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Abstract

This paper describesa methodology for ef�ciently
implementingthecollectiveoperations,in this casethe
barrier, on clusters with the emerging In�niBand Ar-
chitecture (IBA). IBA provideshardware level support
for theRemoteDirectMemoryAccess(RDMA)message
passingmodelas well as the multicastoperation. Ex-
ploiting thesefeaturesof In�niBand to ef�ciently imple-
mentthebarrier operation is a challenge in itself. This
paper describesthe design,implementationand eval-
uation of three barrier algorithmsthat leverage these
mechanisms. Performanceevaluation studiesindicate
that considerable bene�ts can be achievedusing these
mechanismscomparedto thetraditional implementation
basedonthepoint-to-pointmessagepassingmodel.Our
experimentalresultsshowa performancebene�tof upto
1.29timesfor a 16-nodebarrier andupto 1.71timesfor
non-powers-of-2groupsizebarriers. Each proposedal-
gorithm performsthe bestfor certain rangesof group
sizesand the optimal algorithm can be chosenbased
on this range. To thebestof our knowledge, this is the
�r st attemptto characterizethe multicastperformance
in IBA andto demonstratethebene�tsachievedbycom-
bining it with RDMAoperationsfor ef�cient implemen-
tationsof barrier.

1 Intr oduction

The barrieroperation[15] is a commonlyusedcol-
lective operationin parallelapplicationsthataredevel-
opedusing the MessagePassingInterface(MPI) [11]
programmingmodel. Barriersareusedfor synchroniz-
ing theparallelprocessesandinvolvenotransferof data.
They maybeusedto separatephasesof an application
program. The MPI Barrier function call is invoked by
all theprocessesin a group. This call blocksa process
until all the other membersin the grouphave invoked
it. An ef�cient implementationof the barrier is essen-
tial becauseit is ablockingcall andnocomputationcan
be performedin parallelwith this call. Fasterbarriers
improve the parallelspeedupof applicationsandhelps
in scalability. Thereforeit is importantto minimize the
timespentwaitingonbarriers.
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The fast improving performanceof the modernday
interconnectshasled to theshift in communicationbot-
tleneckfrom thenetwork fabric to thesoftwarelayerat
the sendingand receiving ends. Henceit is vital that
thesoftwaredevelopersmake the bestuseof the prim-
itives offered by the interconnectsand implementthe
messaginglayerswith minimal overheads.Communi-
cationprotocolssuchasAM [20], LAPI [3], EMP [12],
VIA [2] have madeuser-level transferof datapossible
without the needfor kernelcontext switchesandmul-
tiple datacopies. Theseuserlevel protocolsprovide a
send/receive model of communicationwhich calls for
postingof descriptorsat the senderand receiver ends.
Recenttechnologieslike VIA andIn�niBand Architec-
ture [5] alsooffer a differentmodelbasedon memory
semantics.They allow transferof datadirectly between
user level buffers on remotenodeswithout the active
participationof either the senderor the receiver. This
methodof operationis called RemoteDirect Memory
Access(RDMA). RDMA allows a processto directly
accessa remoteprocess'userbuffer without theremote
processmakingan explicit function call. Thereneeds
to be someinitial addressexchangedonebetweenpro-
cesseson theendnodes.After this initial handshake,the
sendsaretransparentto thereceiverandthereis nopost-
ing of receivedescriptorsbeingdonein thecritical path.

In theearliergenerationMPPandSMPsystems,col-
lective operationswereachievedby usingspecialhard-
waresupport. Today parallelsystemsare increasingly
being built out of affordablecommodityworkstations
andinterconnects.Thesecurrentgenerationclustersuse
softwarebasedcollective operationsbasedon point-to-
point communication.In currentgenerationclustersthe
MPI collective operationsareimplementedusingalgo-
rithms that usethe MPI point-to-pointcommunication
calls. When an operationlike barrier is executedthe
nodesmake explicit sendandreceive calls. Thereceive
operationis generallyan expensive operationsince it
involvespostinga descriptorfor the message.Also, if
themessagearrivesbeforethereceive call is made,it is
placedin a temporarybuffer. Thereceive functionthen
hasto searchtheunexpectedqueuefor themessageand
whenfound the datais copiedinto the userbuffer. All
this processingaddsconsiderableoverheadto thebasic
send-receive latency, therebymaking the entirebarrier
operationslower. This is thekind of overheadthat can
beeffectively eliminatedusingRDMA operations.

Anotherattractive featurein theIBA networksis the
supportfor hardware-basedmulticast.This primitive is
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providedundertheUnreliableDatagram(UD) transport
mode. IBA allows processesto attachto a multicast
group and then the messagesent to the group will be
deliveredto all theprocessesin thegroup. This means
that a single descriptorneedsto be postedin order to
performa collectiveoperation.

Given thesepowerful and ef�cient featuresin IBA
we are facedwith the interestingquestionof whether
theseremotememorydatatransferand multicastsup-
port in IBA clusterscanbe madeuseof for optimizing
the performanceof collective operations. While most
earlierwork focusedon optimizingcollective operation
basedon the Send/Recvmodel, Guptaet al [14] pro-
posedan RDMA basedalgorithmfor VIA-basedclus-
ters. The performancecharacteristicsof IBA networks
and the addedfeatureslead us to rethink the way in
whichbarriersarecurrentlyimplemented.

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

1. Can we optimizethe MPI collectiveoperations
by usingalgorithmsthat leverage theRDMAprimitives
in IBA insteadof algorithmsthat usethe existing MPI
point-to-pointoperations?

2. Canthemulticastprimitivesin IBA beusedto im-
plementscalablecollectivecommunicationoperations?

The paper shows that replacing the point-to-point
communicationcalls in the collective operationswith
fasterlower-leveloperationscanprovidesigni�cant per-
formancegains. Performanceimprovementis possible
due to variousreasons.Primarily, the numberof data
copiesis reducedby avoiding point-to-pointmessaging
protocols. Also, softwareoverheadslike tag matching
andunexpectedmessagehandlingareeliminated. The
hardwaremulticastfeature�ts in well with the seman-
ticsof collectiveoperationsandhencecanbeutilisedto
ouradvantage.

We proposethreealgorithmsthat utilize thesefea-
turesin IBA. Thesealgorithmswere implementedand
integrated into the MVAPICH [7] implementationof
MPI over IBA, and we discussthe designand imple-
mentationissues. We also presentthe resultsof our
performanceevaluationson two differentclusters,and
show that considerablebene�ts areachieved using the
proposedtechniques.

Therestof thepaperis organizedasfollows: Section
2 givesanoverview of IBA, andMVAPICH. In Section
3 we describethe prposedalgorithms. Section4 dis-
cussestheissuesinvolvedin designandin Section5 we
describethe detailsof the implementation. Section6
presentstheexperimentalresults.We mentionsomere-
latedwork in Section7 andconcludein Section8.

2 Overview of IBA and MVAPICH
In this sectionwe provideanoverview of In�niBand

Architectureandthesetof featuresthat canbe utilized
for the ef�cient implementationof point-to-point and
collective messagepassingoperations.We alsoprovide
a brief overview of the MVAPICH messagepassingli-
brary.

2.1 In�niBand Ar chitecture

In�niBand Architecture[5] is emerging as the next
generationinterconnectfor I/O andinter-processcom-
munication. This industry standard uses scalable

switchedserial links to designclustersandserversof-
fering high bandwidthandlow latency. IBA makesuse
of kernel-bypasstechniquesto offerzero-processorcopy
datatransfersbetweenuser level processeson remote
nodes. In an In�niBand network, nodesareconnected
to the IBA fabric using ChannelAdapters(CA). Host
ChannelAdapters(HCA) areinstalledinto theprocess-
ing nodesandinitiate communicationwithin thefabric.
Target ChannelAdapters(TCA) connectI/O nodesto
thefabric.

IBA de�nesasemanticinterfacecalledVerbsto con-
�gure, manageandoperatea HCA. VAPI is the Verbs
implementationprovidedby MellanoxTechnologies[9]
for theHCAs. It supportstwo kindsof communication
semantics:channelsemanticsand memorysemantics.
In channelsemantics,send/receive operationsareused
for communication.In memorysemantics,remotedirect
memoryaccessoperations(RDMA write and RDMA
read)are used. Currently, two typesof transportser-
vices,ReliableConnection(RC) andUnreliableData-
gram(UD) areimplementedby In�niHost. In orderto
communicate,eachprocesscreatesa QueuePair (QP)
which consistsof a SendQueueanda Receive Queue.
The transportserviceneededhasto be speci�ed when
theQPsarecreated.Communicationrequestsareiniti-
atedby postingWork QueueRequests(or descriptors)
to the work queues. The HCA executesthesework
requestsin the order that they are placedin the work
queue. When the HCA completesa requestit places
a CompletionQueueEntry (CQE) in the Completion
Queue(CQ). The processescan then poll on the CQs
to checkfor completionof the requests.User buffers
usedfor transferringdatamustberegistered�rst before
they canbeusedfor communication.

Addressingof the destinationendpointsis deter-
minedbasedon the QP servicetype. For RC QPs,the
destinationaddressis speci�ed whentheQPis created.
For UD QPs,thedestinationaddressof thenodeis con-
tainedin the addresshandlewhich is submittedin the
work request.

Someof the IBA featuresthat areof interestin the
messagepassingcontext aredescribedbelow.

2.1.1 RDMA Read
This is a memorysemanticoperationthatallows a pro-
cessto reada virtually contiguousbuffer on a remote
nodeandwrite to a local memorybuffer. RDMA ser-
vice is availableonly on theRC transportmode.

2.1.2 RDMA Write
This memory semanticoperationallows a processto
write to a virtually contiguousbuffer on a remotenode.
This is a one-sidedoperationthatdoesnot incur a soft-
wareoverheadat the remotesideThereis alsoa gather
list available to senddata from non-contiguouslocal
buffers. Figure1 shows the differencein latenciesbe-
tweentheSend/ReceiveandRDMA write operationsas
measuredon Cluster1, describedin Section6. We see
thattheperformanceof RDMA write is muchbetterthan
thatof a Send/Receive operationandhenceit would be
bene�cial to usethis primitive for our purposes.

2.1.3 Multicast
Multicastis theability to sendasinglemessageto aspe-
ci�c addressandhave 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)

whichmaybeondifferentendnodes.This featureis im-
plementedin the IB switch which replicatesthe multi-
castmessageandsendsit to all thedesignatedreceivers.
Performanceevaluationsof this multicastprimitive on
the In�niScale switchshow that it takesabout9.6� s to
senda 1-bytemessageto 1 nodeand9.8� s to sendthe
messageto 7 nodes. This shows that the operationis
veryscalableandcanbeusedeffectively to designscal-
ablecollectiveoperations.Themulticastfacility is avail-
ableonly with theUD servicetype. TheUD serviceis
connectionlessandunacknowledged.It allows thecon-
sumerof the QP to communicatewith any UD QP on
any node,and thus greatly improvesthe scalability of
IBA. Currentversionof VAPI supportsa singlemulti-
castgroupthat includesall thenodesin thesubnet.We
have madeuseof this “broadcast”primitive for our im-
plementation.Whenthe laterversionsof VAPI provide
supportfor attachingto differentmulticastgroupsit will
be possibleto designnew algorithmswheremessages
aresentonly to a selectgroupof processes.

2.2 MessagePassingInterface

MessagePassingInterface(MPI) is astandardlibrary
speci�cation for messagepassingin parallel applica-
tions. It de�nes operationsfor both point-to-pointand
collective communication. MPICH [4] from Argonne
NationalLaboratoryis apopularopensourceimplemen-
tation of the MPI standard.At the coreof the MPICH
design is a small set of functions that form the Ab-
stractDeviceInterface(ADI) [16]. TheADI allowseasy
portingof MPICH to variousinterconnecttechnologies.
MVICH [6] from LawrenceBerkeley NationalLabora-
tory is onesuchimplementationof ADI2 for VIA based
clusters.MVAPICH [7] is the implementationof ADI2
for theVAPI interfaceof theIn�niHost HCAsandis de-
rivedfrom MVICH. Ourbarrierdesign,implementation
andevaluationsin this paperhave beendoneusingthe
MVAPICH 0.8.5codebase.

3 ProposedBarrier Algorithms
In this sectionwe describethe threealgorithmsthat

we have designedandimplementedfor the barrierop-
eration. The aim is to leveragethe fastestprotocols
(RDMA andmulticast)offeredby IBA to thefullestex-
tent possible. In the following subsectionswe denote
processesusingsymbols� , � , � andthetotal numberof
processesinvolved in the barrier is denotedby � . We
refer to theprocessthathasa distinguishedrole to play
in somealgorithmsastheroot. We indicatethenumber
of thecurrentbarrierby thesymbolbarrier id.

3.1 RDMA­basedPairwise Exchange(RPE)

Thealgorithmfor thebarrieroperationin theMPICH
distribution is called the Pairwise Exchange(PE) re-
cursive doublingalgorithm. MPICH makesuseof the
MPI SendandMPI Recvcalls for the implementation
of this algorithm. This is a recursive algorithmwhere
thenodesarepairedup andeachnodedoesa sendand
receivewith its partner. If thenumberof nodesperform-
ing the barrier is a power of two, then every process
in this algorithmmakes ���	��
�� sendsandreceives,and
thustakes �
��� 
 � steps.If � is notapowerof two, then
thealgorithmtakes �����	� 
 ������� steps.Figure2 shows
thestepsperformedfor a8 nodebarrier.

0 1 2 3 4 5 6 7 Step 1

Step 2
Step 3

Figure 2. Pairwise Exchange Algorithm

Now we describehow this algorithm can be per-
formedusingthe RDMA Write primitive. The barrier
is a collective call, andsoeachprocesskeepsa running
countof thecurrentbarriernumber, barrierid. Eachpro-
cesshasan arrayof bytesof length � . In eachstepof
thePE,process� writesthebarrierid in the ����� position
of thearrayof thepartnerprocess� . It thenwaitsfor the
barrierid to appearin the ����� positionof its own array.
Sinceeachprocessis directlypolling onmemoryfor the
receptionof data,it avoids theoverheadof postingde-
scriptorsandcopying of datafrom temporarybuffers,as
is thecasewhentheMPI Recvcall is used.

Figure3 givesa pictorial representationof this algo-
rithm. Here � is 4, andtheprocessesarecalledP0,P1,
P2, andP3. In the �rst stepP0 doesan RDMA write
of barrierid, in this case1, to index 0 of P1's arrayand
waits for P1 to write in index 1 of its own array. In the
secondstepit performsthesameoperationswith P2.

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

0 1 2 30 1 2 30 1 2 3 0 1 2 3

P3P2P1P0

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

P0 P1 P2 P3

-1 1 -1 1 -1 -1 -1 -1 1 -1 1 -1

Step 1

Step 2

11 1 1

1111

Figure 3. Steps performed in RPE for a 4-
node barrier

3.2 RDMA­basedDissemination(RDS)

In this DisseminationBarrieralgorithmasdescribed
in [10], thesynchronizationis notdonepairwiseasin the
previousalgorithm. In round � , process� sendsa mes-
sageto process� = �������	 "!#�%$'&(� . It thenwaits for a
messagefrom theprocess� = ���'�)�+*,�	 -!#�%$'&(� . This
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algorithmtakes � �
��� 
 ��� stepsateachprocess,irrespec-
tive of whethertherearepower of two or non-powerof
two numberof nodesandthusis amoreef�cient pattern
of synchronizations.

The barriersignalingoperationsusingRDMA write
aredoneexactly as in the RPEalgorithm,and this al-
gorithm only variesin way in which the processesare
groupedfor communicationin eachstep.

TheFigure4 showsthecommunicationin thevarious
stepsof thisalgorithmfor abarrieron5 nodes.

0 0 0

1 1 1

2223 3 3

444

Step 1 Step 2 Step 3

Figure 4. Dissemination Algorithm

3.3 RDMA­based Gather and Multicast
(RGM)

In this scheme,the barrieroperationis divided into
two phases.In the �rst phasecalled the gather, every
nodeindicatesits arrival at thebarrierby sendingames-
sageto a specialprocess,root. This processof gather
canbedonein ahierarchicalfashionby imposinga log-
ical treestructureon the processes.Onceroot hasre-
ceived the messagesfrom all its children, it entersthe
multicastphase.In thisphaserootbroadcastsamessage
to all thenodesto signalthat they cannow exit thebar-
rier.

In this two-steptechniquewe useRDMA writes in
the gatherphase.The processesarearrangedin a tree
structure.Eachprocesshasan arrayof byteson which
it polls for messagesfrom its children.Onceit receives
messagesfrom all its children,theprocessforwardsthe
messageto its parent.

Whenroot receivesall theRDMA messages,it does
a hardwaremulticastto all theprocesses.Themulticast
messagecontainsthebarrierid. Thisphaseis aonestep
process,sincethemulticastprimitiveis suchthatthesin-
glemessagegetssentto all themembersof themulticast
group.

Let us assumethat the gatherphaseis donewith a
maximumfan-in of � . The valueof � is chosento be a
��� $��	��
'$
��� *�� ! value,and����� . Sothenumberof lev-
els in the treecreatedin this phasewill be � �
������������� ,
andthis is the numberof hopsdoneby thebarriersig-
nal to reachroot. In themulticastphasejust onestepis
taken by the root to signalcompletionof the barrierto
all nodes.

Figure5 showshow thisalgorithmworksfor abarrier
on 8 processes.Herethegatheris doneusinga 2 stage
treewith thevalueof � as3. Process0 is root. Thevalue
for � canbe chosenbasedon the numberof nodesand
theperformanceof theRDMA write operation.

4 DesignIssues
We now discussthe intrinsic issuesassociatedwith

the designand implementationof the proposedalgo-
rithms. We discussthe buffer managementand data
receptionissuesto be handledwhenusingRDMA. We

0 1 2 3 4 5 6 7 Multicast Step 3

Gather     Step 2

Gather     Step 1

Figure 5. Gather and Multicast Algorithm

alsodiscussthetechniquesto addreliability for theUD
multicast. In this sectionwe presentdifferentalterna-
tives for eachof theseissues. In the next section,we
focusonour choicesandtheir implementations.

4.1 Buffer Management

IBA speci�cationrequiresthatall thedatatransferbe
doneonly betweenbuffers that are registered. Imple-
mentingcollective operationson top of point-to-point
messagepassingcalls leadsus to rely on the internal
buffer managementand data transfer schemeswhich
mightnotalwaysbeoptimalin thecollectiveoperations
context. In usingRDMA, we have bettercontrolof the
buffer consumptionpatterns.In orderto usetheRDMA
methodof data transfer, eachnode is requiredto pin
somebuffers andsend/receive datausing them. Also,
the remotenodesshouldbe aware of the local buffer
addressandmemoryhandle,which meansthata hand-
shake for theaddressexchangeshouldbedone.Theal-
locationandregistrationcanbe doneat variousstages
during the life of theMPI application.The �rst option
is for eachprocessto allocatea set of buffers for the
barrieroperationandexchangetheaddressesduringthe
initialization phase(i.e,asa partof MPI Init). Thedis-
advantageof this approachis that thebufferswill beal-
locatedandpinnedevenif theapplicationis notmaking
any barriercall.

The secondoption is for thebuffers to be registered
during the�rst barriercall. This meansthat thebuffers
areallocatedonly whenneeded.However, buffer reg-
istration is an expensive processandthereforethe �rst
barriercall is boundto takemoretime.

Another alternative is to allow dynamic allocation
andregistrationof buffersduringeverybarriercall. But
thiscallsfor anaddressexchangeoperationduringeach
barriercall.

4.2 Data Reception

The RDMA write operationis transparentat the re-
ceiving endandhencethe receiver is not awareof the
arrival of data. We needa mechanismto notify the re-
ceiverof thecompletionof theRDMA write.

Onemethodis to makeuseof theRDMA with imme-
diatedatafeature.Thisoperationconsumesadescriptor
at the remoteend and hencedeprivesus of the trans-
parency bene�t of theRDMA write .

The other methodis for the receiver to poll on the
buffers for arrival of data. This meansthat when the
buffersareallocated,they will needto beinitializedwith
somespecialdataso that thedataarrival canbe recog-
nized.

4



4.3 Adding reliability for unreliable multicast
operations

The MPI speci�cation assumesthat the underlying
communicationinterface is reliable and that the user
neednot copewith communicationfailures. Sincethe
multicastoperationin IBA is unreliable,reliability has
to behandledin our design.

One alternative is to provide an acknowledgment
(ACK) messagefrom the processesafter every multi-
castmessageis received.Thesendingprocesswaitsfor
theACKs from all thenodesandretransmitsotherwise.
Thistechniqueis veryexpensivesincethereis amessage
beingsentbackfrom everyprocessto theroot,evenafter
thebarrieris logically completed.

Anothertechniquewould be for eachreceiving pro-
cessto maintaina timer andsenda negative acknowl-
edgment(NAK) when it has not received a message.
ThisNAK couldbesentusingtheSend/Recvprimitives.
Whentheroot processreceivesthis message,it canre-
transmit the multicastmessage.However, this means
thattheapplicationshouldmakesomeMPI communica-
tion call in orderfor theroot nodeto receive thepacket
andmakeprogress.

The IB speci�cation allows for event handlersto
be calledwhena completionqueueentry is generated.
Thereis theoptionof triggeringtheseeventhandlerson
thereceivesideonly if the“solicit” �ag is setin themes-
sageby thesender. This facility canbeusedin theNAK
message.By settingthe solicit �ag, this messagetrig-
gersthe event handlerat the 
'$'$�� , which then doesa
retransmissionof themulticastmessage.

5 Implementation Details
We now describethedesigndecisionsmadeandthe

implementationdetailsfor thethreealgorithms.

5.1 Buffer Management and Addr ess Ex­
change

Sincethe barrier is a collective call, during the �rst
MPI Barriercall, all theprocessesallocatememoryfor
thebarrier. Thesizeof thememoryallocatedis thesame
asthesizeof thecommunicator. Eachelementin thisal-
locatedarraywill be written by thecorrespondingpro-
cessusinganRDMA write call. Sinceevery processin
the communicatoris identi�ed by a rank the arrayele-
mentscanbeindexedusingthis rankvalue.

In orderto performanRDMA write, aprocessneeds
to provide theremotememory's virtual addressandthe
memoryhandlethat is obtainedafter theregistrationof
the memory. After the allocation of the buffers, the
nodesexchangetheseaddressesand memoryhandles.
This addressexchangehappensusingthe sendandre-
ceiveprimitives.

This designoption seemsto be the bestamongthe
onesmentionedin Section4, sinceit ensuresthat the
memoryis registeredonly if theapplicationis involved
in collective operations. The overheadis also not in-
creasedsincethetime for addressexchangewill always
bespent,eitherduringtheinitialization phase,or in the
�rst barrier as is donecurrently. Oncethe buffers are
allocated,they canbeusedfor all thebarriersexecuted
duringthelife of theprocess.

5.2 Data validation at the receiving end

There is a static count called the ����
�
 � ��
 � & that is
maintainedby eachprocess.This valueis alwayspos-
itive. So during the initialization we assigna negative
valueto all thearrayelements.Whena processneedsa
messagefrom a remoteprocess,it polls thecorrespond-
ing arrayelement. It waits for the value to be greater
thanor equalto thecurrent����
�
 � ��
 � & . This is neededto
handlecaseswith consecutivebarriers.If oneprocessis
fasterthantheother, it will enterthesecondbarrierbe-
foretheothercanexit the�rst one.Thusit will write the
largerbarriernumberin thearray. This designalterna-
tiveseemsto give thebestperformanceamongall those
mentionedin Section4.

5.3 Handling UD multicast messagesalong
with the RC messages

In the broadcastphaseof the RGM algorithm we
make useof themulticastfeaturewhich usesUD pack-
ets.This requiresthatevery processcreatea QPfor the
UD servicetype. This is doneduring MPI Init. The
addressof theQPsis alsoexchangedamongall thepro-
cesses.The QP of eachprocessis alsoattachedto the
global multicastgroup in order to enableit to receive
messagessentto themulticastgroup.

In the IB speci�cation the UD messageshave the
initial 40 bytesassignedfor the Global RouteHeader
(GRH). If the RC andUD completionsaresentto the
sameCQ, it will bedif�cult to distinguishbetweenRC
andUD messagesbasedon thedatacontentbecausewe
don't know wheretheactualdatastarts.Hencewecreate
aseparateCQfor theUD work requestcompletions.

5.4 Reliability

Oncea processsendsthebarriermessageto its par-
ent in the gatherphase,it begins to wait for the multi-
castmessagefrom the root. We imposea timeout on
this phase,andsenda NAK to the root if no message
is receivedwithin the time periodspeci�ed. The NAK
messageis sentusingtheSendprimitiveandit contains
the“solicit” �ag setto true.TheNAK messagealsocon-
tainsthe ����
�
 � ��
 � & that theprocessis currentlywaiting
to complete.

When the NAK messagearrivesat the root, it trig-
gersthe registeredcompletionevent handler. The root
thenchecksif themessageis valid retransmitrequestby
looking at thebarriernumber. It thendoesa retransmit
of themulticastmessagefor thatbarriernumber.

We haveseenin ourclustersthattherateof dropping
UD packetsis verylow, andhencethisreliability feature
is not calleduponoften. Also, sinceIBA allows us to
specifyservicelevelsto QPs,we couldassignhigh pri-
ority servicelevelsto theUD QPs.Thusthechancesof
thesemessagesgettingdroppedis reducedevenfurther.
We alsoseethatin thenormalscenarioswherethereare
nopacketsdropped,thereis nooverheadimposedby the
reliability component.

6 PerformanceEvaluation
We conductedour performanceevaluationson the

following setof clusters.
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Cluster1 : A clusterof 8 SuperMicroSUPERP4DL6
nodes,eachwith dual Intel Xeon 2.4GHz processors,
512MB memory, PCI-X 64-bit 133MHz bus, andcon-
nectedto a Mellanox In�niHost MT23108DualPort4x
HCA. The nodesareconnectedusingtheMellanox In-
�niScale MT43132eight4x portswitch.TheLinux ker-
nelversionis 2.4.7-10smp.TheIn�niHost SDK version
is 0.1.2andtheHCA �rmw areversionis 1.17.

Cluster2 : A clusterof 16Microwaynodes,eachwith
dualIntel Xeon2.4GHzprocessors,2GB memory, PCI-
X 64-bit 133MHzbus,andconnectedto a Topspin[17]
In�niBand 4x HCA [18]. The HCAs areconnectedto
theTopspin360SwitchedComputingSystem,which is
a24port4x In�niBand switchwith theability to include
up to 12gatewaycardsin thechassis.TheLinux kernel
versionis 2.4.18-10smp.TheHCA SDK versionis 0.1.2
and�rmw areversionis 1.17.

The barrier latency was obtained by executing
MPI Barrier1000timesandtheaverageof thelatencies
acrossall thenodeswascalculated.

Figure7 and8 show theperformancecomparisonsof
thethreeproposedbarrieralgorithmswith MPI-PE,the
standardpairwiseexchangeMPICH implementaionof
thebarrier. On the left-handsidewe show theabsolute
valuesof thebarrierlatency andon the right-handside
we show thefactorsof improvement.

In Figure7(a) and7(c), we seethat RPEandRDS
performbetterthanMPI-PE. For groupsizesof 2 and
4, RGM doesworse becausethe baselatency of the
UD multicastoperationis greaterthanthat of a single
RDMA write. The performanceof RPEand RDS for
powers-of-2group sizesis very similar. For 8 nodes
in Cluster 1, we gain as much as 1.25 factor of im-
provementwith RPEand1.27with RDS,asseenin Fig-
ure7(b). Figure7(d)showsthatin Cluster2, RGM does
thebestfor 16nodeswith animprovementof 1.29.This
is becausefor larger groupsizes,RGM hasthe bene�t
of theconstanttimemulticastphase.

Figure 8 illustratesthe performancegainsobtained
for all groupsizes. We seethat the pairwiseexchange
algorithms,MPI-PEandRPE,alwayspenalizethenon-
power-of-2 cases,andthis is notseenin RDSandRGM.
HenceonCluster1, RDSandRGM gaina performance
improvementof up to 1.64 and 1.71 respectively. On
Cluster2, weseethatRGM performsbestin mostcases
andthe maximumfactorof improvementseenis 1.59.
Weseethatthefactorof improvementfor RPEis almost
aconstantin all casesbecausethebene�t is obtainedby
theconstantdifferencein thelatency betweenapoint-to-
point send/receive operationandan RDMA-Write/poll
operation.

The performanceof the RGM algorithmvarieswith
thevaluesfor maximumfan-in in thegatherphase.As
this valuedecreases,theheightof thetreeincreasesand
this will increasethe numberof RDMA writes being
done.But if thisvalueis large,theparentnodebecomes
a hot-spot,thatcouldpossiblycausedegradationin 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-
manceevaluationswechoosethisvaluein theRGM im-
plementation.

As mentionedearlier, the pairwise exchangealgo-
rithm doesbadly for non-power-of-2 group sizesbe-
causeof 2 extra operations.Hencein orderto do a fair
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Figure 6. Performance of RGM algorithm
for varying fan-in values on Cluster 2

comparison,we implementedthe Disseminationalgo-
rithm with the point-to-pointMPI functions. We refer
to thisasMPI-DS.Thebarrierlatenciesof theproposed
algorithmsarebetterthanthatof MPI-DS too. Figure9
showsthecomparisonof theRDSandRGM implemen-
tationswith MPI-DS.It is to benotedthatinspiteof pro-
viding bene�tsto thecurrentMPI implementation,RDS
achievesup to 1.36 factor of improvement,and RGM
achieves1.46on Cluster1. We seean improvementof
1.32with RDSand1.48with RGM onCluster2.

7 RelatedWork
Thebene�tsof usingRDMA for point-to-pointmes-

sagepassingoperationsfor IBA clustershasbeende-
scribed in [8]. The methodsand issuesinvolved in
implementingpoint-to-pointoperationsover one-sided
communicationprotocolsin LAPI arepresentedin [1].
However using theseoptimized point-to-point opera-
tionsdoesnoteliminatethedatacopy, bufferingandtag
matchingoverheads.A lot of researchhastaken place
in thepastto designanddevelopoptimalalgorithmsfor
collective operationson variousnetworks using point-
to-pointprimitives,but notmuchwork hasbeendoneon
selectionof thecommunicationprimitivesthemselves.

RDMA baseddesignof collectiveoperationsfor VIA
basedclusters[13, 14] hasbeenstudiedearlier. Com-
bining remotememoryand intra-nodesharedmemory
for ef�cient collective operationson IBM SPhasbeen
presentedin [19]. Noneof thesepapersfocuson tak-
ing advantageof novel mechanismsin IBA to develop
ef�cient collectiveoperations.

8 Conclusionsand Future Work
In this paper, we have presentedthree new ap-

proaches(RPE,RDS, and RGM) to ef�ciently imple-
mentthebarrieroperationon IBA-basedclusterswhile
takingadvantageof theRDMA andmulticastfunction-
alities of IBA. The experimentalresultswe achieved
on 8 and16 nodeclustersshow that the proposedap-
proachessigni�cantly outperformthecurrentbarrierim-
plementationsin MPI thatusepoint-to-pointmessaging.
TheRGM schemetendsto performwell for largergroup
sizes,while RPE and RDS perform better for smaller
groups.Theresultsalsoshow thattheschemesarescal-
ablewith systemsizeandwill providebetterbene�tsfor
larger clusters. Thereforewe arrive at the conclusion
that theef�ciency of thebarrieroperationscanbecon-
siderablyimprovedcomparedto thetraditionalpoint-to-
point messagingcalls basedimplementationsby using
thenovel mechanismsof IBA.
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Figure 7. Comparison of MPI-PE with the proposed algorithms for power-of-2 group size on
Clusters 1 and 2
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Figure 8. Comparison of MPI-PE with the proposed algorithms for all group sizes on Clusters 1
and 2
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Figure 9. Comparison of MPI-DS with the proposed algorithms on Clusters 1 and 2

Thispaperconcentratedon thebarrieroperation.We
arealsoworking on extendingtheseideasto implement
othercollective operationslike broadcastandallreduce.
We expectthechallengesandscopefor improvementto
begreaterin thesecasesbecauseof thedatatransferin-
volvedin theseoperations.We arealsoplanningto use
the other featuresof IBA, like supportfor atomicand
RDMA readoperationsto implementthecollective op-
erationsef�ciently .
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