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Abstract

Small-scalemultiprocessos are becomingincreasingly
economicaland common,wheleaslarger multiprocessos
continueto havehigher per-nodecosts. The NUMAcdine
multiprocessomproject seekgo male large-scalemultipro-
cessos more economicalwhile maintaining high perfor-
manceby exploring architectural andhardware featuresfor
low-cost,modularmultiprocessos. To demonstateour ap-
proach, we haveimplementeda prototype systemthat is
scalableto 128 processas. An efficient directory-based
cache coheence protocol exploits our hierarchical ring-
basedinterconnectand supports sequentialconsistency
This paperdocumentshe designchoicesand theresulting
performancefthesystermusingbothsimulationresultsand
measuementn the prototypehardware.

1. Introduction

For multiprocessorgo gain widespreadise,economic
considerationsnustplay a role in their design. Currently
systemswith 8 processorareavailableascommodityparts,
andin thenext decadet is possiblehatthesizeof commod-
ity multiprocessorsnayreachl6 or 32 processorskor this
to happentheoverall costof thesemultiprocessorsnustbe
keptlow andthe architecturemustbe sufficiently modular
sothatsmallsystemsanbeeasilyandaffordably extended
into largerones.While muchof themultiprocessoresearch
to datehasfocussedn performancewe have extendedour
researchio examinearchitecturabndhardwarefeaturedor
low-costmodularmultiprocessorsvhile maintaininggood
performanceandscalability

The NUMAchine multiprocessor has beendeveloped
at the University of Toronto as part of a researchproject

1This work was supportedby the Stratgic Grant#STR0149404rom
theNaturalScienceandEngineeringResearctCouncilof Canada

on hardware and software for parallel computing. It is
a CC-NUMA distributedshared-memoryDSM) multipro-
cessomdesignedor cost-efective performanceProcessors,
cachesandmemoryaredistributedacrossanumberof sta-
tions interconnectedy a hierarchyof unidirectionalbit-
parallelrings. The simplicity of the interconnectiomet-
work permitsthe useof wide communicatiorpathsat each
nodeanda novel scheméor routing paclets betweensta-
tionsenablehigh-speedperatiorof therings. A directory-
basedchardwarecachecoherencerotocolis used.The pro-
tocol scalesefficiently with systemsize by exploiting the
hierarchicalrchitectureandthe naturalorderingproperties
of therings; it implementsa sequentially-consistembhem-
ory model. A prototypemachinehasbeenconstructedo
sene asa usefultest-bedor furtherhardwareandsoftware
researchAll of thecontrolcircuitry is implementedn pro-
grammabldogic, makingit possibleto addor changeunc-
tionality at the hardware level without requiring physical
modificationsto printed-circuitboards.

The primary researchcontributionsof the NUMAchine
hardwareimplementatiorare:i) proof-of-concepfor asim-
ple, low-cost multiprocessolarchitecturebasedon hierar
chical rings andii) an efficient hardware cachecoherence
protocolthat exploits the architectures multicastcapabili-
ties. The paperis organizedasfollows: Sectionl.1 identi-
fies relatedcommercialand experimentalmultiprocessors.
Section2 describegdhe NUMAchine architectureand pro-
totype details. Major architecturaland designchoicesare
discussedn Section3. Prototypeperformanceaesultsare
presentedn Section4 andthe currentstatusof the proto-
typeis givenin Section5. Section6 concludeghe paper

1.1 Background

A varietyof large-scalemultiprocessoarchitecturefias
beendeveloped,asindicatedin Table1. Therelevantfea-
turesconsiderechereare: type of clustering,type of in-
terconnect,presenceof cachesfor remote data, and the



Table 1. Some commercial and experimental multiprocessors

| Name | Cluster | Interconnect | Features |
DASH [14] bus mesh remoteaccesgache
FLASH [7] non-clustered mesh programmablgrotocolprocessqrpagereplication/migration
Origin2000[13] paired-processors cube pagereplication/migration
I-ACOMA [20] bus mesh simultaneousnultithreading cache-onlymemoryarchitecture
Teracomputef19] | non-clustered multistageswitch | multithreadedexecution,no cachingor datareplication
Starfire[1] bus multiple buses globalsnoopingcrossbafor responses
V-clas9[8] crossbar toroidalring remotedatacaches
KSR1[12] non-clustered hierarchicakings | cache-onlymemoryarchitecture
NUMA-Q [16] bus ring remotedatacaches

choice betweennon-uniformmemory (NUMA) or cache-
only memory(COMA) architecturesClusteringprocessors
togetheris a meansof leveragingcommaodity symmetric
multiprocesso(SMP) nodes.Therearea numberof possi-
bilities for the system-widanterconnectncludingmeshes,
multistageswitchnetworks,andrings. Eachhasadvantages
anddisadwantagesn termsof performancecompleity, and
cost. Somesystemsdncludecachedor remotedatato miti-
gatelongermemoryaccesdatenciesasthe systemsizein-
creasesFinally, somesystemsmploy a cache-onlyarchi-
tecture(COMA) to automaticallyreplicateandmigratedata
in hardware ratherthanrely oncachingwith homememory
locationsasin NUMA systems.The systemdistedin Ta-
ble 1 useNUMA architecturepunlessotherwisestated.The
variety of architecturesn Table 1 suggestshatthereis no
singlebestapproactwhenengineeringuchsystems.

The NUMAchine multiprocessoremploys clustering,
usesa hierarchicalring-basednterconnectprovidesa re-
mote data cache,and usesa NUMA architecture. It is
thereforemoresimilar to the lastthreesystemsn Table 1.
Nonethelessthis is an introductionto NUMAchine, and
comparisorto othersystemswill beleft to future papers.

2. NUMAchine Architecture and Prototype

The NUMAchine architecturepermits modular system
constructionwhich canaffordably scalefrom a smallto a
large numberof processorsArchitectureandprototypede-
tails aredescribedelow.

2.1 Architecture Overview

NUMAchine consistof anumberof stationsconnected
by a two-level hierarchycomposedf Local Ringsanda
Central Ring asshawn in Figure1. The ring hierarchy
is joined by an Inter-Ring Interface Datatransfersacross
ringsaredividedinto padetswhich aresentaccordingto a
slottedring protocol. Routing paclketson the NUMAchine
ring is simpleandfast: eachstationchecksa single bit to
determindf a paclethasreachedts destination.

P = Processor

M = Memory

NI = Network Interface
1/0 = SCSI, Ethernet, etc.

Inter-Ring
Interface

Figure 1. NUMAchine architecture

Unidirectionalslottedringswerechoserfor anumberof
reasonsFirst, they canperformaswell asmeshedor upto
128processor§l?, 18 whensomedatalocality is present.
Secondstationscanbe addedoneat a time without signif-
icant re-wiring or topology changesmaking them highly
modularand cost-efective. Third, rings exhibit two fea-
turesusefulfor implementingcachecoherenceand mem-
ory consisteng: inherentsequencin@f requests/responses,
andnaturalbroadcastapabilities.For example,asinglere-
guestinvalidatesmultiple copiesof a cacheline asit tra-
verseghering hierarchyandsenesasanacknavledgment
uponits returnto the sourceof therequest.

Eachstationin NUMAchine consistsof a bus connect-
ing anumberof processorsa memorymodule,anl/O mod-
ule, anda networkinterfacethat connectdo a Local Ring.
Thephysicalmemoryis distributedamongthe stationssuch
thateachmemoryaddressasa fixed homestation Local
memoryaccessewithin a stationincur only bus intercon-
nectlateng, whereagemotememoryaccessesicur addi-
tional ring interconnectatengy to accessaddressesvhose
homelocationis on anotherstation. The network interface
alsocontainsanetworkcache (NC) thatreducesheaverage
lateng for remotedataaccesses.
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Figure 2. Filtermask examples

2.2 Cache Coherence

NUMAchine uses a directory-based, write-
back/invalidate cache coherenceprotocol. A detailed
descriptiorof the cachecoherencerotocolcanbefoundin
[4]. Directoriesare maintainedat two levels: the memory
level andthe network level.

Memory Level: The memory directories maintain the
system-wideoherencetateof eachcache-line-sizedhem-
ory block, and identify cachedlocationsusingtwo small
bitmasks. The processomaskidentifiesprocessor®n the
local stationwith acopy of acachdine. Thefiltermaskuses
separateing and stationfields to identify remotestations
which alsocontaina copy. The nameof this maskreflects
its intendedrole in limiting (filtering) the destinationdor
invalidationrequests.Multiple remotelocationsarerepre-
sentedby OR-ing their respectie filtermasksinto a single
filtermaskto reducethe numberof bits in thedirectory Al-
thoughthe resultingfiltermaskmay occasionallyoverspec-
ify the true cachingstations,this merely causessomein-
validationsto be sentwherenoneareneeded.The number
is typically smallbecausenostcachelinesaresharecby a
smallnumberof processors.

Two filtermaskexamplesaregivenin Figure2. Copies
of cacheline A arelocatedon stationsO and 1 of Local
Ring 3, andtheresultingfiltermaskformedby OR-ingthis
information preciselyindicatesthe locationsof copiesof
line A. Copiesof cacheline B arelocatedon stationO of
Local Ring 0 andstation3 of Local Ring 1. Whena single
filtermaskis formedfor theselocations,it overspecifieghe
locationsof cachdine B. It appearshattwo additionalsta-
tions have copies(station3 on Local Ring 0 and station0
on Local Ring 1) whenin reality they do not. Suchover-

specificatioronly occurswhencopiesareon differentrings
andon differentstationson thoserings.

Network Level: The network cachealso maintainsa di-
rectorywith a processomaskfor eachcacheline present
in the cache.This maskspecifiesthe local processorsvith
copiesof cachelines whosehomememoriesare on other
stations.Typically, only the processortistedin the proces-
sor maskreceve invalidationmessagesentfor this cache
line. However, a cacheline in the network cachemay be
replacedby anotherwithout informing the homememory
andwithout invalidating copiesin the processorcachesn
this station. If aninvalidationis recevedfor sucha cache
line, the worstcasemustbe assumedindall processorsn
the stationmustbe senttheinvalidation. A relatively large
network cachemalesthis aninfrequentoccurrence.

Coherence States; The memorydirectoriesmaintainfour
coherencetatedor eachcachdine:

Local Valid Oneor moreprocessorsacheswvithin thesta-
(Lv) tion have a sharedcopy. Remotestationsdo
not have valid copies.
Locallnvalid  One local processorcache has a modified
(LI copy. Thereareno othervalid copies.

GlobalValid  One or more remotestationshave a shared
(GV) copy, andtheremay also be local copiesin
processocacheswithin the station.
Globallnvalid Oneremotestationhasa modifiedcopy, and
(GI) thereareno othervalid copies.

A line in any oneof thefour statesanalsobelocked. Lock-
ing of theline occursatthebeginning of acoherencection
thatrequiresmultiple stagesandensureghat no otherac-
cesdo theline is possibleuntil thetransactiorcompletes.
Stateinformation containedn the network cachecom-
plementsheinformationin the homememory The setof
statesn thenetwork cachgGV, G, LV, LI) is similarto that
in mainmemory Onedifferenceis thatthe Local states] |
andLV, indicatethe stationhasa modifiedcopy; hencethe
sameline is in the Gl stateat the homememory Upon
receving a requestfor the cacheline, the home memory
mustforwardit to the stationwith the modifiedcopy. Data
responsesre sentboth to the home memoryand the re-
guester Anotherdifferenceis thatthe Gl stateonly means
thatno valid copiesof the cacheine exist onthestation.

2.3 Memory Consistency

NUMAchine supportssequentiakconsisteng, which is
the mostintuitive model for writing shared-memorypro-
grams.As well, sincemodernhigh-performanc@rocessors
gainlittle additionalperformancdrom relaxed consisteng
schemesthereis little incentive for implementingthese
less-intuitve programmingmodels[9]. Although provid-
ing sequentiatonsisteng mayinvolve additionalhardware



costin somearchitecturestheNUMAchinearchitecturen-
herentlyprovidessimpleandefficientmeandor supporting
it. Fixed sequencingointsare definedon both the Local
andCentralRings. A multicast(limited broadcastjnvali-
dationdoesnot becomeactive until it passeghe sequenc-
ing pointon the highestring level thatmustbetraversedo
reachall multicastdestinations.The simpleroutingfor the
ringsmakestheactivationdecisiontrivial. Thisimposeghe
necessarprderingfor sequentiabonsisteng betweenary
two multicastson a givenring level, althoughthe average
traversallengthfor sequenceg@aclets(i.e. invalidations)is
slightly increased.

24 Flow Control, Deadlock Avoidance, and Retry

To preventlossof datadueto buffer overflow, NUMA-
chineusesaflow controlschemehatsignalsnearbysenders
to stopissuingpacletsif thereceving buffer is nearingca-
pacity No timeoutsor negative acknavledgmentsare re-
quired in this approach,simplifying the implementation.
Bufferswith large capacitiesarerelatively inexpensve and
provide adequatespacefor in-transit messagesvhen the
flow controlis invoked.

NUMAchine avoids deadlockarising from circular de-
pendenceamongstresourcesby distinguishing between
sinkablepaclets(thosethatwill not generatenew requests
suchas dataresponseand non-sinkablepaclets (suchas
requests) Sinkableresponseare permittedto bypasson-
sinkablerequests$n certaincaseghatwould otherwisdead
to deadlock Detailsof deadlockavoidanceandflow control
aredocumentedh [15].

NUMAchine provides a retry mechanismfor requests
that are negatively-acknavledged when they encountera
locked statein a directory This approachavoids the need
to buffer anarbitrarynumberof suchrequestsatthelocked
site. Instead the originatorof the requesemploys a modi-
fied binary exponentialback-of retry algorithm.

2.5 Prototype Il mplementation

The cardson a NUMAchine stationare shavn in Fig-
ure3. Eachstationcanholdfour processocards two mem-
ory cards,two I/O cards,and one network interfacecard.
The stationbus is a 64-bit, split-transactionaddress/data
multiplexed bus runningat 50 MHz, for a peakbandwidth
of 400Mbytes/secThephysicalbusis basedntheFuture-
bus+standard put NUMAchine usesa novel synchronous
busprotocolwith decentralizedusy detectionandcentral-
izedarbitration[15].

Eachprocessocardhasa150MHz MIPS R4400micro-
processomwith an external 1-Mbyte secondarycache. The
secondarycacheline sizeis boot-time selectablebetween
64 bytesand128bytes.
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Figure 3. Cards on a NUMAchine station

The memorycard containsup to 256 Mbytes of 4-way
interleaved DRAM that canfeedthe bus at the peakband-
width of 400Mbytes/secThe memorycardalsohostsa di-
rectorycontrollerthatusesSRAM memoryto maintainthe
stateof eachcache-line-size®@RAM memoryblock onthe
board. Finally, the memorycardincludesa controllerfor
specialfunctionssuchasblock memory-to-memoryrans-
fersandblock coherenceperations.

The I/0O card provides accesgo local disk storage,as
well asa PCl interfacefor a commodityLAN adapteror
video card. The I/O subsysternsupportsdisks distributed
amongfour SCSI-2controllers.

The network interfacecard providesthe connectiorbe-
tweenthestationbusandtheLocal Ring. Theincomingand
outgoingpathsareseparat@andeachis 64 bitswide. It also
containsan 8-Mbyte network cachefor remotedata. The
controllersonthenetwork interfacecardareresponsibldor
managingthe network cacheaswell asthe packagingand
reassemblpf cacheinesto andfrom thering hierarchy

The connectionbetweeneachLocal Ring andthe Cen-
tral Ring is throughanInter-Ring Interface(IRI) consisting
of FIFO buffersfor the upwardanddownward paths,along



with theassociatedontrollers.For a64-processomachine
consistingpf four Local Rings,four IRIs arenecessaryOur
implementatiorplacesall four IRIs on a singleboardwith

daughtercards. Furtherimplementatiordetailsof the pro-

totypehave beenreportedn [5].

3. Rationale for Design Choices

Simulationsof SPLASH-2 benchmarkprogramswere
usedto analyzethe performancempactof therings,queue
sizes filtermasks,network cachesandcoherencerotocol
overheadTheseresultsaredescribedelov andfurtherde-
tails canbefoundin [6].

3.1 Simulator

The NUMAchine simulatorusesMINT [21] asits front-
end. Theback-endnodelsNUMAchine’s memorysystem,
generatingappropriatedelays when requestsare passed
throughcacheshuses rings, etc. Whenmodelinga com-
plex systemsuchasa multiprocessarthetrade-of between
modelaccuray andsimulationtime canbesignificant. The
NUMAchine simulatorattemptgo efficiently captureall the
salientdetailsof datatransfersaandprotocols.

All queuesaremodeledaccuratelyproviding goodindi-
cationof occupang andcongestionOperatingsystencalls
take zerotime asseenfrom thevirtual processarPagefault
overheads not modeledanda round-robinpageplacement
policy is used? The default behaior is to modelonly the
parallelsectionof a program. Whenskippingover the se-
guentialcode the simulatorcorrectlyexecutesnstructions,
but allows all loadsandstoresto succeedmmediately by-
passinghe cacheandwithoutdoingary pagemapping.

3.2 Ring Performance

This sectionshows that the designof the ring hierarchy
andflow control preventsaturatiorof the network.

Ring Utilization: In asinglering clock cycle, a ring slot
may departa ring interfacein eitheran empty or utilized
state. An emptyslot departsa ring interfacewhenthereis
no new datato inject into the ring andeitheri) anincom-
ing paclket terminatests traversalat the interface,or ii) an
emptyslotwasreceved. Utilized ring slotsmay be catego-
rizedinto oneof thefollowing threestates:

Send A new pacletis injectedinto anoutgoingring slot.
Forward A recevedpacletis passe@nto thenext ring link.
Split A recevedpacletis passean,andalocal copy is

passediown.

2The results are somavhat pessimisticsince all pages,private and
sharedarecurrentlyallocatedusingthe round-robinpolicy.

Ring utilization is obtainedby averagingthe utilized slots
overall thering’sinterfaces.

Figure 4 shows utilizations of the Central and Lo-
cal Rings. The large utilizations (10%—-40%)for FFT,
Oceanand Radix arise from a higher communication-to-
computationratio, as describedin [22]. In contrast,the
otherbenchmarkexhibit markedly lower utilizations.

For all benchmarkgunning on 64 processorsCentral
Ring utilization is higherthanthe Local Ring, asexpected.
For 32 processorgonly two Local Rings) the situationis
reversed,indicating that plenty of additionalbandwidthis
availableonthe GlobalRing.

Ring Queue Depths: To obtain greaterinsight into ring
performance,we measuredthe maximum and average
depthsof theincomingandoutgoingqueuesn the network
interfaces.Thesamequeuesizesasthe prototypewereused
(512entriesfor Central,and256for Local), with flow con-
trol beinginvokedwhena queuereaches/5% of capacity
Theresultsarepresentedn Figureb.

Most of thebenchmark$ave low averagequeuedepths,
and the maximum queue depths are usually belov the
thresholdfor flow control invocation. Hence, the rings
areableto handlethe amountof traffic generatedy these
benchmarkandtheflow controlmechanisnis notinvoked.
Note that moderately-sizeccommodity buffers are suffi-
cientto provide this performance.

Only three of the benchmarksactually achieve queue
depthghatcausdlow controlto beinvoked: BarnesOcean,
andRadix. For Barnesand Ocean,the impactof the flow
controlis minimal, sinceCentralRing queuedepthsexceed
the thresholdonly a small numberof times. Furthermore,
this doesnot significantly impact the Local Ring queues,
sincetheirthresholdsarenotreached.

Only Radixinvokestheflow controlmechanisnasignif-
icantnumberof times. Becauseof this, averageand maxi-
mum depthsfor the Local Ring queuesalsoincreasgsince
they arefrequentlyblocked from injecting pacletsinto the
CentralRing) andcanpotentiallysaturate Despitethis, the
CentralRing utilizations,while higherthanfor mostof the
otherbenchmarksdo not exceedabout40%.

Interestingly Barnesexhibits a large differencebetween
its maximumandaveragequeuedepthsandits ring utiliza-
tionsarelow (lessthan10%). Thus,this applicationhasa
few shortbut heavy burstsof communication.In contrast,
FFT exhibits higher utilizations (5%—40%),but haslower
maximumqueuedepthsjndicatinghighervolumecommu-
nicationthatis moreevenly distributedin time.

Central Ring Speed: The raw speedof the interconnec-
tion network hasan effect on performancen ary multi-

processosystem.As shovn in Figure5, thering-injection
gueuesnto the CentralRing canbecomelong. Increasing
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Figure 5. Central and Local Ring queue depths

the CentralRing speedshouldhelp empty out the queues,
while increasinghe rateof requestdeinginjectedinto the
lower levels of the hierarchy Thekey pointis thatthetwo
levels of hierarchymustbe well-balanced. We simulated
speedsrom 50 to 250 MHz, in 50 MHz steps. The per
formanceincreasedy 11%at 100MHz, andthenflattened
out. Higher CentralRing speedsput pressureon the IRI
extractionqueuesandthe limiting factorbecomegherate
at which pacletscanbetransferredo the station. For the
prototype we determinedhat50 MHz is suficient, but the
CentralRing canrun atary speedupto 80 MHz.

3.3 Filtermask Performance

As the numberof stationsin the systemincreasesthe
probability of the filtermask overspecifying stationsin-
creasesSincethefiltermaskcanuniquelyidentify eachsta-
tion, the only concernis in overspecifyingtargetsof mul-

ticasts,specificallyinvalidations. This imprecisionin the
filtermask can be measuredy keepingtrack of the exact
numberof sharersin the memory coherencelirectory in
the simulator Whenan invalidationis sentout, the actual
numberof stationstargetedis divided by the real number
of sharergo obtainthe overinvalidationrate. For the sim-
ple caseof two sharersthe overinvalidationrate canbe as
highastwo if thesharersareondifferentringsandstations.
(Notethatif thesharersareonthe samestationor the same
Local Ringthentheoverinvalidationrateis one,i.e., thefil-
termaskis precise.)We expectthe rateto be aroundtwo if
thenumberof sharerson averages two, aswe did nottune
the SPLASH-2programdo take advantageof locality.

Figure6 shavs the overinvalidationrateaveragedor all
invalidations. The ratescanreachashigh as 3.3, but most
arearound2.5 whenusing 64 processors.This amountof
multicasttraffic doesnot impair the machineperformance,
becauseon averagethey do not generatebroadcasinval-
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idationsto all stations.Avoiding heavy broadcastraffic is
importantin maintainingsystenscalability asshavnin [2].

3.4 Network Cache Performance

The most fundamentalmetric for measuringNetwork
Cacheperformancas the hit rate. A requestfor a remote
cacheline is considereda hit in the NC if it doesnot gen-
erateary network traffic (thoughit will generatdocal on-
stationtraffic). The simplestsuchcaseoccurswhen data
fetchedduringaremotesharedeadfrom oneprocessocan
beusedto satisfyasubsequernequesby anotheon-station
processarMore complicatedscenariosaredescribedn [4].

We classify the NC hits basedon the type of access
(sharedor exclusive) andthe currentcoherencestateof the
line. Therearefive possiblecombinations:

SHRLV A sharedreadto an NC-ownedline (Local Valid).
TheNC respondsvith data.

SHRGV A sharedreadto a globally sharedline (Global
Valid). TheNC respondsvith data.

SHRLI A sharedeadto aline thatis dirty in oneof thelocal
processocachegqLocal Invalid). The NC mediates
theinterventionto obtaina copy of theline.

EXCLV  Anexclusiveread(orupgrade}oanNC-ownedline.
The NC respondsith dataor an upgradeacknavl-
edgmen{invalidate).

EXCLI  An exclusive readto a locally dirty line (Local In-

valid). The NC mediateghe exclusive intervention.

Figure 8 indicatesthat while the hit ratescan be quite
goodfor someapplicationsthereis considerablesariabil-
ity. FFT rarely hits becausets dataaccesspatterncon-
sistsof migratory datawhich haslittle spatialor tempo-
ral locality. Radix hasan all-to-all communicationphase
whichis heaily write-dependentSinceits writing pattern
is fairly random,the probability that a line will be shared
on the samestation decreasess more stationsare used.
This accountdor the declininghit rate. Exceptfor Radix,
wheremost hits comefrom sharinglocally modified data
(EXC_LI), themostprevalentsourceof hitsis from accesses
to global read-sharedlata (SHR.GV). Although the NC
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certainlydoesprovide a(sometimesubstantialrachingef-
fect, the overall effect on performancaes hardto determine
from thehit ratealone.

3.5 Coherence Overhead

NUMAchine’s cachecoherenceschemeefficiently uses
the orderingandmulticastingpropertiesof ringsto achiere
low coherenceoverhead. As a test, we ran the simulator
without enforcingcoherenceAlthoughthe machineis ren-
deredfunctionally incorrect, it is possibleto evaluatethe
coherenceverheadand placean upperboundon ary po-
tentialperformancemprovement.

To modelanon-coherensystemthememorymodelwas
changed.First, storesto a processocachethatfind aline
presenin ary statearetreatedashits; no coherencenfor-
mationis passean to the memoryor NC. Secondyeadre-
guestqsharedr exclusive) to homememoryalwaysreturn
data.Thedirectoryis neithercheclednor updated Finally,
if acachdine is presenin theNC in ary statejt is consid-
ereda hit and datais returned. Note that NC missesmust
still fetchtheline remotely althoughthe remotememoryis
guaranteedo hit. Lockedlinesstill generatetNACKSs.

By turning off coherencewe eliminate three types of
overhead: i) all NACKs, except for local NACKs from
theNC, ii) lateng to obtainwrite ownership(invalidation),
andiii) lateng for fetchingmodified cachelines from the
cachesof otherprocessorsbecauséhe homememoryal-
wayshits.

Theresultsfor BarnesFFT, OceanandRadixareshavn
in Figure 7. Oceanshovs dramaticimprovementbecause
datais typically deliveredfrom the cachesvhencoherence
is off. With cachecoherence@resentthis datais invalidated
by remotewrites andrequiresre-readingof the cacheline,
creatingadditionalring traffic. Barnesshows a slight im-
provementwhile FFT andRadixshav almostno improve-
ment. The conclusionis thatthe cachecoherencerotocol
(including the effect of the NC) performswell for our test
programs.
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Figure 8. Network Cache hit rates

4. Prototype Perfor mance

Usingthesimulatordiscussedh theprevioussectionand
measurementmnthehardwareprototype we presenficcess
latenciesandspeedupsor selectecbenchmarks.

4.1 AccessLatencies

Table 2 gives the measuredeadlatenciesto different
partsof the memoryhierarchyon anunloadedsystem.The
lateng is measuredrom the time the processoissuesthe
readrequesto thetime the processorecevesthefirst data
paclet. The ratio of remoteto local accesdatencies,the
“NUMA-ness” of the system,is about4:1. This ratio puts
NUMAchine mid-rangewhencomparedo the implemen-
tationsmentionedin Sectionl.1, which areaslow as2:1
andashigh as 10:1. The absolutevaluesof latenciesare
largerthanin theothersystemsnentionedargely dueto the
implementatiorof all control logic in programmabldogic
devices. Neverthelessperformanceof the systemis good,
asshaown in thenext section.

4.2 Speedups

We presentthe measuredspeedupsof 8 unmodified
SPLASH-2benchmarkg22] in Figure 9 with a summary
in Table3. Resultsaareshavn for boththe simulatorandthe
16-processohardware prototype. Uniprocessoruntimes
were obtainedusing the parallel versionsof the bench-
marks. Although the simulatoris sometimesoptimistic,
generalpatternsfor mostbenchmarksnatchhardware re-
sults. The exceptionsare FFT andLU, which do not shov
aclosecorrespondenceé.

For the baseproblemsizes,4 out of the 8 benchmarks
haveaparallelefficiency (speedumlividedby thenumberof
processorsyjreaterthan60%. The remainingbenchmarks
(FFT, LU, OceanandRadix) areknown to speedup poorly
for the baseproblemsize, even with 16 processorg11];
our resultsconfirmthis finding. Of these the speedups$or
OcearmandRadixhave aparallelefficiency greatethan60%

SWe arein the processof examining the simulatorto determinethe
sourceof thesediscrepancies.

Table 2. Measured access latencies

| level of hierarchy | 150-MHzPCLKs | 50-MHz SCLKs |

L1 cache 1 n/a
L2 cache 6 n/a
Localmemory 135 45
Local network cache 165 55
OtherL2 cache 255 85
Rem.mem.(samering) 594 198
Table 3. Performance summary
BenchmarkCharacteristics Obsenrations

name | c-to-cratio | locality || ring util. | speedup
Barnes low good low good
FFT high poor higher poor
LU-Con low good low poor
Ocean-Con high moderate|| higher good
Radix high poor higher | good
Raytrace low moderate low good
Volrend low moderate|| medium | good
WaterSp low good low good

1 larger problemsizerequired

with larger problemsizes. We expectLU would improve
similarly, but the 1024sizeshawn is the largestwe canrun
on the simulatorin a reasonabl@mountof time. Also, we
areinvestigatinghe poor performancef FFT.

In general, benchmarkswith low communication-to-
computation(comm-to-comp)ratio and good locality of
referencgBarnes.U, andWater)areknown to have better
speedups.Our speedupresultsmatchthis trend, with the
exceptionof LU which is known to have load imbalance
problems.Thelow ring utilization of thesebenchmark®b-
sened in Figure 4 confirmstheir low comm-to-compra-
tio. Although Raytraceand Volrend shav only moderate
locality, their low comm-to-compratio still producesow
to mediumring utilization andgoodspeedugs maintained.
It is interestingto notethatthesefive benchmarksll have
high NC hit rates(above 50%), which is importantfor re-
ducinglateng.
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Figure 9. Parallel speedups on the NUMAchine prototype

Of the remainingthree benchmarkgFFT, Ocean,and
Radix), achieving good speedups difficult becauseof the
large bandwidthrequirementsflow control is invoked for
OcearandRadixandall threeshow higherring utilizations.
Increasingheproblemsizefor OcearandRadixdoesresult
in goodspeedupbut the sameis not true for FFT. Further
increasedn problemsizefor FFT andRadixhasnot helped
muchin otherstudieg11].

Anothertrendis thechangen the slopesof the speedup
curveswhenthenumberof processorss increasedywhichis
commonfor DSM machinesTheslopesarefairly constant
up to 4 processorsndicating that stationparameteriave
beenchosenwell. Theslopedecreasefor largerconfigura-
tions, sincesomerequestarenow for off-stationmemory
Thisis particularlynoticeabldor applicationswith largere-
motecommunicatiorrequirements.

4.3 Larger Systems

Resultsfor largerconfigurationsareshavn in Figure10.
Thesespeedupsgvereobtainedusingthe NUMAchine simu-
lator andshow the expectedprototypeperformancelLarger
problemsizeswereusedfor FFT, LU, OceanandRadix.

The performancef the systemis good,achieving a par
allel efficiency of greaterthan60% for 7 out of 8 bench-
markson 64 processors.It remainsto be seenhow well
theprototypeCentralRing performsalthoughspeedupsb-
tainedthroughsimulationareencouraging.

5. Current Status

The NUMAchine prototype consists of three Lo-
cal Rings, each containing four stations (16 proces-
sors). The Central Ring is undegoing testing, and
upon completion will link together the Local Rings
to form a 48-processorsystem. Updates on the
hardware status, with photographs, can be found at
http://ww. eecg.toronto. edu/ paral l el .

We have developeda customparallel POSIX-compliant
operating system, Tornado [3], to take adwantage of
NUMAchine’s inherent clustering and provide user
customizablesupportin the kernel for parallel file sys-
tems.Tornadobootsandrunsparallelprogramssuchasthe
SPLASH-2suite and numerousX11 programs. The sys-
temsgroupis alsoworking closelywith IBM researchand
hasportedthe K42 operatingsystemto NUMAchine[10].

6. Conclusion

Lessondearnedfrom the evolution of the desktopPC
arethat cost, usability, and modularity are crucial to gain
widespreadacceptancef an architecture. Today 4- and
8-way multiprocessorsire prevalentin the workstationen-
vironment. We believe thatmedium-scalgarallelprocess-
ing will alsobecomewidely used. Hence,the goal of the
NUMAchine projectis to develop cost-eficientandusable
parallelcomputing.Ourexperiencehasshavn thatit is pos-
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sibleto build aneffective medium-scalenultiprocessous-
ing a simplearchitecturewith off-the-shelfparts.

TheNUMACchine hardwareconsistf a CC-NUMA 48-
processoprototypeusinga hierarchicalring network. We
have identified several beneficialring properties:inherent
broadcastwhich providesan effective mechanisnfor the
disseminatiorof cachecoherencanformation; naturalor-
deringof transactionswhich not only simplifiesthe coher
enceprotocol but alsofacilitatesa simple implementation
of sequentialconsistenyg; and a simple and fast bitmask
routing algorithm. We have alsodemonstrate@ two-level
hardware cachecoherenceschemewhich exploits the ring
propertiedescribedabove.

The simplicity of the ring network reducesthe design
compleity considerably The incrementakostof inserting
anextra nodeinto the systemis alsosmall. This paperhas
shown thatthis cost-efective architecturaloesnot sacrifice
goodperformance.

NUMAchine’s designnaturallyprovidessupportfor se-
guentialconsisteng — animportantaspeciof usability To
furtherextendusability, onegoalis to usethe operatingsys-
temto hide the “NUMA-ness” from the userby exploiting
the underlyingclusteredarchitecture. The iterative tuning
of parallelprogramamustalsodisappeaif this classof ma-
chinedsto becomeawidely used.For thesereasonswork on
parallelizingcompilersandparallelfile systemsaretwo ma-
jor areasof researchhatwill becarriedoutonthe NUMA-
chinehardware.
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