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Abstract

This paperdescribesggeneric NI-level medanismsthat
reducedata and control transfer overheadsin userlevel
communicatiorsystemsThesemethanismseducepolling
overheadwithout reducingthroughput,improve multicast
performance and reducethe frequencyof network and
timerinterrupts. They haveall beenimplementedn a fam-
ily of low-level Myrinet communicatiorsystemsWe illus-
tratetheperformancempactof thesemedanismaisingmi-
crobenhmarksandparallel-applicationmeasuements.

1. Intr oduction

This paperdescribesand evaluatesmechanismshatre-
duce the data and control transfer overheadsassociated
with threeimportantcomponentof userlevel communi-
cationsystems:polling, interrupts,andmulticast. Our im-
plementation®f thesemechanismsiseMyrinet’s [7] pro-
grammablenetwork interface(NI) to performsimple, but
crucialtasks.

Userlevel communicationsystemsallow processego
detectand processincoming messagesvithout kernelin-
volvementby meansof polling. A poll usually involves
readingoneor two wordsandis thereforemuchlessexpen-
sivethananinterrupt. Neverthelessanaiveimplementation
canreducecommunicatiorperformancéy introducingun-
necessary/O bustransferswhich canincreasehe costof
apoll. Section3 compareglifferentpolling mechanisnand
describesan optimizationcalled padet shifting that yields
afastpoll andputsnounnecessaripadonthel/O bus.

Many userlevel communicatiorsystemsneglect multi-
cast[6] or provideit asanafterthoughby layeringit ontop
of message-basegbint-to-point primitives. Several sys-
temshave demonstratedhe potentialperformanceadvan-
tageof Nl-level multicastsupport[5, 16]. Section4 com-
paresdifferentmulticaststratgyiesand shows that Ni-level
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multicastsupportreduceanulticastlatengy, increasesnul-
ticastthroughputandimprovesapplicationperformance.

Communicationsystemsandtheir clientsrely on inter-
rupts for the asynchronousotification of eventssuchas
pacletarrival andtimer expiration. Interrupts however, are
expensve. Section5 shavs how a hostandits NI canco-
operatvely reducethefrequeng of network andtimerinter-
rupts.In the caseof timerinterrupts NI supportalsoallows
usto implementtimerswith microsecondyranularity Fine-
grain timers are becomingincreasinglyimportant[2]; we
usethemto implementfastacknavledgements.

Our main contribution is to shav how relatively sim-
ple NI mechanismscan reducedata and control transfer
overheadin a communicationsystem. All mechanisms
have beenimplementedn a family of communicatiorsys-
temsthat implementthe sameLow-level Communication
Interface (LCI). They have played an important role in
LCI'sdemonstratedapacityto supportavarietyof parallel-
programmingsystemg4]. The mechanismshowever, are
generalndcanbeusedin any message-passirgystem.

This paperis organizedas follows. Section?2 de-
scribesLCl andits implementations.Section3 describes
an efficientimplementatiorof polling thatdoesnot reduce
throughput.Sectiord describesnefficient, Nl-level multi-
castimplementation.Section5 describeswo mechanisms
thatreducethe frequeny of network andtimer interrupts.
Section6 discusseselatedwork andSection7 concludes.

2.LCI

LCl is a low-level communication interface that
forms the core communicationlayer of several parallel-
programming systems. LCI provides reliable, FIFO,
paclet-basedoint-to-pointand multicastcommunication.
Packetscanberecevedusingpolling or interrupts.Table 1
liststhe mainfunctionsof LCI's programmingnterface.

The following systemshave beenportedto or imple-
mentedon LCI: CRL, a region-baseddistributed shared-



void *Ici_send_alloc(void)

Allocatesa sendpacletin NI memoryandreturnsa pointerto its datapart.

int Ici_group_create(int *members, int nmemb)

Createsa multicastgroupandreturnsa groupidentifier. The processdentifiersof
all nmembmembersrespecifiedn membes.

void Ici_ucast_launch(int dst, void *pkt, int size)

Transmitssizebytesof pktto processist

void Ici_bcast_launch(void *pkt, int size)

Broadcastsizebytesof pkt

void Ici_mcast_launch(int gid, void *pkt, int size)

Multicastssizebytesof pktto all membersf groupgid.

void Ici_poll(void)

Drainsthe network andcallsici_upcall) for eachincomingpaclet.

void Ici_intr_disable(void)

Logically disablesmnetwork interrupts.

void Ici_intr_enable(void)

Logically enablesetwork interrupts.

int Ici_upcall(int src, void *pkt, int size, int mcast)

LCI invokesthis client-suppliedfunction onceperincoming paclet. Pkt points
to the datajust receved (sizebytes)from src; mcastindicateswhetheror not pkt
is a multicastpaclet. If Ici_upcall) returnszero,LCl regycles pktimmediately;

otherwise pwnershipis transferredo theclient.

void Ici_packet_free(void *pkt)

Returnsownershipof receve paclet pktto LCI.

Table 1. LCI's programming interface (slightl y simplified)

memory(DSM) system[10]; MPICH [9], animplementa-
tion of the MPI message-passirgiandard;Manta, a par
allel Java system[11]; and Orca, an object-baseddSM
system[3]. Thesesystemshave differentcommunication
requirementsand generatedifferent communicationpat-
terns[4]. Specifically they differ in their message-sizdis-
tributions, in whetherthey requireinterrupt-driven paclet
delivery or multicast, and in whetherthey communicate
mainly synchronouslyr asynchronously

The LCI implementations run on a 128-node
Myrinet/Linux cluster Each node containsa 200 MHz
Intel PentiumPro processowith 128 Mbyte of DRAM. A
Myrinet NI is attachedto the hosts 32-bit, 33 MHz PCI
bus. The NI hasa 33 MHz LANai 4.1 RISC processar
1 Mbyte of SRAM, andthreeDMA engines.The Nls are
connectedria a 3D grid of 8-portswitchesandfull-duplex
1.28 Gbit/s links. Myrinet provides no hardware support
for multicast. Eachimplementatiorgivesat mostoneuser
processaccesdo the Myrinet NI. NI accesss unprotected.

The NlI-supported mechanismsdescribedin this pa-
per have beenimplementedn threeLCI implementations:
LCI-ni, LCI-host, and LCI-mixed. (In previous publica-
tions|[5, 6], LCI-ni is calledLFC.) Theterm’LCI’ is some-
timesusedin statementthatpertainto all implementations.
A detailedcomparisorof theimplementationss givenelse-
where[4]; herewe summarizeheir maincharacteristics.

LCI-ni makesaggressie useof the Myrinet hardware.
LCI-ni doesnot implementretransmissionassumingthat
the hardware neitherdropsnor corruptspaclets. To pre-
ventNI-level buffer overflows, LCI-ni runsanNI-level flow
control protocol. Moreover, LCI-ni usesMyrinet's pro-
grammableNI to provide an efficient multicastimplemen-
tation [5]. LCI-host implementsboth retransmissiorand
multicastforwardingon the host. LCI-mixed doesnot im-
plementretransmissiorflike LCI-ni) andimplementsmul-
ticastforwardingon the host(like LCI-host).

Figurel illustratesLCI's control anddataflow pathfor

point-to-pointpaclets. This pathis identicalin all three
implementations.To senda point-to-pointpaclet, an LCI
clientcallslci_sendalloc() to allocatea 1 Kbyte sendbuffer
in NI memory(stepl in Figure 1) and usesprogrammed
I/O to copy datainto this buffer (step2). Next, the client
callslci_ucastlaund(), which createsa senddescriptorin
NI memory(step3). Whenthe NI finds the descriptor it
transmitsthe paclet (step4). Thereceving NI copiesthe
pacletto pinnedhostmemory usingDMA (step5).

If network interruptsareenabledthe receving NI may
generatea network interrupt(step6; seealsoSection5.1).
Thekerneldispatchesmetwork interruptsasUnix signalsto
therecever processEachsignalis processetby LCI' s sig-
nal handlerwhich callsa polling routineto procesgaclets
gueuedn hostmemory

If interruptsare disabled,pacletsin hostmemoryare
detectedthrough polling. The polling routine, Ici_poll(),
passeseach paclet to a client-supplied upcall routine
namedIci_upcall) (step 7). This routine processeghe
pacletin a client-definedway andtheneitherreleaseghe
paclet or queuesit for further processing. Since host
buffers are storedin pinnedmemory—a relatively scarce
resource—clients should not queuepackets unnecessar
ily. Queuedpacletsmustbe releasedxplicitly by calling
Ici_padket freq).

3. NI-Level Packet Shifting

Packet shifting is an NI-supportedmechanismthat re-
ducesthe costof polling without reducingthroughput.lt is
usedby all LCI implementations.

3.1 Polling on Myrinet

Polling is the control-transfetmechanismof choicein
mostuserlevel communicatiorsystemsbhecausénterrupts
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areexpensve. Ona200MHz PentiumProrunningLinux,
for example,dispatchingan interruptto a kernelinterrupt
handlercostsapproximately8 ps. Dispatchingto a user
level signal handlercostsan additional 17 ps. This cost
exceedd ClI-ni’sone-way null latengy (12 ps).

A simpleway to implementpolling on Myrinet is to let
theNI incrementavariablein its memoryandto let thehost
readthevariable.Thisisinefficient,however, becausevery
poll may causean /O bustransfer This transferincreases
thetime to executethe poll.

On architecturesvith cache-coherenDMA, thesel/O
bustransferccanbeavoidedby letting the NI updatea vari-
ablein cachedhostmemory Eachtime the NI hastrans-
ferredapacletto hostmemory it updateshostvariableby
meansof a secondsmallDMA transfer The hostpolls by
readingthisvariablefromits localmemory If pollsareexe-
cutedfrequently theflagwill bemovedinto the datacache.
Failed polls arethereforeinexpensve andgenerateneither
memorynor I/O traffic. Whenthe NI writes the flag, the
hostwill incur a cachemissandreadthe flag's new value
from memory Ona200MHz PentiumPro,theschemgust
describedcosts5 nanosecond®r afailedpoll (i.e.,acache
hit) and 74 nanosecondfor a successfupoll (i.e., a cache
miss).For comparisoneachpoll in thesimpleschemdi.e.,
anl/O bustransfer)costs467 nanoseconds.

3.2 Polling in LCI

LCI usesanoptimizedvariantof the DMA-basedpolling
approactdescribedabove. In LCI, eachhostreceve buffer
containsastatudield thatindicatesvhetherthecontrolpro-
gramhascopieddatainto the buffer. Receve buffers are
organizedin a queue. During a poll, LCI teststhe status
field of the buffer at the headof the queue. Whenthe NI
recevesa paclet, it mustcopy the paclet’s payloadinto a
hostreceive buffer andsetthatbuffer's statusfield to FULL.
For efficiency, LCI folds both actionsinto a single DMA
transfer This is illustratedin Figure 2, which also shavs
thesimplerimplementatiorthatusestwo DMA transfers.

Status field (E=EMPTY, F=FULL) —
Packet buffer in host memory Displacement field —

E
A

Data DMA transfer

Combined data and
status DMA transfer

;

Status DMA transfer

Header| Payload | |FH A

Packet buffer in network interface memory

Figure 2. Packet shifting

Thesimplestway to avoid two DMA transferss to copy
thewhole NI pacletbuffer to hostmemory but thisis inef-
ficient for pacletswith a small payload.To avoid transfer
ring the emptypart of an NI receve buffer, the statusfield
mustbe storedright afterthe paclet’s payload. (If it were
storedin front of thedata,thehostcouldbelieve it receved
a paclet beforeall of that paclet’s datahadarrived.) The
positionof the FuLL word thereforedependn the sizeof
the paclet’s payload. The host,however, needso know in
adwancewhereto poll for the statusfield. LCI therefore
transferghe paclet’s payloadandthe FuLL wordto theend
of the hostbuffer. In addition, LCI transfersa word that
holdsthe payloads displacementelative to the beginning
of the hostreceve buffer. Usingthe displacementthe host
candirectly computethe startof the paclet’s data.

This padket shifting requiresonly a few simple calcula-
tionsonthe NI, workswell for largeandsmallpaclets,and
allows the hostto poll without generatind/O bustraffic.

3.3 PerformanceImpact

Figure3 shavs theimpactof differentpolling stratgies
on small-messagéhroughput,an important performance
metricfor communicatiorsystemgshatsupportparallelpro-
gramming. 'Packet shifting’ and’Programmed/O’ attain
the highestthroughput. With 'Programmed/O, the host
polls a counterin NI memory This stratgy achieveshigh
throughput,but increaseghe lateny of individual polls.
The’Full paclet’ stratgy alwaysusesa singleDMA trans-
fer to copy anentire1 Kbyte NI receve buffer to the host,
irrespectve of theactualpayload.Thisyieldspoorthrough-
put for small paclets and throughputremainsworse than
with paclet shifting until pacletsarenearlyfull. The’Dou-
ble DMA’ stratgy always usestwo DMA transfers,one
for the dataand onefor the FuLL word. This yields poor
throughput.especiallyfor packetsthatare morethanhalf-
full. The’'Static split’ strateyy is a combinationof 'Double
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Figure 3. Comparison of polling strategies

DMA’ (for pacletswith a payloadof lessthan512 bytes)
and’Full paclet’ (for pacletswith alarger payload). This
stratgyy outperforms’Full paclet’ for small payloadsbut
still lagsbehind’Paclet shifting’ for largerpayloads.

All variantsachieve their peakthroughputwith 1 Kbyte
messageandmaintainthatthroughpufor largermessages,
with the exceptionof somedips causecy fragmentation.

4. NI-Level Multicast Forwarding

LCI providesareliable, FIFO multicastprimitive. Mul-
ticastis usedto implementcollectve communicatioroper
ationsin message-passirgystemsandto updatereplicated
datain DSM systemd3]. SinceMyrinet doesnot support
multicastin hardware,communicatiorsystemsnustimple-
mentmulticastservicesin software. This is usually done
by meansof a spanning-treenulticastprotocol. In sucha
protocol,thesendeandreceversareorganizednto a mul-
ticasttree. The senderis theroot of the treeandtransmits
eachmulticastpaclet to all its children(a subsebf there-
ceivers). Thesechildren, in turn, forward eachpaclet to
their children,andsoon. Tree-basegrotocolsallow pack-
etsto travel in parallelalongthe branchesof the treeand
thereforeusuallyhave logarithmiccompleity.

4.1 Host-Level Multicast Forwarding

Most communicatiorsystemamplementmulticastfor-
warding using point-to-point message-passingrimitives.
Eachhostin the multicasttree recevesanincoming mul-
ticastas a point-to-point messageand then forwardsthis
messag¢o its children.

LCI-host and LCI-mixed use an optimized version of
this scheme.First, both implementationgorward individ-
ual pacletsratherthanentiremessagesforwardingbegins
assoonasthefirst pacletof amultipacketmessagbasbeen
receved. Systemsthat layer multicastingover message-
basedpoint-to-point primitives delay forwarding until an

entiremessagdasbeenreceved, which increasedatencgy

andreduceghroughputfor multipacket messagesSecond,
duringforwarding,bothimplementationsopy pacletsback
to the NI only once, even whenthey forward to multiple

children. Insteadof copying the datamultiple times, multi-

ple senddescriptorsare created,nstructingthe NI to send
the samepaclet to multiple destinations. Togethey these
optimizationsallow LCI-hostandLCl-mixedto attainfairly

goodmulticastthroughputseeSectior4.3).

4.2 NlI-Level Multicast Forwarding

Evenwith the optimizationsdescribedabove, host-level
forwarding has dravbacks. First, since eachreinjected
paclet wasalreadyavailablein NI memory host-lesel for-
wardingresultsin an unnecessarjost-to-NI datatransfer
ateachinternaltreenodeof the multicasttree(seeFigure4,
left). Second,if one hostdoesnot poll the network in a
timely mannermulticastdeliverywill bedelayedn awhole
subtree.Insteadof relying on polling, the NI canraisean
interrupt, but interruptsare expensve. Third, the critical
sendeitrecever pathincludesthe host-Nlinteractionof all
the nodesbetweenthe senderand the receiver. Thesein-
teractionsconsistof copying the paclet to the host, host
processingandreinjectingthe paclet.

To solve theseproblems L Cl-ni usesNI-level multicast
forwarding.Figure4 contrastost-level (left) andNI-level
(right) forwarding.NlI-level forwardingdoesnotrequirethe
host-to-NlIdatatransferandremovesthe NI-to-hosttransfer
from the critical path: a packet canbe forwardedindepen-
dently of the NI-to-hostcopy. Here,we describeonly the
datatransferbehaior of this NI-level multicastprotocol.
Deadlockavoidanceand the implementationof reliability
aredescribecelsavhere[4, 5].

LCI-ni attaches speciaimulticasttagto multicastpack-
ets,which is recognizedby all NIs. Whenan NI receves
amulticastpaclet, it looks up the paclet’s forwardingdes-
tinationsin atable storedin NI memory Eachsenderhas
its own multicasttree; by default, all implementationsise
binary trees. The NI transmitsthe paclet from its NI re-
ceive buffer to all forwardingdestinationsvithout making
ary internaldatacopies.After startingthefirst of thesefor-
warding transfers,the NI also startsa DMA transferthat
copiesthepacletto hostmemory (TheNI canperformtwo
DMA transferssimultaneously

4.3 Performancelmpact

Figure5 shaws the multicastlateng andthroughputon
64 processorattainedoy the LCI implementationsThela-
tengy benchmarkmeasureshe latengy to the last recever
of a broadcast. The throughputbenchmarkmeasureghe
throughputobsened at the sender LCI-ni clearly attains
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the lowestlateng. It completelyeliminatesa host-to-NI
copy andremovesanNI-to-hostcopy from thecritical path.
LCI-ni alsohasthe bestthroughputbut the differencewith
host-level forwarding is lessdramaticthanin the lateng
benchmarkbecausé¢he host-lesel forwardingimplementa-
tions have beenheavily optimized. Moreover, this bench-
mark doesnot shav theimpactof spendinghost-processor
cycleson multicastforwarding.

Figure 6 illustratesthe impact of different forwarding
stratgies on two MPI applications,ASP and QR. Both
applicationswere run on 64 processorsand their perfor
manceis dominatedby broadcastraffic. Thesemeasure-
mentsuse two MPI implementationspoth of which are
basedon MPICH [9], a widely usedMPI implementation.
One implementation,called '"MPICH’ in Figure 6, uses
MPICH'’s default broadcastmplementationwhich, in turn,
usesMPI’s point-to-pointprimitivesto forwardentiremes-
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execution time
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Figure 6. Comparison of multicast strategies

sagesat the hostlevel. The point-to-pointprimitives are
implementedon top of LCI's point-to-pointpaclet trans-
missionfacility; LCI' sbroadcasandmulticastarenotused.
We modified this implementationto use binary broadcast
treesinsteadof binomial trees,so thatthe implementation
would usethe sametreesasthe othertwo implementations.

The otherMPI implementatiorusesLCI’s broadcasin-
steadbf MPICH'sdefaultbroadcastWe ranthisimplemen-
tation on LCI-host and LCI-ni; thesevariantsare labeled
'LCI-host’ and’LClI-ni" in Figure6. Both variantsforward
pacletsratherthanmessagedyut LCI-hostforwardson the
host,while LCI-ni forwardsonthe NI.

The All-pairs ShortestPath (ASP) programfinds the
shortestpath betweenall nodesin a graph. In eachitera-
tion, one processobroadcasts 4 Kbyte matrix row. The
algorithmiteratesover all of this processos rows before
switching to anotherprocessos rows. Consequentlythe
currentsendercanpipelinethe broadcast®f its rows. Due
to this pipelining, recevers are often still working on one
iterationwhen broadcaspacletsfor the next iteration ar
rive. MPICH and LCI-host do not processthesepack-
ets until the receversinvoke a receie primitive. Conse-
qguently the senderis stalled, becauseacknavledgements
do not flow backin time. To improve performancewe
augmentedASP with application-leel polling statements
(MPI_probg)). Figure 6 shavs the improved numbers.
With LCI-ni, the problemdoesnot occur, becausacknawl-
edgementaresentby the NI, not by the hostprocessar

Even with application-leel polling in LCI-host and
MPICH, LCI-ni performsbetter The remainingdifference
is dueto the processooverheadcausedy failed polls and
host-level forwarding: the time spenton theseactvities is
not availableto theapplication.

QRis a parallelimplementatiorof QR matrix factoriza-
tion. In eachiteration, one column,the Householdewec-
tor H, is broadcasto all processorswhich updatetheir
columnsusingH. At the end of eachiteration, QR uses
a Reduce-®-All collective operationto selectthe House-
holdervectorfor the next iteration. Performances domi-
natedby the broadcast®f columnH. As with ASP, host-
level forwarding increasesprocessoroverhead. In addi-
tion, the implementationshasedon host-lesel forwarding



aresensitve to their higherbroadcastateng. At the start
of eachiteration, eachreceving processomust wait for
an incoming broadcast. The broadcastingprocessorcan-
not pipeline multiple broadcastshbecausehe Reduce-to-
All synchronizesll processorin eachiteration. Message-
basedforwarding, usedin MPICH'’s default broadcastm-
plementation,exacerbateghe lateng problemand slows
down QR by morethan50%.

5. NI-Level Interrupt Management

Many communicatiorsystemsuseand sometimeseed
interruptsto signalthe completionof a paclet’s transmis-
sion, the arrival of a paclet, or the expiration of a timer.
Unfortunatelyinterruptsareexpensve. Below we describe
two NI-supportedmechanismsghat help reducethe fre-
gueng of receive andtimer interrupts. In both casesthe
hostusespolling whenthis is practical. The NI monitors
the hosts polling frequeny andgeneratesnterruptswhen
thehostfails to poll within a certainperiodof time.

5.1 The Polling Watchdog

Many parallel-programmingystemsieedasynchronous
messagelelivery. Processein DSM systems for exam-
ple, needto respondto cache-updater cache-iwvalidation
requestghatgenerallyarrive at unpredictabldimes. Inter-
ruptsare a simple solution, but generatingan interruptfor
eachincoming paclet is usually not necessary Evenin a
DSM system,mary messagesin particularresponseso
requestsarrive at more or lesspredictabletimes. Ideally,
thesemessageshouldberecevedthroughpolling.

LCI implementationsuse a polling watchdag [12] to
avoid generatingnterruptsunnecessarilyThis mechanism
delaysinterruptsin the hope that the target processwill
soonpoll the network. Wherethe original polling watch-
dog proposalby Maquelinetal. is a hardwaredesign,LCI
usesMyrinet’s programmableN| to implementa software
polling watchdog. Briefly, the NI startsa watchdogtimer
whenit recevesa packet. The NI generatesan interrupt
only if thehostdoesnot poll beforethetimer expires.

LCI's polling watchdogcooperatesvith LCI’s network-
interruptmanagemenmechanism.Recallthat LCI clients
maydynamicallydisableandenablenetwork interrupts.For
efficiency, LCI usesoptimistic interrupt protection [14]:
Ici_intr_disabl€) and Ici_intr_enabl€) toggle the interrupt
statusflag in host memory without synchronizingwith
the NI, the sourceof network interrupts. Consequently
the NI may generatean interrupt after the host called
Ici_intr_disabl€). The kernelwill thendispatcha signalto
theuserprocessL Cl’'s signalhandler however, alwaysre-
turnswithout processingacletsif the interruptstatusflag
in hostmemoryindicateshatinterruptsaredisabled.

LCI startsthewatchdogiimer eachtime a pacletarrives
andthetimer is not alreadyrunningon behalfof anearlier
paclet. If thetimerexpires,theNI decidesvhetherit should
generatean interrupt. This decisionis basedon two vari-
ablesin hostmemory: the interruptstatusflag anda count
of the numberof pacletsprocessedy the host. Whenthe
timer expires, the NI copiesboth variablesto NI memory
usinga single,small DMA transfer If the paclet counter
indicateghatthe hosthasprocesseall pacletsdeliveredto
it by the NI, thentheNI cancelghepolling watchdogimer.
If theinterruptstatudlagindicateghatthehostrecentlydis-
abledinterruptsor if the paclket countershavs thatthe host
consumedsomeof the pacletsdeliveredto it, thenthe NI
doesnot generataninterrupt,but restartghetimer. Other
wise,theNI generatesninterruptandrestartshetimer.

Sincethe NI may reada stalecopy of theinterruptsta-
tusflag, it may decidenot to generatean interruptafterthe
hostre-enablednterrupts.Thisis notaproblem becausén
this casethe NI alwaysrestartsts watchdogtimer andwill
generatdéheinterruptatalatertime.

Figure 7 shavs the impact of different watchdogde-
lays on the performanceof three CRL applicationsrun on
64 processors:Barnes,FFT, and Radix. CRL is a soft-
wareDSM system[10], which we portedto LCI. Processes
can sharememory regions of a userdefinedsize. Pro-
cesse®nclosetheir accesse$o sharedregionsby callsto
the CRL runtime system,which implementscoherentre-
gion caching. Eachreador write miss generatesa small
requesto aregion’s homenode zeroor moreinvalidations
from the homenodeto othersharersanda reply from the
homenodeto thenodethatmissed CRL normallyuseset-
work interrupts,but disablesnetwork interruptsand polls
whenit waitsfor areply to anoutstandingequest.

For all applicationsperformancalegradesvhenthein-
terruptdelay grows larger than approximatelyl00 ps. In
fact, Radix and Barnesdo not terminatewhen interrupts
are completelydisabled,unlessexplicit polls are addedto
the application.Suchpolls, however, arenot partof CRL's
applicationprogramminginterface. Always generatingan
interruptimmediately(the'No delay’ datapoints)alsode-
gradesperformance A delayassmallas1 us alreadypre-
ventsmary interruptsandimprovesperformancelnterest-
ingly, alargerangeof delaysworkswell for theseapplica-
tions. Maquelinetal. [12] reportedsimilar results.

5.2 Fine-Grain Timers

LCI-host usestimers to scheduleretransmissionsnd
fastacknavledgements.Recallthat LCI storesall outgo-
ing datain sendbuffersin NI memory(seeFigurel). Since
LCI-hostimplementsaretransmission-basedliability pro-
tocol, it mustbuffer thesepacletsuntil they have beenac-
knowledged.SinceNI memoryis small,however, acknawl-
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plicit acknavledgementsre needed.Eachrecever there- § 0.2 4
foremaintainsapersendetimer, whichis startedvheneer ‘é
adatapacletarrivesfrom somesenderWhenthetimer ex- S 014
. e [&] .
pires,anexplicit acknavledgements sent.If apaclettrav- o I
. N FFT execution time
elsbackto the sendetbeforethe timeout,an acknavledge- 0.0

mentwill bepiggybacledandthetimerwill be canceled.

The granularityof operatingsystemtimers, typically at
leastten milliseconds,is too coarsefor this acknavledge-
menttimer. LCI-hostthereforeusesan NI-supportedvari-
antof softtimers[2] toimplemenffine-graintimers.Instead
of relying only on OStimer signals the hostpolls the clock
(in our case the CPUtimestampcounter). LCI-hostpolls
theclock eachtime anLCl routineenters.CI’ s timer mod-
ule andduring timer interrupts. Unlike soft timers, which
use OS timers as a backupmechanismagainstinfrequent
polling, LCI-host lets the NI generateperiodic clock in-
terrupts. The NI, however, generatesheseinterruptsonly
whena timer is actually runningor whenthe hosthasnot
recentlypolledthe clock. Thisis checledby fetchinghost
state(usingasmallDMA transferbeforegeneratinghe pe-
riodic interrupt. This statecontainsa countof the number
of runningtimersandthetime of thelastclock poll.

Figure 8 shaws the impactof differentclock granulari-
tieson the performanceof a FastFourier Transform(FFT)
on CRL and on 64 processors.The horizontal axis indi-
catesthetime T betweenclock interrupts. If atimer has
beenstarted,the NI will generatea clock interruptevery
T microsecondsynlessthe hostfrequentlypolls the clock.
We configuredLCl-hostwith 64 NI sendbuffers. FFT per
forms all-to-all exchangesf matrix blocks. During these
exchangesprocessorsun out of sendbuffers unlessthey
recevve timely acknavledgements Figure 8 shows clearly
that performancedegradeswhenthe clock periodis larger
thanl1 millisecond.

N E A I I
0 2000 4000 6000 8000 10000
Timer granularity (microseconds)

Figure 8. Impact of timer gran ularity

6. Related Work

Mukherjeeet al. proposedtacheabledevice registers to
reducethe costof polling. A cacheablalevice registeris
a specialdevice statusregister that is sharedbetweenthe
NI andthe host[13]. Currenthardware,however, doesnot
provide thesesharedregisters.

Several Nl-level multicast protocols have been pro-
posed>, 8, 16]. Noneof thecitedpapershowever, demon-
stratesthe application-leel performanceadvantageof NI-
level multicasting. Somepaperscomparehost-lesel and
NI-level multicastingusingmicrobenchmarkdyut they use
host-level multicastschemeghat are lessaggresaie than
theschemeausedby LCI-hostandLCl-mixed.

Researclsystemsuchasthe Alewife [1] have attempted
to reducethe nominal costof an interrupt. Even without
hardwaresupportoperatingsystemsandispatchnterrupts
moreefficiently by saving lessprocessostate(andlessof-
ten) [15]. Theseproposalshowever, have not found their
way into commerciakrchitecturegndoperatingsystems.

We do not attackthe overheadof individual interrupts,
but useNI supportto reducethe interruptfrequeng. LCI
optimistically delays receve interruptsin the hope that



a poll will soonoccur The polling watchdogproposed
by Maquelin et al. is a hardware implementationof this
idea[12]. We augmentedhe polling watchdogwith sev-
eralcheckgo furtherreducetherisk of spuriousinterrupts.
Our NI-supportedfine-graintimers are similar to Aron
andDruschels softtimers [2]. They optimizekerneltimers
by polling the host’s clock and processingimeoutsduring
systemcalls, exceptions,and interrupts. This way, they
amortizethe state-seing overheadof theseevents. Their
soft timersusethe kernels coarse-grairclock interruptas
a backupmechanismagainstlow polling rates. LCI pro-
videsuserlevel softtimersanduseshe NI asamuchmore
precisebackupsourceof timerinterrupts.

7. Conclusions

We have describedNI-level optimizationsthat reduce
dataand control transferoverheadsn userlevel commu-
nication systems. Packet shifting yields fast polls with-
out compromisingthroughput. NI-level multicastsupport
yields lower multicast lateng, higher multicast through-
put, andbetterapplicationperformanceA nave, message-
basedhost-level multicastperformsup to 50% slower at
the applicationlevel. A heavily optimized, paclet-based,
host-level multicastis up to 20% slower at the application
level. Finally, we consideredhe role of the network inter-
facein interruptmanagementBy allowing the hostto poll
interrupt-generatingeviceswhenthis is corvenient,inter-
ruptratescanbereduced.To guarantegesponsienessywe
usethe network interfaceasa monitorthatgenerateinter
ruptswhenthehostfails to poll.
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