustratesthe performancegains obtained
for all groupsizes. We seethat the pairwiseexchange
algorithms MPI-PE andRPE,alwayspenalizethe non-
power-of-2 casesandthisis notseenn RDSandRGM.
Henceon Clusterl, RDSandRGM gaina performance
improvementof up to 1.64 and 1.71 respectiely. On
Cluster2, we seethatRGM performsbestin mostcases
andthe maximumfactor of improvementseenis 1.59.
We seethatthefactorof improvementfor RPEis almost
aconstanin all casedecaus¢hebene tis obtainedby
theconstantifferencen thelateng betweerapoint-to-
point send/receie operationand an RDMA-Write/poll
operation.

The performanceof the RGM algorithmvarieswith
the valuesfor maximumfan-inin the gatherphase.As
this valuedecreasegheheightof thetreeincreasesind
this will increasethe numberof RDMA writes being
done.Butif thisvalueis large,the parentnodebecomes
ahot-spotthatcould possiblycausedegradationin per
formance.Hencewe needto choosethe optimal value
for the fan-in. From Figure 6, we seethat the fan-in
valueof 7 performsthe best. Hencefor all our perfor
manceevaluationsve choosehisvaluein theRGM im-
plementation.

As mentionedearlier, the pairwise exchangealgo-
rithm doesbadly for non-paver-of-2 group sizesbe-
causeof 2 extra operations.Hencein orderto do afair

Fan-in 3 ——+—

Time (sec)

2 4 6 8 10 12 14 16
Number of Nodes

Figure 6. Performance of RGM algorithm
for varying fan-in values on Cluster 2

comparisonwe implementedthe Disseminationalgo-

rithm with the point-to-pointMPI functions. We refer

to thisasMPI-DS. Thebarrierlatenciesof the proposed
algorithmsarebetterthanthatof MPI-DS too. Figure9

shavsthe comparisorof theRDSandRGM implemen-
tationswith MPI-DS. It is to benotedthatinspiteof pro-

viding bene tsto thecurrentMPI implementationRDS

achieres up to 1.36 factor of improvement,and RGM

achieves1.460n Clusterl. We seeanimprovementof

1.32with RDSand1.48with RGM on Cluster2.

7 RelatedWork

Thebene ts of usingRDMA for point-to-pointmes-
sagepassingoperationsfor IBA clustershasbeende-
scribedin [8]. The methodsand issuesinvolved in
implementingpoint-to-pointoperationsover one-sided
communicatiorprotocolsin LAPI arepresentedn [1].
However using these optimized point-to-point opera-
tionsdoesnot eliminatethe datacopy, buffering andtag
matchingoverheads.A lot of researcthastaken place
in the pastto designanddevelopoptimalalgorithmsfor
collective operationson variousnetworks using point-
to-pointprimitives,but notmuchwork hasbeendoneon
selectionof the communicatiorprimitivesthemseles.

RDMA basedlesignof collective operationgor VIA
basedclusters[13, 14] hasbeenstudiedearlier Com-
bining remotememoryand intra-nodesharedmemory
for efcient collective operationson IBM SP hasbeen
presentedn [19]. None of thesepapersfocuson tak-
ing advantageof novel mechanismsn IBA to develop
ef cient collective operations.

8 Conclusionsand Future Work

In this paper we have presentedthree new ap-
proachegRPE, RDS, and RGM) to efciently imple-
mentthe barrieroperationon IBA-basedclusterswhile
taking advantageof the RDMA andmulticastfunction-
alities of IBA. The experimentalresultswe achieved
on 8 and 16 nodeclustersshaw that the proposedap-
proachesigni cantly outperformthecurrentbarrierim-
plementationin MPI thatusepoint-to-pointmessaging.
TheRGM schemeendsto performwell for largergroup
sizes,while RPE and RDS perform betterfor smaller
groups.Theresultsalsoshowv thatthe schemesrescal-
ablewith systemsizeandwill provide betterbene tsfor
larger clusters. Thereforewe arrive at the conclusion
thatthe ef ciency of the barrieroperationscanbe con-
siderablyimprovedcomparedo thetraditionalpoint-to-
point messagingalls basedimplementationsy using
thenovel mechanismsf IBA.
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Figure 8. Comparison of MPI-PE with the proposed algorithms for all group sizes on Clusters 1
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Figure 9. Comparison of MPI-DS with the proposed algorithms on Clusters 1 and 2

This paperconcentratedn the barrieroperation.We
arealsoworking on extendingtheseideasto implement
othercollective operationdik e broadcasandallreduce.
We expectthe challengesaindscopefor improvementto
be greaterin thesecasedecaus®f the datatransferin-
volvedin theseoperations We arealsoplanningto use
the other featuresof IBA, like supportfor atomicand
RDMA readoperationgo implementthe collective op-
erationsef ciently .
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