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ABSTRACT

We systematicallyevaluatethe performanceof five implementa-
tions of a single, userlevel communicationinterface. Eachim-

plementationrmales differentarchitecturalassumptiongboutthe
reliability of the network hardwareandthe capabilitiesof the net-

work interface. The implementationdiffer accordinglyin their

division of protocoltasksbetweerhostsoftware,network-interface
firmware,andnetwork hardware.Usingmicrobenchmarkgarallel-
programmingsystemsandparallelapplicationsye assesthe per

formanceimpactof different protocoldecompositions.We shav

howv moving protocol tasksto a relatively slow network interface
yields both performanceadwantagesinddisadwantagesdepending
onthecharacteristicef theapplicationandtheunderlyingparallel-
programmingsystem.In particular we shaw thata communication
systenthatassumekighly reliablenetwork hardwareandthatuses
network-interfacesupportto processnulticasttraffic performsbest
for all applications.

1. INTRODUCTION

Efficient supportfor reliable point-to-pointand multicastcom-
municationis a fundamentacomponenof parallel-programming
systemgPPSshandtheirapplications While researcton userlevel
communicatiorarchitecturehiasresultedin efficient communica-
tion systemq11, 22, 24, 26], thesesystemgake widely different
approacheso implementingreliablecommunicatior{6]:

e Dueto thehighreliability of mary modernnetworks, several
researclsystemslonotimplementraditional,retransmission-
basedeliability protocolg[21, 22, 24]. Othersystemslo use
retransmissiorbut differ in whetherthey implementt onthe
hostor onthe network interface(NI) [11].

e On scalable switchednetworks, multicastingis usuallyim-
plementedy meansof spanning-tre@rotocolsthatforward
multicastdatain software. Mostsystemsmplementspanning-
treemulticastson top of message-basgmbint-to-pointprim-
itives. Several recentsystemshowever, let the NI forward
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Multicast forwarding
Retransmission| By host(Mp) | By NI (My;)
None(RXno) RXnoMp RXnoMp;
By NI (RXp;) RXpiMn, RXniMni
By host(RXp) RXpMp Not implemented

Table 1: Five LCI implementations.

multicasttraffic, becausehis resultsin fewer datatransfers
andinterruptsonthecritical pathfrom sendeto recevers|[5,
12,14,25].

A systematicevaluationof thesedesignchoicesis difficult, be-
causeexisting systemsprovide different programminginterfaces
andfunctionality Existingstudiesoftenuseonly microbenchmarks
andignoremulticasf1]. Moreover, theimpactof thedesignchoices
atthelevel of PPSsandapplicationshashardly beeninvestigated.

In this paper we usefive implementation®f asingle Low-level
Communicationinterface (LCI) to assesghe impactof different
designson parallel applications. Sincewe usea single commu-
nicationinterface,we do not have to modify applicationsor their
PPS4do conformto differentcommunicatiorparadigms.

EachLCl implementatiorusesone of threereliability schemes
andone of two multicastschemegqseeTable1). Theseschemes
male differentassumptionsboutthe network (reliableor not) and
the capabilitiesof the network interface(intelligentor dumb). Ac-
cordingly the LCI implementationddivide protocol tasksdiffer-
ently betweenthe host software, the NI firmware, and the net-
work hardware. Eachdecompositiormales a different tradeof
betweenfunctionality hostoccupang, NI occupanyg, end-to-end
lateng, andthroughput. We usedmicrobenchmarkand applica-
tionsto tuneandoptimizeall LCI implementationgndto measure
the impactof their differentwork decompositionsAn interesting
outcomeof thesemeasurements thatthereis no strict fastest-to-
slowestorderingof decompositionsor all applications.

Our specificcontritutionsareasfollows:

e We shaw thatdifferencesn protocoldecompositionsiave a
significantapplication-le@el performancempact,in spite of
theinterpositionof parallel-programmingystemswith rel-
atively large overheads. The PPSsusedin this paperadd
25-124%to LCl-level latencies. One would expectthese
overheadd$o dominateapplication-leel performance.

e We shav how NI supportfor reliability and multicastcan
yield both performanceadantagesand disadwantages. In



particular we shav thatanimplementatiorthatassumeseli-

ablenetwork hardwareandthatusesNI supportoimplement
flow controlandmulticastforwardingalwaysperformsbest.
With otherprotocoldecompositionsapplicationgperformup

to 45%slower.

¢ \We correlateapplication-l@el performancedifferencese-
tweenthe LCI implementationsthe communicationstyles
of PPSs,and propertiesof applications. In particular we
shawv thattheimportanceof communicatiorparametersuch
assendandreceve overheaddependon PPS-specificom-
municationstyles.

Thepapemproceedssfollows. Section2 describe4. Cl andSec-
tion 3 describeour implementationf this interface. Section4
compareghe implementationsisingmicrobenchmarksSection5
summarizeghe performanceof the PPSsusedin our evaluation.
Section6 analyzesapplicationperformance.Section7 discusses
relatedwork andSection8 concludes.

2. COMMUNICA TION INTERFACE (LCI)
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Figure 1: LCI' spacket-basedprogramming interface.

LCI providesreliable,paclet-basegoint-to-pointandmulticast
communication. Paclets are deliveredin FIFO orderandcanbe
recevedusingpolling or interrupts.For synchronizationl_.CI pro-
videsanatomic,remotefetch-and-adqF&A) primitive.

Figure 1 illustratesthe programminginterface. To senddata,
an LCI client allocatesa sendbuffer in NI memory(step1) and
usegprogrammed/O (PIO)to copy datainto this paclet buffer (2).
Next, the client handsthe paclet to a point-to-pointor multicast
routine which passes sendrequestto the NI (3). The NI trans-
mitsthepacletto thedestinatiorNI (4), which copiesthepacletto
pinnedhostmemory usingDMA (5). If network interruptsareen-
abled,the NI generatesninterrupt(6). Thehostpasseshe paclet
to a client-suppliedupcallroutine(7), which processegt andthen
releasedt or queuest for furtherprocessing.

3. IMPLEMENT ATION OVERVIEW

All LCI implementationsun on the Myrinet clusterdescribed
in Sectiond4. Eachimplementatiorconsistsof areliability scheme
anda multicastscheme(seeTable 1). The differentschemedli-
vide protocoltasksdifferently betweerthe hostandMyrinet’s pro-
grammableNl. Thereliability schemearenoretransmissiorfRXno),
host-levelretransmissiorfRXp,), andNI-levelretransmissiorfR X ;).
The multicastschemesare host-level multicast(Mp,) andNl-level
multicast(M ;).

3.1 No Retransmission(RXng)

RXno assumeseliablenetwork hardwarewith FIFO communi-
cationpaths. RXno thereforenever retransmitsand needsneither
sendesside paclet buffering nor timer management.Also, with
FIFO communicatiorpaths thereis no needto maintainsequence
numbers. The implementatiorfails if one of the assumptionss
violated(e.qg.if thehardwaredropsor corruptsa network paclet).

To avoid buffer overflow, RXno implementsredit-basedliding-
window flow control betweeneachpair of NIs. EachNI reseres
a fixed numberW of receve buffers for eachsender Each NI
transmitsa paclet only if it knows thatthe receving NI hasfree
buffers. If a pacletcannotbetransmitteddueto a closedsendwin-
dow, the NI queueghe paclet on a perdestinationblocked-sends
queue Blocked paclets are dequeuedandtransmittedduring ac-
knowledgemenprocessing.

RXno reusessendbuffers after their transmissiorandtherefore
needsonly a few sendbuffers. An occupiedNI receve buffer is
releasedvhenthe paclet containedin it hasbeencopiedto host
memory The numberof newly releaseduffersis piggybacled on
eachpaclet thatflows backto the senderlf thereis noreturntraf-
fic, thenthe recevsing NI sendsan explicit half-windowv acknavl-
edgemenafterreleasingV/2 buffers.

3.2 Host-Level Retransmission(RX},)

RXp, implementsreliability in a largely traditionalway, on the
hostprocessorRXp, assumesinreliablenetwork hardwareandre-
coversfrom lost, corrupted anddroppedpacletsby meansf time-
outs, retransmissionsgnd hardware-supporte@RC checks.RXp,
differs from a traditional protocol, becauseét usesNI memoryto
buffer pacletsfor retransmissionSincethe Myrinet hardwarecan
transmitonly pacletsthatresidein NI memory all LCI implemen-
tationsmustcopy datafrom hostmemoryto NI memory RX}, uses
thepacletin NI memoryfor retransmissiomndthereforedoesnot
make morememorycopiesthanRXno (unlike mary traditionalim-
plementations).

RX, usesasimilarsliding-windaw protocolasRXng, but runsit
onthehost. After transmittinga paclet, the sendesstartsa retrans-
missiontimer. Whenthis timer expires, unacknavledgedpaclets
areretransmitted. This go-back-Nprotocolis efficient if paclets
arerarelydroppedor corrupted.

Eachpaclet carriesa sequenceumberwhich is usedto detect
lost, duplicate,and out-of-orderpaclets. Recevers drop out-of-
sequencaclets. Nis drop pacletswith CRC errorsandpaclets
thatcannotbe storeddueto a shortageof NI receve buffers.

In retransmittingprotocols,sendpaclets cannotbe reuseduntil
they have beenacknavledged. Given the small size of NI mem-
ories, a senderthat communicatesvith mary recevers may run
outof sendbuffersheforeacknaviedgementslow back.Onesolu-
tion is to acknavledgeeachdatapaclet, but thisincreasesetwork,
NI, andhostoccupanyg. Instead RXp, usespiggybacled andhalf-
window acknavledgementsjust like RXno. In addition,however,
eachrecever maintainsan acknavledgementimer per senderS.
Thetimerfor Sis startedvhenadatapaclet from Sarrivesandthe
timer is not yet running. Thetimer is canceledvhenanacknavl-
edgementpossibly piggybacled, travels backto S. If the timer
expires,therecever sendsanexplicit delayedacknavledgement.

3.3 Interface-Level Retransmission(RXpj)

RXpi implementsalmostthe samereliability protocolasRXp,
but runsit betweerNIs ratherthanbetweerhostprocessesSliding-
window andtimermanagemengcknavledgemenprocessingetc.,
areall performedon the NI. This increasedNI occupanyg, but re-
duceshostoverhead.



Reliability | Mcast | Fine-grain timer | F&A
RXnoMp, | NI NI — NI
RXnoMp | NI host | — NI
RXpiMp; | NI NI NI NI
RXpiMp | NI host | NI NI
RXpMp, | host host | Nl+host host

Table 2: Division of work in the LCI implementations.

SinceNI memoriesare small comparedo hostmemory RX;
is morelikely to drop pacletsthanRX},. Nlis thereforekeeptrack
of availablereceve buffer space.Whena paclet mustbe dropped
dueto abuffer spaceshortagetheNI requestsetransmissionsom
the sendermssoonashuffersbecomeavailableagain.Without this
mechanismpacletswould not be retransmitteduntil the senders
timer expired.

3.4 Host-Level Forwarding (M},)

Multicasting on scalable,switchednetworks is usually imple-
mentedby meansof spanning-tre@rotocolsthatforward multicast
data. M, usesthis schemeandorganizeshe receversof a multi-
castin abinarytree,with the sendemasits root. The sendeitrans-
mits multicastpacletsto eachof its children. Eachreceving NI
passesncomingmulticastpacletsto its host,which reinjectsthem
to forwardthemto thenext level in thetree.

My, performstwo importantoptimizations First, insteadof mak-
ing a separatdost-to-Nlcopy for eachforwardingdestinationthe
hostcopieseachpaclet only onceand createsmultiple transmis-
sionrequestdor the samepaclet. SecondMpforwardsindividual
multicast paclets ratherthan entire multicastmessages.In sys-
temsthatforward messages)o treenodestartsto forward a multi-
castmessageintil it hasreceved andreassemblethe entiremes-
sage This stratgy allows multicastingto beimplementedntop of
message-basqubint-to-pointprimitives, but greatlyreducesmul-
ticastthroughput.

3.5 Interface-Level Forwarding (Mnj)

In Mp,;, receving Nls recognizemulticastpaclets,copy themto
hostmemory look up their forwarding destinationsand forward
themwithout hostintervention. This NlI-level forwardinghasthree
adwantages First, the hostdoesnot reinjectmulticastpacletsinto
the network, which savesa host-to-Nldatatransferat eachinternal
nodeof the multicasttree. Secondthe critical sendefrecever path
includesno host-Nlinteractionswhich potentiallyreducesmulti-
castlateng. Third, forwardingtakesplaceevenif thehostdoesnot
poll the network in a timely manner With host-level forwarding,
the NI canraiseaninterruptto force the hostto forward a paclet.
On our experimentabplatform,however, interruptsincreaseeceve
overheadby 31 s; thisis morethantheroundtriplateny of asmall
message.

3.6 Completelmplementations

The reliability and multicastschemescan be combinedin six
ways; we implementedfive combinationson a Myrinet [8] clus-
ter (seeTable1). RXpMp; hasnot beenimplementedpecauset
requiressharingthe sequence-numberdministrationbetweenthe
host and the NI, which is inefficient. The implementationsare
mostly userlevel; only interruptsarevectoredthroughthe kernel.
Multiprogrammingandprotectionhave notbeenimplementedthe
userprocesshasdirectaccesgo theNI.

We useMyrinet's programmabléN| to divide protocoltasksbe-
tweenthe hostandthe NI in differentways. Table2 summarizes

the division of work in eachimplementation.Reliability andmul-
ticastforwarding were discussedaibave. RXpiMpi and RXwiMp,
usethe NI's on-boardtimer to implementretransmissiorand ac-
knowledgementimers. RXp,My, usesan Nl-supportedvariantof
softtimers[2] to implementfine-graintimers. As with softtimers,
the hostpolls the clock (in our case the CPU timestampcounter)
insteadof relying only on coarse-grairOS timer signals. Unlike
soft timers, which useOS timersas a backupmechanismagainst
infrequentpolling, RXpMp, letsthe NI generategeriodicclockin-
terrupts. Dueto its higherclock resolution(0.5 ps versus10 ms),
the NI is a more precisebackupthanthe OS. The NI alsoavoids
generatingnterruptswhenno timersarerunningor whenthe host
recentlypolledthe clock.

A fetch-and-addn an F&A variableis implementedusingan
RPCto thehostor NI thatstoresthevariable.All implementations
exceptRXMp, storethis variablein NI memoryandperformthe
operatiorontheNI. RX,My, stores=&A variablesn hostmemory
andhandlesF&A requeston the host. This meansthatan F&A
requesttangenerataninterruptif the hostprocessds not polling
atthetime therequesarrives.

All implementationgransmitdatain variable-lengthpacletsand
storethesepacletsin fixed-sizebuffers. The default buffer sizeis
1 Kbyte, but we alsopresenimeasurement®r configurationghat
use2 Kbyte buffers. In eachimplementationthe hostmaintains
aring of free receve buffers. Eachbuffer containsa full/lempty
flag thatcanbe polled by the hostprocessorThe NI usesDMA to
fill thesebufferswith incomingpaclets. All implementation$avor
polling anduseanNI-level softwarepolling watchdod19] to delay
network interruptsfor atleast70 ps.

An importantdifferencebetweerthe reliability schemess that
RXpi andRX}, allow NI receve buffersto besharedoy all sending
NIs. An NI thatrunsout of receize buffersis allowedto dropin-
comingpaclets, becauseghe senderswill retransmit.With RXnpo,
in contrast,an NI mustnot drop paclets. EachNI thereforeal-
locatesa full window of receve buffers to eachpotentialsender
While thisis wasteful thesmallbandwidth-delayproductof RXno
(=~ 1.5Kbyte) allows smallwindow sizes.

Multicastreliability is obtainedby building onthe point-to-point
reliability schemedetweemodesin the multicasttree. In all im-
plementationgnulticastacknavledgementaremegedwith point-
to-pointacknaviedgement&ndflow backalongthe multicasttree
to preventacknavledgementmplosions.

Store-and-fonard multicast protocolsintroducethe dangerof
deadlock. RXpnoMpj, RXpiMpi, and RXpMy, can prevent such
deadlocksy reservingenoughreceve buffers. Unfortunately this
destrysoneof theadwantage®f theretransmission-baseghemes:
betterutilization of receve buffers. RXnoMp, andRX,;Mp, would
requireadditionalflow controlat the forwardinglevel to guarantee
deadlockfreedom.We have notimplementedhis, becauseur ap-
plicationshave enoughinternalflow controlto preventdeadlocks.

4. MICR OBENCHMARKS

We performedmeasurementsn up to 64 nodesinterconnected
by aMyrinet[8] systemareanetwork. All benchmarksliscusseéh
this sectionandin Section5 receve all messagethroughpolling.

Eachnetwork nodecontainsa 200 MHz Intel PentiumPro pro-
cessomwith threeon-chipcacheg8 Kbyte L1 D cache 8 Kbyte L1
| cache,and256 Kbyte L2 I+D cache)and128 Mbyte of DRAM.
Thel/O busis a33MHz, 32-bitPCl bus. A Myrinet NI is attached
to thel/O bus.

Myrinet's programmablél hasacustomRISCprocessqrl Mbyte
of SRAM, andthree DMA engines. The processqra 33 MHz
LANai4.1, runsan orderof magnitudeslower thanthe 200 MHz,



Parameter RXnoMp;. RXpMp,
RXnoMp, RXniMnis
RXphiMp
Max. paclet size(bytes) 1024 | 2048 | 1024 | 2048

NI sendpool size(buffers) 128 64| 256| 128
NI recv poolsize(buffers) 512 | 256 | 384 | 192

Hostrecv poolsize(buffers) | 4096 | 4096 | 4096 | 4096
Sendwindow size(paclets) 8 4 8 8
Netw interruptdelay (us) 70 70 70 70
Timer granularity(us) N/A | N/A | 5000 | 5000
Table 3: Configuration parameters.
RXno | RXpi | RXp
Sendoverheados) 15 15 2.4
Receve overheador) 2.5 2.4 6.0
Gap(g) 6.6 9.9 8.3
Lateng (L) 6.2 8.5 5.9
End-to-endateng (0s+ or + L) 10.2| 12.4| 143
F&A lateny 20 24 34

Table4: LogP valuesand F&A latencies(in microseconds).

superscalaPentiumPro. The NI's memory holds the codeand
the datafor the LCI control program. All incomingandoutgoing
network paclets mustbe stagedthroughthis memory One DMA
enginetransfersdatabetweerhostmemoryandNI memory The
two otherDMA enginestransferpaclets from NI memoryto the
network andvice versa.

TheNls areconnectedia a 3D grid of 8-portswitchesandfull-
duplex 1.28 Gbit/slinks. Network pacletsarecut-through-routed.
The switch delayis approximatelyl00 ns andthe maximumdis-
tancebetweentwo Nls is 10 hops,so the total switch delayis at
most1 ps. Myrinet providesno hardwaresupportfor multicast.

Its hardwareflow-controlprotocolandlow errorratemake Myrinet

highly reliable.No pacletsaredroppedf all NIs agreeonadeadlock-

freeroutingschemendremove incomingpacletsin atimely man-
ner. NI firmware and hostsoftware, however, may still decideto
droppacletsdueto buffer shortages.

We performedmostmeasurementsiscussedn this sectionand
in Sectionss and6 ontwo versionsof eachLCl implementationa
versionwith a paclet sizeof 1 Kbyte anda versionwith a paclet
sizeof 2 Kbyte. Table 3 shavs all parametesettings. The non-
retransmittingmplementationgcolumns2 and3) requiremoreNI
receve buffers than the retransmittingimplementationshpecause
they dedicatereceve buffers to individual senders. The window
sizeis dictatedby the size of the NI receve buffer pool andthe
numberof processorg64). Sincethe NI receve buffer pool be-
comessmallerwhenthe paclet is increasedo 2 Kbyte, the send
window alsobecomesmaller(4 paclets). The retransmittingm-
plementationgcolumns4 and5) requiremoreNI sendbuffers,be-
causethey cannotreleasesendbuffers until an acknavledgement
arrives. Theseimplementationslways usethe samewindow size
(8 paclets).

4.1 UnicastPerformance

Table4 shavsthevaluesof theLogP[10] parametergheend-to-
endlateng, andthefetch-and-adéhtengy for RXnoMpj, RXpiMpi.
and RXyMp,. Since multicastforwarding plays no role in these
measurementshe tableandthis sectionrefer to theseimplemen-
tationsasRXno, RXpj, andRXp,, respectiely.

SinceRXno andRXp,; performthe samework onthe host,they

haveidenticalsendoverheados) andalmostidenticalreceve over-
head(or). RXp, however, runsaretransmissioprotocolontheNl,
which is reflectedin its larger small-messagéottleneck,or gap,
andlateny (g = 9.9 ps versusg = 6.6 pus andL = 8.5 ps versus
L = 6.2 ps). RXp, runsasimilar protocolon the hostandtherefore
haslargersendandreceve overheadshanRXnp andRX;.

RXno hasthebestend-to-endateng. As expectedtheretrans-
missionsupportin RXp,; andRX}, increaseend-to-endateng due
to timermanagemerdandsendeisidebuffering. Host-level retrans-
missionincreasesendandreceie overheados andoy), while NI-
level retransmissionncreasedN| occupang (g) andlateng (L).
RXpj increasesheend-to-endateny lessthanRXp,. In RX,; the
hostandthe NI canoperaten parallel,becaus¢he NI hasits own
copy of eachincomingpaclet's headerin RX},, thehost-level LCI
library mustcompletepaclet processindeforepassinghe paclet
to theapplication.

RXno alsohasthefastest&A implementatior(20 ps). RX}, is
the slovestimplementation(34 ps); recallthat RX}, handlesF&A
request®nthe hostprocessaor

Figure 2 shavs one-way throughputfor both paclet-sizecon-
figurations(1 Kbyte and2 Kbyte, seeTable 3), with andwithout
recever-side copying. The savtooth shapeof the curvesis dueto
thefragmentatiorof messagekrgerthanthe paclet size. Without
recever-sidecopying, andwith 1 Kbyte paclets, the figure shavs
cleardifferencesn throughputetweertheimplementationsPer
forming retransmissioadministratioron the host(RXj,) increases
the perpaclet costsandreduceghroughput Whentheretransmis-
sionwork is moved from the hostto the NI (RXp;), throughput
is reducedfurther The NI performsthe samework asthe hostin
RXp, but moreslowly.

Increasinghepacletsizeto 2 Kbyte increaseshe peakthrough-
putfor all implementationsRX,; andRXno now attainthe same
peakthroughput(76 Mbyte/s). With larger paclets, the NI is no
longerthe throughputbottleneck.SinceRX}, performsmorework
onthehost,it benefitdessfrom the paclet-sizeincreaseghanRXp,;
andRXno.

All LCI clientscopy incomingpacletsduringmessageeassem-
bly. Figure 2 shaws that this copying reducesthroughput,espe-
cially whenthe destinationbuffer doesnot fit into the L2 cache.
Due to the PentiumPro’s low memcpy) speedfor large buffers
(52 Mbyte/s),the copying stagebecomes bottleneck With copy-
ing, the differencesbetweenthe implementationsare smaller es-
peciallyfor large messagesThis is partly dueto the useof the NI
memoryas 'retransmissionmemory which eliminatesa copy at
thesendingside.

4.2 BroadcastPerformance

Figure 3 shavs broadcastateny on 64 processors We define
broadcastateny asthe time it takes to reachthe last recever.
Thelateny of anemptymessageangesrom 60 pis for RXnoMp;
to 112 ps for RXpiMp,. The My, implementationgthe top three
curves)performworsethanthe M,; implementationdecausehey
addtwo datacopiesperinternaltreenodeto the critical path,from
theNI to thehostandback. Usingalargerpaclet sizehasno effect
on the broadcastateng, sowe shav only the resultsfor a paclet
sizeof 1 Kbyte.

Figure4 shavsbroadcasthroughpubn64 processorspr 1 Kbyte
pacletsand 2 Kbyte paclets and with recever-side copying. We
definethroughputasthesenders outgoingdatarate.Here interface-
level forwardingdoesnotalwaysyield thebestresults:with 1 Kbyte
pacletsandfor messagsizesupto 128Kbyte, for example RXpMp,
achigeshigherthroughputhanRX,ijMp;. RX4Mp; cannothide
all its buffer and timer managemenbehind DMA transfers. In
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RXpMp, thisworkis performednoreefficiently onthehost. RXpMp's

extra host-to-Nldatatransferdoesnotincreasehethroughputot-
tleneck,becausdt is performedn parallelwith thetwo datatrans-
fers from the NI to its children. While this extra datatransferis
invisible in this benchmarkijt doesconsumeprocessocyclesthat
anapplicationmight need(seeSection6).

Largemessagedo notfit in the L2 cacheandmake the copying
of incoming paclets moreexpensve. Addedto RXpMp's higher
receve overheadtheseincreasedopying coststurn the receving
hostinto thebottleneck:RX,My, doesnotmanageo copy apaclet
completelybeforethenext pacletarrives. Thiscauseshedip in the
RXpMp, cune.

With apaclet sizeof 2 Kbyte, all implementationsttainhigher
throughput(up to 31 Mbyte/s).

Duringaspanning-tredroadcastpacletstravel throughthetree
in paralleland may contendfor the samephysicalnetwork links.
Thethroughputresultsarethereforesensitve to theway processes
are mappedto processors.The resultsin Figure 4 were obtained
with amappingthatoptimizesprocessof’s broadcasthroughput.

With othermappingsthethroughputcanbe significantlylower.

5. PARALLEL-PR OGRAMMING SYSTEMS

Eachof ourapplicationgunsononeof four parallel-programming
systems(seeFigure 5). ThesePPSsuse different programming
paradigms:CRL [15] is an invalidation-basedlistributed shared-
memory(DSM) systemMPI isamessage-passisgstemOrca[3]
isanupdate-baseDBSM systemandMultigame[23] is adistributed-
searchsystem.MPI, Orca,andMultigameusePanda,a communi-
cationlibrary designedfor the developmentof PPSs. Below we
describePandaandeachPPS.

5.1 Panda

PandaprovidesamessageatatypeRemoteProcedureCall (RPC),
messag@assingbroadcastandtotally-ordereroadcastTo send
atotally-orderedbroadcasimessagehesenderfetchesaglobalse-
guencenumberfrom a centralsequencenodeusingLCI’s fetch-
and-add. Next, the senderbroadcastshe messagewith the se-
guencenumber

Pandacopiesdataonly whennecessarySendersupplyl/O vec-
tors; Pandacopiesthe referencectlient datadirectly into NI send
buffers. At thereceving side,PandagueuesncomingLCl paclets
until they canbe copiedto adestinatiorspecifiecby therecever.

Pandacanbeconfiguredwith or withoutthreads MPI andMulti-
gameuse PandaSingleThreadedPanda-ST) Panda-STperforms
no locking andis fasterthan PandaMultiThreaded(Panda-MT).
Also, Panda-STdisableshetwork interruptsandrelieson polling by
its clientsto receve messagesPanda-MTpollsautomaticallywhen
all threadsareidle; otherwisemessagearereceived by meansof
interrupts.

5.2 MPI

MPI is anelaboratenessage-passisgandard\We portedMPICH,
awidely usedMPI implementatiori13], to Panda-ST
An MPI implementatiorusuallygeneratesnemessagéor each
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Figure4: Broadcastthr oughput on 64 processors.

sendstatementn an MPI program. Collective operationssuchas
broadcastsand reductions,however, involve groupsof processes
andgeneratenorecomplex communicatiorpatterns.All our MPI
applicationsusesuchoperationsndall theseoperationsiseabroad-
castin theirimplementationMPICH providesaninefficientbroad-
casthuilt ontop of message-baseadicastprimitives. We replaced
this broadcastwith Pandas unorderedbroadcastwvhich, in turn,
usesLCl's broadcast.In contrastwith the MPICH broadcastall
LCI broadcasimplementationdorward paclets insteadof mes-
sagesandavoid repeatedhost-to-NlIcopying (seealsoSection3.4).

5.3 Orca

Orcais an object-basedSM system. To communicate pro-
cessesnvoke userdefinedoperationson sharedobjects[3]. Orca
requiresmultithreadingandthereforeusesPanda-MT Orca’s run-
time systemstoreseachsharecbbjectin asingleprocessos mem-
ory or replicatest in the memoryof all processorshathave aref-
erenceto the object. Whena procesperformsanupdateoperation
onasharedbject,theruntimesystenmshipstheoperations param-
etersto all processorthatstoretheobject;eachreceving processor
performsthe operation.For nonreplicateabjectsOrcausesPanda
RPCto shiptheoperationfor replicatedobjectsOrcausesPandas
totally-orderedbroadcast.

5.4 Multigame

Multigame (MG) is a parallelgame-playingsystem. Given the
rulesof a boardgameanda boardevaluationfunction, it searches
for good moves. To avoid re-searchingpositionsare cachedin a
distributed hashtable. To accessa remotetable entry, a process
sendsits 32-byte current-jobdescriptorto the entry’s owner and
startsworking on anotherjob [23]. The ownerlooks up the entry
andcontinuego work on thejob.

Table-accesmessageare small, one-way messageto random
destinations. A processthat hasenoughwork neednot wait for
messagedateng in theLogPsenséL) is thereforerelatively unim-
portant. Instead,performancds dominatedby sendand receve
overhead.To reducetheimpactof theseoverheadsMultigameag-
gregatesmessagebeforetransmittingthem.

5.5 CRL

CRL [15] is a software DSM system,which we portedto LCI.
Processesan sharememoryregions of a userdefinedsize. Pro-
cesseenclosetheir accessew sharedregionsby callsto the CRL
runtimesystemwhich implementscoherentegion caching.Most
communicatiorresultsfrom readandwrite misseswhich generate
asmallrequesto aregion’s homenode zeroor moreinvalidations
from the homenodeto othersharersanda reply from the home
nodeto the nodethat missed.Whethera reply carriesregion data

CRL MPI\ Multigame Orca
Panda-ST Panda-MT
LCI

Figure5: Dependenciebetweensoftware systems.

depend®nthetypeof miss. This single-threade@RL implemen-
tationblockstheapplicationduringanoutstandingegion miss.

5.6 PPSPerformance

Table 5 summarizeghe minimum lateny and the maximum
throughputof PPS-specifioperations. The table also shavs the
cost of similar communicationpatternswhen executedat lower
software levels. Thesenumberswere obtainedusingbenchmarks
that sendmessagesf the samesizeasthe PPS-leel benchmark,
butdonotperformPPS-specifiactionssuchasupdatingcoherence-
protocol state. The resultsfor different levels are separatedy
slashesperformancelifferencedbetweerevelsarecausedy layer
specificoverheadsThe percentagbetweerbracletsis the perfor
mancelossbetweerthe LCI andthe PPSlevel. The LCI numbers
weremeasuredn RXnoMp; with a paclet sizeof 1 Kbyte. Since
CRL andMultigameusebroadcastingnly for operationghatare
not performance-criticain our applicationg(e.g.,statisticsgather
ing), thereareno naturalbroadcasbenchmarkg$or thesePPSs.

For CRL, we shaw thecostof a cleanwrite miss(asmallcontrol
messagdo the home node followed by a reply with data). For
MPI, we shawv the costof a one-way messagend the costof a
broadcastFor Orca,we shav thecostof anoperationon aremote,
nonreplicatedbject (which resultsin an RPC)andthe costof an
operatioron areplicatedobject(whichresultsin anF&A operation
followed by a broadcast)No resultsareshavn for the Multigame
level, because Multigamerule setdoesnot correspondo asimple
communicatiorpattern.

A key obsenration is that PPS-leel latenciesare up to 124%
larger than LCl-level latencies. This is due to (de)multipling,
fragmentatiorandreassemblylocking,andprocedureallsin Panda
andthe PPSs. Sincetheserelatively high overheadsareindepen-
dentof the underlyingLCI implementationthey reducethe rela-
tive differencesn lateny atthe PPSlevel. Theimpactof PPSson
throughputis muchsmaller:the PPSalecreasé Cl-level through-
put (with recever-side copying) by no more than 10%, because
they all carefullyavoid unnecessargopying.

Similar resultsare obtainedwith 2-Kbyte paclets (not shown).



PPS Latency (us) Throughput (Mbyte/s)
Unicast Broadcast Unicast Broadcast
LCI/CRL 21/26 (+25%) | —/— 59/54 (-9%) | —/—
LCl/Panda-ST/MPI 10/15/23 (+119%) | 61/69/77 (+27%) | 64/62/62 (-2%) | 26/26/25 (-1%)
LCl/Panda-ST/Multigamg 10/15/ —[—I/— 64/62/ —[/—I-

LCl/Panda-MT/Orca

21/32/47 (+124%)

61/93/113 (+86%)

55/53/51 (-8%)

26126125 (-4%)

Table 5: PPSperformancesummary. All measuementswere performed on RXnoMp; with a packet sizeof 1 Kbyte. All broadcast

measurementswere taken on 64 processors.

Application PPS Problemsize 1 Kbyte packets | 2 Kbyte packets
Ty Se4 Ees Se4 Esa

Awari Orca| 13stones 459.08| 32.1 0.50| 31.6 0.49
Barnes-Hut CRL | 16,384bodies 123.25| 23.3 0.36| 22.9 0.36
Linearequationsolver (LEQ) Orca | 1000equations 640.25| 30.2 0.47| 31.7 0.50
Puzzle-4 MG | 15-puzzle< 4 jobs/message| 261.00| 40.2 0.63 | 40.4 0.63
Puzzle-64 MG | 15-puzzle< 64jobs/message 261.00| 48.4 0.76 | 48.7 0.76
QR factorization MPI | 1024x 1024doubles 53.47| 44.3 0.69| 46.9 0.73
Radixsort CRL | 3,000,000nts,radix 128 440 13.1 0.21] 14.0 0.22
Successie over-relaxation(SOR) | MPI | 1536x 1536doubles 28.01| 45.8 0.72 | 46.0 0.72

Table 6: Application characteristics and timings on RXnoM ;, with two packet sizes. Ty is the executiontime (in seconds)on one
processor;Sg4 is the speedupon 64 processorsEsy = Se4/64 is the parallel efficiencyon 64 processors.

Latenciesdo notchangesothe PPSimpacton lateng remainshe
same.The LCl-level throughputsncreasgseeSection4), so that
therelative PPSimpacton throughputdecreases.

6. APPLICATION PERFORMANCE

To assesshe impactof different protocol decompositionsywe
performedapplicationmeasurementsn 64 processorsysing the
configurationshavn in Table3. Our applicationgangefrom fine-
grainto medium-grairandareeitherunicast-dominatedr multicast-
dominated Tableé6 lists, for eachapplicationjts PPS jnputparam-
eters,sequentiakexecutiontime, speedupand parallel efficiency.
Sequentialexecutiontime and parallel efficiency were measured
usingRXnoMp;. Althoughwe usesmallinput sets,mostapplica-
tionsachieve anefficiency of atleast50%.

Figure 6 gives perprocessodataand paclet ratesfor eachap-
plication,brokendown accordingo paclettype. Thisfigureshavs
thediversityof theapplicationscommunicatiorpatterns Dataand
paclet ratesrefer to incomingtraffic, so a broadcastis counted
as mary times as the numberof destinationg63). Theserates
were measuredising RXnoMy;; the rateson otherimplementa-
tionsshaw similar differencesetweerapplications.

Figure7 shavs applicatiorperformancenRXnoMp, RXiMp;,
RXpiMp, andRXpMy, relative to the performanceon RXnoMp;.
RXnoMp; always performsbest. Below, we discussthe perfor
manceresultsin detail.

6.1 Awari

Awari createanendgamelatabaséor Awari, atwo-playerboard
game. The programstartswith the games endpositionsaandthen
makesunmaesup to 13 levels deep.Whena processoupdatesa
boardsgame-theoreticalalueit mustrecursvely updateheboards
ancestorsn theunmove graph.Sincethe boardsarerandomlydis-
tributed acrossall processorsa single updatemay resultin sev-
eral remote updateoperations. To reducecommunicationover-
head, Awari aggr@jatesremoteupdates. Awari’'s performances
determinecdby the RPCsthatare usedto transferthe accumulated
updates.

SinceAwari generategew broadcasmessagedrigure7 shavs

no largeperformancaelifferencesdetweerinterface-leel andhost-
level multicastforwarding. Retransmissiosupporthowever, slows
dowvn RX,iMp, by upto 13%. Although Awari’s datarateappears
low (seeFigure6), communicatiortakesplacein specificorogram
phases.In thesephasescommunications bursty and mostmes-
sagesaresmalldespitemessageombining. Performancés there-
fore dominatedby occupang ratherthanroundtriplateng. The
LogP parameterén Table4 shav thatthe RX,; reliability scheme
yieldsthe highestgap(g = 9.9 ps), followed by RX}, (g = 8.3 ps)
andthenRXngo (g = 6.6 ps). Thisrankingis reflectedn the appli-
cation’s performance.

6.2 Barnes-Hut

Barnessimulatesa galaxy using the Barnes-HutN-body algo-
rithm. All simulatedbodiesare storedin a sharedoct-tree. Tree
nodesand bodiesare representecs small CRL regions (88-108
bytes).Eachprocessoowns a subsebf the bodies.Most commu-
nicationis takesplaceduringthe force computatiorphase.In this
phasegachprocessotraverseshe sharedreeto computefor each
of its bodiesthe interactionwith otherbodiesor subtrees Dueto
its small regions, Barneshasa low datarate (seeFigure6). The
pacletrate,however, is high (/2 10,000paclets/s/processor).

Even though Barnesruns on a different PPS, its performance
profile in Figure 7 is similar to that of Awari. SinceCRL makes
little useof LCI's multicast,thereis no large differencebetween
interface-leel and host-level forwarding. Again, retransmission
supportleadsto decreasegerformanceand againthis effect is
strongestior RXp; which suffers mostfrom (NI) occupang un-
derhighloads.

6.3 Linear Equation Solver (LEQ)

LEQ is aniterative linearequationsolver. Eachiterationrefines
a candidatesolutionvectorx;. To produceits partof X1, each
processoneedsaccesgo all of x;. At theendof eachiterationall
processorshereforefirst broadcastheir 128-bytepartial solution
vectors.Next, they synchronizeo decideon corvergence.

In LEQ, RXMp’s host-lerel F&A implementatioris partly re-
sponsiblefor RXyMp'’s reducedperformance. Host-level F&A
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processingncreaseshe responsdime (seeTable4) andthe occu-
pang of the processothatstoresthe F&A variable(processoD).

Although LEQ is dominatedby totally-orderedbroadcastraf-
fic, the performancalifferenceshetweerhost-level forwardingand
NI-level forwarding are relatively small. Instead,LEQ’s perfor
manceprofile is similar to that of the unicastapplicationsAwari
andBarnes:NI-level retransmissionieldsthelargestperformance
decreasefollowedby host-level retransmissionln retrospectthis
is notvery surprising.Sinceall processesimultaneouslyproadcast
small messagedhostandNI occupang determineLEQ’s perfor
mance.

6.4 Puzzle-4and Puzzle-64

Puzzleperformsa parallelIDA* searchto solve the15-puzzlea
single-playesliding-tile puzzle.Puzzle-4aggrgatesatmost4 jobs
beforepushingthemto anotherprocessorPuzzle-64accumulates
upto 64jobs. Both programssolve the sameproblem but Puzzle-4
sendgnary moremessagethanPuzzle-64.

Sinceall communicatioris one-way andsinceprocesseslo not
wait for incoming messagessendandreceve overheadare more
importantthanNI-level lateny andoccupang. SinceRXpMp, has
the highestsendandreceve overheadqseeTable4), it performs
worst. In Puzzle-4 the differencebetweenRX,Mp, andotherim-
plementationss largerthanin Puzzle-64 SincePuzzle-4duseamore
messagethanPuzzle-64o transferthe sameamountof data,it in-
cursthe highersendandreceve overheadsnoreoften.

6.5 QR Factorization

QR is a parallelimplementatiorof QR matrix factorization.In
eachiteration,onecolumn,theHouseholderectorH, is broadcast
to all processorswhich updatetheir columnsusingH. Thecurrent
upperrow andH arethendeletedfrom the datasetsothatthe size
of H decreaseby 1 in eachiteration. The vectorwith maximum
normbecomeghe Householdewrectorfor the next iteration. This
is decidedwith a reduce-to-allcollective operationto which each
processocontritutestwo integersandtwo doubles.

The broadcast®f columnH dominateQR’s performance Fig-
ure7 shaws thattheimplementationdasedon host-level forward-
ing areup to 38% slower thanthosebasedon interface-level for-
warding. Host-level forwardingreduceghetime availablefor exe-
cutingapplicationcodeandincrease$roadcastateng. Broadcast
lateng is important,becausat the startof eachiteration,eachre-
ceiving processomustwait for anincomingbroadcastThereis no
opportunityto pipeline broadcast@nd hide this lateng, because
thereduce-to-albperatiorsynchronizesll processorin eachiter-
ation. Also, dueto pivoting, the identity of the broadcastingro-
cessorchangesn almostevery iteration.

6.6 Radix Sort

Radix sortsan array of randomintegersusing a parallel radix
sortalgorithm.Eachprocessoownsacontiguougartof thearray
Eachpartis subdvided into 1-Kbyte CRL regions, which act as
software cachelines. Communicatioris dominatedby the permu-
tationphasejn which eachprocessomovesintegersin its own ar-
ray partitionto otherpartitions.This phasds very communication-
intensve andleadsto Radix’s high datarate. After thepermutation
phasegachprocessoreadshenew valuesin its partitionandstarts
thenext sortingiteration.

Although Radix senddarger messagethanAwari, Barnes,and
LEQ, it hasa similar performanceprofile as theseapplications.
Radix’s messagearestill relatively small (at most1 Kbyte of re-
gion data), so that Radix remainssensitve to the small-message
bottleneck.With a paclet sizeof 1 Kbyte, Radix's datamessages

requiretwo LCI paclets,afull paclet anda nearlyemptypaclet.
With a paclet size of 2 Kbyte, all messagesit in a single LCI
paclet. Thisis particularlybeneficialto the implementationghat
useNI-level retransmissiorhecausenostprocessindor datapack-
etscannow beoverlappedvith DMA transfers.

6.7 Successie Overrelaxation (SOR)

SOR solwes discretizedLaplaceequations. The programuses
red-blackiterationto updatea 1536x 1536matrix. Eachprocessor
ownsanequalnumberof contiguousnatrixrows. In eachiteration,
processorgxchangeborderrows (12 Kbyte) andperformasingle-
elementreductionto decideon convergence.

RXpMy, suffersfrom sliding-windaw stalls. Sinceall processes
senda row to their neighborat approximatelythe sametime, no
recever transmitsits half-windov acknavledgementgastenough
to preventwindow stalls. Theacknavledgements notsentuntil the
receveritself stallsandneeddo poll. In theotherimplementations,
the sliding window is on the NI sothatthe hostcancopy paclets
to theNI evenif thesendwindow hasclosed.Also, if anNI'ssend
window to oneNI closesthatNI canstill sendpacletsto otherNls.

6.8 Discussion

The applicationmeasurementshav thatone LCI implementa-
tion, RXnoMy;, consistentlyperformsbest. RXnoMp,; assumes
reliablenetwork hardwareandusesan NI-supportednulticast.On
otherimplementationsthe broadcastapplicationsare up to 45%
slower andthe unicastapplicationsareup to 17%slower. Depend-
ing on the PPSandthe application RXnoMp; achievesbetterper
formancedueto reducedNl occupany, reducedsendandreceie
overheadpr Nl-level forwarding.Otherimplementationgetsome
of thesebenefits put notall.

Awari, BarnesandRadixsendmainly roundtripmessages\ev-
erthelessthe relative performancef the LCI implementationgor
theseapplicationds predictedbestby theimplementationssmall-
messag®ottleneck(g) andnot by their contention-freeend-to-end
lateng. Thisbottleneckis largestfor theimplementation®asen
NI-level retransmissionThe bursty and roundtripnatureof these
applicationanakesthemsensitve to occupang-inducedincreases
in end-to-endateng. Puzzle,n contrastsendsone-way messages
andoperatesaasynchronouslyPuzzleis thereforemostsensitve to
sendandreceve overheadandbenefitsfrom maoving thereliability
protocolto the NI.

The broadcastpplicationsalsoshav how NI supportcanboth
increaseanddecreas@erformanceDespitetheslow NI processqr
NI-level multicastforwardingimprovestheperformancef QR, be-
causdt reducegnulticastlateny andincreaseshetime available
to the application. In LEQ, however, the NI-level retransmission
protocolturnsthe NI into a bottleneckduring LEQ’s bursty broad-
castphases.

Increasinghepacletsizeincreasesnicrobenchmark-heel through-
put, but doesnotsignificantlychangeapplicationperformanceThe
speedupof applicationson RXnoMp,; is hardly affected (seeTa-
ble 6) whenthe paclet sizeis increased.The performanceof the
otherLCl implementationgmproves,but notdramatically(seeFig-
ure7).

To understandhis, considerFigure8. This figure comparesfor
eachapplication,the numberof paclets communicatedvhenthe
applicationis runon RXnoMp,; with a paclet sizeof 1 Kbyte with
the numberof paclets communicatedvhenthe applicationis run
on RXnoMy,; with a paclet size of 2 Kbyte. The figure shavs
that most applicationssendas mary datapaclets with a paclet
size of 2 Kbyte asthey do with a paclet size of 1 Kbyte. These
applicationssendonly small paclets and thereforedo not bene-
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Figure 8: Data-packet count ratios for 1-Kbyte and 2-Kbyte
configurations of RXnoM ;.

fit from an increasedpaclet size. On RXnoMp; and RXpnogMp,,

theseapplicationanightevenbedisadwantagedy thesmallersend
window that resultsfrom the increasedaclet size. Sincewe use
half-windonv acknavledgementsacknaviedgementswill be sent
soonerwhenthe window shrinksand piggybackingbecomedess
effective. Indeed,with RXnoMy,;, several applicationssendmary

more acknavledgementswith a paclet size of 2 Kbyte thanthey

do with a paclet sizeof 1 Kbyte (seeFigure6). This effectoccurs
only with RXpnoMp,; andRXnoMp, andnotwith the retransmitting
implementationswhich usethe samewindow sizefor all configu-
rations.

Only QR, Radix,and SOR sendfewer pacletswhenthe paclet
sizeis increasedhut this hasno large impacton applicationper
formance exceptfor Radixon RXpiMpi andRXziMp. In QR and
SOR,performances dominatedby broadcastateny andsliding-
window stalls,not by perpaclet overhead.

7. RELATED WORK

KaramchetandChien[16] studiedthedivision of protocoltasks
betweemetwork hardwareandhostsoftwarefor CM-5 Active Mes-
sagesamessagindpyersimilarto LCI. They arguefor higherlevel
services(ordering, reliability, flow control) in the network hard-
wareto reducecostsin the software messagindayer Our work
also considersmulticastand it considersthe impact of different
work decompositionen PPSsandapplications.

Krishnamurthyetal. studiedtherole of programmabléisin dif-
ferentimplementation®f a single PPS,Split-C [18]. Their work
focusseson NI supportfor remotememoryaccessand discusses
neitherreliability nor multicast;our work studiestheimplementa-
tion of ageneral-purposmessage-passifayer.

LCI’sreliability andmulticastimplementationsnake similar as-
sumptionsasexisting and proposedorotocols.FastMessage§22]
and PM [24] assumethat the hardware never dropsor corrupts
paclets. Active Messages$l combinesan Nl-level reliability pro-
tocol with a host-level sliding window protocolfor reliability and
flow control [9]. Several papersdescribeNI-supportedmulticast
protocols[5, 14, 17, 25]. We arethefirst to compareefficient NI-
level andhost-level multicastsand theirimpacton applicationper
formance.

Araki et al. usedLogP [10] measurement® several userlevel
communicatiorsystemg1] with differentreliability strateyies. They

comparesystemswith differentprogrammingnterfacege.g.,memory-

mappedccommunicatiorandmessag@assinganddo not consider
multicast. We comparemplementation®f oneinterfaceandalso

considerthe application-leel impact of different reliability and
multicastdesigns.

Martin et al. studiedthe sensitvity of Split-C applicationsto
LogGP parametewralues[20]. They variedindividual LogGP pa-
rameteraisingdelayloopsin a singlecommunicatiorsystem(Ac-
tive Messages)We look atamuchsmallersetof parametevalues,
but we know thateachsetcorrespondsaturallyto a particularpro-
tocol decomposition We canthereforecorrelateparametewalues
anddecompositionsWe alsoconsidera larger rangeof PPSsand
shav that someare more sensitve to particular parameterghan
others.

Bilas et al. identify bottlenecksn DSM systemd7]. Their sim-
ulation study revolves aroundthe samelayersas usedin this pa-
per: low-level communicationsoftware and hardware, PPS,and
applications.Bilas et al. usememory-mappedommunicatiorand
analyzetheperformancef page-basedndfine-grainedDSM sys-
tems. Our work usespaclet-baseccommunicatiorand PPSsthat
implementmessag@assingor objectsharing.

A largefractionof this work is basedon the first authors Ph.D.
thesis[4]. Details of the LCI and PPSimplementationscan be
foundin thisthesis.

8. CONCLUSIONS

We have systematicallystudiedthe performanceampactof dif-
ferentdivisionsof communicatiortasksbetweerhostsoftware, NI
firmware,andnetwork hardwvare.

For our applications,an implementationthat assumegeliable
network hardwareandthatperformsNI-level multicastforwarding
alwaysperformsbest.With otherdecompositionsgpplicationgun
up to 45%slower. In mostcasesslovdowns aredueto the costof
retransmissiosupport.

Somehave arguedthat protocol tasksshouldbe performedon
the host, becausethe NI processoiis relatively slov [22]. Our
work shaws that this is not always the case. For all our imple-
mentationsNI-level multicastforwardingyieldsbetterapplication
performancehan host-level forwarding. NI-level retransmission,
on the otherhand,increaseNI occupang anddecreasegerfor
mancefor PPSsand applicationsthat sendmary small messages
in burstsandthat needto wait for suchmessagesPPSsand ap-
plicationsthat canoperateasynchronousjyhowever, attainbetter
performancevith NI-level retransmissiorhecausét reducesend
andreceve overheadnthehost.In addition,our host-lezel imple-
mentation(RX,My,) is fairly agressie, becausét usesNI memory
for retransmissiorand doesnot inject multicastpaclets multiple
times.A moreconserative implementatiorwould increasehead-
vantageof NI-level protocolprocessing.

Our work alsoshedslight on the role of parallel-programming
systems.PPSssuchasMultigame, Orca,and CRL eachgenerate
a small numberof characteristicommunicatiorpatterns. An in-
terestingresultis that someprotocol decompositionsvork better
for somepatternghanotherdecompositionsin fact, eventhough
PPSsdncreasdow-level latencieshy up to 124%,performancalif-
ferencedueto differentdecompositionsemainclearly visible at
theapplicationlevel.
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