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Abstract

The efficient implementationof collective communica-
tion patternsin a parallel madine is a challenging de-
sign effort, that requiresthe solutionof manyproblems.In
this paperwe presentan in-depth descriptionof how the
Quadricsnetwork supportsboth hardware- and softwake-
basedcollectives.We describethe mainfeaturesof thetwo
building blocksof this network,a networkinterfacethatcan
perform zen-copyuserlevel communicatiorand a worm-
holeroutingswitch. We alsofocusour attentionon therout-
ing andflowcontrol algorithms,deadlo& avoidanceandon
howthe processinghodesare integratedin a global, virtual
shaedmemory

Experimentatesultsconductedn 64-nodeAlphaServer
cluster indicate that the time to completethe hardware-
basedbarrier syndironizationon the whole networkis as
low as 6 us, with very goodscalability Goodlatencyand
scalability are also achievedwith the softwae-basedsyn-
chronization, which takes about 15 us. With the broad-
cast,similar performancas achievedby thehardware-and
softwae-basedimplementationswhich can deliver mes-
sagesof up to 256 bytesin 13 us and can get a sustained
asymptotidbandwidthof 288 Mbytes/seon all thenodes.

Thehardware-basedarrier is almostinsensitiveto the
networkcongestion,with 93% of the syndronizationstak-
ing lessthan 20 us whenthe networkis floodedwith a
badkgroundtraffic of unicastmessges. On theotherhand,
the softwae-basedimplementatiornsufers from a signifi-
cant performancedegradation. With high load the hard-
ware broadcasimaintainsa reasonablhgoodlatency deliv-
ering messges up to 2KB in 200 us, while the softwae
broadcastsufers from slightly higher latenciesinherited
fromthe syndironizationmedianism.Bothbroadcastalgo-
rithms experiencea significativeperformancedegradation
of the sustainecbandwidthwith large messges.

*The work was supportedby the U.S. Departmenbf Enegy through
Los AlamosNationalLaboratorycontractW-7405-ENG-36

1 Intr oduction

Many scientific applicationsexhibit the needof com-
municationpatternswhich involve global datamovement
andglobal control[5]. Barrier synchronizationproadcast,
gather scatter reduceandtotal exchangearetypical exam-
plesof collectve communicatiorpatterns.

Hardware or software supportfor multicastcommuni-
cation can substantiallyimprove the performanceand the
resourceutilization of a parallelcomputer Software over-
headaccountdor a high percentagef the communication
latengy, andreplacingseveral point-to-pointprimitiveswith
a singlemulticastoperationmay substantiallydecreas¢he
communicationateng. Furthermorewhena nodesends
the samemessagdaowards several destinations,some of
thesereplicatedmessagesnay traversethe samecommu-
nicationchannelsgeneratingnoretraffic thanneeded.

A commonnetwork designtrendis to placea communi-
cationprocessom thenetwork interface[2]. Thisprocessor
can quickly handleincoming messagesnd perform sim-
ple computationsvithoutinteractingwith thehostnode[3].
The closeintegrationof thesenetwork processorsvith the
capabilityof performingmulticastcommunicatioris likely
to play an importantrole in the nearfuture. In fact, the
multicastcanbe enhancedo performsometype of active-
messagg§l16] computationon the setof destinations.This
createsheopportunityof executingsystem-lgel operations
to enhancdault-tolerancefor exampleto checkthe status
of the processinghodes,performdistributed algorithmsto
balancethe load, or to synchronizethe local clocks. More
generally thesemechanismsan help to integratethe re-
sourcesn aparallelmachine asif they wereasingleseam-
lesssystem.

Hardwaresupportfor multicastcommunicatiorrequires
mary functionalities, that are dependenin the network
topology, the routing algorithmandthe flow control strat-
egy. For example,in awormholenetwork, switchesmustbe
capableof forwardingflits from oneinput channelto mul-
tiple outputchannelsatthe sametime in atree-like fashion



[14]. Unfortunatelythesetree-basedalgorithmscansufer
from blocking problemsin the presencef congestiorj15].
Also, the pacletsmustbe ableto encodethe setof desti-
nationsin an easy-to-decodesompactmanneyin orderto
reducehepacletsizeandto guaranteéastroutingtimesin
the switches.

Softwaremulticastsbasedn unicastmessagegresim-
pler to implement,do not requirededicatechardware and
arenot constrainedy the network topologyandroutingal-
gorithms, but they canbe much slower thanthe hardware
ones.

In this paperwe analyzein depthhow hardware-and
software-basedhulticastsaredesignedandimplementedn
the Quadricsnetwork (QsNET).

The paperis logically dividedinto two parts.In thefirst
partwe analyzethe relevant designissuesof the network.
Thelist includesthe maincharacteristicef the network in-
terface,the communicationlibraries, how local memories
areintegratedin a global sharedmemory the topology of
theinterconnectiometwork, the routing algorithm,andthe
link-level andend-to-endlow controlalgorithms.This ini-
tial partintroduceshe mechanismst the baseof the hard-
wareandsoftwaremulticastprimitivesthat,ontheirturnare
atthe baseof moresophisticateaollectve communication
patternsaasbroadcastsharriers scattergatherreduce etc.

In the secondbartwe provide an extensie performance
evaluationof two userlevel collective communicatiorpat-
terns,barrierandbroadcastimplementedisingboth hard-
ware and software multicast algorithms. One important
contribution of this paperis the performancesvaluationof
thesealgorithmsundernetwork congestion.

The rest of this paperis organizedas follows. Sec-
tion 2 providesanoverview of the QsNET hardwarebuild-
ing blocks and their collectve communicationcapabili-
ties. Section3 discusseshe hierarchyof communication
libraries,while Section4 givesa detaileddescriptionof the
main collective communicationservices. The experimen-
tal methodologyis describedin Section5 and Section6
presentshe experimentakesultsandperformancenalysis.
Finally, in Section7, someconclusionsaredrawn.

2 The QsNET

The QsNET is basedon two building blocks, a pro-
grammablenetwork interfacecalled Elan [12] and a low-
lateng/ high-bandwidthcommunicatiorswitch calledElite
[13]. Elitescanbeinterconnecteth afat-treetopology[7].
The network hasseverallayersof communicatiorlibraries
which provide trade-ofs betweerperformanceandeaseof
use.Otherimportantfeaturesarehardwaresupportfor col-
lective communicatiorpatternsandfault-tolerance.
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Figure 1. ElanFunctionalUnits

2.1 Elan

TheElant network interfacelinks the high-performance,
multi-stageQuadricsnetwork to a processinghodecontain-
ing one or more CPUs. In additionto generatingand ac-
ceptingpacletsto andfrom the network, the Elanalsopro-
videssubstantialocal processingowerto implementhigh-
level message-passimgotocolssuchasMPI. Theinternal
functionalstructureof the Elan, shovn in Figurel, centers
aroundtwo primaryprocessingnginesthemicrocodepro-
cessomandthethreadprocessar

The 32-bit microcodeprocessosupportsfour separate
threadsof execution,whereeachthreadcanindependently
issuepipelinedmemoryrequestso thememorysystem.Up
to eightrequestxanbe outstandingat ary giventime. The
schedulingfor the microcodeprocessoiis extraordinarily
lightweight, enablinga threadto wake up, schedulea new
memoryacceson theresultof a previous memoryaccess,
andgo backto sleepin asfew astwo system-cloclcycles.

The four microcodethreadsaredescribedelow: (1) in-
putterthread: Handlesnputtransactiongrom the network.
(2) DMA thread: Generate®MA pacletsto be written to
thenetwork, prioritizesoutstandingdMAs, andtime-slices
large DMASs sothatsmallDMAs arenotadwerselyblocked.
(3) processorschedulingthread: Prioritizes and controls
theschedulinganddeschedulingf thethreadprocessar(4)
command-pocessotthread: Handlesoperationgequested
by the hostprocessoat userlevel.

Thethreadprocessois a 32-bit RISC processousedto
aid the implementatiorof higherlevel messagindibraries
without explicit interventionfrom the main CPU. In order
to bettersupporthisimplementationthethreadprocessos
instructionsetwas augmentedvith extra instructionsthat

1This paperrefersto the Elan3versionof the Elan. We will useElan
andElan3interchangeablyhroughouthe paper



constructnetwork paclets, manipulateevents, efficiently
schedulghreadsandblock save andrestoreathreads state
whenscheduling.

2.2 Elite

The other building block of the QsNET is the Elite
switch. The Elite providesthe following features: (1) 8
bidirectionallinks supportingtwo virtual channeldn each
direction,(2) aninternal16 x 8 full crossbaswitct?, (3) a
nominaltransmissiorbandwidthof 400 MB/s on eachlink
directionand a flow throughlateny of 35 ns, (4) paclet
errordetectionandrecovery, with routinganddatatransac-
tions CRC protected(5) two priority levelscombinedwith
anagingmechanisnto ensurea fair delivery of pacletsin
thesamepriority level, (6) hardwaresupportfor broadcasts,
(7) andadaptye routing.

TheElite switchesareinterconnecteth aquaternaryat-
treetopology which belongsto the more generalclassof
the k-ary n-trees[9] [8]. A quaternaryfat-treeof dimen-
sionn is composedf 4" processingrodesandn x 47!
switchesinterconnectedsa deltanetwork, andcanbere-
cursively build by connectingd quaternaryfat treesof di-
mensiom — 1.

Quaternaryfat treesof dimensionl, 2 and3 areshovn
in Figure2.
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Figure 2. 4-ary n-treesof dimensiont, 2 and3

2The crossbahastwo input portsfor eachinputlink, to accommodate
thetwo virtual channels.

2.2.1 Packet Routing and Flow Control

Eachuser and system-lgel messageés chunlked in a se-
guenceof paclets by the Elan. An Elan paclket contains
threemaincomponentsThepaclet startswith the (1) rout-
ing information, that determinesow the paclet will reach
the destination.This informationis followedby (2) oneor
moretransactiongonsistingof someheadeiinformation,a
remotememoryaddressthe context identifieranda chunk
of data,which canbe up to 64 bytesin the currentimple-
mentation.Thepacletis terminatedy (3) anendof paclet
(EOP)token,asshownin Figure3.

one or more transactions | EOP token |

transaction type

context

memory address

data

CRC

Figure 3. Packet TransactiorFormat

Transactiongall into two categories: write block trans-
actionsandnon-writeblock transactions.

The purposeof a write block transactionis to write a
block of datafrom the sourcenodeto the destinatiomode,
using the destinationaddresscontainedin the transaction
immediatelybeforethe data. A DMA operationis imple-
mentedas a sequenceof write block transactions parti-
tionedinto oneor morepaclets(apacketnormallycontains
5 write block transaction®of 64 byteseach,for a total of
320bytesof datapayload).

The non-write block transactionsmplementa family
of relatively low level communicatiorandsynchronization
primitives. For example,non-write block transactiongan
atomically performremotetest-and-writeor fetch-and-add
andreturnthe resultof the remoteoperationto the source,
andcanbe usedashbuilding blocksfor more sophisticated
distributedalgorithms.

Elite networks are sourcerouted. The routing informa-
tionis attachedo theheadebeforeinjectingthepacletinto
the network andis composedf a sequencef Elite link
tags. As the paclet movesinside the network, eachElite
removesthefirst routingtag from the headerandforwards
the paclet to the next Elite in the routeor to the final des-
tination. The routingtag canidentify eithera singleoutput
link or agroupof adjacentinks.

Thetransmissiorf eachpacletis pipelinedinto thenet-
work usingwormholeswitching. At link level, eachpaclet
is partitionedin smallerunits calledflits (flow control dig-
its) [4] of 16 bits. The headerflit opensa circuit between



sourceanddestinationandthis pathstaysin placeuntil the
destinationsendsan acknavledgemento the source. At

this point, the circuit is closedby sendingan EOP token.
It is worth noting that both acknavledgmentand EOP can
betaggedto communicatecontrolinformation. So, for ex-

ample thedestinatiorcannotify the successfutompletion
of aremotenon-write block transactionwithout explicitly

sendinganextra paclet.

Minimal routing betweenary pair of nodescan be ac-
complishedby sendingthe messageo one of the nearest
commonancestorandfrom thereto the destination. That
is, eachpaclet experienceswo routing phasesan adap-
tive ascendingphaseto getto a nearestommonancestar
followed by a deterministicdescendingohase. The Elite
switchescan adaptvely route a paclet picking the least
loadedlink.

2.3 Collective Communication

Pacletscanbe sentto multiple destinationaisingeither
the hardware multicastcapability of the network or a soft-
ware treeimplementedvith point-to-pointcommunication
betweerthe Elanthreadprocessors.

2.3.1 Hardware Multicast

A multicastpaclet canonly take a pre-determinegbath,in
orderto avoid deadlocksin Figure4 a) it is showvn thatthe
top leftmostswitchis choserasthelogical root for thecol-
lective communicationandevery requestjn theascending
phasemustpasghroughoneof thedottedpathsuntil it gets
totherootswitch. In Figure4 b) we canseehow amulticast
pacletreachesherootnode;themultiple branchesrethen
propagatedh parallel.If anothercollective communication
isissuedwhile thefirst oneis still in progressit is serialized
in theroot switch. The secondnulticastpacletwill beable
to proceeddnly afteran EOPtokencleanghe circuit of the
first communication. All nodesconnectedo the network
arecapableof receving the multicastpaclet, aslong asthe
multicastsetis physicallycontiguous.

For a multicast paclet to be successfullydelivered, a
positive acknavledgemenmustberecevedfrom all there-
cipientsof the multicastgroup. The Elite switchescom-
bine the acknavledgementsaspioneeredy the NYU UI-
tracomputef1] [10], returninga single oneto the source.
Acknowledgementarecombinedn away thatthe “worst”
ackwins (a network errorwins over an unsuccessfurans-
action, which on its turn wins over a successfubne), re-
turninga positive ack only whenall the partnersn thecol-
lective communicatiorcompletethe distributedtransaction
with success.

2.3.2 SoftwareTree

The Elanthreadprocessocanreceve anincomingpaclet,
do somebasicprocessingsuchasan atomicincrementof

Figure 4. HardwareMulticast

a variable)and sendone or morerepliesin few us, with-
outary interactionwith the main processorsSoftwarecol-
lectivescanbe implementedisingthe communicatiorand
computatiorcapabilityof the Elanthreadprocessarfor ex-
amplemulticasttrees.Softwarecollectivescanbebasedn
treeswith programmablearity, depthandregularity, anddo
not suffer from the limitation that the destinationsetmust
becomposedf adjacennodes.

3 Programming libraries

The Elan network interface can be programmedusing
severalprogrammindibraries[11], asoutlinedin Figure5.
Thesédlibrariestradespeedvith machineindependencand
programmability Startingfrom the bottom,Elan3libis the
lowestprogrammingdevel availablein userspacewhich al-
lows accesgo the low level featuresof the Elan3. At this
level, processem aparalleljob cancommunicatevith each
other through an abstractionof distributed virtual shared
memory Eachprocessn a paralleljob is allocateda vir-
tual processid (VPID) and can map a portion of its ad-
dressspaceinto the Elan. Theseaddressspacestakenin
combination,constitutea distributed virtual sharedmem-
ory. Remotememory(i.e., memoryon anothermode)can
be addressethy a combinationof a VPID andavirtual ad-
dress.Sincethe Elan hasits own MMU, a processanse-
lectwhich partof its addresspaceshouldbevisible across
the network, determinespecificaccessights (e.g. write-
or read-only)andselectthe setof potentialcommunication
partners.

Elanlibis a higherlevel layerthatfreesthe programmer
from therevision-dependerdetailsof theElan,andextends
Elan3libwith point-to-pointtaggedmessag@assingorim-
itives(calledTaggedMessagédPortsor Tports)andsupport
for collective communication.Standarccommunicatiori-
brariesassuchMPI-2 [6] or Cray Shmemareimplemented



ontop of Elanlib.

User Applications

shmem mpi

1 tport
elanlib . p

user space elan3lib

kernel space system calls elan kernel comms

Figure 5. Elan3Programmind.ibrary Hierarchy

3.1 Elan3lib

The Elan3lib library supportsa programmingernviron-
ment where groupsof cooperatingprocessegan transfer
datadirectly, while protectingprocessgroupsfrom each
otherin hardware. The communicatiortakesplaceat user
level, with nodatacopying, bypassingheoperatingsystem.
Themainfeaturesof Elan3libare: (1) eventnotification,(2)
thememorymappingandallocationschemend(3) remote
DMA transfers.

3.1.1 Event Notification

Eventsprovide a generapurposemechanisnfor processes
to synchronizetheir actions. The mechanisntanbe used
by threadsrunning on the Elan and processesunning on
the main processar Eventscan be accessedboth locally
andremotely Thus,processesanbe synchronizedacross
thenetwork, andeventscanbeusedto indicatetheendof a
communicatioroperationsuchasa completionof aremote
DMA. Eventsarestoredin Elan memory to guaranteghe
atomicexecutionof the synchronizatiomprimitives’.

3.1.2 Memory Mapping and Allocation

The MMU in the Elan can translatebetweenvirtual ad-
dressesvritten in the format of the mainprocessof(for ex-
ample,a 64-bit word, big Endianarchitecturesuchasthe
AlphaSenrer) andvirtual addressewritten in the Elanfor-
mat (a 32-bit word, little Endianarchitecture).For a pro-
cessomwith a 32-bit architecturgfor examplean Intel Pen-
tium), aone-to-onemappingis all thatis required.

The MMU tablescan be setup to mapa commonre-
gion of virtual memorycalledmemoryallocator heap The
allocatormapsphysicalpagespf eithermainor Elanmem-
ory into this virtual addressangeon demand.Thus,using
allocationfunctionsprovided by the Elan library, portions
of virtual memory(1) canbe allocatedeitherfrom mainor
Elan memory and (2) the MMUs of both main processor
andElancanbekeptconsistent.

3The currentPCl busimplementationgannotguarante@tomicexecu-
tion, soit is not possibleto storeeventsin mainmemory

3.1.3 RemoteDMA

The Elan supportsremoteDMA (Direct Memory Access)
transfersacrossthe network, without any copying, buffer-
ing or operatingsystemintervention. The processhatini-
tiatesthe DMA fills out a DMA descriptoy which is typi-
cally allocatedon the Elan memoryfor efficiency reasons.
The DMA descriptorcontainsthe VPIDs of both source
anddestinationthe amountof data,the sourceanddestina-
tion addressegwo eventlocations(onefor the sourceand
the otherfor the destinatiorprocessjandotherinformation
usedto enhancdaulttolerance.

3.2 Elanlib and Tports

Elanlib is a machineindependentibrary thatintegrates
the main featuresof Elan3lib with the Tports. Tportspro-
vide basicmechanismgor point-to-pointmessag@assing.
Senderganlabeleachmessagevith atag,the sendeiiden-
tity andthe size of the message This is known asthe en-
velope Receverscanreceve their messageselectvely,
filtering themaccordingto the identity of the senderand/or
atag on the ervelope. The Tport layer handlescommuni-
cationvia sharedmemoryfor processesn the samenode.
It is worth noting thatthe Tportsprogrammingnterfaceis
very similarto MPI.

Elanlib provides supportfor collectve communication
operations(thosethat involve a group of processes).The
mostimportantcollective communicatiorprimitivesimple-
mentedin Elanlib are: (1) the barrier synchronizatiorand
(2) thebroadcast.

4 Barrier Synchronization and Broadcast
4.1 Barrier Synchronization

A synchronizatiorbarrieris a logical point in the con-
trol flow of a parallelprogramat which all processein a
groupmustarrive beforeary of the processei the group
areallowedto proceed.Typically, abarriersynchronization
involvesalogical reduceoperatiorfollowedby abroadcast.

QsNETimplementgwo differentsynchronizatiomech-
anismsin Elanlib, a mixed software and hardware barrier
calledel an_gsync() anda purely hardwareonecalled
el an_hgsync() .

Thealgorithmimplementedvith el an_gsync() uses
abalancedreeto sendthe’ready’signalto theprocesswith
VPID 0. Eachprocesdn the treewaits for 'ready’ signals
from its children, and whenit recevesall of them sends
its own signalup to the parentprocess.This phaseof the
barrieris illustratedin Figure6. Whentheroot processe-
ceivesall its 'ready’ signalsit performsa hardware broad-
castwhicheithersetsanevent(whichall processearewait-
ing for) or writesa singleword in a givenmemorylocation
(which all processearepolling). If the destinationnodes



arenot adjacenthe sametreestructureis usedto distribute
thedatausingpoint-to-pointmessages.

Root Node

Figure 6. First phaseof elan_gsync(for 16 processes.
Eachprocesq1) waits for the 'ready’ paclet from its chil-
drenand,then(2) sendsts own 'ready’signalto its parent

Whenthe barrieris performedwith el an_hgysnc()
or el an_hgysncEvent () (Figure7), all processesn
the groupseta barriersequenc@umberin a systemmem-
ory location and wait for a 'ready’ signal (busy polling
onamemorylocationwith el an_hgysnc() oranevent
mechanisnwith el an_hgysncEvent () ). The process
with VPID 0 (the root node)usesan Elan threadto send
a specialtest-and-sebroadcaspaclet. This paclet spans
all the processesind checksif the barrier sequencevalue
in eachprocesganatcheswith its own sequenc&umber(it
doesif the correspondingrocesgeachedhe barrier). All
therepliesarethencombinedby the Elitesontheway back
to the root nodewhich receivesa single ACK token. If all
the nodesare readyan EOP token is sentto the group to
setaneventor write a word to wake up the processesvait-
ing in the barrier It hasto be notedthat this mechanism
is completelyintegratedinto the network flow control (Sec-
tion 2.2.1). This givesthe bestfiguresaslong asthe pro-
cessesnterthe barrier fairly closetogether otherwiseit
backsoff exponentially(to stopflooding the network with
broadcasts).

Root node Node i
init barrier  -{- - init barrier
update seq # {- - update seq

\g/ra;)toe”vent - \ - wait event
Il
Bro or pol
3deast Transacyion

oK or FAlL

time

test seq #

trigger event
if OK -
repeat if FAIL

_  trigger eveni
if GOOD

Figure 7. elan_hgsync(BarrieriImplementation

4.2 Broadcast

The maincommunicatiorprimitive of the QsNET s the
remoteDMA. A DMA operationtransfergdatabetweero-
calandremoteaddresspacegincluding Elanmemory).In
additionto providing point-to-pointcommunicationPMAs
canalsobe usedto performgroup-wideoperationsuchas
broadcasandflood DMAs (afloodis similarto abroadcast
but the operationcompletesas soonasary of the destina-
tions acceptghe DMA). A groupof destinationprocesses
is definedby specifyinga virtual groupidentifier The ef-
fect of awrite broadcasDMA is to copy the datafrom the
sourceto the destinationbuffers of all the processei the
group. The implementationof the broadcasDMAs relies
on all receving processe$iaving the destinationbuffer at
the samevirtual addressto obtaingoodperformance.

QsNETprovidesbroadcashardwaresupporthatshould
sendabroadcasimessagén the sametime requiredto send
a point-to-pointmessage.The network canbe considered
asatreeof Elite switcheshatconnectanarrayof Elannet-
work interface cards. Broadcastsare propagatednto the
network by sendinga paclketto the top of the treeandthen
forwarding the paclet to more than one switch outputas
the paclet is sentdown the tree. Deadlocksmight occur
on the way down whenmultiple broadcastsire sentsimul-
taneously This situationis avoided by sendingbroadcast
pacletsalwaysto afixedtop treeswitch,thusserializingall
broadcast§Section2.3). All theElansconnectedo thenet-
work arecapableof receving the broadcaspaclet, but the
hardware mechanisimcan only be usedwith a contiguous
subsebf Elans.

Two different broadcast implementationsare pro-
vided by the Elanlib library: el an_bcast() and
el an_hbcast (). Both mustbe called by all the pro-
cessesn the groupinvolvedin the broadcasbperationto
guaranteehat the recevers have allocatedthe buffers by
thetime thetransactions performedby thesenderprocess.
As aresult,the broadcasts composedf two transactions:
first, a barrier synchronizatiorand, second,the broadcast
itself. In both implementationstwo typesof memoryre-
sourcescanbe used. On the onehanda global destination
buffer, which hasthe samevirtual addressn all the pro-
cesseqElanlib provides specialmemory allocationfunc-
tions to do that), allows DMA transactiondirectly from
one sourceto multiple destinations.On the otherhand, if
this memoryallocationis not used,systembuffers are uti-
lized asintermediatecopy spacgthis approachmpliesone
copy atthesource andanothercopy atthe destination).

Theel an_bcast () implementatiorusesa software-
basedsynchronizatiorior thefirst phasesimilar to thatuti-
lized by the first phaseof el an_gsync() (Section4.1).
The secondphasss triggeredby aneventsetin the source
nodeandis doneusingthe hardwarebroadcasmechanism
(if all the destinationElansare contiguous)or by means
of a software-basedbroadcas(if the destinationElansare
not). This transactiordistributesthe dataandwakesup the



processesvaiting in the barrier performedduring the first
phase. This implementationprovides better performance
thanacalltoel an_gsync() (whichinvolvesasoftware-
basedsynchronizatiorand a broadcastanda later broad-
castto sendthedata.

The el an_hbcast () primitive calls
el an_bcast () if the hardwarebroadcasmechanisnis
not available,for examplewhenthe nodesarenot contigu-
ous. If this mechanismis available, it performsa barrier
to synchronizeall the nodesusing el an_hgsync()
(Section4.1) and a hardware broadcasto distribute the
data.

TheElanhardwarebroadcastanonly write to themem-
ory spaceof a single processper nodesincethereis only
a single context specifiedby the virtual processdentifier.
Hence,with multiple processeper node,the only way to
usethe hardware broadcasfacility is to broadcastnto an
areaof sharednemoryandthengetthe processeso copy
from there. This hasbeenoptimizedby usinga FIFO like
schemehattriesto overlapthe broadcaswith the copies.

5 Experimental Framework

The main featuresof the QsNET were testedon a 64-
nodeclusterof CompacAlphaSener ES40syunningTru64
Unix. EachAlphaSenrer nodeis equippedwith 4 Alpha
667MHz 21264 processors§GB of SDRAM andtwo 64-
bit, 33MHz PCI I/O buses.The Elan3QM-400 cardis at-
tachedo oneof theseandlinks the SMPto a quaternaryat
treeof dimensiorthree like the oneshovnin Figure2 c).

5.1 Unidir ectional Ping

We analyzethe lateny and bandwidthof the network
by sendingmessagesf increasingsizes. In orderto iden-
tify different bottlenecks,the communicationbuffers are
placedeitherin mainor in Elanmemory The alternatves
include main memoryto main memoryand Elan memory
to Elan memory Thesebuffers are placedin the desired
type of memoryusingthe allocationmechanismgrovided
by Elan3lib,asdescribedn Section3.1.

Thelateng is measuredsthe elapsedime betweerthe
postingof the remoteDMA requestandthe notification of
the successfutompletionat the destination.The unidirec-
tional ping testsfor MPI areimplementedusing matching
pairsof blockingsendsandreceves. Thesetestsprovide a
performanceeferenceao consistenthyanalyzetheresultson
collective communication.

5.2 Collective Communication

The barrier synchronizationand broadcastprimitives
provided by the QsNET systemsoftware have beentested
using configurationsrangingfrom 4 to 64 nodes. Results

have beenobtainedby averagingtheresultsover 10000con-
secutve tests.Averagédateng resultsandlateng distribu-
tion arereportedfor the barriersynchronizatiortests. For
thebroadcastestsbandwidthandlateng arereported.

In addition,testswith backgroundraffic have beenper
formedto analyzethe behaior of the collectve commu-
nicationsundernetwork contention.This backgroundraf-
fic is generatedy 128 processesunningin 64 nodes(one
senderandonereceier pernode),with all nodesinjecting
messagesto the network at maximumload. The goal of
thesetestsis to identify the performancelegradationexpe-
riencedby the collective communicatiorin the presencef
congestionTwo differenttraffic patternsvereusedto gen-
eratebackgroundraffic:

e Complement. The node with binary coordinates
an—1, Gn_2, ..., a1, ag COMmunicatesvith thenode
Gn_1, Gn_32, ---, G1, Gg. Thispatternusesall thenet-
work links atthe sametime.

e Uniform. Eachnodeselectsrandomlyits destination
for every singletransaction.

To guarante¢hattheperformancaegradatiorof thecollec-

tive communicationis only dueto the network contention
andnotto schedulingssuesthebackgroundraffic genera-
tion andthe collective communicatiorbenchmarkvererun

in distinctprocessors.

6 Experimental Results
6.1 Unidir ectional Ping

Figure 8 a) shavs the performanceof the unidirectional
ping. The peakbandwidthof 335 MB/s is reachedwhen
both sourceand destinationbuffers are placedin the Elan
memory The maximumamountof datapayloadthat can
be sentby the currentElan implementationin a pacletis
320bytes,partitionedin five low-level write-blocktransac-
tionsof 64 bytes.For this packetformat,the overheads 58
bytes for themessagbeaderCRCs,routinginfo, etc. This
impliesthatthe deliveredpeakbandwidthis approximately
396 MBY/s, or 99% of the nominalbandwidth(400 MB/s).
Theasymptotidoandwidthfor mainmemoryto mainmem-
ory communicatioris only 200MB/sfor both Elanlib and
MPI. Theseresultsalsoshav thatthe PClinterfacerunning
at33MHzis the bottleneckfor this type of communication.

Figure8 b) shavs thelateng in therange[0...4K B].
With Elan3libthebasiclateng for 0-bytemessageis only
2.2 ps andis almostconstaniat 2.4 us for messagesp to
64 bytes,becausehesemessagesanbe pacledasasingle
write-block transaction We noteanincreasen thelateng
at MPI level, comparedo the lateng atthe Elan3liblevel,
from approximatel\2 usto 5.5 us. While at Elan3liblevel
the lateng is mostly hardware, MPI needsto run a thread
in the Elan microprocessom orderto matchthe message



tags:this introduceshe extra overheadresponsibldor the
higherlateng.
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Figure 8. UnidirectionalPing

6.2 Collective Communications

6.2.1 Barrier Synchronization

Figure 9 shows the averagetime requiredto perform a
barrier synchronizationin an empty network. Resultsfor
the three Elanlib primitives (Section4.1) are shavn ver-
susthe numberof nodes. We can seethat the hardware-
basedimplementationf the barrier (el an_hgsync()
and el an_hgsyncEvent () ) provide the best results
when comparedto the software-basedimplementation
(el an_gsync() ), bothin absoluteperformanceand in
scalability The lateng of the software-basedmplemen-
tation grows as the logarithm of the number of nodes
(approximately2.5us eachtime the numberof nodesis
guadrupled). In this casethe averagelateny to syn-
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Figure 9. Barrier Synchronization

chronize 64 nodesis 14.8us. On the other hand, the

el an_hgsync() barrierprovidesan averagelateng of

5usbelon 16 nodesand5.5usand6us for 32 and64 nodes,
respectiely. Theel an_hgsyncEvent () synchroniza-
tion giveslatencieson average0.7us above thoseobtained
with el an_hgsync() . Thisis dueto theadditionaldelay
associateavith the eventnoatification. In boththreadbased
barriers,the lateng increaseabove 16 nodesis probably
dueto schedulingssueson the OS (Tru64 Unix).

Thebehaior of thebarriersynchronizatiorhasbeenan-
alyzedby performingtestswith uniform and complement
backgroundraffic. Theresultsdepictedin Figure10 shav
thatthe performancef thevariousbarrierimplementations
is affectedby the network traffic with higher degradation
when uniform backgroundtraffic, which produceshigher
network contention,is used(notethat the lateng scaleis
logarithmicin this figure). In fact, with complementraf-
fic thereis always one virtual channelavailable in each
link. The software barrieris significantly affected by the
backgroundtraffic, the slowdown is 40 in the worst case
of uniform traffic and 64 nodes. On the otherhand,there
is little impacton the hardware barriers,whoselateng is
only doubled. The scalabilityis alsoaffectedby the back-
groundtraffic, with no significantdifferenceswith uniform
traffic for the threeimplementationgested. In this case,
the latengy increasewith the numberof nodesis tripled,;
for example,the el an_gsync() lateng increases4%
(whenthe numberof nodesvariesfrom 4 to 64) with no
backgroundraffic and160%with uniformtraffic while the
el an_hgsync() lateng increase29%and86%,respec-
tively. With complementtraffic the performanceof the
software-basedarrieris similar (anincreaseof 150%in la-
teng/) while the hardware-basedmplementationgrovide
a better scalability (an increaseof 40%). The software-
basedbarrierlateng scalabilityis shovn to be more sen-
sitive to complemenbackgroundraffic thanthe hardware-
basedarriers.

Figure 11 shovs the lateny distribution of



el an_hgsync() in a 64-node configuration for ex-
perimentswith 10000 consecutie tests. Only 2% of the
operationstake more than 20us and 94% less than 9us
whenthereis no backgroundraffic. In the mostcongested
case,with uniform backgroundraffic, the averagelateng
for 64 nodesis 14.8us, with morethan93% of the barriers
taking lessthan 20us. Similar resultswere obtainedwith
el an_hgsyncEvent () .

The lateng distribution for the software-basedmple-
mentationof the barrier synchronizatioris shawvn in Fig-
ure 12. Only 1% of the barrierstake more than 30us in
anemptynetwork. In the presencef network contention,
el an_gsync() suffers a significantdegradationin per
formance. In the worst case(uniform backgroundtraffic)
anaveragdateng of 595usis obtainedand93%of thesyn-
chronizationcompletewith latenciesbeloy 605us.
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6.2.2 Broadcast

Figure 13 showvs the results obtained with broadcast
over 64 nodesusing both algorithmssupportedby Elan-
lib (Section4.2) with buffers globally allocatedin main
and Elan memory that is, with the same virtual ad-
dressin all processes. The best performanceis ob-
tained, as expected, with Elan memory In this case
the measuredbandwidthfor 1IMB messagess 288MB/s
for both el an_bcast () andel an_hbcast (). The
el an_hbcast () primitive provides lower latencies(a
differenceof 3.5us)becaus& useshehardware-basedyn-
chronizationratherthan the software-basedne. For this
reasorthebandwidthfor shortermessagess slightly higher
with el an_hbcast (). For messagesip to 256 bytes
thelateng is constantandapproximatelyequalto 13us for
el an_hbcast () and16.5usfor el an_bcast () . This
is dueto the factthat messageshorterthan 320 bytesare
sentusingasinglepaclet[12].

Bandwidthandlateng versusthe numberof nodesfor
256KB messagesire depictedin Figure 14. Both perfor-
mancemetricsareinsensitve to the numberof nodeswvhen



Broadcast Test - 64 Nodes, 1 CPU per node

300
— ela‘nfbcas‘t() - glbbal - main ‘ R«_,Ja—k &
—x-—elan_bcast() - global - elan R
250 =---- elan_hbcast() - global - main 2 i
= elan_hbcast() - global - elan
X
2 200 |
fos]
£
<
] 150
2
©
3
& 100
50
O - ) "”\ L L L L L
1 4 16 64 256 1K 4K 16K 64K 256K 1M
Message Size (bytes)
@)
Broadcast Test - 64 Nodes, 1 CPU per node
50
— e‘lanfbcast()‘- global - main ‘
a5 L T elan_bcast() - global - elan ]

""" *--- elan_hbcast() - global - main
- elan_hbcast() - global - elan

Latency (us)

Message Size (bytes)

(b)

Figure 13. Broadcast

the buffers areallocatedin mainmemory becausehe PCI
busis the bottleneckin this case.On the otherhand,when
Elan memoryis used,a performancedegradationoccurs
whenthenumberof nodesincreasesbove 16 (8% decrease
in bandwidthand12%increasen lateng). A similar, albeit
lower, effectis experiencedvhenthenumberof nodess in-
creaseabove 4 (1% differencesn bandwidthandlatengy).
In the presenceof network contention(Figure 15) the
broadcasperformancedecreasesignificantly The maxi-
mumbandwidthis obtainedby usingmainmemory Thisis
causedy thejob runningin thebackgroundvhichallocates
its communicatiorbuffersin Elanmemory This configura-
tion gives36MB/swith complemenbackgroundraffic and
24MB/s with uniform backgroundraffic using1MB mes-
sages. Although both broadcasimplementationgrovide
approximatelythe samemaximumbandwidth(with 1MB
messagestheel an_hbcast () primitive obtainsbetter
performancdor smallermessagedueto the hardwaresyn-
chronizationmechanisn(Figures15 (b) and(d)), which is
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Figure 14. BroadcasScalability

lesssensitve to additionalnetwork traffic (Section6.2.1).

In termsof scalability (Figure 16) the four alternatves
suffer from the sameperformancelegradationasthe num-
ber of nodesincreases.This effect slows down aswe in-
creasen thenumberof nodessuggestinghatno additional
significantperformancelecreasshouldbe experiencedy
networkslargerthan64 nodes.

7 Conclusion

In this paper we presentedan in-depth descriptionof
the Quadricsinterconnectiometwork (QsNET) with spe-
cial emphasion the supportfor collective communication
andits integrationwith the systemsoftware.We focusedon
two basiccommunicatiorpatterns:barriersynchronization
and broadcast. An experimentalevaluation of hardware-
basedandsoftware-basednplementationsf theseservices
hasbeenperformedon a 64-nodeAlphaSener cluster
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Figure 15. Broadcastvith Contention

Our experimentsshov that the time to completea
hardware-basetbarriersynchronizatioron thewhole setof
nodesis aslow as6us, with very good scalability for the
network configurationgested.Goodlateng andscalability
arealsoachievedwith the software-basedynchronization,
which completesn 15us.

Anotherimportantcontribution of thispapelis theanaly-
sisof the collectivesin the presencef network contention.
In this case,the averagelatengy for the hardware barrier
is 13us, with 93% of the synchronizationgaking lessthan
20us. On the otherhand,the software-basedmplementa-
tion is shavn to suffer a significantperformancedegrada-
tion. From a practical point of view the hardware-based
barriercanbeconsiderednsensite to network contention.

With the broadcastsimilar resultshave beenobtained
for the hardware-base@ndthe software-basedmplemen-
tationsin the absencef additionalnetwork traffic. These
resultsshav that without contentionthe two algorithms
can be usedinterchangeably The broadcastateng for
messagesip to 256 bytesis 13us and the bandwidthis
288MB/s. Contentiontests,donein the presenceof high
network load, showv that the broadcastmaintainsreason-
ably goodperformancéi.e. lessthan200usto deliver mes-

sagesup to 2KB). In this casethe hardware-basedroad-
cast outperformsthe software-basedroadcastthanksto
its hardware-basedynchronizatiormechanism. Overall,
our analysisshavs the potentialof theinterconnecto effi-

ciently supportlarge-scalecollectve communicationgven
in thepresencef high network contention As futurework,

we plan to addresghe problemof the serializationof the
hardwarebroadcastentheroot nodeandto studyhow col-

lective communicationcan be further integratedwith the
network processar
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