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Abstract

Small-scalemultiprocessors are becomingincreasingly
economicaland common,whereaslarger multiprocessors
continueto havehigher per-nodecosts. TheNUMAchine
multiprocessorprojectseeksto make large-scalemultipro-
cessors more economicalwhile maintaining high perfor-
mancebyexploringarchitectural andhardwarefeaturesfor
low-cost,modularmultiprocessors. To demonstrateour ap-
proach, we have implementeda prototypesystemthat is
scalableto 128 processors. An efficient directory-based
cache coherenceprotocol exploits our hierarchical ring-
based interconnectand supportssequentialconsistency.
Thispaperdocumentsthedesignchoicesand theresulting
performanceof thesystemusingbothsimulationresultsand
measurementson theprototypehardware.

1. Introduction

For multiprocessorsto gain widespreaduse,economic
considerationsmustplay a role in their design. Currently,
systemswith 8 processorsareavailableascommodityparts,
andin thenext decadeit is possiblethatthesizeof commod-
ity multiprocessorsmayreach16 or 32processors.For this
to happen,theoverallcostof thesemultiprocessorsmustbe
kept low andthe architecturemustbe sufficiently modular
sothatsmallsystemscanbeeasilyandaffordablyextended
into largerones.While muchof themultiprocessorresearch
to datehasfocussedonperformance,wehaveextendedour
researchto examinearchitecturalandhardwarefeaturesfor
low-costmodularmultiprocessorswhile maintaininggood
performanceandscalability.

The NUMAchine multiprocessor1 has beendeveloped
at the University of Toronto as part of a researchproject

1This work wassupportedby theStrategic Grant#STR0149404from
theNaturalSciencesandEngineeringResearchCouncilof Canada

on hardware and software for parallel computing. It is
a CC-NUMA distributedshared-memory(DSM) multipro-
cessordesignedfor cost-effectiveperformance.Processors,
caches,andmemoryaredistributedacrossanumberof sta-
tions interconnectedby a hierarchyof unidirectionalbit-
parallel rings. The simplicity of the interconnectionnet-
work permitstheuseof wide communicationpathsat each
nodeanda novel schemefor routing packetsbetweensta-
tionsenableshigh-speedoperationof therings.A directory-
basedhardwarecachecoherenceprotocolis used.Thepro-
tocol scalesefficiently with systemsize by exploiting the
hierarchicalarchitectureandthenaturalorderingproperties
of the rings; it implementsa sequentially-consistentmem-
ory model. A prototypemachinehasbeenconstructedto
serveasa usefultest-bedfor furtherhardwareandsoftware
research.All of thecontrolcircuitry is implementedin pro-
grammablelogic, makingit possibleto addor changefunc-
tionality at the hardware level without requiring physical
modificationsto printed-circuitboards.

The primary researchcontributionsof the NUMAchine
hardwareimplementationare:i) proof-of-conceptfor asim-
ple, low-costmultiprocessorarchitecturebasedon hierar-
chical rings and ii) an efficient hardwarecachecoherence
protocolthat exploits the architecture’s multicastcapabili-
ties. Thepaperis organizedasfollows: Section1.1 identi-
fies relatedcommercialandexperimentalmultiprocessors.
Section2 describesthe NUMAchine architectureandpro-
totypedetails. Major architecturalanddesignchoicesare
discussedin Section3. Prototypeperformanceresultsare
presentedin Section4 andthe currentstatusof the proto-
typeis givenin Section5. Section6 concludesthepaper.

1.1 Background

A varietyof large-scalemultiprocessorarchitectureshas
beendeveloped,asindicatedin Table1. The relevant fea-
turesconsideredhereare: type of clustering,type of in-
terconnect,presenceof cachesfor remotedata, and the



Table 1. Some commercial and experimental multiprocessors

Name Cluster Interconnect Features

DASH [14] bus mesh remoteaccesscache
FLASH [7] non-clustered mesh programmableprotocolprocessor, pagereplication/migration
Origin2000[13] paired-processors cube pagereplication/migration
I-ACOMA [20] bus mesh simultaneousmultithreading,cache-onlymemoryarchitecture
Teracomputer[19] non-clustered multistageswitch multithreadedexecution,no cachingor datareplication
Starfire[1] bus multiple buses globalsnooping,crossbarfor responses
V-class[8] crossbar toroidalring remotedatacaches
KSR1[12] non-clustered hierarchicalrings cache-onlymemoryarchitecture
NUMA-Q [16] bus ring remotedatacaches

choicebetweennon-uniformmemory(NUMA) or cache-
only memory(COMA) architectures.Clusteringprocessors
togetheris a meansof leveragingcommodity symmetric
multiprocessor(SMP)nodes.Therearea numberof possi-
bilities for thesystem-wideinterconnectincludingmeshes,
multistageswitchnetworks,andrings.Eachhasadvantages
anddisadvantagesin termsof performance,complexity, and
cost.Somesystemsincludecachesfor remotedatato miti-
gatelongermemoryaccesslatenciesasthesystemsizein-
creases.Finally, somesystemsemploy a cache-onlyarchi-
tecture(COMA) to automaticallyreplicateandmigratedata
in hardware,ratherthanrely oncachingwith homememory
locationsasin NUMA systems.The systemslisted in Ta-
ble1 useNUMA architecture,unlessotherwisestated.The
varietyof architecturesin Table1 suggeststhat thereis no
singlebestapproachwhenengineeringsuchsystems.

The NUMAchine multiprocessoremploys clustering,
usesa hierarchicalring-basedinterconnect,providesa re-
mote data cache,and usesa NUMA architecture. It is
thereforemoresimilar to the last threesystemsin Table1.
Nonetheless,this is an introduction to NUMAchine, and
comparisonto othersystemswill beleft to futurepapers.

2. NUMAchine Architecture and Prototype

The NUMAchine architecturepermitsmodularsystem
constructionwhich canaffordably scalefrom a small to a
largenumberof processors.Architectureandprototypede-
tailsaredescribedbelow.

2.1 Architecture Overview

NUMAchine consistsof a numberof stationsconnected
by a two-level hierarchycomposedof Local Ringsand a
Central Ring, as shown in Figure 1. The ring hierarchy
is joined by an Inter-Ring Interface. Datatransfersacross
ringsaredividedinto packetswhich aresentaccordingto a
slottedring protocol. Routingpacketson theNUMAchine
ring is simpleandfast: eachstationchecksa singlebit to
determineif apackethasreachedits destination.

Inter-Ring
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Local Rings

P P P P

I/OM
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NI = Network Interface
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Figure 1. NUMAchine architecture

Unidirectionalslottedringswerechosenfor anumberof
reasons.First, they canperformaswell asmeshesfor up to
128processors[17, 18] whensomedatalocality is present.
Second,stationscanbeaddedoneat a time without signif-
icant re-wiring or topology changes,making them highly
modularand cost-effective. Third, rings exhibit two fea-
turesuseful for implementingcachecoherenceandmem-
ory consistency: inherentsequencingof requests/responses,
andnaturalbroadcastcapabilities.For example,asinglere-
questinvalidatesmultiple copiesof a cacheline as it tra-
versesthering hierarchy, andservesasanacknowledgment
uponits returnto thesourceof therequest.

Eachstationin NUMAchine consistsof a bus connect-
ing anumberof processors,amemorymodule,anI/O mod-
ule, anda networkinterfacethatconnectsto a Local Ring.
Thephysicalmemoryis distributedamongthestationssuch
thateachmemoryaddresshasa fixedhomestation. Local
memoryaccesseswithin a stationincur only bus intercon-
nectlatency, whereasremotememoryaccessesincur addi-
tional ring interconnectlatency to accessaddresseswhose
homelocationis on anotherstation.Thenetwork interface
alsocontainsanetworkcache(NC) thatreducestheaverage
latency for remotedataaccesses.
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2.2 Cache Coherence

NUMAchine uses a directory-based, write-
back/invalidate cache coherenceprotocol. A detailed
descriptionof thecachecoherenceprotocolcanbefoundin
[4]. Directoriesaremaintainedat two levels: the memory
level andthenetwork level.

Memory Level: The memory directories maintain the
system-widecoherencestateof eachcache-line-sizedmem-
ory block, and identify cachedlocationsusing two small
bitmasks.The processormaskidentifiesprocessorson the
localstationwith acopy of acacheline. Thefiltermaskuses
separatering andstationfields to identify remotestations
which alsocontaina copy. Thenameof this maskreflects
its intendedrole in limiting (filtering) the destinationsfor
invalidationrequests.Multiple remotelocationsarerepre-
sentedby OR-ing their respective filtermasksinto a single
filtermaskto reducethenumberof bits in thedirectory. Al-
thoughtheresultingfiltermaskmayoccasionallyoverspec-
ify the true cachingstations,this merely causessomein-
validationsto besentwherenoneareneeded.Thenumber
is typically smallbecausemostcachelinesaresharedby a
smallnumberof processors.

Two filtermaskexamplesaregiven in Figure2. Copies
of cacheline A are locatedon stations0 and 1 of Local
Ring 3, andtheresultingfiltermaskformedby OR-ingthis
information preciselyindicatesthe locationsof copiesof
line A. Copiesof cacheline B are locatedon station0 of
Local Ring 0 andstation3 of Local Ring 1. Whena single
filtermaskis formedfor theselocations,it overspecifiesthe
locationsof cacheline B. It appearsthattwo additionalsta-
tions have copies(station3 on Local Ring 0 andstation0
on Local Ring 1) whenin reality they do not. Suchover-

specificationonly occurswhencopiesareondifferentrings
andon differentstationson thoserings.

Network Level: The network cachealso maintainsa di-
rectorywith a processormaskfor eachcacheline present
in thecache.This maskspecifiesthe local processorswith
copiesof cachelines whosehomememoriesareon other
stations.Typically, only theprocessorslistedin theproces-
sor maskreceive invalidationmessagessentfor this cache
line. However, a cacheline in the network cachemay be
replacedby anotherwithout informing the homememory
andwithout invalidatingcopiesin the processorcacheson
this station. If an invalidationis received for sucha cache
line, theworstcasemustbeassumedandall processorson
thestationmustbesentthe invalidation. A relatively large
network cachemakesthis aninfrequentoccurrence.

Coherence States: The memorydirectoriesmaintainfour
coherencestatesfor eachcacheline:

LocalValid
(LV)

Oneor moreprocessorscacheswithin thesta-
tion have a sharedcopy. Remotestationsdo
nothave valid copies.

Local Invalid
(LI)

One local processorcachehas a modified
copy. Thereareno othervalid copies.

GlobalValid
(GV)

One or more remotestationshave a shared
copy, and theremay alsobe local copiesin
processorcacheswithin thestation.

Global Invalid
(GI)

Oneremotestationhasa modifiedcopy, and
therearenoothervalid copies.

A line in any oneof thefourstatescanalsobelocked.Lock-
ing of theline occursat thebeginningof acoherenceaction
that requiresmultiple stages,andensuresthatno otherac-
cessto theline is possibleuntil thetransactioncompletes.

Stateinformationcontainedin the network cachecom-
plementsthe informationin the homememory. The setof
statesin thenetwork cache(GV, GI, LV, LI) is similarto that
in mainmemory. Onedifferenceis thattheLocal states,LI
andLV, indicatethestationhasamodifiedcopy; hence,the
sameline is in the GI stateat the homememory. Upon
receiving a requestfor the cacheline, the homememory
mustforwardit to thestationwith themodifiedcopy. Data
responsesare sentboth to the homememoryand the re-
quester. Anotherdifferenceis that theGI stateonly means
thatno valid copiesof thecacheline exist on thestation.

2.3 Memory Consistency

NUMAchine supportssequentialconsistency, which is
the most intuitive model for writing shared-memorypro-
grams.As well, sincemodernhigh-performanceprocessors
gainlittle additionalperformancefrom relaxedconsistency
schemes,there is little incentive for implementingthese
less-intuitive programmingmodels[9]. Although provid-
ing sequentialconsistency mayinvolveadditionalhardware



costin somearchitectures, theNUMAchinearchitecturein-
herentlyprovidessimpleandefficientmeansfor supporting
it. Fixed sequencingpointsaredefinedon both the Local
andCentralRings. A multicast(limited broadcast)invali-
dationdoesnot becomeactive until it passesthe sequenc-
ing point on thehighestring level thatmustbetraversedto
reachall multicastdestinations.Thesimpleroutingfor the
ringsmakestheactivationdecisiontrivial. This imposesthe
necessaryorderingfor sequentialconsistency betweenany
two multicastson a given ring level, althoughthe average
traversallengthfor sequencedpackets(i.e. invalidations)is
slightly increased.

2.4 Flow Control, Deadlock Avoidance, and Retry

To prevent lossof datadueto buffer overflow, NUMA-
chineusesaflow controlschemethatsignalsnearbysenders
to stopissuingpacketsif thereceiving buffer is nearingca-
pacity. No timeoutsor negative acknowledgmentsare re-
quired in this approach,simplifying the implementation.
Bufferswith largecapacitiesarerelatively inexpensiveand
provide adequatespacefor in-transit messageswhen the
flow controlis invoked.

NUMAchine avoids deadlockarising from circular de-
pendenceamongstresourcesby distinguishing between
sinkablepackets(thosethatwill not generatenew requests
suchas dataresponse)andnon-sinkablepackets (suchas
requests).Sinkableresponsesarepermittedto bypassnon-
sinkablerequestsin certaincasesthatwouldotherwiselead
to deadlock.Detailsof deadlockavoidanceandflow control
aredocumentedin [15].

NUMAchine provides a retry mechanismfor requests
that are negatively-acknowledged when they encountera
locked statein a directory. This approachavoids the need
to buffer anarbitrarynumberof suchrequestsat thelocked
site. Instead,theoriginatorof therequestemploys a modi-
fiedbinaryexponentialback-off retry algorithm.

2.5 Prototype Implementation

The cardson a NUMAchine stationareshown in Fig-
ure3. Eachstationcanholdfour processorcards,two mem-
ory cards,two I/O cards,andonenetwork interfacecard.
The stationbus is a 64-bit, split-transaction,address/data
multiplexedbus runningat 50 MHz, for a peakbandwidth
of 400Mbytes/sec.Thephysicalbusis basedontheFuture-
bus+standard,but NUMAchine usesa novel synchronous
busprotocolwith decentralizedbusydetectionandcentral-
izedarbitration[15].

Eachprocessorcardhasa150MHz MIPSR4400micro-
processorwith an external1-Mbyte secondarycache.The
secondarycacheline size is boot-timeselectablebetween
64bytesand128bytes.
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Figure 3. Cards on a NUMAchine station

The memorycardcontainsup to 256 Mbytesof 4-way
interleavedDRAM thatcanfeedthebusat thepeakband-
width of 400Mbytes/sec.Thememorycardalsohostsadi-
rectorycontrollerthatusesSRAM memoryto maintainthe
stateof eachcache-line-sizedDRAM memoryblockon the
board. Finally, the memorycard includesa controller for
specialfunctionssuchasblock memory-to-memorytrans-
fersandblockcoherenceoperations.

The I/O card provides accessto local disk storage,as
well as a PCI interfacefor a commodityLAN adapteror
video card. The I/O subsystemsupportsdisksdistributed
amongfour SCSI-2controllers.

The network interfacecardprovidesthe connectionbe-
tweenthestationbusandtheLocalRing. Theincomingand
outgoingpathsareseparateandeachis 64bitswide. It also
containsan 8-Mbyte network cachefor remotedata. The
controllersonthenetwork interfacecardareresponsiblefor
managingthe network cacheaswell asthe packagingand
reassemblyof cachelinesto andfrom thering hierarchy.

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



with theassociatedcontrollers.For a64-processormachine
consistingof four LocalRings,four IRIs arenecessary. Our
implementationplacesall four IRIs on a singleboardwith
daughtercards.Furtherimplementationdetailsof the pro-
totypehavebeenreportedin [5].

3. Rationale for Design Choices

Simulationsof SPLASH-2 benchmarkprogramswere
usedto analyzetheperformanceimpactof therings,queue
sizes,filtermasks,network caches,andcoherenceprotocol
overhead.Theseresultsaredescribedbelow andfurtherde-
tails canbefoundin [6].

3.1 Simulator

TheNUMAchinesimulatorusesMINT [21] asits front-
end.Theback-endmodelsNUMAchine’smemorysystem,
generatingappropriatedelays when requestsare passed
throughcaches,buses,rings, etc. Whenmodelinga com-
plex systemsuchasamultiprocessor, thetrade-off between
modelaccuracy andsimulationtimecanbesignificant.The
NUMAchinesimulatorattemptsto efficientlycaptureall the
salientdetailsof datatransfersandprotocols.

All queuesaremodeledaccurately, providing goodindi-
cationof occupancy andcongestion.Operatingsystemcalls
takezerotimeasseenfrom thevirtual processor. Pagefault
overheadis not modeledanda round-robinpageplacement
policy is used.2 The default behavior is to modelonly the
parallelsectionof a program.Whenskippingover the se-
quentialcode,thesimulatorcorrectlyexecutesinstructions,
but allows all loadsandstoresto succeedimmediately, by-
passingthecacheandwithoutdoingany pagemapping.

3.2 Ring Performance

This sectionshows that thedesignof the ring hierarchy
andflow controlpreventsaturationof thenetwork.

Ring Utilization: In a single ring 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 andeither i) an incom-
ing packet terminatesits traversalat the interface,or ii) an
emptyslot wasreceived.Utilized ring slotsmaybecatego-
rizedinto oneof thefollowing threestates:

Send A new packet is injectedinto anoutgoingring slot.
Forward A receivedpacket ispassedonto thenext ring link.
Split A receivedpacket is passedon,anda localcopy is

passeddown.

2The resultsare somewhat pessimisticsince all pages,private and
shared,arecurrentlyallocatedusingtheround-robinpolicy.

Ring utilization is obtainedby averagingthe utilized slots
overall thering’s interfaces.

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
otherbenchmarksexhibit markedly lowerutilizations.

For all benchmarksrunning on 64 processors,Central
Ring utilization is higherthantheLocal Ring,asexpected.
For 32 processors(only two Local Rings) the situationis
reversed,indicating that plenty of additionalbandwidthis
availableon theGlobalRing.

Ring Queue Depths: To obtain greaterinsight into ring
performance,we measuredthe maximum and average
depthsof theincomingandoutgoingqueuesin thenetwork
interfaces.Thesamequeuesizesastheprototypewereused
(512entriesfor Central,and256for Local),with flow con-
trol beinginvokedwhena queuereaches75% of capacity.
Theresultsarepresentedin Figure5.

Mostof thebenchmarkshavelow averagequeuedepths,
and the maximum queuedepths are usually below the
thresholdfor flow control invocation. Hence, the rings
areableto handletheamountof traffic generatedby these
benchmarksandtheflow controlmechanismis not invoked.
Note that moderately-sizedcommodity buffers are suffi-
cientto providethis performance.

Only three of the benchmarksactually achieve queue
depthsthatcauseflow controltobeinvoked:Barnes,Ocean,
andRadix. For BarnesandOcean,the impactof the flow
controlis minimal,sinceCentralRingqueuedepthsexceed
the thresholdonly a small numberof times. Furthermore,
this doesnot significantly impact the Local Ring queues,
sincetheir thresholdsarenot reached.

Only Radixinvokestheflow controlmechanismasignif-
icantnumberof times. Becauseof this, averageandmaxi-
mumdepthsfor theLocal Ring queuesalsoincrease(since
they arefrequentlyblockedfrom injectingpacketsinto the
CentralRing) andcanpotentiallysaturate.Despitethis, the
CentralRing utilizations,while higherthanfor mostof the
otherbenchmarks,do notexceedabout40%.

Interestingly, Barnesexhibits a largedifferencebetween
its maximumandaveragequeuedepthsandits ring utiliza-
tionsarelow (lessthan10%). Thus,this applicationhasa
few shortbut heavy burstsof communication.In contrast,
FFT exhibits higherutilizations(5%–40%),but haslower
maximumqueuedepths,indicatinghighervolumecommu-
nicationthatis moreevenlydistributedin time.

Central Ring Speed: The raw speedof the interconnec-
tion network hasan effect on performancein any multi-
processorsystem.As shown in Figure5, thering-injection
queuesinto theCentralRing canbecomelong. Increasing
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Figure 4. Central and Local Ring utilizations
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Figure 5. Central and Local Ring queue depths

the CentralRing speedshouldhelp emptyout the queues,
while increasingtherateof requestsbeinginjectedinto the
lower levelsof thehierarchy. Thekey point is that thetwo
levels of hierarchymust be well-balanced.We simulated
speedsfrom 50 to 250 MHz, in 50 MHz steps. The per-
formanceincreasedby 11%at100MHz, andthenflattened
out. Higher CentralRing speedsput pressureon the IRI
extractionqueues,andthe limiting factorbecomestherate
at which packetscanbe transferredto the station. For the
prototype,we determinedthat50 MHz is sufficient,but the
CentralRingcanrunat any speedup to 80 MHz.

3.3 Filtermask Performance

As the numberof stationsin the systemincreases,the
probability of the filtermask overspecifyingstations in-
creases.Sincethefiltermaskcanuniquelyidentify eachsta-
tion, the only concernis in overspecifyingtargetsof mul-

ticasts,specificallyinvalidations. This imprecisionin the
filtermaskcanbe measuredby keepingtrack of the exact
numberof sharersin the memorycoherencedirectory in
the simulator. Whenan invalidationis sentout, the actual
numberof stationstargetedis divided by the real number
of sharersto obtaintheoverinvalidationrate. For thesim-
ple caseof two sharers,theoverinvalidationratecanbeas
highastwo if thesharersareondifferentringsandstations.
(Notethatif thesharersareon thesamestationor thesame
LocalRing thentheoverinvalidationrateis one,i.e., thefil-
termaskis precise.)We expecttherateto bearoundtwo if
thenumberof sharerson averageis two, aswe did not tune
theSPLASH-2programsto takeadvantageof locality.

Figure6 shows theoverinvalidationrateaveragedfor all
invalidations.The ratescanreachashigh as3.3, but most
arearound2.5 whenusing64 processors.This amountof
multicasttraffic doesnot impair themachineperformance,
becauseon averagethey do not generatebroadcastinval-
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Figure 6. Overinvalidation rates

idationsto all stations.Avoiding heavy broadcasttraffic is
importantin maintainingsystemscalability, asshown in [2].

3.4 Network Cache Performance

The most fundamentalmetric for measuringNetwork
Cacheperformanceis the hit rate. A requestfor a remote
cacheline is considereda hit in the NC if it doesnot gen-
erateany network traffic (thoughit will generatelocal on-
stationtraffic). The simplestsuchcaseoccurswhendata
fetchedduringaremotesharedreadfrom oneprocessorcan
beusedto satisfyasubsequentrequestby anotheron-station
processor. Morecomplicatedscenariosaredescribedin [4].

We classify the NC hits basedon the type of access
(sharedor exclusive)andthecurrentcoherencestateof the
line. Therearefivepossiblecombinations:

SHRLV A sharedreadto an NC-owned line (Local Valid).
TheNC respondswith data.

SHRGV A sharedread to a globally sharedline (Global
Valid). TheNC respondswith data.

SHRLI A sharedreadto aline thatis dirty in oneof thelocal
processorcaches(Local Invalid). TheNC mediates
theinterventionto obtaina copy of theline.

EXC LV An exclusiveread(or upgrade)to anNC-ownedline.
TheNC respondswith dataor anupgradeacknowl-
edgment(invalidate).

EXC LI An exclusive readto a locally dirty line (Local In-
valid). TheNC mediatestheexclusive intervention.

Figure 8 indicatesthat while the hit ratescan be quite
goodfor someapplications,thereis considerablevariabil-
ity. FFT rarely hits becauseits dataaccesspatterncon-
sistsof migratory datawhich has little spatialor tempo-
ral locality. Radix hasan all-to-all communicationphase
which is heavily write-dependent.Sinceits writing pattern
is fairly random,the probability that a line will be shared
on the samestationdecreasesas more stationsare used.
This accountsfor the declininghit rate. Exceptfor Radix,
wheremost hits comefrom sharinglocally modifieddata
(EXC LI), themostprevalentsourceof hitsis from accesses
to global read-shareddata (SHR GV). Although the NC
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Figure 7. Turning off cache coherence

certainlydoesprovidea(sometimessubstantial)cachingef-
fect, theoverall effect on performanceis hardto determine
from thehit ratealone.

3.5 Coherence Overhead

NUMAchine’s cachecoherenceschemeefficiently uses
theorderingandmulticastingpropertiesof ringsto achieve
low coherenceoverhead. As a test, we ran the simulator
without enforcingcoherence.Althoughthemachineis ren-
deredfunctionally incorrect, it is possibleto evaluatethe
coherenceoverheadandplacean upperboundon any po-
tentialperformanceimprovement.

To modelanon-coherentsystem,thememorymodelwas
changed.First, storesto a processorcachethat find a line
presentin any statearetreatedashits; no coherenceinfor-
mationis passedon to thememoryor NC. Second,readre-
quests(sharedor exclusive) to homememoryalwaysreturn
data.Thedirectoryis neithercheckednor updated.Finally,
if a cacheline is presentin theNC in any state,it is consid-
ereda hit anddatais returned.Note that NC missesmust
still fetchtheline remotely, althoughtheremotememoryis
guaranteedto hit. Lockedlinesstill generateNACKs.

By turning off coherencewe eliminate three types of
overhead: i) all NACKs, except for local NACKs from
theNC, ii) latency to obtainwrite ownership(invalidation),
and iii) latency for fetchingmodifiedcachelines from the
cachesof otherprocessors,becausethe homememoryal-
wayshits.

Theresultsfor Barnes,FFT, OceanandRadixareshown
in Figure7. Oceanshows dramaticimprovementbecause
datais typically deliveredfrom thecacheswhencoherence
is off. With cachecoherencepresent,thisdatais invalidated
by remotewritesandrequiresre-readingof thecacheline,
creatingadditionalring traffic. Barnesshows a slight im-
provement,while FFT andRadixshow almostno improve-
ment. Theconclusionis that thecachecoherenceprotocol
(including the effect of the NC) performswell for our test
programs.
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4. Prototype Performance

Usingthesimulatordiscussedin theprevioussectionand
measurementsonthehardwareprototype,wepresentaccess
latenciesandspeedupsfor selectedbenchmarks.

4.1 Access Latencies

Table 2 gives the measuredread latenciesto different
partsof thememoryhierarchyon anunloadedsystem.The
latency is measuredfrom the time the processorissuesthe
readrequestto thetime theprocessorreceivesthefirst data
packet. The ratio of remoteto local accesslatencies,the
“NUMA-ness” of the system,is about4:1. This ratio puts
NUMAchine mid-rangewhencomparedto the implemen-
tationsmentionedin Section1.1, which areas low as2:1
andashigh as10:1. The absolutevaluesof latenciesare
largerthanin theothersystemsmentionedlargelydueto the
implementationof all control logic in programmablelogic
devices. Nevertheless,performanceof the systemis good,
asshown in thenext section.

4.2 Speedups

We presentthe measuredspeedupsof 8 unmodified
SPLASH-2benchmarks[22] in Figure9 with a summary
in Table3. Resultsareshown for boththesimulatorandthe
16-processorhardware prototype. Uniprocessorruntimes
were obtainedusing the parallel versionsof the bench-
marks. Although the simulator is sometimesoptimistic,
generalpatternsfor mostbenchmarksmatchhardwarere-
sults. TheexceptionsareFFT andLU, which do not show
aclosecorrespondence.3

For the baseproblemsizes,4 out of the 8 benchmarks
haveaparallelefficiency (speedupdividedby thenumberof
processors)greaterthan60%. The remainingbenchmarks
(FFT, LU, OceanandRadix)areknown to speedup poorly
for the baseproblemsize, even with 16 processors[11];
our resultsconfirmthis finding. Of these,thespeedupsfor
OceanandRadixhaveaparallelefficiency greaterthan60%

3We are in the processof examining the simulator to 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
Localnetwork cache 165 55
OtherL2 cache 255 85
Rem.mem.(samering) 594 198

Table 3. Performance summary

BenchmarkCharacteristics Observations
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
Water-Sp low good low good�

larger problemsizerequired

with larger problemsizes. We expectLU would improve
similarly, but the1024sizeshown is thelargestwe canrun
on thesimulatorin a reasonableamountof time. Also, we
areinvestigatingthepoorperformanceof FFT.

In general, benchmarkswith low communication-to-
computation(comm-to-comp)ratio and good locality of
reference(Barnes,LU, andWater)areknown to havebetter
speedups.Our speedupresultsmatchthis trend,with the
exceptionof LU which is known to have load imbalance
problems.Thelow ring utilizationof thesebenchmarksob-
served in Figure 4 confirmstheir low comm-to-compra-
tio. Although Raytraceand Volrend show only moderate
locality, their low comm-to-compratio still produceslow
to mediumring utilizationandgoodspeedupis maintained.
It is interestingto notethat thesefive benchmarksall have
high NC hit rates(above 50%), which is importantfor re-
ducinglatency.
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Figure 9. Parallel speedups on the NUMAchine prototype

Of the remainingthreebenchmarks(FFT, Ocean,and
Radix),achieving goodspeedupis difficult becauseof the
large bandwidthrequirements:flow control is invoked for
OceanandRadixandall threeshow higherring utilizations.
Increasingtheproblemsizefor OceanandRadixdoesresult
in goodspeedup,but thesameis not true for FFT. Further
increasesin problemsizefor FFTandRadixhasnothelped
muchin otherstudies[11].

Anothertrendis thechangein theslopesof thespeedup
curveswhenthenumberof processorsis increased,whichis
commonfor DSM machines.Theslopesarefairly constant
up to 4 processorsindicating that stationparametershave
beenchosenwell. Theslopedecreasesfor largerconfigura-
tions,sincesomerequestsarenow for off-stationmemory.
Thisis particularlynoticeablefor applicationswith largere-
motecommunicationrequirements.

4.3 Larger Systems

Resultsfor largerconfigurationsareshown in Figure10.
ThesespeedupswereobtainedusingtheNUMAchinesimu-
latorandshow theexpectedprototypeperformance.Larger
problemsizeswereusedfor FFT, LU, OceanandRadix.

Theperformanceof thesystemis good,achieving apar-
allel efficiency of greaterthan60% for 7 out of 8 bench-
markson 64 processors.It remainsto be seenhow well
theprototypeCentralRingperforms,althoughspeedupsob-
tainedthroughsimulationareencouraging.

5. Current Status

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

We have developeda customparallelPOSIX-compliant
operating system, Tornado [3], to take advantage of
NUMAchine’s inherent clustering and provide user-
customizablesupport in the kernel for parallel file sys-
tems.Tornadobootsandrunsparallelprogramssuchasthe
SPLASH-2suite and numerousX11 programs. The sys-
temsgroupis alsoworking closelywith IBM research,and
hasportedtheK42 operatingsystemto NUMAchine [10].

6. Conclusion

Lessonslearnedfrom the evolution of the desktopPC
are that cost,usability, andmodularityarecrucial to gain
widespreadacceptanceof an architecture. Today, 4- and
8-way multiprocessorsareprevalentin theworkstationen-
vironment.We believe thatmedium-scaleparallelprocess-
ing will alsobecomewidely used. Hence,the goal of the
NUMAchine projectis to developcost-efficient andusable
parallelcomputing.Ourexperiencehasshown thatit is pos-
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Figure 10. NUMAchine simulator speedups

sibleto build aneffective medium-scalemultiprocessorus-
ing a simplearchitecturewith off-the-shelfparts.

TheNUMAchinehardwareconsistsof aCC-NUMA 48-
processorprototypeusinga hierarchicalring network. We
have identifiedseveral beneficialring properties:inherent
broadcast,which providesan effective mechanismfor the
disseminationof cachecoherenceinformation; naturalor-
deringof transactions,which not only simplifiesthecoher-
enceprotocolbut also facilitatesa simple implementation
of sequentialconsistency; and a simple and fast bitmask
routingalgorithm. We have alsodemonstrateda two-level
hardwarecachecoherenceschemewhich exploits the ring
propertiesdescribedabove.

The simplicity of the ring network reducesthe design
complexity considerably. Theincrementalcostof inserting
anextra nodeinto thesystemis alsosmall. This paperhas
shown thatthiscost-effectivearchitecturedoesnotsacrifice
goodperformance.

NUMAchine’s designnaturallyprovidessupportfor se-
quentialconsistency – an importantaspectof usability. To
furtherextendusability, onegoalis to usetheoperatingsys-
temto hide the “NUMA-ness” from theuserby exploiting
the underlyingclusteredarchitecture.The iterative tuning
of parallelprogramsmustalsodisappearif thisclassof ma-
chinesis to becomewidely used.For thesereasons,work on
parallelizingcompilersandparallelfile systemsaretwo ma-
jor areasof researchthatwill becarriedouton theNUMA-
chinehardware.
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