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the effects of cache and memoryhierarchy on systemlatencies,performanceanalystsperform
benthimarkanalysison existing multiprocessacs. In this study we presenta detailedcomparison
of two architectues,the HP V-Classand the SGI Origin 2000. Our goal is to compae and con-
trastdesigntechniquesusedin thesemultiprocessaos. We presentthe impactof processordesign,
cache/memornyhierarchies and coheenceprotocol optimizationson the memorysystemperfor-
manceof thesemultiprocessos. We also studythe effect of parallelismoverheadsud asprocess
creationand syndironizationon the userlevel performanceof thesemultiprocessos. Our exper
imentalmethodabgy usesmicrobentimarksas well as scienti ¢ applicationsto characterizethe
userlevel performanceOur microbend&imarkresultsshowtheimpactof L1/L2 cachesizeand TLB
sizeonuniprocessotoad/stoe latenciestheeffectof coheenceprotocoldesign/optinizationsand
datasharingpatternson multiprocessomemoryaccesdatenciesand nally the overheadof par-
allelism. Our application-basedevaluation showsthe impactof problemsize dominantsharing
patternsandnumberof processos usedon speedu@ndraw executiontime Finally, we usehard-
ware countermeasuementdo studythe correlation of system-leel performancemetricsandthe
application's executiontime performance

1 Intr oduction

Sharedmemorymultiprocessordiave gainedwidespreadacceptancasa meanso provide pow-
erful parallelcomputing. The designandevaluationof sharedmemorymultiprocessorsiasbeen
the topic of muchresearch.To build scalablesharedmemowy multiprocessorsthe useof small
nodesconnectedhrougha powerful scalableinterconnechasbeenshavn to be quite attractve.
Sharedmemoy systemssuchasthe SGI Origin 2000[18], the HP V-Class[10] andthe Sequent
NUMA-Q [20], multiprocessorsireexcellentexamplesof thistrend.

As processotechnologycontinuesto rapidly advance,the comparatrely slow improvement
in memoryspeeds the main performancebottleneckin currentandfuture sharedmemorymul-
tiprocessors.As a result,the useof larger cachesand deepercachehierarchiess becomingin-
creasinglycommon.However, theimpactof cachehierarcly onthe cache/memorgystemperfor
manceis largely dependenbn the applicationaccespattern. The useof theoreticalmodelssuch
asthe BSP[28] and LogP [5] is gettingmore and more dif cult without signi cant extensions
andextensve hardware performancemeasurementastperformancemeasuremerandanalysis
researchl, 2, 11,16,17, 25] eitherusesamicrobenchmarkzasedr anapplication-basedvalua-
tion methodolog. Furthermorethesestudiesfocuson understandinghe performanceof a single
multiprocessarlin this paper our aimis to provide anin-depthunderstandin@f the memorysys-
tem performanceof two multiprocessorsthe HP V-Classandthe SGI Origin 2000, using both



evaluationmethodologes. As aresult,we compareand contrastdesigntechniquesisedin these
systemsand also correlateobsenationsbetweenmicrobenchmas studiesand application-lased
evaluation.

Our microbenchmaristudyillustratesthe impactof technologtal advancementsn processor
design(suchasmultiple outstandingnissesandsystemprotocols(suchasoptimizationsto cache
coherenceprotocols)on the latenciesof uniprocessoncces patternsand multiprocessorsharing
patternsfound in large-scaleapplications. Our unipracessorexperimentsshav that currentpro-
cessorsupportng multiple outstandingcachemissesare capableof reducingthe averageaccess
lateng by a signi cant factorover single outstandingcachemissexecution. We comparethe ef-
fect of two layersof cachingon the Origin 2000to a singlelevel of cacheonthe HP V-Class.We
shav how a small translationlookasidebuffer (TLB) on the Origin 2000 can affect dataaccess
lateng for agivencon guration of pagesize. Whencomparingthe two systemswe nd thatthe
uniprocessoloadandstorelatenciesmeasureanthe HP V-Classtendto be40to 45%lowerthan
thoseon the SGI Origin 2000. Using several multiprocessobenchmarkswe studythe impactof
sharingdegreeon the acces lateny of dominantsharingpatterns.We obsenre thatan increase
in the sharingdegreehasrelatively no impacton the HP V-Classlateng, whereast signi cantly
increaseshe averagelateny experiencedbn the SGI Origin 2000. We alsostudythe parallelism
overheadusingmicrobenchmarkthat measurehe lateng for processreationandsynchroniza-
tion. We shawv thatthe amountof overheaddiffers signi cantly in thetwo systemsandis heavily
dependentn the mechanismgrovidedin the operatingsystem.

Unlike microbenchmarkdl, 2] that are targetedat evaluatingthe performanceof particular
accesgatternsthe useof several scienti ¢ applicationg16, 17] helpsus understanchow these
individual factorsaffect overall userlevel performance.In our application-basedvaluation of
the HP V-Classandthe SGI Origin 2000, we use Ve representatie scienti ¢ applications.We
vary the degreeof parallelismandthe problemsizeto analyzeapplicationspeedupand system
executiontime. We obsenre thatthe SGI Origin 2000experiencedower executiontime thanthe
HP V-Class. However, we also obsenre that the HP V-Classgenerallyexhibits betterspeedups.
We correlatetheseobsenationsusing the known dominantsharingpatternsof the applications
to the performanceof the respectre microbenchmarksUsing thesecorrelations,we determine
relatve advantagesanddisadwantageof designtechniquesisedin the two systemsandevaluate
the effectivenessof their cacheand memoy systemsfor varioustypesof workloads. The two
differentmethodologésusedin this paperprovide anunderstandingegardingthe performanceof
thetwo systems.

Therestof thepaperis organizedasfollows. Section? present@noverview of thetwo systems
usedin this study Section3 presentsa detaileddescriptionof the uniprocessomicrobenchrark



suiteandthe resultsobtainedon eachsystem. Section4 presentghe multiprocessotbenchmark
suiteandresultsfor dominantmultiprocessosharingpatternsandparallelismoverhead Section5
usesscienti ¢ applicationdor auserlevel performance&eomparisorof thesememorysystemsand
presentssomeinsightsto their performanceusing CPU hardware countsof instructions,cache
missesand TLB misses. Finally, Section6 summarzesthe paperand presentsa direction for
futurework.

2 SystemOverview

In this paper we studythe performanceof two commercialsharedmemosy multiprocessorsthe

HPV-2200[10] runningHP-UX 11.0andthe SGI Origin 2000[18] running IRIX 6.5. While these
systemsscaleup to or beyond 512 processorswe chosea 16-processocon guration dueto its

availability [24, 27].

2.1 SystemAr chitectures

A blockdiagramof the 16-processar P V-Classsenerarchitectures shavnin Figurel. Thesym-
metricmultiprocessodesignutilizes ExemplarProcessoAgentControllers(EPAC), eachwith its
own ExemplarPCl InterfaceControllers (EPIC - not shavn) controlling anindependenPCl bus
and8 ExemplarMemoryAccessControllers(EMAC). Thesecontrollersareconnectedentrallyby
aHP Hyperplanecrossbacomprisedf four ERACs (ExemplarRouting AttachmentControllers).
Eachprocessoagent(EPAC) is connectedo two HP PA-8200 processorsthat arebasedon the
RISCPrecisiorArchitecture(PA-2.0). The PA-8200is a 4-way out-of-ordersuperscalaprocessor
thatrunsat a speedof 200 MHz with 2 MB of instruction cacheand2 MB of datacache.Each
caches directmappedandhasdual ports. EachEMAC memorycontrolleris connectedo a piece
of the memory The memorynodeis interleaved usingfour banks. Cachelines areinterleaved
acrossthe four bankswithin a memorynodeand acrossthe eight memoryunits, resultingin an
overall 32-way interleaving in the memorysystem. The 16-processocon guration follows the
uniform memoryaccesgUMA) principleasshavn in Figurel.

A block diagramof a 16-pracessorSGI Origin 2000multiprocessors shavn in Figure2. The
SGI Origin 2000is a cache-coherenmon-unifam memoryaccesyCC-NUMA) multiprocessor
basedon dual-praessoibasicbuilding blocks. Eachblock contains2 MIPS R10000processors
and512MB of memorycontainedn 1-8 memorybanks(DIMMs). TheR10000is a4-way out-of-
ordersuperscalaprocessorunningat a speedof 250MHz with 32 KB of L1 cacheand4 MB of
uni ed L2 cache.ThelL1/L2 cachdine sizesare32 bytesand128bytes,respectrely. Bothcaches
are2-way setassociatie usingan LRU replacemenpolicy. Within eachnode,the processorare
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Figure 2: 16-processoSGI Origin 2000 sys-
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connectedo a Hub chip, an ASIC that providesconnectiondo the local memory the 1/0, and

the hypercubeinterconnect.The hypercubeis madeup of 6x6 bi-directional SGI Spidercrossbar
switchesconnectedusing the Craylink interconnect. Eachrouter connectstwo local blocks (4

processorsandtwo otherroutersin a 16-processocon guration. EachDIMM memorybank
provides4-way memoryinterleaving on a cacheline basis,so a nodeboardcould supportup to

32-way interleaving.

2.2 Experimental Methodology

Severaldifferencesanbeimmediatelyobsenedwhenstudyingthe 16-processoHP V-Classand
the Origin 2000architecturegTable1). A fundamentahrchitecturadifferenceis memoryorga-
nization: the HP V-Class16-processonodeis a UMA (uniform memoy acces) multiprocessor
with all the memores equidistantfrom the processorswhile the 16-processorigin 2000 ex-
hibits a NUMA (non-uniform memoryacces) memory organization with a local memoryand
several remotememores. In this work, we limit ourselhesto the performancecharacterization
of the cache/memorgystemandthe parallelismoverheadusingmicrobenchrarksandscienti ¢
applications.

Ourmicrobenchrarksuitecanbeclassi edinto threemaincateyoriesandvarioussub-catgories
aslisted belonv. Eachmicrobenchmarkvaswritten in C, optimized by the compilerat level O2,
andrunover 100timesto determiretheaveragdatengy peraccessWeveri ed mary of ourresults
usinghardwarecounterson the machineandqualitatve comparisonsvith existing resultssuchas

[2].

UniprocessorData Access We useload and storetraversalsthroughan array of length
N. Furthermorewe alsoimposedependenciesn the consecutie accesesto study the
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HPV-Class| SGIOrigin
Processor
Speed 200MHz 250MHz
ILP Behavior 4-way 4-way
CacheSize 2MB 32KB/4MB
CacheSpeed| 3cycles 3/10cycles
Cacheline 32bytes | 32/128bytes
Memory
Organization UMA NUMA
Interleaving 32-way 4-way
Management| round-robin| round-robin
TLB Issues | 120entries | 64*2 entries
Coherence | MESI-like | MESI-like
(optimization) | (migratory) | (speculatie)
Scalability
Node 16-way 2-way
Topology crossbar | hypercube

Tablel: High Level Comparisorof 16 processoHP V-ClassandSGI Origin 2000.

effectivenesof lateng hiding throughmultiple outstandingcachetransactions.

MultiprocessorData Access We use microbenchmds designedfor producerconrsumer
datasharingpatternssuch as read-aftemwrite and write-afterreadto study the impact of
sharingdegree (numberof consumerspn the coherenceoverheadof invalidation for pro-
ducersandreadingdirty datafor consumers.

Parallelism Overhead We usemicrobenchmarksgesignedo studythe overheadof process
creationandsynchronizatiorusingsystemcalls providedin the operatingsystem.

Our applicationbasedevaluationis basedon experimentalrunsof ve scienti ¢ applications
on the two multiprocessors. Theseapplicationswere developedat Texas A&M University by
the Parasolarchitecturegroup[24]. The applicationsare GaussiarElimination (GE), Transitve
Closureof a matrix (TC), matrix multiplication (MM), FastFourier Transform (FFT) andFloyd
Warshalls all-pair-shortest-patlalgorithm (FWA). We analyzeresultsin termsof speedumndex-
ecutiontime by varyingthe problemsizeandthe numberof processorsin addition,we performed
a detailedcasestudyof two of theapplicationg FFT andFWA). We instrunentedthemto collect
performancecountermeasuresmentichascyclesperinstructon (CPI), cacheperformanceand
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TLB statistics.Basedon thesehardwarecountermeasurementsndthe microbenchmarklata,we
attemptto explain the differentspeedugcharacteristicef theseapplications.

3 UniprocessorPerformance

In this section,we beagin our uniprocessocharacterizatiomisingcache/memonaccessateny as
our metric. We useseveraluni-processofoadandstoremicrobenchmarkbasedn[1] to compare
the performanceof the HP V-Classandthe SGI Origin 2000multiprocessors.

3.1 Description of the Micr obenchmarks

We characterizehe lateny of uniprocessodoadsand storesusingthe Load-Use(Figure 3) and
Store-UsgFigure4) benchmarksadaptedrom AbandahandDavidson[1]. The benchmarkgra-
verseanarrayof N 8-byte elementausingdifferentstridelengthsspeci ed in the numberof el-
ements. Currentsuperscalaprocessorsincluding the R10000[29] andthe PA-8200(9], allow
multiple outstandindoadsandstoresto take advantageof lateng hiding. To identify the perfor
manceof a single outstandingprocessotoad or store,the microbenchmarksusethe valueread
from the arrayto index the next locationin the array This ensuresa dependeng betweencon-
secutve loads/storesand thus both requestcannotbe issuedsimultaneously In orderto study
theimpactof multiple outstandig misseswe modi ed the Load-Useand Store-Usebenchmark.
Thesemodi ed benchmarksl.oad-All andStore-All, areshavn in Figures7 and 8, respecitrely.
Unlike the Load-Useand Store-Usebenchmarksthesebenchmarkdraversean 8-byte element
arrayof sizeN with norestrictian onthe orderingof therequests.

3.2 SingleOutstanding Load/Store Performance

Figure5 presentghe datagatheredon the HP V-Class(Figure5a) andthe SGI Origin 2000 (Fig-
ure5b) usingthe Load-UsebenchmarkOnthe HP V-Classmultiprocessqmiwe nd thatthelength
of the stride doesnot impactthe latenyy whenthe datasizeis belov 2 MB. This is directly at-
tributableto the 2 MB cachesize,sothatall load accesssresultin cachehits (approximately3
processocycles). The averagelateny wasfoundto be approximately20 nanosecondsAs the
datasize grows beyond the cachesize,the chosenstridelength hasa growing impacton the la-
teng. Considerasinglecachdine of 32bytes.A strideof lengthl access&four elementsesiding
within the samecacheine. Thusoneoutstandig cachemissbringsfour dataelementg32 bytes)
into the cacheand senesthreesubsequenprocessorequestsas cachehits. This resultsin the
lowestaverageprocessotoad lateng. As the stride grows from 1 to 4, the numberof requests



sened as cachehits decreaseshus causingthe processotoad lateng to increasesigni cantly.
Whenthestrideincreasedeyond4, thereis no degradationin accessateng sinceall accesesare
cachemisses.

Onthe SGI Origin 2000,we nd thatlengthof thestridehaslittle impactontheacces lateng
whenthe datasizeis belov 1 MB. The minor increasen acces lateng is attributed to the L1
cacheof 32 KB with aline sizeof 32 bytes. Whenthe stridegrows, the numberof missessened
in theL1 cache(2-3 processocycles)decreaseandrequestaresatis edin theL2 cache(within
8-10processocycles). This shavs theimpactof a multilevel cachehierarcly. Finally, notethelL.2
cachesizefor R10000is 4 MB. Howeverwe nd thattheaccessatengy doesnotremainconstant
betweenl MB and4 MB. This is attributedto the factthatthe R10000TLB cansenre up to 64
datapagetranslationsat aninstanceof time. With a 16 KB pagesize,the sizeof the contiguous
memory(our array) addressabléy the TLB is 1 MB. Thusthe accesdateny remainsconstant
until 1 MB andincrease®eyondthis arraysize. As the stridelengthincreasesthe accesdatensg
increasesand stabilizesat a stridelengthof 16, owing to the fact thatthe cacheline sizeis 128
bytes.Fromthe gure, we obsenrethattheincreasen acces lateng is notsmoothwhenthearray
sizeincreasedeyondthe cachesize. For example,we nd thatthe accesdateny increasesata
rapid paceasthe array sizeincreasegrom 4 MB to 5 MB, while it remainsrelatively constant
between5 MB and6 MB. In orderto investicgate this behaior, we usedthe hardware counters
[14][15] on the system. We found that the numberof additionalL2 misseswereroughly 17000
whenthearraysizeincreasedrom 4 MB to 5 MB androughly 7500for anincreasérom 5 MB to
6 MB. This causesheunexpectedoehaior in thegraphsobtainedor the SGI Origin anddepends
on severalfactorsincluding associatrity, organization replacemenpolicy andmappingcon icts
betweercodeanddatablocks.

Finally, a comparisoracrossmultiprocessordeadsto several obsenations. First, the lateny
of all accesesthatresultin a cachemissfor anarraysizeof 8 MB is roughly 500 nanoseconds
for the HP V-Class,whereaghe SGI hasan averagelateny of 350 nanosecondsSecondwhen
the stridesarelow, indicatinghigh spatiallocality, the largerL2 cachéline sizeof the R10000L2
cachehelpsby providing several cachehits. For linear array traversals,the performanceof the
R10000processoiis hinderedby the numberof TLB entriesand not by the cachesize for our
experiments.This canberemediedoy usinga largerpagesize( 32 KB), supporteddy thelRIX
operatingsystem.

Figure6 presentshe datagatheredon the HP V-Class(Figure6(a)) andthe Origin 2000(Fig-
ure 6(b)) usingthe Store-Usemicrobenchrark. Note thatresultswith a stride of unit lengthare
not shawn for the stores becausehe Store-Usebenchmarkequiresa minimum strideof 2. The
analysisof theobtainedresultsis identicalto theloadresultspresente@bove. A minorincreasen



accessateng is obsenedascomparedo theload performancebecauseachstorerequiresafol-
lowing load(resultngin acachehit always)to maintainthe dependengfor the singleoutstanding
criterion.

3.3 Multiple Outstanding Load/Store Performance

In this section,we identify the effectsof multiple outstandingequestn the averageaccesda-
teng/ of processoloadsandstoresby usingthe Load-All andStore-ALL benchmarkshovn in in
Figures7 and 8, respectrely.

Theresultsobtainedfrom our Load-All and Store-All experimentsareshown in Figure9 and
Figure 10, respectiely. The accesdateny follows the samebehaioral trend as seenearlier
for Load-Use(Figure 5) and Store-Use(Figure 6). However, the measuredaerageacces la-
teng is lower thanthatfor the single outstandingoad/storeexecutionsincemuchof the overall
cache/memoryccesdateny getsoverlapped. A comparisomacrosstheseresultswill yield the
amountof lateng overlapthatoccurs.Considerthe Load-Useandthe Load-All results(a similar
analysisof the storeexperimentscanbe derived). Whenthe loadsandstoresresultin cachehits
(arraysize< 2 MB), theratio betweertheaverageacces lateng for singleoutstandingxecution
andthatfor themultiple outstandingexecutionis approximately2 for boththe HP V-Classandthe
SGIOrigin 2000. This ratio depictsthe amountof communicaion overlapexperiencedluringthe
execution,with a higherratio resultingin lower executiontime andlower averageaccesdateng.
For example,the measuredatio of 2 shawvs that the processorsare capableof perfoming two
loadsresultingin cachehits simultaneouslyOn the otherextreme , whenall loadsandstoresresult
in cachemisseswe nd thattheratiosbecome4:5 and1:4 for the V-Classandthe Origin 2000,
respectrely. Thelow communicatioroverlap obtainedfor the Origin 2000 may be attributedto
thesmallpagesize,causingseveral TLB missedo form a partof theaveragecachemisslateng.

4 Multip rocesso Performance

In this section,our goalis to evaluatethe multiprocessoiperformanceof the two sharednemory
systems. Apart from the raw accesdateny analyzedin the previous sections,memorysystem
performancein a multiprocessosystemalsodependsighly on the hardwaretechniquesisedto

maintaincachecoherenceln the rst subsectionye presentinoverview of coherencerotocols
usedn theHP V-Classandthe SGI Origin 2000. Subsequentlyve presentdetaileddescriptiorof

the microbenchmarksand nally the performanceanalysisbasedon eachof the microbenchrark

experiments.



4.1 Overview of CoherenceProtocols

Both the HP V-Class[26] andthe SGI Origin 2000[18] usea variation of the invalidate-lased
full-map directory protocol [4] andthe well-known MESI cacheprotocol[19]. However, each
multiprocessohasits own enhancemertb theprotocol. An overview of theprotacolsis asfollows.
The MESI protocolusesfour statesmodi ed, exclusive shared andinvalid, to identify the state
of theline in the cache.Thefull-mapdirectoryprotocolmaintainsa bit perprocessoperblock to
keeptrackof all thesharer®f ablock. Thedirectoryalsomaintainghe stateof eachblock, namely
private shaedandnot present In aninvalidation basedprotocol, whenownershipis requested
for ablockin shaed state invalidationsignalsareusedto purge the existing copiesin eachof the
sharers caches.

In the V-Classprotocol[2], the enhancemento the protocolis tagetedtowards migratory
sharingpatterns.Whena processofrequesterjssuesa readto a block thatis currentlydirty in
anotherprocessos (owner's) cachethe block s invalidatedfrom the owner's cacheandsupplied
to the requestein exclusive state. Sucha transferdoesnot updatememorywith the data. To
convertfrom exclusive to sharedstatelater, in thecaseof multiple consumersthedatais sentback
to memoryfrom the rst consumeandthensentto subsequentonsumers.

In the Origin protocol[18], the enhancemertb the protocolis for memoryrequestghat nd
datain theprivatestatein thedirectory Thedataeitherexistsin anexclusivestateor modi ed state
in the owner's cache. Sincetransferringdatafrom the owner to the requestetakeslongerthan
transferrirg controlinformation, speculatre datais suppliedfrom the memorynode(by assuming
that the block is in exclusive state)and an intervention requestis sentto the owner Whenthe
owner receves the intervention request,if the block is indeedin exclusive state,it sendsonly
control information regarding this to the homenodeand the requester However, if the owner
holdsthe block in modi ed state,the owner sendsdirty datato the requesteraswell asto the
memoryfor updatingthe block. Unlike the V-Classprotocol, in both casesthe ownerretainsthe
blockin sharedstatein the cache.

4.2 Description of the Micr obenchmarks

For our multiprocessomemorysystemevaluation,we usethe commonlyknown sharingpatterns,
read-aftetwrite (RAW) andwrite-afterread (WAR) to quantify multiprocessomperformancebe-
causethey areindicative of coherenceprotocol performance.Typically, a WAR accesgqstoreto
ablock presenin several caches}akesmuchlongerto completethana storeto an unreadblock
sincethe former requiresinvalidations. Similarly, a RAW accessnay take muchlongerthana
loadto aunmodi ed block sincethe formerrequiresa datatransferfrom the owner's cacheto the
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requesterWe usethe ProducerConsumebenchmarkPC)showvn in Figure11to studyRAW and
WAR latenciesIn eachiterationof thisbenchmarkthe rst phasenvolvesthemodi cation (store
accessjo ablock while the secondgphasanvolvesall otherprocessorseadingthemodi ed block.
Finally, we alsoanalyzethe overheadf parallelism namelyprocessreationandsynchronizatn,
in Sectior4.5.

Resultsshavn in Figures12, 13, 14 and 15 are obtainedfor a 1 MB array traversedusing
stridesof differentlengths. A 1 MB arraywas chosensinceit ts into the cache,keepingthe
latenciedevoid of replacemeneffects. The rst two gures arefor RAW performance while the
lattertwo gures depictthe resultsfor WAR performance.The numberof processorévolvedin
theexperimentwasalsovariedfor RAW/WAR sharingto identify the effect of differentdegreesof
sharing.Theresultsareanalyzedn thefollowing sections.

4.3 Read-After-Write Performance

We startwith theresultsobtainedior the HP V-Class.Figuresl2(a)and13(a)shav the numberof
processor@volved in the experimenton the x-axis andthe averageacces lateng in the y-axis.
For example,whentwo processorare usedin the experiment,we have one producerand one
consumerandthe averagereadlateng is approximately 1000nanosecondfor a stridelengthof
4 elements.Whenwe vary the stridelengthfrom 2 to 4, we nd thatthe averageaccesdateny
increasedy a factor of two. Whenthe stride is increasedbeyond 4, we seeno impacton the
averageacces$atenq sinceall loadsresultin cachemissesWhenthereis only asingleconsumer
we nd thatthe averageloadlateng is roughly 1000nanosecondtor readingthe block from the
producers cache.Comparingthis valuewith the maxload accesdateny (from Figure5) of 500
nanosecondsye nd thatthe overheadof transferringdatafrom the producerto the consumeis
twice the lateny of readingthe block from the memory As the numberof consumersncreases
from 1 to 3, the lateny increasessigni cantly. Beyond three consumersthe lateny remains
constant. The reasonfor this behaior is the longerhandsha& required by the V-Classprotocol
to corvert from exclusive to sharedstate. The rst consumemobtainsthe block from the ownerin
exclusive state.Whena subsequenprocessorequestghis block, controlinformation o ws back
to thememoryfrom the rst consumelandthe memorysendgshe datato the secondconsumeto
converttheblock to sharedstate.Thisresultsin alongerlateng for thesecondconsumer

The SGI Origin read-aftetwrite (RAW) resultsareshavn in Figures12(b)and13(b) notethat
aregressiomanalysishasbeenusedto t acurwve to thesedatapoints. Similar to the HP V-Class,
theaverageaccesdateny increasessthe strideincreased$rom 2 to 16, sincel6*8 (128 bytes)is
thesizeof thecachdine. However, unlike theHP V-Class asthenumberof processorgvolvedin
the experimentincreasesthe read-afteiwrite lateng increasesThe queuingof memoy requests

11



or responsest the memorymoduleaswell asthe network topology may be the reasonfor this
increasean lateny with anincreasedumberof consumers.

4.4 \Write-Af ter-ReadPerformance

In this sectionwe startby analyzingtheresultsfor the HP V-Class.FromFiguresl4(a)and15(a),
we obsere thatthe impactof stridelengthremainssimilar to the earlierresults.We obsenre that
whenonly one consumelparticipatesn the experiment,the averagelateng is higherthanthat
for multiple consumers.Whenonly one consumerparticipatesn the experiment it invalidates
the owner's copy of the block and obtainsan exclusive copy of the block. Whenthe previous
owner subsequentlynodi es the block, it hasto regain ownershipfrom this consumer Sincethe
consumepnly holdsexclusive accessthe datatransferhasto be doneby readingmemoryafterit
invalidategheexclusive copy of theblock. Whenmorethanoneconsumers involved,the stateof
theblock atthe endof the consumephases shared Sincethe stateof the block is sharedonly
invalidationsneedto be sentto the consumers.With the non-bbcking crossbarthe time taken
to sendinvalidatiors seemso remainindependentf the numberof processorsnvolved in the
experiment.

Figuresl4(b)and15(b)shaw theresultsof thewrite-after-readexperimentson the SGI Origin
2000.FortheSGIOrigin 2000,we notethattheoverheadf invalidationincreasesasthenumberof
consumergvolvedin thecomputatio increasesUnlike theHP V-Class thereareno peculiarites
in theaverageaccessateng for ary singlecase.

Finally, a comparisonacrossmultiprocessorshaws thatif the strideis closerto 1, thenthe
latenciesare more similar. For example, when the stride is equalto 2, the accesdateny for
the HP V-Classis approximately300 nanosecondwhenthe numberof consumerss morethan
1. Similarly the averageaccesdateny for the SGI Origin 2000 rangesbetween200 and 250
nanosecondd/Vhenthestrideincreasesigherthan8, however, the SGI Origin 2000paysahigher
penaltyfor communication This communcation overheads hiddenby the 128-bytecacheline
fetchwhenthestrideis low, andexposedwhenall accesssendup ascachemisses.

45 The Overheadof Parallelism

Thetwo majortypesof overheadmmediatelynoticeablen aparallelprogramareprocessreation
andsynchronizationTheoverheadlueto processreationcanbesubstantiahndaffectapplication
performanceconsiderably In orderto minimize the impactof processcreationon application
performance,mostrecentmultiprocessorsincluding the HP V-Classand the SGI Origin 2000,
provide mechanismso keepall createdprocesseaslive to bere-usedhroughthe executionof the
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application.For example them_f ork() routine onthe SGIOrigin 2000incurstheprocessreation
overheadbnly the rst timeit is called. After eachphaseof execution,the processs putto sleep
andthussubsequent _f ork() callsre-usethe sleepingthreads However, notethatprocessesan
befreedatary stageusingthem _Kkil | _procq) call onthe SGIOrigin 2000routinefor applications
thatrequirethis feature.

In this section,we analyzemeasuredesultsto quantify the overheadof processreationand
barriersynchronization The obtainedresultsareshovn in Figures16 and17, respectiely. Our
intentis to studytheimpactof scalabilityon parallelismoverheadandnot to presentoncreteg-
uressincethesedependheaily onthe mechanismemployed onthe multiprocessarFor example,
we employ the pthr eadspackageon the HP V-Classandusea userlevel barriersynchronization
mechanisnthatis basedon the useof an array datastructure. On the other hand,applications
portedto the SGI Origin 2000employ them_sync() systemcall for barriersynchronization.

From the gures, we nd that both forking processesas well as synchronizationare two
magnitudesnore expensve on the Origin 2000thanon the HP V-Class. However, notethatthe
Origin 2000 suffers signi cantly whenthe numberof processoremplo/ed increaseeyond 4
(beyond a singlerouter). We can expecta similar phenomenorwhen employing morethan 16
processorga NUMA con guration) on the HP V-Class. We also notethat on both systemsthe
overheadbf parallelismdependdinearly onthe numberof threads/processesnployed.

5 UserLevel Performance

In the previous sectionswe usedmicrobenchrarksto studytheimpactof uniprocessormandmul-
tiprocessoraccesgatterns.In this section,we use ve scienti ¢ applicationsto studytheir user
level performance.The chosenapplicationsare GaussiarElimination (GE), Matrix Multiplica-
tion (MM), Transitve Closure(TC), FastFourier Transform(FFT) andFloyd Warshalls All-Pair
ShortesPath Algorithm (FWA). Theseapplicationsveredevelopedin houseat TexasA&M [24].

5.1 Overview of the Applications and Results

GEimplementsGaussiartlimination with partialpivoting onasystenof linearequationstoredn
atwo-dimensionakharedarray The computatiorontherows s distributed acrosshe processors
in a round-obin fashionin orderto maintaina goodload balanceas elimination proceeds.The
accesgatternof thisapplicationis single-writemultiple-readefith analgorithmthatis trianguar
in nature. The MM applicationperformsthe multiplication of two sharedmatrices. The result
matrix is alsoshared. The result matrix is distributed into blocks dependingon the numberof
processorsvailable. Theaccesgatternis mainly read-sharedThe TC applicationusesterations
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of matrix multiplicationsto computethe transitve closureof a matrix. The currentlimitation
of this algorithm is thatit requiresa squarenumberof processorsor parallelexecution. The Fast
FourierTransform(FFT)applicationmplementstheCooley-Tukey 1D FFT algorithm basednthe
several (logN) stageof butter y computaibn. Floyd Warshalls application(FWA) implements
anall-pairsshortespathalgorithm to computethe shortespathbetweertwo nodesin agraph.

Thespeedumndexecutiontime resultsmeasuredby runningtheseapplicationunderdifferent
datasizesandapplicatiors sizesareshavn in Figures18 through25, 29 and30. In general,we
noticethatasmoreprocessorareemployed,theHP V-Classprovidesbetterspeedupatiosthanthe
SGIOrigin. Thespeedups betteronthe HP V-Classbecaus¢he communcationto computatbn
ratioontheOrigin is muchlowerthanontheHP V-Class.However, in mostcasestheuniprocessor
executiontime on the SGI Origin 2000is muchlower thanthe HP V-Class. This effect canbe
attributed to larger cachesand more spatiallocality within a larger L2 cacheline on the Origin
2000ascomparedo the HP V-Class.Below, we presenta detailedanalysisof performancaising
two of the ve scienti ¢ applicatiors (FFT andFWA).

5.2 Casestudy of the FFT application

The FastFourier Transform(FFT) applicationimplementsthe Cooley-Tukey 1D FFT algorithm
basedon the several (logN ) stagesof butter y computation. The input to the applicationis the
numberof points andthe numberof processor$o be usedfor this computation. The execution
o ws asfollows. The rst log(N=P) stagesareperformedocally at eachprocessqreachwith a
datasetof sizeN=P. TheremainnglogP stagegequireprocessorso exchangedatain pairs.In
eachstage pneprocessoreadsthe datacomputedn the previous stageby a differentprocessar
Figures24 and 25 presenthe executiontime andobsered speeduprespectiely, of the FFT
applicationundervariedinput datasizesandvariednumberof processoren the HP V-Classand
the SGI Origin 2000. The applicationsizeis variedfrom 512K pointsto 8M points,with 32 bytes
of datamaintainedoerpoint. Hence thetotal memoryrequiremerg variedfrom 16 MB (512K 32
bytes)to 256 MB (8M 32 bytes). The numberof processorss variedfrom 1 to 16. They-
axis shavs the obtainedspeedupand executiontime. The resultson the HP V-Classshav good
speedupmprovementdrom a 2-processoiexecution(a speedupf 2) to a 16-processoexecution
(aspeedumf approxinmately10). A valueof 10 for speedupvith 16 processorgeadsusto believe
that the communcation costto computationcostratio in the HP V-Classis relatvely low. We
obsenre thatthe V-Classspeedupbtaineddoesnot dependon the size of datainput. However,
whenwe measuredhe speedumbtainedfrom the SGI Origin, we foundthattherelative speedup
over sequentiabxecutionis muchlower. For example,the maximumspeedups roughly 5.5 with
16 processordor a datasize of 64 MB. This suggestshat communicatiorto computationratio
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is muchhigherthanthat for the HP V-Class. Finally, for 512K and 1M points, the speeduple-
creasebeyond8 processorgmplying thatcommunicatioroverheachegatesthegainfrom parallel
computatia.

We next look at the executiontime resultsobtainedin Figure24. While the Origin 2000had
poor speedupatios, it shouldbe noticedthatthe raw executiontime is lower thanon the HP V-
Class. The executiontime for 2M pointsrangesrom 66 to 6 secondgor the HP multiprocessar
andfrom 17 to 3 seconddor the SGI multiprocessarMuch of this differencein executiontime is
dueto optimized uniprocessoaccesgatternson the SGI Origin. As we have seenin Section3,
the SGI load/storelatencieswere much lower thanthe HP load/storelatenciesdue to a larger
cachesizeandline size. From a qualitative perspectie, the migratoly optimizationto the HP V-
Classcoherenceprotocol affectsthe performanceof this benchmarknegatively sinceit involves
mostly two-processosharing. The SGI protocol optimization hasno performanceimpactsince
speculatre sharingcanrarelybeusedduring FFT execution.

In orderto geta betterunderstandingf whatis going on, we usedhardware counterson the
respectre systemgo collectinformationabouteventsthatmight be contributing to runtimes.On
theHP, we usedHP's CXperf[6], which allows usto collectthehardwarecountersn asingleshot.
OntheSGI,we usedSGl's perfex [14] commando captureheapplicationwide countsfor eachof
theeventsavailable.In orderto getthemostaccuratecountsonthe SGI, we ranthreeiterationsfor
eachof the 16 pairsof counterd15] availableinsteadof multiplexing all counterson asinglerun.
Largerdatasizeswereexcludedin our counterdatadueto the computationatostof thisapproach.
Notethatthereis no one-toone correspondencketweencounterson both architecturege.g. the
HP only hasasinglelevel of cache)put theresultsarerevealingnonetheless.

The rst noteof interestis the instructioncounts(averageper processoper second)in Fig-
ure 26. Giventhe above ratesof instructon processingit is clearwhy the HP took signi cantly
longerthanthe SGI despiteonly a 20 percentdifferencein clock speed.Although it isn't appar
entfrom this graph,the HP actuallyexecutedmorethantwice asmary instructionsthanthe SGI.
Comparingpthreadsandm _f ork() basedonimplementatnsonthe SGI indicatesno substantial
differencen instructioncounts.In this casethehigherinstructioncounton the HP is indicative of
theintrusvenesof HP's hardware counters- they requireobjectcodemodi cation. For the ap-
plicationsstudied theintrumentedobjectcodeis morethantriple the sizeof thenon-instrunented
codeontheHP.

For the SGI graph,sincethereare countersfor loadsand storesissued,we've broken down
the graphinto loads, stores, oating point and other It is apparenthat loadsare a signi cant
percentag®f theinstructioncount. On both systemsthe costof interprocessocommuncationis
apparent-asmoreCPUsareutilized, the effectivenesof eachCPUis diminished.Also notethat
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dueto thiscommuncation, bothsystemdall well shortof executingoneinstructionpercycle. On
the HP, at leastoneout of every two cyclesis wasted.We will seein section5.3thatthisisn't so
with FWA wherethereis lessinterprocessocommunication.

The interactionof the memoryhierarcly while maintainhg cachecohereng is a usefulin-
dicator of perfomancesinceit givesanideaof how often the CPUswerewaiting idle for data.
Figure27 shavs the cachemissesexperiencedn the HP and SGI. For the SGI, we've combined
thedatafor L1 andL2 missessincethatdatawaspossible sothe total cachemissesepresented
therearea bit misleadingsincesometimesan L1 misswill alsotriggeranL2 miss(i.e., thereis
someduplicationrepresentedh the graph). Also recall from Section3.2 that we found a cache
misstakesabout500nson the HP while anL2 misson the SGI on takesabout350nsto service.

For FFT, the system-wideTLB missesshavn in Figure 28 seemto be consistenamongthe
experiments. Although the HP suffers fewer missesfor the smallestdataset, as the datasets
grow, the HP andSGI TLB missesseemto equalize(despitethe differing instructioncountsand
runtimes). More obsenationson the TLB behaior of thetwo systemswill be madein the next
sectionon FWA.

Although thereare a considerablenumberof other countersavailable on the MIPS R10000,
we haven't includedthemheredueto a lack of complemerdry counterson the PA-8200. Given
their usefulnes$30] andpotentialability to help predictperformancd3], thisis unfortunate.For-
tunately HP's move towardsthelA-64 shouldhelpalleviate this shortcomingn thefuture.

5.3 CaseStudy of the FWA Application

The Floyd-Warshall algorithm implements an all-pairs shortestpath algorithm to computethe
shortestpath betweenall pairs of verticesin a graph. The input to this algorithm is the num-
ber of vertices(or nodes)in the graphand the weightson the edges(speci ed in a input le
“weight.mat”). The executionrequiresN (number of vertices)iterations. In our case,eachver-
tex hada direct path (weightededge)to approximately70% of the othervertices. Within each
iteration,every processoreadsa singlerow of anadjaceng matrix andupdatesa distancematrix
to keeptrack of the distancebetweenpairs of verticeson the graph. Thus,in eachiteration, the
principle accesgatternis a multiple processolRAW accesgattern. The numberof processors
involvedin the RAW acces$atternheavily depend®ntheinputgraph.

Figures29 and 30 presenthe executiontime andobsened speeduprespectrely, of the FWA
applicationfor variousinput datasizesandusingavariednumberof processorsntheHP V-Class
andthe SGIOrigin 2000,respectiely. Thesizeof theapplicationis variedonthex-axisfrom 256
verticesto 1024vertices.Thestoragaequiremergfor FWA datastructureare768KB, 3 MB and
12 MB for the predecessai byte ints) anddistance(8 byte doubles) matrices(sizeN  N) for
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N equalto 256,512 and1024,respectrely. The numberof processorgshavn in thelegend)are
variedfrom 1 to 16. They-axisshowns the executiontime andthe obtainedspeeduprespectrely.

Like the FFT applicationresults,the uniprocessoexecutiontime is much higheron the HP
V-Classthanonthe SGI Origin. However, asmoreprocessorareused,the HP V-Classexecution
time improvessuperlinearlybeyond the SGI Origin executiontime. For example,with 1024 ver-
ticesand 16 processorsthe executiontime of the HP V-Classis approximatelyl3% lower than
the SGI Origin executiontime. On the SGI Origin 2000,we hadseenin Section4 thatthe over
headof invalidationandmultiple consumeRAW increasedinearly, andthatasmore processors
areusedthe RAW andWAR latengy of the Origin tendsto be muchhigherthanthe HP V-Class.
This reduceghe effect of all uniprocessoaccesgatternbene ts on the SGI Origin 2000. From
this result,we may infer thatthe HP V-Classoffers betterperformancethanthe Origin 2000for
applicationswith highreadsharingdegrees.

FromFigure30(a),we nd thatthe speedumainedon the HP V-Classmultiprocessoranges
from roughly 9 (for 256vertices)to approxinmately 35 (for 1024vertices)using16 processorsOne
of themaincausegor thesuperlineaspeedumnthe HP is thelargerdatasize. Whenthedata ts
into the cache(768 KB for example),the uniprocessoperformances gooddueto a highercache
hit ratio. Onthe otherhand,with a datasizeof 12 MB, the working setovercomeghe cachesize,
causingcacheandTLB missesin suchcasesusingmultiple processorsicreasesheoverallcache
spaceavailableandthusimprovesthe accesdateny by over a magniude. We alsoobsere that
speedupsnthe SGI Origin 2000arelower thanon the V-Class similar to the FFT execution.For
a256-\ertex graph four processorseento betheoptimalnumberwith performancedeterioratng
beyond this threshold. On the otherhand,with 1024 vertices,the speedupncreasest a steady
pace.

As Figure 31 veri es, thereare signi cant cacheeffectsin play here— the HP incursfewer
cachemissesthanthe SGI, despitethe smallercacheand smallercacheline (the larger numbers
atthelow-endwill bepartly explainedby the TLB discussiorbelaw). In this particularcase the
single-level cacheappeas to be doing betterthana smaller rst level cachecoupledwith alarger
secondevel cache. Also notethatwhile L1 misseson the Origin 2000increasefor FFT aswe
spreadhe problemacrossmore processorsiFWA missesL.1 cachea consistennumberof times
regardlessof how mary processorare utilized. In the caseof 1024 verticeson 4 processorsor
the HP, realizethat althougheachprocessowill proces2MB of the distancematrix, it may not
necessarilymake updateso the 1MB predecessomatrix which help explainshow mostof the
problemstaysin the 2MB cache.

Figure 32 shaws the instructionsperformed per secondby eachprocessoin thetwo systems.
Here,unlike FFT, we seesignsof instructionlevel parallelismsincein somecasegheinstructon
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rate exceedsthe clock frequeng. Although not shavn here,it is interestingto note that unlike
FFT, theinstructon countbetweerthetwo systemss very similar. In fact,onthehigh-endthe HP
accomplisheshe sameamountof work asthe SGI by processinga signi cantly lessemumberof
instructiors which explainswhy the HP hasbetterperformanceon thelargerdatasets.

Finally, we look at TLB misseson thetwo architecturesn Figure33. Here,asopposedo the
FFT, therearesomesomesigni cant actuities indicatedasthe problemis spreacoutamongmore
processorsThesearealsore ectedin the previouscachemissgraphs.

UnderHP-UX 11.0, physical to virtual memorypagemappingscanbe madeusingdiffering
pagesizes-i.e.,“By default,thesystemheuristicallydeterminesvhethen_arge Pagesaresuitable
for agivenmemoy objectandsetsthepagesizehint accordingly’ and“So by default, mostmem-
ory objectswill use4K pagesasin previousrelease®f HP-UX, but thesystemmay ag anobject
for 16K pagesf conditionswarrant)[21] Usingthe HP chatr[7] commandon the executablen-
dicatesthatno pagesizewasforceduponthe programandsothe OSwasleft to decidewhatsize
pagesto use. Furtherinvestication usingHP-UX's pstat_getprocyn() [8] function revealedthat
regardlesof the datasize,FWA allocated? pagef 4 KB and3 pagef size16 KB. Depending
uponthe size of the dataset, it allocatedan additional13, 49 and193 size64 KB pagesfor the
matricesfor N equalto 256,512and1024,respectiely.

So, for 1024 verticeson a single processqgrwe've exceededhe 112 entriesavailablein the
TLB (actually120but sharedbetweennstructionanddata)andwill have to spendime onvirtual
to physicaladdresdranslationsAlso, recallthe cachemissgraphwhich complement$igure 33.

The SGlalsooffersvariablepagesizes but lackingprogammer/useparticipation will usethe
defaultpagesize(in thiscase 16 KB on TAMU' sO2K "titan”) determinedy thesystemoperator
Sincethe TLB only has64 entries(asopposedo the HP's 120),thenthe total amountof memory
thatis accesiblewithoutincurringa TLB missis 1 MB.

Thesedifferencesn approacheto thedefaulthandlingof pagesizesmalkesfor vastlydifferent
performancewhendoingvirtual to physicaladdresdranslationon thetwo systemsasFigure33
indicates.

6 Conclusions

In this paper we employed microbenchrarks and scienti ¢ applicationsto study the impact of
several architectural technologicaland protocol choicesusedin the HP V-Classand SGI Origin
2000multiprocessors.

In our suiteof microbenchmarksye useduniprocessotoad/storebenchmarkgo identify the
impactof cachesize,cacheline size,outstandingmisses,TLB sizeandpagesize. We found that

18



in the presencef only single outstandig load/storerequeststhe SGI Origin 2000 experienced
averagelatenciesthat were approxmately 25% to 50% lower than the HP V-Class. However,
whenmultiple requestsare active in the system the V-Classs performancesurpassethe Origin
performancewith averagdatenciesabout55%to 60%lower thanthe Origin 2000. We studiedthe
impactof coherencgrotacol optimizaticnson accessatenciesof dominantmultiprocessoaccess
patterndik e read-aftetwrite (RAW) andwrite-afterread(WAR). As aresult,we learnedthatthe
HP V-Classs latenciesemainrelatively constanasmoreprocessorecomeactive, whereaghe
Origin 2000's latencieggrow in asomavhatlinearfashion.

Five different scienti ¢ applicationswere employed to study the userlevel perfomanceof
thesemultiprocessors.Using applications we took into accountissuessuchas synchronization
and process/threadreationthat affect speedupand executiontime considerably Although the
executiontimesof the Origin 2000were superiorin mostcaseswe did nd thatthe HP V-Class
obtainsbetterspeedupshanthe Origin 2000. The Origin's poor speedupgan be attributed to
betteroptimized unipracessorexecution. A detailedstudy of two of the ve applicatiors, each
with a differentdominantmultiprocessosharingpattern wasalsopresentedo investigateseveral
of theseobsenationsandanalyzesystemperformance.
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Array : A[O:i:N] : initialized to i-stride
A[N-2] = 0; tmp= A[N-1];
for (; tmp> =1;)

Array : A[0:i:N] : initializedto i-stride Altmp-1]=0;
tmp = A[N-1[; tmp = A[tmp];
for (; tmp> =0;)
tmp = Altmp];
Figure3: TheLoad-UseBenchmark Figure4: The Store-UseBenchmark
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Figure5: UniprocessoPerformanceSingleOutstandind-oads(notescale).Latencieson the HP
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Figure6: UniprocessoPerformanceSingleOutstandingStoregnotescale).Latenciesonthe HP
for strides=4/8/1@reroughlyequvalent.

22



for (i =N-1;i > =0; i-=stride) for (i =N-1;i > =0; i-=stride)

tmp=tmp+ A[i]; Alll =0;
Figure7: TheLoad-All Benchmark Figure8: The Store-AllBenchmark
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Figure9: UniprocessoPerformanceMultiple Outstanding.oads(notescale).Latencieson the
HP for strides=4/8/1@&reroughly equvalentasarethosefor stridesl and2.
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Figure10: UniprocessoPerformanceMultiple OutstandingStores(notescale).Latenciesonthe
HP for strides8 and16 areroughlyequvalent.

Iteratively perform
OneprocessowritesarrayA using
eitherStoreUseor StoreAll
Barrier Wait
All otherprocessorseadarrayA using
eitherLoadUseor LoadAll
BarrierWait

Figurell: The ProducerConsumer(PC)Benchmark
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Figure 12: MultiprocessorPerformance Single OutstandingRead-AfterWrite (notescale). La-
tencieson the HP for strides4 and8 areroughly equialent.
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Figure13: MultiprocessoPerformanceMultiple OutstandindRead-AfterWrite (notescale).
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Figure 14: MultiprocessorPerformance Single OutstandingWVrite-After-Read(note scale). La-
tencieson the HP for strides4 and8 areroughly equivalent.
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Figurel5: MultiprocessoPerformanceMultiple Outstanding/Nrite-After-Read(notescale).
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Figurel6: Multiprocessor~ork Performancénotescale).
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Figurel7: MultiprocessoBarrier Performancénotescale).
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Figure30: FWA Speeduresults
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