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Abstract
Asprocessortechnology continuesto advanceat a rapid pace, theprincipal performancebot-
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the effectsof cache and memoryhierarchy on systemlatencies,performanceanalystsperform

benchmarkanalysison existingmultiprocessors. In this study, wepresenta detailedcomparison

of two architectures,theHP V-ClassandtheSGIOrigin 2000. Our goal is to compare andcon-

trastdesigntechniquesusedin thesemultiprocessors. We presenttheimpactof processordesign,

cache/memoryhierarchiesand coherenceprotocol optimizationson the memorysystemperfor-

manceof thesemultiprocessors. We alsostudytheeffectof parallelismoverheadssuch asprocess

creationandsynchronizationon theuser-level performanceof thesemultiprocessors. Our exper-

imentalmethodology usesmicrobenchmarksaswell asscienti�c applications to characterizethe

user-levelperformance. Our microbenchmarkresultsshowtheimpactof L1/L2cachesizeandTLB

sizeonuniprocessorload/storelatencies,theeffectof coherenceprotocoldesign/optimizationsand

datasharingpatternson multiprocessormemoryaccesslatenciesand�nally theoverheadof par-

allelism. Our application-basedevaluation showsthe impactof problemsize, dominantsharing

patternsandnumberof processorsusedonspeedupandrawexecutiontime. Finally, weusehard-

ware countermeasurementsto studythecorrelationof system-level performancemetricsandthe

application'sexecutiontimeperformance.

1 Intr oduction

Sharedmemorymultiprocessorshave gainedwidespreadacceptanceasa meansto provide pow-

erful parallelcomputing.Thedesignandevaluationof sharedmemorymultiprocessorshasbeen

the topic of muchresearch.To build scalablesharedmemory multiprocessors,the useof small

nodesconnectedthrougha powerful scalableinterconnecthasbeenshown to be quite attractive.

Sharedmemory systemssuchastheSGI Origin 2000[18], theHP V-Class[10] andtheSequent

NUMA-Q [20], multiprocessorsareexcellentexamplesof this trend.

As processortechnologycontinuesto rapidly advance,the comparatively slow improvement

in memoryspeedis the main performancebottleneckin currentandfuture sharedmemorymul-

tiprocessors.As a result, the useof larger cachesanddeepercachehierarchiesis becomingin-

creasinglycommon.However, theimpactof cachehierarchy on thecache/memorysystemperfor-

manceis largely dependenton theapplicationaccesspattern.Theuseof theoreticalmodelssuch

as the BSP[28] andLogP [5] is gettingmoreandmoredif�cult without signi�cant extensions

andextensive hardwareperformancemeasurements.Pastperformancemeasurementandanalysis

research[1, 2, 11,16,17,25] eitherusesamicrobenchmark-basedor anapplication-basedevalua-

tion methodology. Furthermore,thesestudiesfocuson understandingtheperformanceof a single

multiprocessor. In this paper, our aim is to provide anin-depthunderstandingof thememorysys-

tem performanceof two multiprocessors,the HP V-Classand the SGI Origin 2000,usingboth



evaluationmethodologies. As a result,we compareandcontrastdesigntechniquesusedin these

systemsandalsocorrelateobservationsbetweenmicrobenchmark studiesandapplication-based

evaluation.

Our microbenchmarkstudyillustratesthe impactof technological advancementsin processor

design(suchasmultipleoutstandingmisses)andsystemprotocols(suchasoptimizationsto cache

coherenceprotocols)on the latenciesof uniprocessoraccess patternsandmultiprocessorsharing

patternsfound in large-scaleapplications.Our uniprocessorexperimentsshow that currentpro-

cessorssupporting multiple outstandingcachemissesarecapableof reducingtheaverageaccess

latency by a signi�cant factorover singleoutstandingcachemissexecution.We comparetheef-

fect of two layersof cachingon theOrigin 2000to a singlelevel of cacheon theHP V-Class.We

show how a small translationlookasidebuffer (TLB) on the Origin 2000canaffect dataaccess

latency for a givencon�gurationof pagesize.Whencomparingthetwo systems,we �nd thatthe

uniprocessorloadandstorelatenciesmeasuredontheHPV-Classtendto be40to 45%lower than

thoseon theSGI Origin 2000. Usingseveralmultiprocessorbenchmarks,we studythe impactof

sharingdegreeon the access latency of dominantsharingpatterns.We observe that an increase

in thesharingdegreehasrelatively no impacton theHP V-Classlatency, whereasit signi�cantly

increasestheaveragelatency experiencedon theSGI Origin 2000. We alsostudytheparallelism

overheadusingmicrobenchmarks thatmeasurethe latency for processcreationandsynchroniza-

tion. We show that theamountof overheaddifferssigni�cantly in thetwo systemsandis heavily

dependenton themechanismsprovidedin theoperatingsystem.

Unlike microbenchmarks[1, 2] that are targetedat evaluatingthe performanceof particular

accesspatterns,the useof several scienti�c applications[16, 17] helpsus understandhow these

individual factorsaffect overall user-level performance.In our application-basedevaluationof

the HP V-Classandthe SGI Origin 2000,we use� ve representative scienti�c applications.We

vary the degreeof parallelismand the problemsize to analyzeapplicationspeedupandsystem

executiontime. We observe that theSGI Origin 2000experienceslower executiontime thanthe

HP V-Class. However, we alsoobserve that the HP V-Classgenerallyexhibits betterspeedups.

We correlatetheseobservationsusing the known dominantsharingpatternsof the applications

to the performanceof the respective microbenchmarks.Using thesecorrelations,we determine

relative advantagesanddisadvantagesof designtechniquesusedin the two systemsandevaluate

the effectivenessof their cacheand memory systemsfor varioustypesof workloads. The two

differentmethodologiesusedin thispaperprovideanunderstandingregardingtheperformanceof

thetwo systems.

Therestof thepaperis organizedasfollows. Section2 presentsanoverview of thetwo systems

usedin this study. Section3 presentsa detaileddescriptionof theuniprocessormicrobenchmark
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suiteandthe resultsobtainedon eachsystem.Section4 presentsthe multiprocessorbenchmark

suiteandresultsfor dominantmultiprocessorsharingpatternsandparallelismoverhead.Section5

usesscienti�c applicationsfor auser-level performancecomparisonof thesememorysystemsand

presentssomeinsightsto their performanceusing CPU hardware countsof instructions,cache

missesand TLB misses. Finally, Section6 summarizesthe paperand presentsa direction for

futurework.

2 SystemOverview

In this paper, we studythe performanceof two commercialsharedmemory multiprocessors,the

HPV-2200[10] runningHP-UX 11.0andtheSGIOrigin 2000[18] running IRIX 6.5.While these

systemsscaleup to or beyond 512 processors,we chosea 16-processorcon�guration dueto its

availability [24, 27].

2.1 SystemAr chitectures

A blockdiagramof the16-processorHPV-Classserverarchitectureis shown in Figure1. Thesym-

metricmultiprocessordesignutilizesExemplarProcessorAgentControllers(EPAC), eachwith its

own ExemplarPCI InterfaceControllers(EPIC- not shown) controlling an independentPCI bus

and8 ExemplarMemoryAccessControllers(EMAC).Thesecontrollersareconnectedcentrallyby

aHPHyperplanecrossbarcomprisedof four ERACs(ExemplarRouting AttachmentControllers).

Eachprocessoragent(EPAC) is connectedto two HP PA-8200processors,thatarebasedon the

RISCPrecisionArchitecture(PA-2.0). ThePA-8200is a4-wayout-of-ordersuperscalarprocessor

that runsat a speedof 200 MHz with 2 MB of instruction cacheand2 MB of datacache.Each

cacheis directmappedandhasdualports.EachEMAC memorycontrolleris connectedto apiece

of the memory. The memorynodeis interleaved usingfour banks. Cachelines are interleaved

acrossthe four bankswithin a memorynodeandacrossthe eight memoryunits, resultingin an

overall 32-way interleaving in the memorysystem. The 16-processorcon�guration follows the

uniform memoryaccess(UMA) principleasshown in Figure1.

A block diagramof a 16-processorSGI Origin 2000multiprocessoris shown in Figure2. The

SGI Origin 2000 is a cache-coherentnon-uniform memoryaccess(CC-NUMA) multiprocessor

basedon dual-processorbasicbuilding blocks. Eachblock contains2 MIPS R10000processors

and512MB of memorycontainedin 1-8memorybanks(DIMMs). TheR10000is a4-wayout-of-

ordersuperscalarprocessorrunningat a speedof 250MHzwith 32 KB of L1 cacheand4 MB of

uni�ed L2 cache.TheL1/L2 cacheline sizesare32bytesand128bytes,respectively. Bothcaches

are2-way setassociative usinganLRU replacementpolicy. Within eachnode,theprocessorsare

4



��������� ��	 
����

��


������ 
������ 
������ 
������

� ����� ������� ������� � ����� ������� ������� � ������ �����

� � ��� ��� ��� ��� ��� � � ��� ��� ��� ��� ��� � � ���� � ���

����� ����� ��� � ��� � ����� ����� ��� � �����

Figure1: 16-processorHPV-Classsystem.

� �"! # $"! %"&

�'# (*),+.-��0/

1

1

2�3�4

56

5

798;:

<*= ! $*>,? <*@ ! A )�B">�C

�

� �

�

�

�

�

Figure 2: 16-processorSGI Origin 2000 sys-

tem.

connectedto a Hub chip, an ASIC that providesconnectionsto the local memory, the I/O, and

thehypercubeinterconnect.Thehypercubeis madeup of 6x6 bi-directionalSGI Spidercrossbar

switchesconnectedusing the Craylink interconnect. Eachrouter connectstwo local blocks (4

processors)and two other routersin a 16-processorcon�guration. EachDIMM memorybank

provides4-way memoryinterleaving on a cacheline basis,so a nodeboardcould supportup to

32-way interleaving.

2.2 Experimental Methodology

Severaldifferencescanbeimmediatelyobservedwhenstudyingthe16-processorHPV-Classand

theOrigin 2000architectures(Table1). A fundamentalarchitecturaldifferenceis memoryorga-

nization: theHP V-Class16-processornodeis a UMA (uniform memory access) multiprocessor

with all the memoriesequidistantfrom the processors,while the 16-processorOrigin 2000ex-

hibits a NUMA (non-uniform memoryaccess) memoryorganization with a local memoryand

several remotememories. In this work, we limit ourselves to the performancecharacterization

of thecache/memorysystemandtheparallelismoverheadusingmicrobenchmarksandscienti�c

applications.

Ourmicrobenchmarksuitecanbeclassi�edinto threemaincategoriesandvarioussub-categories

aslisted below. Eachmicrobenchmarkwaswritten in C, optimized by the compilerat level O2,

andrunover100timesto determinetheaveragelatency peraccess. Weveri�ed many of ourresults

usinghardwarecounterson themachineandqualitative comparisonswith existing resultssuchas

[2].

� UniprocessorData Access: We useload and store traversalsthroughan array of length

N . Furthermore,we also imposedependencieson the consecutive accessesto study the
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HPV-Class SGIOrigin

Processor

Speed 200MHz 250MHz

ILP Behavior 4-way 4-way

CacheSize 2MB 32KB/4MB

CacheSpeed 3 cycles 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) (speculative)

Scalability

Node 16-way 2-way

Topology crossbar hypercube

Table1: High Level Comparisonof 16processorHPV-ClassandSGIOrigin 2000.

effectivenessof latency hiding throughmultipleoutstandingcachetransactions.

� MultiprocessorData Access: We usemicrobenchmarks designedfor producer-consumer

datasharingpatternssuchas read-after-write and write-after-readto study the impact of

sharingdegree(numberof consumers)on the coherenceoverheadof invalidation for pro-

ducersandreadingdirty datafor consumers.

� ParallelismOverhead: We usemicrobenchmarksdesignedto studytheoverheadof process

creationandsynchronizationusingsystemcallsprovidedin theoperatingsystem.

Our application-basedevaluationis basedon experimentalrunsof � ve scienti�c applications

on the two multiprocessors.Theseapplicationswere developedat Texas A&M University by

the Parasolarchitecturegroup[24]. The applicationsareGaussianElimination (GE), Transitive

Closureof a matrix (TC), matrix multiplication (MM), FastFourierTransform (FFT) andFloyd

Warshall'sall-pair-shortest-pathalgorithm(FWA). Weanalyzeresultsin termsof speedupandex-

ecutiontimeby varyingtheproblemsizeandthenumberof processors.In addition,weperformed

a detailedcasestudyof two of theapplications(FFT andFWA). We instrumentedthemto collect

performancecountermeasuresmentssuchascyclesper instruction (CPI), cacheperformanceand
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TLB statistics.Basedon thesehardwarecountermeasurementsandthemicrobenchmarkdata,we

attemptto explain thedifferentspeedupcharacteristicsof theseapplications.

3 Unipr ocessorPerformance

In this section,we begin our uniprocessorcharacterizationusingcache/memoryaccesslatency as

ourmetric.Weuseseveraluni-processorloadandstoremicrobenchmarksbasedon[1] to compare

theperformanceof theHPV-ClassandtheSGIOrigin 2000multiprocessors.

3.1 Description of the Micr obenchmarks

We characterizethe latency of uniprocessorloadsandstoresusingthe Load-Use(Figure3) and

Store-Use(Figure4) benchmarksadaptedfrom AbandahandDavidson[1]. Thebenchmarkstra-

versean arrayof N 8-byteelementsusingdifferentstridelengthsspeci�ed in the numberof el-

ements.Currentsuperscalarprocessors,including the R10000[29] andthe PA-8200 [9], allow

multiple outstandingloadsandstoresto take advantageof latency hiding. To identify theperfor-

manceof a singleoutstandingprocessorload or store,the microbenchmarksusethe valueread

from the arrayto index the next locationin the array. This ensuresa dependency betweencon-

secutive loads/storesand thusboth requestscannotbe issuedsimultaneously. In order to study

the impactof multiple outstanding misses,we modi�ed theLoad-UseandStore-Usebenchmark.

Thesemodi�ed benchmarks,Load-All andStore-All, areshown in Figures7 and 8, respectively.

Unlike the Load-Useand Store-Usebenchmarks,thesebenchmarkstraversean 8-byte element

arrayof sizeN with no restriction on theorderingof therequests.

3.2 SingleOutstanding Load/StorePerformance

Figure5 presentsthedatagatheredon theHP V-Class(Figure5a)andtheSGI Origin 2000(Fig-

ure5b)usingtheLoad-Usebenchmark.OntheHPV-Classmultiprocessor, we �nd thatthelength

of the stridedoesnot impact the latency whenthe datasize is below 2 MB. This is directly at-

tributableto the 2 MB cachesize,so that all load accessesresult in cachehits (approximately3

processorcycles). The averagelatency wasfound to be approximately20 nanoseconds.As the

datasizegrows beyond the cachesize,the chosenstridelengthhasa growing impacton the la-

tency. Considerasinglecacheline of 32bytes.A strideof length1 accessesfour elementsresiding

within thesamecacheline. Thusoneoutstanding cachemissbringsfour dataelements(32 bytes)

into the cacheandserves threesubsequentprocessorrequestsascachehits. This resultsin the

lowestaverageprocessorload latency. As the stridegrows from 1 to 4, the numberof requests
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served ascachehits decreases,thuscausingthe processorload latency to increasesigni�cantly.

Whenthestrideincreasesbeyond4, thereis nodegradationin accesslatency sinceall accessesare

cachemisses.

OntheSGIOrigin 2000,we �nd thatlengthof thestridehaslittle impacton theaccess latency

whenthe datasize is below 1 MB. The minor increasein access latency is attributed to the L1

cacheof 32 KB with a line sizeof 32 bytes.Whenthestridegrows, thenumberof missesserved

in theL1 cache(2-3 processorcycles)decreasesandrequestsaresatis�ed in theL2 cache(within

8-10processorcycles).Thisshowstheimpactof amultilevel cachehierarchy. Finally, notetheL2

cachesizefor R10000is 4 MB. However we �nd thattheaccesslatency doesnot remainconstant

between1 MB and4 MB. This is attributedto the fact that the R10000TLB canserve up to 64

datapagetranslationsat an instanceof time. With a 16 KB pagesize,thesizeof thecontiguous

memory(our array)addressableby the TLB is 1 MB. Thusthe accesslatency remainsconstant

until 1 MB andincreasesbeyondthis arraysize.As thestridelengthincreases,theaccesslatency

increasesandstabilizesat a stridelengthof 16, owing to the fact that the cacheline sizeis 128

bytes.Fromthe�gure, weobserve thattheincreasein access latency is notsmoothwhenthearray

sizeincreasesbeyond thecachesize. For example,we �nd that theaccesslatency increasesat a

rapid paceasthe arraysize increasesfrom 4 MB to 5 MB, while it remainsrelatively constant

between5 MB and6 MB. In order to investigate this behavior, we usedthe hardwarecounters

[14][15] on the system.We found that the numberof additionalL2 misseswereroughly 17000

whenthearraysizeincreasedfrom 4 MB to 5 MB androughly 7500for anincreasefrom 5 MB to

6 MB. Thiscausestheunexpectedbehavior in thegraphsobtainedfor theSGIOrigin anddepends

on several factorsincludingassociativity, organization, replacementpolicy andmappingcon�icts

betweencodeanddatablocks.

Finally, a comparisonacrossmultiprocessorsleadsto several observations. First, the latency

of all accessesthat result in a cachemissfor an arraysizeof 8 MB is roughly 500 nanoseconds

for theHP V-Class,whereastheSGI hasanaveragelatency of 350nanoseconds.Second,when

thestridesarelow, indicatinghigh spatiallocality, thelargerL2 cacheline sizeof theR10000L2

cachehelpsby providing several cachehits. For linear array traversals,the performanceof the

R10000processoris hinderedby the numberof TLB entriesandnot by the cachesize for our

experiments.This canberemediedby usinga largerpagesize(� 32 KB), supportedby theIRIX

operatingsystem.

Figure6 presentsthedatagatheredon theHP V-Class(Figure6(a))andtheOrigin 2000(Fig-

ure 6(b)) usingthe Store-Usemicrobenchmark. Note that resultswith a strideof unit lengthare

not shown for thestores,becausetheStore-Usebenchmarkrequiresa minimum strideof 2. The

analysisof theobtainedresultsis identicalto theloadresultspresentedabove. A minor increasein
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accesslatency is observedascomparedto theloadperformancebecauseeachstorerequiresa fol-

lowing load(resulting in acachehit always)to maintainthedependency for thesingleoutstanding

criterion.

3.3 Multiple Outstanding Load/StorePerformance

In this section,we identify the effectsof multiple outstandingrequestson the averageaccessla-

tency of processorloadsandstoresby usingtheLoad-All andStore-ALLbenchmarksshown in in

Figures7 and 8, respectively.

Theresultsobtainedfrom our Load-All andStore-All experimentsareshown in Figure9 and

Figure 10, respectively. The accesslatency follows the samebehavioral trend as seenearlier

for Load-Use(Figure 5) and Store-Use(Figure 6). However, the measuredaverageaccess la-

tency is lower thanthat for thesingleoutstandingload/storeexecutionsincemuchof theoverall

cache/memoryaccesslatency getsoverlapped.A comparisonacrosstheseresultswill yield the

amountof latency overlapthatoccurs.ConsidertheLoad-UseandtheLoad-All results(a similar

analysisof thestoreexperimentscanbederived). Whenthe loadsandstoresresultin cachehits

(arraysize< 2 MB), theratiobetweentheaverageaccess latency for singleoutstandingexecution

andthatfor themultipleoutstandingexecutionis approximately2 for boththeHPV-Classandthe

SGI Origin 2000.This ratio depictstheamountof communication overlapexperiencedduringthe

execution,with a higherratio resultingin lower executiontime andlower averageaccesslatency.

For example,the measuredratio of 2 shows that the processorsarecapableof performing two

loadsresultingin cachehitssimultaneously. Ontheotherextreme,whenall loadsandstoresresult

in cachemisses,we �nd that the ratiosbecome4:5 and1:4 for theV-ClassandtheOrigin 2000,

respectively. The low communicationoverlapobtainedfor the Origin 2000may be attributedto

thesmallpagesize,causingseveralTLB missesto form apartof theaveragecachemisslatency.

4 Multip rocessor Performance

In this section,our goal is to evaluatethemultiprocessorperformanceof the two sharedmemory

systems.Apart from the raw accesslatency analyzedin the previous sections,memorysystem

performancein a multiprocessorsystemalsodependshighly on thehardwaretechniquesusedto

maintaincachecoherence.In the�rst subsection,we presentanoverview of coherenceprotocols

usedin theHPV-ClassandtheSGIOrigin 2000.Subsequentlywepresentadetaileddescriptionof

themicrobenchmarksand�nally theperformanceanalysisbasedon eachof themicrobenchmark

experiments.
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4.1 Overview of CoherenceProtocols

Both the HP V-Class[26] andthe SGI Origin 2000[18] usea variationof the invalidate-based

full-map directoryprotocol [4] and the well-known MESI cacheprotocol [19]. However, each

multiprocessorhasitsownenhancementto theprotocol.An overview of theprotocolsisasfollows.

The MESI protocolusesfour states,modi�ed, exclusive, shared andinvalid, to identify the state

of theline in thecache.Thefull -mapdirectoryprotocolmaintainsa bit perprocessorperblock to

keeptrackof all thesharersof ablock. Thedirectoryalsomaintainsthestateof eachblock,namely

private, shared andnot present. In an invalidation basedprotocol,whenownershipis requested

for a block in sharedstate,invalidationsignalsareusedto purgetheexisting copiesin eachof the

sharer's caches.

In the V-Classprotocol [2], the enhancementto the protocol is targetedtowardsmigratory

sharingpatterns.Whena processor(requester)issuesa readto a block that is currentlydirty in

anotherprocessor's (owner's) cache,theblock is invalidatedfrom theowner's cacheandsupplied

to the requesterin exclusive state. Sucha transferdoesnot updatememorywith the data. To

convert from exclusiveto sharedstatelater, in thecaseof multipleconsumers,thedatais sentback

to memoryfrom the�rst consumerandthensentto subsequentconsumers.

In theOrigin protocol[18], theenhancementto theprotocolis for memoryrequeststhat �nd

datain theprivatestatein thedirectory. Thedataeitherexistsin anexclusivestateor modi�edstate

in the owner's cache. Sincetransferringdatafrom the owner to the requestertakes longer than

transferring controlinformation,speculativedatais suppliedfrom thememorynode(by assuming

that the block is in exclusive state)andan intervention requestis sentto the owner. Whenthe

owner receives 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

holds the block in modi�ed state,the owner sendsdirty datato the requesteras well as to the

memoryfor updatingtheblock. Unlike theV-Classprotocol, in bothcases,theownerretainsthe

block in sharedstatein thecache.

4.2 Description of the Micr obenchmarks

For ourmultiprocessormemorysystemevaluation,weusethecommonlyknown sharingpatterns,

read-after-write (RAW) andwrite-after-read(WAR) to quantify multiprocessorperformancebe-

causethey areindicative of coherenceprotocolperformance.Typically, a WAR access(storeto

a block presentin severalcaches)takesmuchlongerto completethana storeto anunreadblock

sincethe former requiresinvalidations. Similarly, a RAW accessmay take much longer thana

loadto a unmodi�ed block sincetheformerrequiresa datatransferfrom theowner's cacheto the
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requester. WeusetheProducer-Consumerbenchmark(PC)shown in Figure11 to studyRAW and

WAR latencies.In eachiterationof thisbenchmark,the�rst phaseinvolvesthemodi�cation (store

access)to ablockwhile thesecondphaseinvolvesall otherprocessorsreadingthemodi�ed block.

Finally, wealsoanalyzetheoverheadof parallelism,namelyprocesscreationandsynchronization,

in Section4.5.

Resultsshown in Figures12, 13, 14 and 15 are obtainedfor a 1 MB array traversedusing

stridesof different lengths. A 1 MB arraywas chosensinceit �ts into the cache,keepingthe

latenciesdevoid of replacementeffects.The�rst two �gures arefor RAW performance,while the

latter two �gures depicttheresultsfor WAR performance.Thenumberof processorsinvolved in

theexperimentwasalsovariedfor RAW/WAR sharingto identify theeffectof differentdegreesof

sharing.Theresultsareanalyzedin thefollowing sections.

4.3 Read-After-Write Performance

Westartwith theresultsobtainedfor theHPV-Class.Figures12(a)and13(a)show thenumberof

processorsinvolved in theexperimenton thex-axisandtheaverageaccess latency in they-axis.

For example,when two processorsare usedin the experiment,we have one producerand one

consumer, andtheaveragereadlatency is approximately1000nanosecondsfor a stridelengthof

4 elements.Whenwe vary thestridelengthfrom 2 to 4, we �nd that theaverageaccesslatency

increasesby a factorof two. When the stride is increasedbeyond 4, we seeno impact on the

averageaccesslatency sinceall loadsresultin cachemisses.Whenthereis only asingleconsumer,

we �nd that theaverageloadlatency is roughly1000nanosecondsfor readingtheblock from the

producer's cache.Comparingthis valuewith themax loadaccesslatency (from Figure5) of 500

nanoseconds,we �nd that theoverheadof transferringdatafrom theproducerto theconsumeris

twice the latency of readingtheblock from thememory. As thenumberof consumersincreases

from 1 to 3, the latency increasessigni�cantly. Beyond threeconsumers,the latency remains

constant.The reasonfor this behavior is the longerhandshake required by the V-Classprotocol

to convert from exclusive to sharedstate.The�rst consumerobtainstheblock from theowner in

exclusive state.Whena subsequentprocessorrequeststhis block, control information �o ws back

to thememoryfrom the�rst consumerandthememorysendsthedatato thesecondconsumerto

convert theblock to sharedstate.This resultsin a longerlatency for thesecondconsumer.

TheSGIOrigin read-after-write (RAW) resultsareshown in Figures12(b)and13(b); notethat

a regressionanalysishasbeenusedto �t a curve to thesedatapoints. Similar to theHP V-Class,

theaverageaccesslatency increasesasthestrideincreasesfrom 2 to 16,since16*8 (128bytes)is

thesizeof thecacheline. However, unliketheHPV-Class,asthenumberof processorsinvolvedin

theexperimentincreases,theread-after-write latency increases.Thequeuingof memory requests
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or responsesat the memorymoduleaswell asthe network topologymay be the reasonfor this

increasein latency with anincreasednumberof consumers.

4.4 Write-Af ter-ReadPerformance

In thissection,westartby analyzingtheresultsfor theHPV-Class.FromFigures14(a)and15(a),

we observe that the impactof stridelengthremainssimilar to theearlierresults.We observe that

whenonly oneconsumerparticipatesin the experiment,the averagelatency is higher than that

for multiple consumers.Whenonly oneconsumerparticipatesin the experiment, it invalidates

the owner's copy of the block andobtainsan exclusive copy of the block. When the previous

ownersubsequentlymodi�es theblock, it hasto regain ownershipfrom this consumer. Sincethe

consumeronly holdsexclusive access, thedatatransferhasto bedoneby readingmemoryafterit

invalidatestheexclusivecopy of theblock. Whenmorethanoneconsumeris involved,thestateof

theblock at theendof theconsumerphaseis shared. Sincethestateof theblock is shared,only

invalidationsneedto be sentto the consumers.With the non-blocking crossbar, the time taken

to sendinvalidations seemsto remainindependentof the numberof processorsinvolved in the

experiment.

Figures14(b)and15(b)show theresultsof thewrite-after-readexperimentson theSGIOrigin

2000.For theSGIOrigin2000,wenotethattheoverheadof invalidationincreasesasthenumberof

consumersinvolvedin thecomputation increases.UnliketheHPV-Class,therearenopeculiarities

in theaverageaccesslatency for any singlecase.

Finally, a comparisonacrossmultiprocessorsshows that if the stride is closerto 1, thenthe

latenciesare more similar. For example,when the stride is equal to 2, the accesslatency for

the HP V-Classis approximately300nanosecondswhenthe numberof consumersis morethan

1. Similarly the averageaccesslatency for the SGI Origin 2000 rangesbetween200 and 250

nanoseconds.Whenthestrideincreaseshigherthan8, however, theSGIOrigin 2000paysahigher

penaltyfor communication. This communication overheadis hiddenby the 128-bytecacheline

fetchwhenthestrideis low, andexposedwhenall accessesendupascachemisses.

4.5 The Overheadof Parallelism

Thetwo majortypesof overheadimmediatelynoticeablein aparallelprogramareprocesscreation

andsynchronization.Theoverheaddueto processcreationcanbesubstantialandaffectapplication

performanceconsiderably. In order to minimize the impact of processcreationon application

performance,most recentmultiprocessors,including the HP V-Classand the SGI Origin 2000,

provide mechanismsto keepall createdprocessesalive to bere-usedthroughtheexecutionof the
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application.For example,them f ork() routineontheSGIOrigin 2000incurstheprocesscreation

overheadonly the�rst time it is called. After eachphaseof execution,theprocessis put to sleep

andthussubsequentm f ork() callsre-usethesleepingthreads.However, notethatprocessescan

befreedatany stageusingthem kil l procs() call on theSGIOrigin 2000routinefor applications

thatrequirethis feature.

In this section,we analyzemeasuredresultsto quantify theoverheadof processcreationand

barriersynchronization. The obtainedresultsareshown in Figures16 and17, respectively. Our

intentis to studytheimpactof scalabilityon parallelismoverheadandnot to presentconcrete�g-

uressincethesedependheavily on themechanismemployedon themultiprocessor. For example,

we employ thepthr eadspackageon theHP V-Classandusea user-level barriersynchronization

mechanismthat is basedon the useof an arraydatastructure. On the otherhand,applications

portedto theSGIOrigin 2000employ them sync() systemcall for barriersynchronization.

From the �gures, we �nd that both forking processes,as well as synchronization,are two

magnitudesmoreexpensive on the Origin 2000thanon the HP V-Class.However, notethat the

Origin 2000 suffers signi�cantly when the numberof processorsemployed increasesbeyond 4

(beyond a single router). We canexpecta similar phenomenonwhenemploying more than16

processors(a NUMA con�guration) on the HP V-Class. We alsonotethat on both systems,the

overheadof parallelismdependslinearly on thenumberof threads/processesemployed.

5 User-Level Performance

In theprevioussections,we usedmicrobenchmarksto studytheimpactof uniprocessorandmul-

tiprocessoraccesspatterns.In this section,we use� ve scienti�c applicationsto studytheir user

level performance.The chosenapplicationsareGaussianElimination (GE), Matrix Multiplica-

tion (MM), Transitive Closure(TC), FastFourierTransform(FFT) andFloyd Warshall's All-Pair

ShortestPathAlgorithm(FWA). Theseapplicationsweredevelopedin houseatTexasA&M [24].

5.1 Overview of the Applications and Results

GEimplementsGaussianElimination with partialpivoting onasystemof linearequationsstoredin

a two-dimensionalsharedarray. Thecomputationon therows is distributedacrosstheprocessors

in a round-robin fashionin orderto maintaina goodload balanceaselimination proceeds.The

accesspatternof thisapplicationis single-writemultiple-readerwith analgorithmthatis triangular

in nature. The MM applicationperformsthe multiplication of two sharedmatrices. The result

matrix is alsoshared. The resultmatrix is distributed into blocksdependingon the numberof

processorsavailable.Theaccesspatternis mainly read-shared.TheTC applicationusesiterations
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of matrix multiplicationsto computethe transitive closureof a matrix. The current limitation

of this algorithm is that it requiresa squarenumberof processorsfor parallelexecution.TheFast

FourierTransform(FFT)applicationimplementstheCooley-Tukey 1DFFTalgorithmbasedonthe

several (logN ) stagesof butter�y computation. Floyd Warshall's application(FWA) implements

anall-pairsshortestpathalgorithm to computetheshortestpathbetweentwo nodesin agraph.

Thespeedupandexecutiontimeresultsmeasuredby runningtheseapplicationsunderdifferent

datasizesandapplications sizesareshown in Figures18 through25, 29 and30. In general,we

noticethatasmoreprocessorsareemployed,theHPV-Classprovidesbetterspeedupratiosthanthe

SGI Origin. Thespeedupis betteron theHP V-Classbecausethecommunicationto computation

ratioontheOrigin is muchlowerthanontheHPV-Class.However, in mostcases,theuniprocessor

executiontime on the SGI Origin 2000is muchlower thanthe HP V-Class. This effect canbe

attributed to larger cachesandmorespatiallocality within a larger L2 cacheline on the Origin

2000ascomparedto theHP V-Class.Below, we presenta detailedanalysisof performanceusing

two of the� vescienti�c applications (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 processorsto be usedfor this computation.The execution

�o ws asfollows. The �rst log(N=P) stagesareperformedlocally at eachprocessor, eachwith a

datasetof sizeN=P. Theremaining logP stagesrequireprocessorsto exchangedatain pairs.In

eachstage,oneprocessorreadsthedatacomputedin thepreviousstageby adifferentprocessor.

Figures24 and25 presenttheexecutiontime andobservedspeedup,respectively, of theFFT

applicationundervariedinput datasizesandvariednumberof processorson theHP V-Classand

theSGI Origin 2000.Theapplicationsizeis variedfrom 512K pointsto 8M points,with 32 bytes

of datamaintainedperpoint. Hence,thetotalmemoryrequirementsvariedfrom 16MB (512K� 32

bytes)to 256 MB (8M � 32 bytes). The numberof processorsis varied from 1 to 16. The y-

axis shows the obtainedspeedupandexecutiontime. The resultson the HP V-Classshow good

speedupimprovementsfrom a 2-processorexecution(a speedupof 2) to a 16-processorexecution

(aspeedupof approximately10). A valueof 10 for speedupwith 16processorsleadsusto believe

that the communicationcost to computationcost ratio in the HP V-Classis relatively low. We

observe that the V-Classspeedupobtaineddoesnot dependon the sizeof datainput. However,

whenwe measuredthespeedupobtainedfrom theSGI Origin, we foundthattherelative speedup

over sequentialexecutionis muchlower. For example,themaximumspeedupis roughly5.5with

16 processorsfor a datasizeof 64 MB. This suggeststhat communicationto computationratio
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is muchhigherthanthat for the HP V-Class. Finally, for 512K and1M points,the speedupde-

creasesbeyond8 processors,implyingthatcommunicationoverheadnegatesthegainfrom parallel

computation.

We next look at theexecutiontime resultsobtainedin Figure24. While theOrigin 2000had

poorspeedupratios,it shouldbenoticedthat the raw executiontime is lower thanon theHP V-

Class.Theexecutiontime for 2M pointsrangesfrom 66 to 6 secondsfor theHP multiprocessor,

andfrom 17 to 3 secondsfor theSGI multiprocessor. Much of this differencein executiontime is

dueto optimizeduniprocessoraccesspatternson theSGI Origin. As we have seenin Section3,

the SGI load/storelatencieswere much lower than the HP load/storelatenciesdue to a larger

cachesizeandline size. Froma qualitative perspective, themigratory optimization to theHP V-

Classcoherenceprotocolaffectsthe performanceof this benchmarknegatively sinceit involves

mostly two-processorsharing. The SGI protocoloptimization hasno performanceimpactsince

speculativesharingcanrarelybeusedduring FFT execution.

In orderto geta betterunderstandingof what is goingon, we usedhardwarecounterson the

respective systemsto collectinformationabouteventsthatmight becontributing to run times.On

theHP, weusedHP'sCXperf [6], whichallowsusto collectthehardwarecountersin asingleshot.

OntheSGI,weusedSGI'sperfex [14] commandto capturetheapplication-widecountsfor eachof

theeventsavailable.In orderto getthemostaccuratecountsontheSGI,weranthreeiterationsfor

eachof the16 pairsof counters[15] availableinsteadof multiplexing all counterson a singlerun.

Largerdatasizeswereexcludedin ourcounterdatadueto thecomputationalcostof thisapproach.

Note that thereis no one-to-onecorrespondencebetweencounterson botharchitectures(e.g. the

HPonly hasasinglelevel of cache),but theresultsarerevealingnonetheless.

The �rst noteof interestis the instructioncounts(averageper processorper second)in Fig-

ure26. Given theabove ratesof instruction processing,it is clearwhy theHP took signi�cantly

longerthantheSGI despiteonly a 20 percentdifferencein clock speed.Although it isn't appar-

ent from this graph,theHP actuallyexecutedmorethantwice asmany instructionsthantheSGI.

Comparingpthreadsandm f ork() basedon implementationson theSGI indicatesno substantial

differencein instructioncounts.In thiscase,thehigherinstructioncountontheHPis indicativeof

the intrusivenessof HP's hardwarecounters– they requireobjectcodemodi�cation. For theap-

plicationsstudied,theintrumentedobjectcodeis morethantriple thesizeof thenon-instrumented

codeon theHP.

For the SGI graph,sincetherearecountersfor loadsandstoresissued,we've broken down

the graphinto loads,stores,�oating point and other. It is apparentthat loadsare a signi�cant

percentageof theinstructioncount.On bothsystems,thecostof interprocessorcommunicationis

apparent– asmoreCPUsareutilized, theeffectivenessof eachCPUis diminished.Also notethat

15



dueto thiscommunication,bothsystemsfall well shortof executingoneinstructionpercycle. On

theHP, at leastoneout of every two cyclesis wasted.We will seein section5.3 that this isn't so

with FWA wherethereis lessinterprocessorcommunication.

The interactionof the memoryhierarchy while maintaining cachecoherency is a useful in-

dicatorof performancesinceit givesan ideaof how often the CPUswerewaiting idle for data.

Figure27 shows thecachemissesexperiencedon theHP andSGI. For theSGI, we've combined

thedatafor L1 andL2 missessincethatdatawaspossible,so the total cachemissesrepresented

therearea bit misleadingsincesometimesan L1 misswill alsotrigger an L2 miss(i.e., thereis

someduplicationrepresentedin the graph). Also recall from Section3.2 that we found a cache

misstakesabout500nson theHPwhile anL2 misson theSGIon takesabout350nsto service.

For FFT, the system-wideTLB missesshown in Figure28 seemto be consistentamongthe

experiments. Although the HP suffers fewer missesfor the smallestdataset, as the datasets

grow, theHP andSGI TLB missesseemto equalize(despitethediffering instructioncountsand

run times). More observationson theTLB behavior of the two systemswill bemadein thenext

sectiononFWA.

Although therearea considerablenumberof othercountersavailableon the MIPS R10000,

we haven't includedthemheredueto a lack of complementary counterson thePA-8200. Given

their usefulness[30] andpotentialability to helppredictperformance[3], this is unfortunate.For-

tunately, HP'smove towardstheIA-64 shouldhelpalleviatethis shortcomingin thefuture.

5.3 CaseStudy of the FWA Application

The Floyd-Warshallalgorithm implementsan 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 processorreadsa singlerow of anadjacency matrix andupdatesa distancematrix

to keeptrack of the distancebetweenpairsof verticeson the graph. Thus,in eachiteration, the

principle accesspatternis a multiple processorRAW accesspattern. The numberof processors

involvedin theRAW accesspatternheavily dependson theinputgraph.

Figures29 and30 presenttheexecutiontime andobservedspeedup,respectively, of theFWA

applicationfor variousinputdatasizesandusingavariednumberof processorsontheHPV-Class

andtheSGIOrigin 2000,respectively. Thesizeof theapplicationis variedon thex-axisfrom 256

verticesto 1024vertices.Thestoragerequirementsfor FWA datastructuresare768KB, 3 MB and

12 MB for thepredecessor(4 byte ints) anddistance(8 bytedoubles) matrices(sizeN � N ) for
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N equalto 256,512and1024,respectively. Thenumberof processors(shown in the legend)are

variedfrom 1 to 16. They-axisshows theexecutiontimeandtheobtainedspeedup,respectively.

Like the FFT applicationresults,the uniprocessorexecutiontime is muchhigheron the HP

V-Classthanon theSGI Origin. However, asmoreprocessorsareused,theHP V-Classexecution

time improvessuperlinearlybeyondtheSGI Origin executiontime. For example,with 1024ver-

ticesand16 processors,the executiontime of the HP V-Classis approximately13% lower than

theSGI Origin executiontime. On theSGI Origin 2000,we hadseenin Section4 that theover-

headof invalidationandmultiple consumerRAW increasedlinearly, andthatasmoreprocessors

areusedtheRAW andWAR latency of theOrigin tendsto bemuchhigherthantheHP V-Class.

This reducestheeffect of all uniprocessoraccesspatternbene�ts on theSGI Origin 2000. From

this result,we may infer that the HP V-Classoffers betterperformancethanthe Origin 2000for

applicationswith high readsharingdegrees.

FromFigure30(a),we �nd that thespeedupgainedon theHP V-Classmultiprocessorranges

from roughly 9 (for 256vertices)to approximately35(for 1024vertices)using16processors.One

of themaincausesfor thesuperlinearspeedupon theHP is thelargerdatasize.Whenthedata�ts

into thecache(768KB for example),theuniprocessorperformanceis gooddueto a highercache

hit ratio. On theotherhand,with a datasizeof 12 MB, theworking setovercomesthecachesize,

causingcacheandTLB misses.In suchcases,usingmultiple processorsincreasestheoverallcache

spaceavailableandthusimprovestheaccesslatency by over a magnitude. We alsoobserve that

speedupson theSGIOrigin 2000arelower thanon theV-Class,similar to theFFTexecution.For

a256-vertex graph,four processorsseemto betheoptimalnumber, with performancedeteriorating

beyond this threshold.On the otherhand,with 1024vertices,the speedupincreasesat a steady

pace.

As Figure31 veri�es, therearesigni�cant cacheeffects in play here– the HP incurs fewer

cachemissesthanthe SGI, despitethe smallercacheandsmallercacheline (the larger numbers

at the low-endwill bepartly explainedby theTLB discussionbelow). In this particularcase,the

single-level cacheappears to bedoingbetterthana smaller�rst level cachecoupledwith a larger

secondlevel cache.Also notethat while L1 misseson the Origin 2000increasefor FFT aswe

spreadtheproblemacrossmoreprocessors,FWA missesL1 cachea consistentnumberof times

regardlessof how many processorsareutili zed. In the caseof 1024verticeson 4 processorsfor

theHP, realizethatalthougheachprocessorwill process2MB of thedistancematrix, it maynot

necessarilymake updatesto the 1MB predecessormatrix which help explainshow mostof the

problemstaysin the2MB cache.

Figure32 shows the instructionsperformedpersecondby eachprocessorin thetwo systems.

Here,unlike FFT, we seesignsof instruction-level parallelismsincein somecasestheinstruction
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rateexceedsthe clock frequency. Although not shown here,it is interestingto note that unlike

FFT, theinstructioncountbetweenthetwo systemsis verysimilar. In fact,on thehigh-endtheHP

accomplishesthesameamountof work astheSGI by processinga signi�cantly lessernumberof

instructionswhichexplainswhy theHPhasbetterperformanceon thelargerdatasets.

Finally, we look at TLB misseson thetwo architecturesin Figure33. Here,asopposedto the

FFT, therearesomesomesigni�cant activities indicatedastheproblemis spreadoutamongmore

processors.Thesearealsore�ectedin thepreviouscachemissgraphs.

UnderHP-UX 11.0,physical to virtual memorypagemappingscanbe madeusingdiffering

pagesizes– i.e.,“By default, thesystemheuristicallydetermineswhetherLargePagesaresuitable

for agivenmemory objectandsetsthepagesizehint accordingly.” and“So by default,mostmem-

ory objectswill use4K pagesasin previousreleasesof HP-UX, but thesystemmay�ag anobject

for 16K pagesif conditionswarrant.”[21] UsingtheHP chatr[7] commandon theexecutablein-

dicatesthatno pagesizewasforcedupontheprogramandsotheOSwasleft to decidewhatsize

pagesto use. Furtherinvestigation usingHP-UX's pstat getprocvm()[8] function revealedthat

regardlessof thedatasize,FWA allocated2 pagesof 4 KB and3 pagesof size16KB. Depending

uponthe sizeof the dataset,it allocatedan additional13, 49 and193 size64 KB pagesfor the

matricesfor N equalto 256,512and1024,respectively.

So, for 1024verticeson a singleprocessor, we've exceededthe 112 entriesavailable in the

TLB (actually120but sharedbetweeninstructionanddata)andwill have to spendtimeonvirtual

to physicaladdresstranslations.Also, recallthecachemissgraphwhichcomplementsFigure33.

TheSGIalsooffersvariablepagesizes,but lackingprogrammer/userparticipation will usethe

defaultpagesize(in thiscase,16KB onTAMU' sO2K ”titan”) determinedby thesystemoperator.

SincetheTLB only has64 entries(asopposedto theHP's 120),thenthetotal amountof memory

thatis accessiblewithout incurringaTLB missis 1 MB.

Thesedifferencesin approachesto thedefaulthandlingof pagesizesmakesfor vastlydifferent

performancewhendoingvirtual to physicaladdresstranslationson thetwo systems,asFigure33

indicates.

6 Conclusions

In this paper, we employed microbenchmarksandscienti�c applicationsto study the impactof

several architectural,technologicalandprotocolchoicesusedin the HP V-ClassandSGI Origin

2000multiprocessors.

In our suiteof microbenchmarks,we useduniprocessorload/storebenchmarksto identify the

impactof cachesize,cacheline size,outstandingmisses,TLB sizeandpagesize. We foundthat
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in the presenceof only singleoutstanding load/storerequests,the SGI Origin 2000experienced

averagelatenciesthat were approximately 25% to 50% lower than the HP V-Class. However,

whenmultiple requestsareactive in the system,the V-Class's performancesurpassesthe Origin

performancewith averagelatenciesabout55%to 60%lower thantheOrigin 2000.Westudiedthe

impactof coherenceprotocol optimizationsonaccesslatenciesof dominantmultiprocessoraccess

patternslike read-after-write (RAW) andwrite-after-read(WAR). As a result,we learnedthat the

HP V-Class's latenciesremainrelatively constantasmoreprocessorsbecomeactive, whereasthe

Origin 2000's latenciesgrow in asomewhatlinearfashion.

Five different scienti�c applicationswere employed to study the user-level performanceof

thesemultiprocessors.Using applications,we took into accountissuessuchassynchronization

and process/threadcreationthat affect speedupand executiontime considerably. Although the

executiontimesof theOrigin 2000weresuperiorin mostcases,we did �nd that theHP V-Class

obtainsbetterspeedupsthan the Origin 2000. The Origin's poor speedupscanbe attributed to

betteroptimized uniprocessorexecution. A detailedstudyof two of the � ve applications, each

with adifferentdominantmultiprocessorsharingpattern,wasalsopresentedto investigateseveral

of theseobservationsandanalyzesystemperformance.
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Array : A[0:i:N] : initializedto i-stride

tmp = A[N-1] ;

for (; tmp > = 0;)

tmp = A[tmp];

Figure3: TheLoad-UseBenchmark

Array : A[0:i:N] : initialized to i-stride

A[N-2] = 0; tmp = A[N-1];

for (; tmp > = 1;)

A[tmp-1]=0;

tmp = A[tmp];

Figure4: TheStore-UseBenchmark
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Figure6: UniprocessorPerformance:SingleOutstandingStores(notescale).Latencieson theHP

for strides=4/8/16areroughlyequivalent.
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for (i = N-1; i > = 0; i-=stride)

tmp = tmp + A[i];

Figure7: TheLoad-All Benchmark

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

A[i] = 0;

Figure8: TheStore-AllBenchmark
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Figure9: UniprocessorPerformance:Multiple OutstandingLoads(notescale).Latencieson the

HP for strides=4/8/16areroughly equivalentasarethosefor strides1 and2.
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Figure10: UniprocessorPerformance:Multiple OutstandingStores(notescale).Latencieson the

HP for strides8 and16areroughlyequivalent.

Iteratively perform

OneprocessorwritesarrayA using

eitherStoreUseor StoreAll

BarrierWait

All otherprocessorsreadarrayA using

eitherLoadUseor LoadAll

BarrierWait

Figure11: TheProducer-Consumer(PC)Benchmark
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Figure12: MultiprocessorPerformance:SingleOutstandingRead-After-Write (notescale). La-

tencieson theHPfor strides4 and8 areroughly equivalent.
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Figure13: MultiprocessorPerformance:Multiple OutstandingRead-After-Write (notescale).
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Figure14: MultiprocessorPerformance:SingleOutstandingWrite-After-Read(notescale). La-

tencieson theHPfor strides4 and8 areroughly equivalent.
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Figure15: MultiprocessorPerformance:Multiple OutstandingWrite-After-Read(notescale).
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Figure16: MultiprocessorFork Performance(notescale).
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Figure17: MultiprocessorBarrierPerformance(notescale).
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Figure18: GEExecutionTimeResults
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Figure19: GESpeedupResults
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Figure21: MM SpeedupResults
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Figure23: TC SpeedupResults
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Figure24: FFT ExecutionTimeResults
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Figure26: FFT - InstructionsRetired/GraduatedperSecondperProcessor
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Figure27: FFT - DataCacheMisses
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Figure28: FFT - TLB Misses
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Figure31: FWA - DataCacheMisses
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Figure32: FWA - InstructionsRetired/GraduatedperSecondperProcessor
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Figure33: FWA - TLB Misses
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