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Abstract

The memoryconsistencymodel supportedby a multiprocessor
architecturedetermineghe amountof buffering and pipelining
that may be usedto hide or reducethe latency of memoryac-
cesses. Severaldifferent consistencymodels have been pro-
posed. Theserangefrom sequential consistency on one end,
allowing very limited buffering, to release consistency on the
otherend,allowing extensivebuffering andpipelining. The pro-
cessor consistency andweak consistency modelsfall in between.
The advantagef thelessstrict modelsis increasegerformance
potential. The disadvantagés increasedhardwarecomplexity
anda morecomplexprogrammingmodel. To makeaninformed
decisionon the abovetradeof requiresperformancealatafor the
variousmodels.

This paperaddresseshe issueof performancebenefitsfrom
theabovefour consistencynodels. Our resultsarebasedon sim-
ulationstudiesdonefor threeapplications.The resultsshowthat
in anenvironmentvhereprocessoreadsareblockingandwrites
arebuffered,a significantperformancencreasas achievedrom
allowing readsto bypasspreviouswrites. Pipelining of writes,
which determineghe rate at which writes are retired from the
write buffer, is of secondarnymportance.As a result,we show
that the sequentialconsistencymodel performspoorly relative
to all othermodels,while the processorconsistencymodelpro-
vides most of the benefitsof the weak and releaseconsistency
models.

1 Introduction

Memoryaccessethatarenot satisfiedwithin the processoenvi-
ronmentexperiencdong latenciesin large scaleshared-memory
multiprocessorsTwo powerful techniqueghat can help reduce
or hide this latencyare buffering and pipelining of memoryac-
cessesUnfortunately the distributedmemory cachesandgen-
eral interconnectiometworksusedby large scale multiproces-
sors[3, 11, 15 cancausemultiple requestsssuedby a processor
to executeout of order Dependingon the memoryconsistency
model supported yvariousrestrictionsare placedon the amount
of buffering and pipelining allowed. Thus, the choice of the
memory consistencymodel directly affects the performanceof
the machine.

Severalmemory consistencymodelshave been proposedin
the literature. The strictestmodelis sequential consistency (SC)
[20], whichrequiresheexecutiorof a parallelprogramto appear
as someinterleavingof the executionof the parallel processes

on a sequentialmachine. While conceptuallyintuitive and ele-

gant, the modelimposessevererestrictionson the outstanding
accesseghat a processmay have, thus restricting the buffer-

ing and pipelining allowed. One of the least strict modelsis

release consistency (RC) [6], which allows significantoverlap
of memoryaccessegiven synchronizatioraccessesre identi-

fied andclassifiedinto acquiresandreleases.Two othermodels
that have beendiscussedn the literatureare processor consis-

tency (PC)[6, 8] andweak consistency (WC) [4, 5]. Thesefall

betweensequentialand releaseconsistencymodelsin terms of

strictness.

While the less strict models provide a higher potential for
performancethey also requiremore complicatedhardwareand
resultin a more complexprogrammingmodel. Dataindicating
the performanceachievedunder each of the above modelsis
essentialin allowing a systemdesignerto make an appropriate
decisionon the modelto support. So far, detailedperformance
datahasnot beenavailable. This paperpresentssimulationre-
sults comparingthe performanceof theseconsistencymodels
basedon three engineeringapplications. The applicationsare
a particle-basedimulatorusedin aeronautic§MP3D) [13], an
LU-decompositiorprogram(LU), anda digital logic simulation
program(PTHOR)[18]. The simulatedarchitecturds basedon
the StanfordDASH multiprocessof11].

Our resultsshowthat in an architecturewith blocking reads
andbufferedwrites (typical for currentcommerciaimicroproces-
sors),the sequentiakonsistencymodel doessignificantlyworse
than all other models. While this is somewhatexpected,the
surprisingresultis that the processorconsistencymodel does
almostas well asthe releaseconsistencymodel,andfor one of
the benchmarksbetterthanthe weak consistencymodel. These
resultsindicatethatthe gainfrom allowing readsto bypasspend-
ing writes (allowedin PC,WC, andRC) is muchmoreimportant
thanallowing writes to be pipelined(allowedin WC and RC).

The next two sectionspresenta descriptionof the class of
multiprocessoarchitecturesthe simulationenvironmentandthe
benchmarkapplicationsusedin this study Section4 presents
backgroundinformation and an implementation-orientediew
of the consistencymodels. Simulationresultsare presentedn
Section5. Section6 exploresthe effects of prefetchingon the
models. A generaldiscussionaboutthe resultsand the related
work is given in Sections7 and 8. Finally, we concludein
Section9.



2 Multiprocessor Architecture and Sim-
ulator

To enable meaningful performancecomparisonsbetweenthe
modelsit is necessanyto focus on a specific class of multi-
processorarchitectures. The reasonis that tradeofs may vary
dependingnthearchitecturehosen.Forexample thetradeofs
for a small bus-basednultiprocessomwherebroadcasis possi-
ble andmisslatenciesaretento twenty cyclesarequite different
thanthe tradeofs for a large scalemultiprocessowherebroad-
castis not possibleandmisslatencieamay be a hundredor more
cycles.

For our study we havechosenan architecturethat resembles
the DASH shared-memorymultiprocessorf11], a large scale
cache-coherentnachinecurrently being built at Stanford. We
usethe actual parameterdgrom the DASH prototypewherever
possible,but have removedsome of the limitations that were
imposedon the DASH prototypedueto design-timeconstraints.
Figure 1 showsthe high-level organizationof the simulatedar-
chitecture which consistsof severalprocessingnodesconnected
througha low-latencyscalableinterconnectiometwork. Physi-
cal memoryis distributedamongthe nodesand cachecoherence
is maintainedusing a distributeddirectory-basedrotocol. For
eachmemoryblock, the directory keepstrack of remotenodes
cachingthe block, and point-to-pointmessagesre sentto in-
validateremotecopies. Acknowledgemeninessageare usedto
inform the originatingprocessinghodewhenan invalidationhas
beencompleted. Although the DASH prototypehas four pro-
cessorswvithin eachnode,we simulatean architecturewith only
one processoiper node. This allows us to isolatethe effect of
the consistencymodelsmore clearly.

Dueto the distributionof the memorysystemandthe general
interconnectiometwork in this architecture ,two accesseshat
areissuedin ordermay completein a differentorder Forexam-
ple, if a producerprocesswrites a variableandthensetsa flag,
the consumerprocessmay seethe flag setwhile still holding a
stalevalue of the variablein its cache. To preservethe desired
order, the setting of the flag can be delayeduntil the write to
the variableis performed.In the simulatedarchitecturea read
is consideregperformed whenthe returnvalueis boundandcan
not be modified by otherwrite operations.Similarly, a write is
consideredperformed whenexclusiveownershipis acquiredand
all othercopieshavebeeninvalidated.Forsimplicity, we assume
writes areatomic[5]. The architectureprovidesa mechanismnto
keeptrack of multiple outstandingaccessegor eachprocessor
and allows for the processotto be stalled until all pendingac-
cessedaveperformed(for details,see[6]). The notionof being
performedand having completedwill be usedinterchangeably
in the restof the paper

Figure 1 also showsthe organizationof the processorenvi-
ronment. EachCPU in the systemcontainsa 64 Kbyte write-
throughdatacache. The write-throughcacheenablegprocessors
to do single cycle write operations. The first-level data cache
interfacedo a 256-Kbytesecond-levelrite-backcache.Thein-
terfaceconsistsof a readbuffer anda write buffer. Both thefirst
and second-levetachesare direct-mappedind support16-byte
lines.

In theabovearchitecturethe processoor thewrite buffer may
be stalleddueto constraintsmposedby the consistencynodelor
purelydueto implementatiorconstraints.For example although
a consistencymodel may allow multiple outstandingaccesses,
the implementationof the cachemay not allow this. To sepa-
rate out the consistencymodelissuesfrom the implementation
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Figurel: Thesimulatedarchitectureandprocessoenvironment.

decisions,we will examinethe performanceof the modelsun-

derimplementation®f varyingaggressivenesaVe will consider
threeversionsof theimplementation:(i) LFC, anaggressivém-

plementationwith lockup-freecached9, 16|, readsthat bypass
the write buffer, anda 16 word deepwrite buffer; (i) RDBYP,

which is the sameas LFC, exceptcachesare no longerlockup-
free;and(iii) BASIC, which is the sameasRDBYP, exceptthat
readsare not allowed to bypassthe write buffer. Lockup-free
cachesallow multiple accesseso be in servicesimultaneously
asopposedo servicingoneaccesst a time. Unlessstatedoth-
erwise, all performancecomparisonswill usethe LFC version
of the CPU, sinceit minimizesshortcomingdue to the imple-

mentation.

For our studies,an event-drivensimulatoris usedto simulate
the major component®f the DASH architectureat a behavioral
level. The simulationsare basedon a 16 processorconfigura-
tion. The simulatoris tightly coupledto the Tango[7] reference
generatotto assurea correctinterleavingof accesseskor exam-
ple, a processdoing a read operationis blockeduntil that read
completes,wherethe latency of the readis determinedby the
architecturesimulator Main memoryis distributed acrossall
nodesandallocatedusinga round-robinschemefor the applica-
tions.

The latencyof a memoryaccessn the simulatedarchitecture
depend®nwherein thememoryhierarchytheaccesss serviced.
Tablel showsthe latencyfor servicinganaccesstdifferentlev-
els of the hierarchy in the absenceof contention(the simulation
resultsinclude the effect of contention,however). The latency
shownfor writesis the time for acquiringexclusiveownershipof
theline, which doesnotnecessarilyncludethetime for receiving
acknowledgementessage$rom invalidations. The following
namingconventionis usedfor describingthe memoryhierarchy
Thelocal node is the nodethatcontainstheprocessooriginating
a given requestwhile the home node is the nodethat contains
the main memoryand directoryfor the given physicalmemory
addressA remote node is any othernode.

Synchronizatiorprimitivesarealsomodeledafter DASH. The
gueue-basetbck primitive [11] is usedfor supportinglocks. In
general,locks are not cachedexceptwhen a processoiis spin-
ning on a locked value. Whenthe lock is releasedif thereare
any waiting processorspneis chosenat randomandis granted
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Table1: Latencyfor variousmemorysystemoperationsn pro-
cessorclocks. Numbersare basedon 25MHz processors.

Read Operations
Hit in Primary Cache 1 pclock
Fill from SecondaryCache 12 pclock
Fill from Local Node 22 pclock
Fill from RemoteNode 61 pclock
Fill from Dirty Remote,RemoteHome 80 pclock
Write Operations
Ownedby SecondaryCache 2 pclock
Ownedby Local Node 17 pclock
Ownedin RemoteNode 57 pclock
Ownedin Dirty Remote,RemoteHome 76 pclock

the lock using an updatemessage.Acquiring a free lock takes
18 and 59 processorcyclesfor local and remotelocks, respec-
tively. Barriersare implementedusing fetch-and-incrementms
thegatherstageandusingupdatewritesfor releasinghewaiters.
The total latencyto performa barrierfor 16 processorsgiven
all reachthe barrier at the sametime, is about330 processor
cycles.

3 Benchmark Applications

The programschosenfor this evaluationrepresentapplications
usedin an engineeringcomputingenvironment. All of the ap-
plications are written in C and use the synchronizatiorprimi-

tives providedby the ArgonneNationalLaboratorymacropack-
age[12]. The threeapplicationsthat we study are MP3D, LU,

andPTHOR.

MP3D [13] is a 3-dimensionaparticlesimulator It is usedto
study the pressureandtemperaturerofiles createdas an object
flies at high speedthroughthe upperatmosphere.The overall
computationof MP3D consistsof evaluatingthe positionsand
velocities of moleculesover a sequencef time steps. During
eachtime step, the moleculesare picked up one at a time and
movedaccordingto their velocity vectors. If two particlescome
closeto eachother they may undego a collision basedon a
probabilisticmodel. Collisions with the object and the bound-
aries are also modeled. The simulatoris well suitedto paral-
lelization becauseeachmolecule can be treatedindependently
at eachtime step. The main synchronizatiorconsistsof barri-
ers betweeneachtime step. For our experimentsve ran MP3D
with 10,000 particles, a 64x8x8 spacearray and simulated5
time steps.

LU performsLU-decompositiorfor densematrices. The pri-
mary data structurein LU is the matrix being decomposed.
Working from left to right, a column is usedto modify all
columnsto its right. Onceall columnsto the left of a column
havemodifiedthatcolumn,it canbe usedto modify the remain-
ing columns. Columnsare statically assignedo the processors
in an interleavedfashion. Each processomwaits until a column
hasbeenproduced,andthenthat columnis usedto modify all
columnsthatthe processoowns. Oncea processocompletesa
column, it releasesny processorsvaiting for that column. For
our experimentsve performedLU-decompositioron a 200x200
matrix.

PTHOR [18] is a parallel distributed-timelogic simulator
basedon the Chandy-Misrasimulationalgorithm. The primary
data structuresassociatedvith the simulatorare the logic ele-
ments(e.g., AND-gates, flip-flops), the nets (wires linking the

Table2: Generalstatisticson the benchmarks.

Program || Busy Cycles | Shared References | Processor

(x1,000) (x1,000) Utilization

on IDEAL
MP3D 6,400 2,087 98.8
LU 27,728 8,276 94.1
PTHOR 89,984 22,556 96.2

elements)andthe taskqueueavhich containactivatedelements.
Eachprocessoexecuteghe following loop. It removesan ac-

tivated elementfrom one of its task queuesand determineghe

changeon that elements outputs. It thenlooks up the netdata
structureto determinewhich elementsare affectedby the out-

put changeand schedulesthe newly activatedelementson to

taskqueues.For our experimentsve simulatedfifteen clock cy-

cles of a multiplier circuit consistingof the equivalentof 5000

two-input gates.

Table2 presentsomegeneralinformationaboutthe threeap-
plications. To minimize the architecturaldependencéor such
measurementsa latency of one cycle was assumedor all ac-
cessegwe will referto this asthe IDEAL architecture).Busy
cyclesspecifythe amountof usefulcyclesin the program,while
sharedreferencesndicatesthe numberof read, write, and syn-
chronizationaccessesssuedby the program. The high processor
utilization on the IDEAL architectureémplies thereis sufficient
parallelismin the algorithmsfor 16 processorsTable3 presents
moredetailedstatisticsontheacces$ehaviorof theapplications.
Therateof readandwrite missesandtherateof synchronization
areimportantfactorsin determiningthe relative performanceof
the models. Table 3 showsthat MP3D and PTHOR have rel-
atively high miss rates, while the miss ratesare substantially
lower in LU. In the caseof LU, the cachesarelarge enoughto
hold the matrix completelyand the applicationdoesnot havea
lot of communication.For all threeapplication,the numberof
readmissesis higherthanthe numberof write misses.Finally,
PTHOR is shownto havethe highestrate of synchronization
comparedo the othertwo applications.

4 Consistency Models and Their Imple-
mentation

This sectionprovidesa generabverviewof the consistencynod-
els. We also describethe implementationrestrictionsthat are
imposedby eachmodel. The main goal of this sectionis to
developintuition aboutsituationsin which the lessstrict models
areexpectedo performbetter The contentsof this sectionwill
alsoform the basisof argumentausedto explainsimulationdata
in the following sections.

4.1 General Overview

A consistencymodelimposesrestrictionson the orderof shared
memoryaccessefitiated by eachprocess.The strictestmodel,
originally proposedby Lamport[10], is sequentialconsistency
(SC). Sequentiatonsistencyrequiresthe executionof a parallel
programto appearas someinterleavingof the executionof the
parallel processen a sequentialmachine. Processorconsis-
tency (PC) was proposedoy Goodman[8] to relax someof the
restrictionsimposedby sequentialconsistency Processoicon-
sistencyrequiresthat writes issuedfrom a processomay not
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Table 3: Numberof sharedread,write, and synchronizatioraccesse$or a 16 processorconfiguration.
Numbersin parentheseareratesgiven asreferenceger thousandcycleson the IDEAL architecture.

Program reads writes | r/w || read misses | write misses | rmiss’wmiss locks | unlocks | barriers
’ H (x1,000) | (x1,000) ‘ ratio H (x1,000) (x1,000) ratio H ‘ ‘ ‘
MP3D 1,454 633 2.3 210 151 14 0 0 560
(227) (99) (33) (24) (0.0) (0.0) | (0.09)
LU 5,543 2,727 2.0 254 75 3.4 3,184 3,184 32
(200) (98) 9.2 (2.7) (0.1) (0.1) | (0.00)
PTHOR 19,576 2,240] 8.7 2,267 935 24 360,269| 360,269 19,536
(218) (25) (25) (10) (4.0) (4.0)| (0.22)

be observedn any orderotherthanthatin which they wereis-
sued. However the orderin which writes from two processors
occur, as observeddy themselvesor a third processarneednot
be identical. The constraintdo satisfy processorconsistencyare
specifiedformally in [6].

A morerelaxedconsistencynodelcanbe derivedby relating
memoryrequestorderingto synchronizatiorpointsin the pro-
gram. Theweakconsistencynodel(WC) proposedy Duboiset
al. [4, 5] is basedon the aboveideaandensureghat memoryis
consistenonly at synchronizatiorpoints. As an example,con-
sidera procesaipdatinga datastructurewithin a critical section.
UnderSC,everyaccesithin thecritical sectionis delayeduntil
the previousaccesompletes.But suchdelaysareunnecessary
if the programmethasalreadymadesurethat no other process
canrely on the datastructureto be consistentuntil the critical
sectionis exited. Weak consistencyexploits this by allowing
accessesvithin the critical sectionto be pipelined. Correctness
is achievedby guaranteeinghat all previousaccessesre per-
formedat the beginningand end of eachcritical section.

Releaseconsistency(RC) [6] is an extensionof weak consis-
tencythatexploitsfurtherinformationaboutsynchronizatiorby
classifyingtheminto acquireandreleaseaccessesAn acquire
synchronizatioraccesde.g.,a lock operationor a processspin-
ning for a flag to be set)is performedto gain accesdo a setof
sharedlocations. A release synchronizatioraccesge.g.,an un-
lock operationor a processsettinga flag) grantsthis permission.
An acquireis accomplishedby readinga sharedlocation until
an appropriatevalueis read. Thus, an acquireis alwaysassoci-
atedwith a readsynchronizatioraccesqsee[6] for discussion
of read-modify-wrie accesses).Similarly, a releaseis always
associatedvith a write synchronizationaccess. In contrastto
WC, RC doesnot requireaccessesollowing a releaseo be de-
layedfor the releaseo completethe purposeof thereleasds to
signalthat previousaccessesre complete,andit doesnot have
anythingto say aboutthe orderingof the accessesollowing it.
Similarly, RC doesnot requirean acquireto be delayedfor its
previousaccesses.

Figure 2 showsthe restrictionsimposedby eachof the four
consistencymodelsstudiedin the papert The orderingrestric-
tions are presentedn terms of when an accessis allowed to
perform. As shown, sequentialconsistencycan be guaranteed
by requiring sharedaccesseso performin programordet Pro-
cessorconsistencyallows more flexibility over SC by allowing
readoperationgo bypasspreviouswrite operations.Weak con-
sistencyand releaseconsistencydiffer from SC and PC in that
they exploit information about synchronizatioraccesses.Both
WC andRC allow accessebetweentwo synchronizatioropera-

1The weak consistencyand releaseconsistencymodels shown are the
WCscand RCpcmodels,respectivelyin the terminologypresentedn [6].
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Figure2: Orderingrestrictionson memoryaccesses.

tionsto be pipelined,asshownin Figure2. The numberson the
blocks denotethe orderin which the accessesccurin program
order The figure showsthat RC providesfurther flexibility by
exploiting informationaboutthe type of synchronization.

4.2 Implementation Oriented View

Table4 summarizeghe implementatiorrestrictionsimposedby
eachof the modelsgiven processorsvith blocking reads(these
are sufficient, but not necessaryrestrictionsfor satisfyingeach
model). A BASE modelhasbeenaddedto the four consistency
modelsdiscussectarlier Thisis themostconstrainednodeland
is usedasbaselinefor all performancecomparisonslt incorpo-
ratesno buffering or pipeliningandwaits for eachreadandwrite
to completebeforeproceeding.The implementatiorrestrictions
are considerablysimplified for processorghat block on loads
(typical of mostcommercialmicroprocessors)All consistency
model constraintswherean accessmustblock for a preceding
load or acquire,are automaticallysatisfied.

To qualitatively comparethe performanceof the consistency
models, considerthe sourcesof idle time for a processar At
the architecturdevel, the idle time consistsof (i) readaccesses
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Table4: Implementatiorof consistencymodels.

[ Operation || BASE I SC I PC WC RC |
a) Processor issues
(a) Processosstalls for ( )
(a) Processor issues|| pendingwrites to per- || (a) Processor issues trgac‘i;fr:)c:r?allsfor read || (a) dprgcfsﬁofr 'SSUGdS
readandstallsfor read || form (or, || readandstallsfor read p : trea a][‘ stallstor rea
to perform. in very aggressivem- || to perform. Notes: 0 pertorm.
1 Read . plementationsto gain . 0 Reads|| Note:
Note: ownership[1]). Note: I dto b )
() No pending writes [0) Reads are?]gmov\‘/’v?it;g ypass|| (i) lowed 1 bReadS
are possible.Seepoint || (b) Processor issues| are allowed to bypass| P 9 T are aflowed 10 bypass
2 readandstallsfor read ingwri (ii) Forinteractionwith || pendingwrites and re-
. pendingwrites. di |
to perform. pending releases, see|| leases.
point4.
(a) Processor issues|| (a)Processosendswrite to write buffer (stalls |(fa%/v F;irtzcgjfsfg:sznfcéslxl/;/r e towrite buffer (stalls
write and stalls for if write buffer is full). :
write to perform. .
2. Write Note: : . EI)O:/(\?Ifi.te buffer doesnot requireownershipto
Note: (i) Write buffer retiresa write only after the be gainedbeforeretiring a write
(i) No needfor write | write is performed,or in very aggressivem- (i gFor interactionwithgacquireé/releasesee
buffer. plementationsywhen ownershipis gained[1]. points3,4.
Processorssuesac-
a) Processorstalls for @
E)e)ndingwrites andre- || Guire andstallsfor ac-
leasesto perform. quire to perform.
3. Acquire || Treated as Read Treated as Read Treated as Read Note:
(b) Processoissuesac- || o
quire and stallsfor ac- g?eezrt(z) cgtsasilofrg ?T)se?c)jt-
quire to perform. ing writesandreleases,
(a) Processosendsre-
lease to write buffer
§3|t|{;1”3|f write buffer is (a) Processosendsre-
’ lease to write buffer
Notes: (stallsif write buffer is
(i) Write buffer cannot futl).
4. Release|| Treated as Write Treated as Write Treated as Write retire the releaseuntil Note:
alé rg()rﬁ\;\l:(l;swrltes are (i) Write buffer cannot
?ii) Write Buﬁer stalls retire the releaseuntil
all previouswrites and
f_c_)_r releaseto perform. releasesareperformed
(iif) Processosstalls at ’
next read after release
for releaseto perform.

stalling for data, (ii) processorstalling for previouswrites (or

releases}o complete, (i) write (or release)accessesstalling

when write buffer is full, and (iv) acquire accessespinning
until the correspondingeleaseis observed. The performance
with a particular consistencymodel dependson how effective

the modelis in reducingthis idle time.

Let us first comparethe BASE and SC modelsas shownin
Table 4. While both modelsguaranteesequentialconsistency
SCis a moreaggressivdormulation. The main differenceis in
howwritesaretreated.Forthe BASE model,the processostalls
immediatelyaftereachwrite until thewrite completes With SC,
the writes are putin the write buffer andthe processois stalled
at the following readoperationinstead. As a result, part of the
write latencycanbe overlappedvith computatiorup to the next
read. In most caseshowever a read accessoccurssoon after
a write miss, and most of the latencyfor completingthe write
missis seenby the processar

Betweenthe SC and PC models,the major differenceis that
PC allows readsto be performedwithout waiting for pending
writes in the write buffer. This significantly decreaseshe to-
tal delay experiencedy the processarthus increasingthe per-
formance. Of course,one side effect is that thereis a higher
probability that the write buffer may get full and stall the pro-
cessolin PC.As will be shownin the simulationresultssection,

this rarely happensn practice. The reasonfor this is intuitive:
write missesare well interleavedwith read missesratherthan
being clustered,and the numberof read missesusually domi-
nates.Sincethe processohasblocking reads,the stall duration
for readmissegprovidestime for write missesto be retiredfrom
the write buffer, thus preventingit from gettingfull.

Comparingthe PC and WC models,the WC model exploits
knowledge about synchronizationaccesses. In PC, the order
amongwrite accessedasto be preserved. In WC, however
readsand writes betweentwo synchronizatioraccessesan be
performedin any order provideduniprocessorcontrol and data
dependencesre maintained. As a result, reads can bypass
writes, asin the caseof PC. However in contrastto PC, writes
can be pipelined. The pipelining allows writes to be retired
from thewrite buffer withoutrequiringownershipto be obtained.
Thusthe writes canbe retiredat a muchfasterratethanis pos-
sible in PC. This can help performancdn two ways. First, the
chancesf the write buffer filling up and stalling the processor
are smallercomparedo PC. Second,f thereis a releaseoper-
ation (e.g., unlock operation)behind severalwrites in the write
buffer, then a remote processortrying to do an acquire(e.g.,
lock on the samevariable)can observethe releasesooner thus
spinningfor a shorteramountof time. Althoughthe releaseop-
erationin WC mustwait until all invalidationshave completed
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for the previouswrites, it doesallow the invalidationsfor multi-
ple writesto be overlapped.ThesereasonsndicatethatWC will
provideperformanceadvantagesver PCif thereis a significant
clusteringof writes, especiallyif the clusteringis beforerelease
accesses.

The disadvantagef WC ascomparedo PCis the following.
In PC, the processoiis neverstalled at a read (or acquire)for
pendingwrites (or release)to be performed. However in WC,
the processosstalls at an acquirefor previouswrites or releases
to complete,and at the first read accessafter a releasefor the
releaseto complete. This can seriously degradeperformance
if the applicationhasa high rate of synchronization. We will
showin theresultssectionthatfor oneof the programghatuses
fine-grainsynchronizatioPTHOR), WC doesworsethanPC.

Finally, comparingWC and RC, the RC model removesthe
shortcomingof WC describedabove. Similar to PC, RC never
stalls the processorat a read or an acquirefor previouswrites
or releaseso complete. ConsequentlyRC can offer the best
performanceof all models. However asin the caseof WC, the
performanceainsover PCoccuronly whenthereis a significant
clusteringof writes.

The performancegainsfrom relaxing the consistencymodel
are accompaniedy a more compleximplementation.The im-
plementationdifferenceamongthe modelsarisesfrom the dif-
ferentnumberof outstandingrequestsallowed by eachmodel.
For the implementatiorto allow multiple outstandingrequests,
the cacheneedsto be lockup-free. In addition, there needsto
be a mechanismfor keepingtrack of eachoutstandingrequest
to know when the requestis complete. BASE and SC do not
requirea lockup-freecachesinceat mostoneoutstandingaccess
is allowed. PC canat mosthaveonereadand one write access
outstanding. WC and RC allow multiple outstandingaccesses
(blocking readslimit the numberof outstandingread accesses
to one, however).The lockup-freecachefor PCis simplerthan
for WC andRC sincethereareat mosttwo accessesa readand
a write, outstandingat any time. Furthermoe, WC and RC re-
quire additionalcountersto keeptrack of whenthe outstanding
accessesare complete(see[6] for more details).

There are several secondaryeffects that are not discussed
above. For example,less strict models allow accessego be
issuedat a fasterratethatin turn may resultin morecontention
at the networkor in the memorysystem,thusincreasingthe la-
tency of accessesThis may offsetthe gainsfrom the lessstrict
models. We will further discussthe impactof suchside effects
in the next section.

5 Simulation Results

In this section,we presenta comparativeanalysisof the perfor-
manceachievedby the variousconsistencymodels. Section5.1
presentssimulationsfor the LFC architecturedescribedn Sec-
tion 2. SinceLFC is the most aggressivearchitecture the re-
sults are primarily affected by the constraintsimposedby the
consistencymodelandnot by limitations of theimplementation.
Section5.2 presentgesultson the relative performanceof the
modelsfor lessaggressivémplementations.

5.1 Resaults on the LFC Architecture

Figure 3 showsthe relative performanceof the modelsfor each
application. For the purposesof this paper we define perfor-
manceasthe processouitilization achievedn anexecution.The
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Figure 3: Relativeperformanceof modelson LFC.

reasorfor usingprocessoutilization asthefigure of meritis that
it providesreasonableesultsevenwhenthe programs control
pathis not deterministicand depend=on relativetiming of syn-
chronizationaccessesThe processoutilization for eachmodel
is normalizedto the performanceof the BASE model for that
program. The resultsshow a wide rangeof performancegains
due to the lessstrict models. Moving from BASE to SC, the
gainsareminimal. The largestgainsin performancearisewhen
moving from SC to PC. Surprisingly WC doesworsethan PC
for PTHOR. RC performsbetterthanall the other models,but
the gainsover PC are small. The maximumgain from relaxing
theconsistencynodelis about41%for MP3D, 29%for PTHOR,
and11% for LU.

To betterunderstandhe aboveresults,in Figure4 we present
breakdowrof the executiontime for the applicationsundereach
of the models. The executiontime of the modelsarenormalized
to the executiontime of BASE for eachapplication. The bottom
sectionof eachcolumnrepresentshe busytime or usefulcycles
executeddy the processarThe black sectionaboveit represents
the time that the processoris stalled waiting for reads. This
time doesnot include the time that a read/acquireaccessmay
be stalledwaiting for previouswrites to perform. This time is
representedby the sectionaboveit. Thethreesectionson top of
thatrepresenthe stallsdueto write buffer beingfull, time spent
spinningwhile waiting for acquiresto complete andtime spent
waiting at a barrier?

Somegeneralobservationghat can be madefrom the break-
downare: (i) the latencyof readmissesformsa large portion of
theidle time, especiallyoncewe moveto PC,WC, andRC; (ii)
the major reasonfor BASE and SC to be worsethanthe other
modelsis the stalling of the processobeforereadsandacquires)
for pendingwrites to complete;(iii) the write buffer being full
doesnot seemto bea factorin hinderingthe performancef PC;
andfinally, (iv) the reasonfor WC performingworsethan PC
andRC is the extraprocessostallsat acquiresandthe first read
afterreleaseaccesse&sdescribedn Sectiord). The smallvari-
ation in busytimesfor PTHOR is dueto the non-deterministic
behaviorof the applicationfor the sameinput. We now look at
the comparativeperformanceof the modelsin greaterdetail.

21t is difficult to distingtish the shadeof somesectionswith a very small
height. Usually, the small heightimplies that those sectionsare not very
important,so they can safely be ignored.
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Table5: Statisticson write misses(including releases).

Program || Wkite Miss Fraction | Average || Fraction | Average
Rate for followed | Distance || followed | Distance
BASE (per by a (cycles) by a (cycles)
1000 cycles) || Write Miss Read
MP3D 4.2 0.01 3.6 0.99 2.0
LU 1.3 0.01 11.9 0.99 5.9
PTHOR 2.4 0.18 12.6 0.82 51

5.1.1 Performance of SC versus BASE

The performancdifferencesbetweenSC and BASE arisefrom

the fact that SC is able to overlapthe latency of write misses
up to the nextreadaccess.Thus, the expectedyainsdependon

the frequencywith which write missesoccur, and the average
distancebetweera write missandthefollowing read. Clustering
of write misses,with no readsin betweenalso helpsSC asthe
processois not stalled.

The datain Figures3 and 4 show that the SC model does
not perform significantly better than BASE. Table 5 provides
relevantdatato explaintheseresults. For executionsunderthe
BASE modelit presents:(i) the frequencyof write missesper
1000cycles;(ii) the fraction of write missesthat werefollowed
by anotherwrite misswith no interveningreads(indicateswrite
clustering)andthe averagedistancebetweenthem;and (i) the
fraction of write missesthat were followed by readsand the
averagedistancebetweenthe two.

Given the contentsof Table 5, the reasonsfor the relative
performanceyainsof theapplicationsareapparentin MP3Dwe
seethatalthoughthe frequencyof write misseds relatively high,
the writes are almostimmediatelyfollowed by a readaccess—
the readis on average? cyclesaway Thusthe completewrite
miss penaltyof about75 cyclesis observedoy the read. In the
caseof LU the gains are small becausethe write miss rate is
low, andagain,the readfollows the write misswithin 6 cycles.
In PTHOR, there is some write clustering observed,and the
distancebetweenwrite missesis larger. Consequentlythe gain
is higherthanin MP3D andLU.3

In general,we expectperformancegainsfrom BASE to SC
to be small for mostapplications.This is becauseeadsare ex-
pectedto be closely interleavedwith writes. Significantwrite
clusteringmay occursometimesfor example,wheninitializing
data structures,but such occurrencesre expectedto be infre-
quent.

5.1.2 Performance of PC versus SC and BASE

PCis thefirst modelwheresequentiatonsistencys abandoned.

For this extracomplexity in the programmingmodel, what are
the benefits?The mainbenefitcomesfrom thefact thatreadsdo
not haveto stall for pendingwrites to perform. However some
of the benefitsmay be lost if the write buffer getsfull andstalls
the processar As we will show later, this secondfactor turns
out not to be anissue.

Focusingon the magnitudeof gainsfrom PC,thegainswill be
largeif the frequencyof write missess high or the costof write

3The resultsfor BASE are slightly pessimisticdue to the extrawrite hit
latencyof the two-level cachestructureassumedn our simulations. This is
becauseBASE stallsthe processoron every write, including write hits. SC
is lesssensitiveto this effect since writes are buffered and thereis usually
enoughcomputatiorto overlapthe small latencyof write hits.
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Figure4: Breakdownof executiontime on LFC.

missesis high. Sincethe costof write missesis aboutthe same
for all applications,the relative gains dependprimarily on the
frequencyof misses. From Table 5 we seethat for the BASE
architecture,the frequencyof write misses(including release
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Figure 5: Distribution of write misses(including releases)e-
tweenreadmisses(including acquires).

accessesper 1000 cyclesis 4.2 for MP3D, 1.3 for LU, and
2.4 for PTHOR. Consequentlywe shouldexpectlarge gainsfor
MP3D, mediumgainsfor PTHOR,andsmall gainsfor LU. This
is indeedthe case,as canbe seenfrom Figures3 and 4.

Another secondaryeffect also becomesapparentfrom Fig-
ure4. Sincetime is compressedh PC,thatis, the samenumber
of useful instructionsis executedin a shortertime compared
to BASE, congestionin the memorysystemincreasesand read
latencieggo up. Forexamplefor MP3D, thefractionof (normal-
ized) cyclesspenton read missesgoesup from 46%to 51% as
we movefrom BASE to PC. Consequentlysomeof the savings
dueto hiding write misslatenciesarelost.

We now return to the issue of the write buffer being full.
Although difficult to make out from Figure 4, the write buffer
stall times are negligible for MP3D, 1.2% for LU, and 0.7%
for PTHOR. Thesenumbersare small primarily because(i) the
multiprocessothas blocking reads,and (ii) the numberof read
missesis larger thanthe numberof write misses(seeTable 3).
As aresult,on averagethereis enoughtime for the write buffer
to retire writes while the processoiis stalled for read misses.
Of course,the write buffer can build up for short periods of
time dueto clusteredwrites, but in our benchmarkapplications
we did not see significant clustering. Someindication of the
interleaving of read and write missesis given by the datain
Figure 5 which is a histogramof the numberof write misses
betweenread miss pairs. The datashowsthat read missesand
write missesare well interleaved. In Figure 6, we show the
fill depthof the write buffer as encounteredy write accesses
for eachof the applications. The write buffer depthof 16 used
in our simulatedarchitectureseemsmorethan sufficient for the
clusteringpresentin the applications.

In summarywe seethatthe PC modelis relatively successful
in hiding almostall of the latencyof writes given a reasonably
deepwrite buffer. Sincethe comparisorof PCandWC is more
involved than the comparisonwith RC, we next examinePC
versusRC. Subsequentlywe comparePC and WC.

5.1.3 Performance of PC versus RC

The RC model providesall the performancebenefitsof the PC
model. In addition,by exploitinginformationaboutthe synchro-
nizationaccessest allows pipelining of writes. Thatis, writes
can be retired from the write buffer beforeownershiphasbeen
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Figure6: Distribution of writesin the write buffer for PC.

obtained.The fact that writes areretired at a fasterrate hastwo
implications: (i) thewrite buffer becomingfull is lessof a prob-
lem, and(ii) in caseswvhereareleaseoperationis behindseveral
writesin the write buffer, thatreleasecanbe observedsoonerby
a processomwaiting to do an acquire. As was discussedn the
previoussubsectionthe write buffer getting full is really not a
problemfor PC. Therefore, mostgains,if observedwill be due
to fastercompletionof synchronization.

Figure3 showsthatthe performanceof MP3D is comparable
under PC and RC. As can be seenfrom Figure 4, PC is not
stalled due to a full write buffer in MP3D, and the idle time
correspondingo synchronizationis approximatelythe samefor
the two models. In MP3D, the rate of synchronizationis too
smallto haveaneffect, andthusthebenefitsof RC arenegligible.

In contrastto MP3D, LU andPTHOR do exhibit a small per-
formancegainfrom PCto RC. For LU, theidle time breakdown
showsthat the differenceis mainly due to faster synchroniza-
tion and becauseRC doesnot have write buffer stalls (a gain
of about2.3% and 1.2%, respectively as shownin Figure 4).
In LU, processorsynchronizewaiting for the pivot columnto
becomeready The processompdatingthe pivot column does
a seriesof writes beforedoing the releaseoperation,indicating
that the columnis ready By allowing pipelining of writes, RC
allows the releaseto be issuedearlierandthusreduceshe syn-
chronizationtime. The detailedsimulation statisticsshow that
the averagewaiting time for gaining accessto a column goes
down from 1730 cyclesunderPC to 1250 cyclesfor RC. The
large waiting timesin LU are dueto the slight load imbalance
in the application(seeTable2).

The idle time breakdownfor PTHOR also showsthat most
of the performancegain is dueto fastersynchronization(about
4.8% in normalizedcycles). Indeed,simulationsshow that the
averageime to obtaina lock goesdownfrom 285 cyclesfor PC
to 218 cyclesfor RC. Thefastertime for synchronizatioroccurs
becausePTHOR exploits fine-grain synchronizatiorwith tight
producerconsumerrelationships.Although PTHOR hasa very
high rateof synchronizationseveralof thereleasegunlocks)are
notin thecritical path,thatis, thereis usuallyno processvaiting
for the lock to be released. Therefore,the gainsfrom making
releasewisible slightly earlieris not aslargeaswould otherwise
be expected.Barriersalsotakeslightly lesstime underRC. The
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total time for readmisseshasgoneup, however A closerlook
at the simulation statisticsshowsthat the increasein the read
missidle time wasdueto a larger numberof readmisses.This
is mostprobablydueto the fact that the programtook a slightly
differentexecutionpathunderRC.

5.1.4 Performance of WC versus PC and RC

We first compareWC to RC and explain why WC performs
worsethanRC. The differencesbetweenWC and RC arise be-
causeWC does not differentiatebetweenacquire and release
synchronizatioroperations. Consequentlyany synchronization
operationmustconservativelysatisfy the constraintsof both re-
leaseand acquire. Thus, comparedto RC, WC stalls the pro-
cessorat an acquireuntil pendingwrites andreleasesomplete.
In addition, the processoris stalled for pendingreleasesf it
attemptsto do a readoperation.

Theresultsin Figure3 showthatMP3D andLU performcom-
parablyunderWC and RC. The reasonis that MP3D and LU
have very low synchronizatiorrates(aboutonce every 10,000
cycles on the IDEAL architecture). Therefore,the few extra
stallsin WC do not substantiallyincreasethe idle time. How-
ever, for PTHOR, RC performsnoticeablybetterthan WC since
PTHOR hasa muchhighersynchronizatiorrate.

To understandhe performancef PTHORbetter we gathered
dataregardingthe extra stalls introducedby WC over RC. We
found that thereis frequentlya write miss or releaseabout20
cycles before an acquire operation. Similarly, thereis a read
accessvithin asmallnumberof cyclesafterarelease.Therefore,
atmost20 cyclesof the latencyof thewrite missor releasecould
be hiddenandthe restof the latencyis visible to the processar
More detaileddatashowthatvirtually all releasesaused delay
for the next readand 30% of the acquireswere delayeddue to
previouswrite misses.

We now compareWC and PC and explainthe surprisingre-
sult that PC sometimegperformsbetterthan WC. WC hasthe
advantagethat writes can be retired at a faster rate from the
write buffer. The disadvantagef WC to PCis the sameasthe
disadvantagef WC to RC, in that WC stalls the processorat
somepointsfor pendingwrites and releasego perform.

Figure 3 showsthat WC performsslightly betterthan PC for
LU, thesamefor MP3D, andworsefor PTHOR.For LU, theper-
formanceis betterbecauseipelining of writes was shownto be
effectivein reducingtheidle time dueto synchronizatiordelays.
In addition,the extrastallsintroducedby WC werenot anissue
in LU. For MP3D, the discussioron PC andRC explainedwhy
pipelining doesnot gain anythingover PC. In addition, WC is
not hindereddue to the extra stalling as describedabove. This
explainswhy the two models perform comparablyon MP3D.
PTHOR showsan interestingresult. In PTHOR, pipeliningwas
importantto reducethe time for synchronization.However we
alsosawthat WC causesstalls quite often. The disadvantagef
the stallsturnsout to be greaterthanthe advantagef pipelining
writes in this case. Therefore,we see WC performingworse
thanPC.

The relative performanceof WC as comparedo PC andRC
may be affectedby the fact that our simulatedarchitecturedoes
not cachelocks. Cachinglocks is beneficialwhena processor
acquiresandreleases lock severaltimeswith no otherproces-
soraccessinghelock in between.All modelsgainfrom afaster
acquireif the lock is foundin the cache.As for the reduceda-
tencyof therelease PCandRC do notbenefitsincetheyalready
hide write and releaselatencies. WC, however can potentially
benefit. This may reducethe differencein performancebserved

w f f f f f
%)
< sof- A—A LFC -
o e—e RDBYP
) m—m BASIC
< 40t -
[aa]
9]
3
S sof- -
@
o
8 20 .
c
©
£
£ 104 -
(5}
o

o} 4

10 | ! | | |
BASE SC PC wC

Consistency Model

Figure7: Performancef MP3D underLFC, RDBYP, and BA-
SIC implementations.

for WC versusPCandRC in PTHOR.

5.2 Effect of Implementation Variations

In the previous section, we evaluatedthe performanceof the
consistencymodels using an aggressiveimplementationwith
lockup-free caches. The goal was to minimize the influence
of the implementationin the comparisorof the models. In this
section,we explore less aggressiveémplementationsand study
their impacton the relative performanceof the models.

The threespecificimplementationsve compareare: (i) LFC,
the aggressiveimplementationstudiedso far with lockup-free
caches readsthat bypassthe write buffer, and a 16 word deep
write buffer; (i) RDBYP, which is the sameas LFC, except
cachesareno longerlockup-free;and (iii) BASIC, which is the
sameasRDBYP, exceptthatreadsarenot allowedto bypassthe
write buffer.

Figure 7 showsthe relative performanceof the modelsfor
eachimplementatiorfor the MP3D application. Resultsfor the
othertwo applicationsindicateda similar trend. As before,we
useprocessoutilization as the figure of merit for performance.
The performancecurvesare normalizedto that for the BASE
modelon the BASIC implementation As shown,BASE andSC
are not affectedby theseimplementationchangessince neither
model canexploit lockup-freecachesor the bypassingof reads.
However the performanceof PC, WC, and RC experiencea
large declineas we move from LFC to RDBYP and a smaller
declineas we go to BASIC. This resultshowsthat lockup-free
cachesare essentialfor realizing the full potential of the less
strict models. Below we analyzetheseresultsin more detail.

521 RDBYP Implementation

Comparingthe LFC and RDBYP implementationswe see a
large performancdifference(about20%) for MP3D underthe
PC, WC, and RC models. We examinethe performanceunder
PC modelfirst. The only differencebetweenLFC and RDBYP
for PCis that LFC canhaveboth a readmiss anda write miss
outstandingwhile the RDBYP canhaveeithera readmissor a
write miss outstandingbut not both. Thus,in RDBYP, a read

Page9



Table6: Averagelatencyfor a readmiss(in cycles).

[ Architecture [[ MP3D [ LU | PTHOR |

RDBYP 106 | 92 91
LFC 89 86 74

miss that follows closely behinda write misswill haveto wait

until this previouslyinitiated write accessompleteswhich can
be tensof cycles. The statisticsfor MP3D show that for over
40% of the readmissesin the application,thereis a write miss
within 30 cyclesbeforethatreadmiss. In addition,underLFC,

about55% of the read misseswere servicedwhile therewas a
write miss outstanding hencethe large performancdifference
betweenLFC andRDBYP.

The resultsfor WC and RC also show a large decreasdn
performancef lockup-freecachesarenot used. The lockup-free
cacheprovidestwo benefitsfor WC and RC: (i) a readmissis
servicedright awayregardles®f previouswrite missegsameas
thebenefitfor PC),and(ii) write missesareretiredatafasterrate
by the write buffer sincethe cacheallows multiple outstanding
accessesAs shownin the previoussubsectionthe pipelining of
write misseswas not effective in increasingthe performanceof
MP3D. Detailedsimulationresultsshowthat, underLFC, there
wasrarely morethanthreeoutstandingequestsat any onetime
for either WC or RC. Thus, similar to PC, the gain for LFC
comesprimarily from the readaccessnot havingto stall while
the cacheis servicingthe previouswrite miss. Table 6 shows
the averagdatencyof readmissesfor the two implementations
underRC acrossall applications.The resultsshowthat, indeed,
the latency of read missesis substantiallyreduceddue to the
lockup-freecache.

5.2.2 BASIC Implementation

Comparingthe RDBYP and BASIC implementationsye seea
relatively smallerdecreasén performance The obviousadvan-
tage of allowing bypassingis that the read miss doesnot have
to wait for the write buffer to emptybeforebeingserviced. The
performanceainsfrom suchbypassinglependon the clustering
of write missesbeforethe readmiss—thegreaterthe clustering
the biggerthe gains.

The detailed simulation statistics for MP3D show that al-
thoughmany read misseshavea write missthat occursshortly
beforethem, the clusteringof suchwrite missesis small. Thus,
the gainsof moving from BASIC to RDBYP aresmall. Finally,
the reasonthe performanceof PC is betterthan that of SC for
BASIC is the following. In SC, both first-level cachereadhits
andreadmissesaredelayedfor the write buffer to emptyout. In
PC, readhits in the first-level cacheare not delayedfor pending
writes and only first-level readmissessuffer that penalty

6 Effect of Prefetching on Consistency
Models

The resultspresentedso far in this paperare basedon an ar-
chitecturewith blocking reads.While the lessstrict consistency
modelsare successfuln hiding the latencyof writesin suchan
architecture,nothing is doneto alleviate the latency of reads.
Consequentlywe seein Figure4 that a large percentagef the
idle cyclesare due to read misses,especiallywhen PC or RC

modelsare used. In this section,we explorethe effects of re-
ducedreadlatencyon the relative performanceof the models.
In particular we model a prefetch mechanismsimilar to that
providedin the DASH architecturg 11].

In general,there are two typesof prefetching: binding and
non-binding. In binding prefetch, the value of the accessis
boundat the time the prefetchis completed.In contrast,a non-
binding prefetchsimply bringsa copy of the locationto a higher
level in the memory hierarchy(closerto the processor). With
a non-bindingprefetch,the locationis still accessibleo the co-
herencymechanisnmandis keptcoherentuntil the processorac-
tually bindsthe valuethrougha regular(binding) access While
binding prefetchinginteractswith the consistencymodels,non-
binding prefetchdoesnot affect the consistencymodelsat all.
Therefore,non-bindingprefetchis more flexible, easierto use
(doesnot affect correctness)and can provide benefitsfor all
consistencymodels. Indeed,the prefetchmechanismprovided
in DASH is non-binding,and we will assumesucha prefetch
mechanismin this section. For a detailed evaluationof non-
binding prefetching,see[14].

Theresultsin this sectionshowthatthe pipeliningof writesal-
lowed by RC (andWC) becomesignificantlymoreimportantin
achievinghigh performancencethe latencyof readsis reduced
throughprefetching. Section6.1 presentssimulationresultsfor
ideal prefetchingof reads.Section6.2 providesa morerealistic
assessmenthrougha casestudy of one of the applicationsin
which prefetchingwas addedto the program.

6.1 ldeal Prefetching Results

We modeledthe effects of ideal non-bindingprefetchby artifi-

cially makingreadmissestakeonly onecycle in the simulations
(latency of writes and synchronizatiorwas not changed,how-
ever). Figure8 showsthe resultsof the simulationfor the three
applications. The performanceof eachmodelis normalizedto

that of BASE for eachapplication.

Comparingthe prefetchingresultsto thosepresentedn Fig-
ure 3, we seethatthe pipelining of writesin RC becomesnuch
more important. This is shown dramaticallyin the case of
MP3D. While PCperformedcomparablyto RC with no prefetch-
ing, RC is shownto outperformPC significantly onceprefetch-
ing is used. Detailed simulationresultsshow that most of the
idle cyclesin PC are causedby stalls due to the write buffer
beingfull. Simulationwith a much deepemwrite buffer did not
showmuchgainfor PC sincethe rate of write misseswasvery
large. PTHOR also showsRC performingbetterthan PC once
prefetchings used. Comparingthe performancef PCandWC,
PTHOR showsthat pipelining of writes becamanoreimportant
andPC no longeroutperformsWC (asin Figure3). The results
for LU showthe sametrendasthe resultsin Figure3, with the
gainsdueto the lessstrict modelsbeingaccentuated.

The resultsin this sectionpertainto prefetchingfor reads.In
an invalidation-basedoherencescheme one can also do read-
exclusive prefetches. The read-exclusiveprefetch invalidates
other copiesof the location and brings an exclusively owned
copy closerto the processorthat issuedthe prefetch; this re-
ducesthe latencyfor both readsand writes. Given non-binding
prefetching this techniques applicableto all the models. Since
the major performancedifferencefrom the modelscomesfrom
their effectivenessn reducingand hiding write latency the re-
ductionin the latencyof writes throughprefetchingwill in gen-
eral make the differenceamongthe modelsless pronounced.
Resultson the effects of read prefetchingand read-exclusive
prefetchingfor MP3D are presentedn the next subsection.
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Figure8: Resultsfor ideal readprefetchingon LFC.

6.2 Case Study for MP3D

In this subsectionye presentresultsfor two versionsof MP3D,

onewith explicit readprefetchingandanothemwith explicit read
and read-exclusiveprefetching. Prefetchinstructionswere in-

sertedin appropriateplacesin the program. Prefetchingwithin

the simulator is modeled after the way prefetcheswork in

DASH [11]; the prefetchbrings a copy of the location into a

special cacheassociatedvith eachnode. Figure 9 showsthe
relative performanceof the models. The performancein each
caseis normalizedto the performanceof LFC with the BASE

model. The resultsshow that prefetchingbenefitsthe perfor-
manceof all the models. The relative performanceof the mod-
elsin the caseof readprefetchingmatcheswell with our results
from ideal prefetchingof reads. Clearly, the reductionin the
latency of readsmakesthe latency due to write missesmore
critical and allows WC and RC to perform substantiallybetter
than PC. Simulationresultsshow that there were occasionally
five requestoutstandingat the sametime. However onceread-
exclusive prefetchingis done, the differencebetweenPC and
WC/RC diminishesconsiderably Indeed,reducingthe latency
of write missesincreaseghe rate at which the write buffer can
retirewrites, andthusreduceghe chancedor a full write buffer.

An interestingobservatiornis thatread-exclusiverefetchingdoes
not helpWC andRC overreadprefetching(seetop right of Fig-

ure9). Thereasonis that WC andRC are hiding the latencyof

writes completelyanyway andthereforereducingthe latencyof

writes offers no extraperformancebenefits.

In summaryreadandread-exclusiverefetchingsubstantially
improvethe performancef all models,includingBASE andSC.
We shouldnote,however thatprefetchings not alwayssuccess-
ful in reducingthe latencyof accesse$l4)]. In caseswhereread
prefetchingis successfulwe showthat the pipelining of writes
becomesanoreimportant. We expectread-exclusiveprefetching
to also be successfuif readprefetchingworks. Read-exclusive
prefetchings shownto diminishtheimportanceof write pipelin-
ing, thusallowing PC to performcomparablyto RC onceagain.
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Figure9: Readandread-exclusiveprefetchingin MP3D

7 Discussion

In this section,we discussthe validity of the resultspresented
in the paperin a broadercontext. In addition, we briefly point
out otherissuesandtradeofs concerningconsistencymodels.

The resultspresentedn this paperwere basedon a specific
setof architecturalparametersnda limited setof benchmarks.
However we expectmanyof theconclusiongo holdin abroader
context. One of the major conclusionsis that, given readsare
blocking, PC performsalmostas well as RC. To achievethis,
PCrelieson thewrite buffer not gettingfull. Intuitively, if write
missesare distributedevenly (asis the casefor the applications
studied),thereis enoughtime for the write buffer to retire the
writes giventhe processostallsfor readmisses.More formally,
the write buffer will notfill upif rl, > wl,, wherer andw are
thenumberof readandwrite misseswith correspondindatencies
of I, andl,, respectively* Most applicationsjncludingthe ones
studiedin this paper have moreread missesthan write misses,
especiallybecausedatais usually read beforeit is written. In
addition, mostarchitecturehavecomparabldatenciesfor reads
andwrites. Therefore PCis expectedo performcomparablyto
RC over a wide rangeof architecturesaind applications.

This study hasbeenprimarily concernedaboutthe gainsthat
arisefrom relaxingconsistencyonstraintat the hardwardevel.
Consistencyconstraintscan also affect performanceat the soft-
ware level, mainly through enablingcompiler optimization for
sharedvariables.For example,commoncompiler optimizations
suchas registerallocationand commonsubexpressiom®limina-
tion involve changingthe orderof accesses a program.More
aggressivecompiler optimizationslike blocking of loops and
registerallocationof arraysalsoresultin reorderingof accesses.
Under SC and PC, theseoptimizationscan not be legally per-
formedby the compiler This cansignificantly degradethe per-
formanceof the system.In contrastRC andWC provideconsid-
erableflexibility to the compilerfor optimizing sharedaccesses
andarethusdesirablemodels.In fact, the gainsachievedoy do-
ing suchsoftwareoptimizationscanexceedhe gainsachievable
in the hardware.

4This is a conservativecondition since the time the processoris busy
executinginstructionor waiting for acquiresynchronizationslsocontributes
to the amountof time the write buffer hasto retire writes.
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Anotherissueconcerningconsistencymodelsis the complex-
ity of the model as presentedo the programmer There have
beenseveralefforts in specifyingprogrammingrestrictionsthat
resultin the relaxedmodelsbeing equivalentto sequentiakton-
sistencyas far as correctnesss concerned?2, 6]. In practice,
we havefound that satisfyingsuchrestrictionsis not a problem.
Most userlevel applicationsdevelopedn our groupalreadysat-
isfy therestrictionswith no changeto the programs.Portingthe
Silicon GraphicdRIX operatingsystemto DASH did notrequire
morethana handfulof simplechange®ither Still moreresearch
is needed however to help the programmeiin identifying and
avoidingunwantedraceconditions.

Thesimulationresultspresentedn this paperarebasedn two
major assumptionsBoth assumptiondimit the gain achievable
from relaxing the consistencymodel. The first assumptionis
thatthe processordlock on a readaccess.While the conditions
for WC and RC allow multiple readaccesseso be overlapped
and pipelined,an implementationwith blocking readsdoesnot
allow the latency of readsto be hiddenin this manner The
designof processorghat allow multiple outstandingreadsand
out-of-orderexecutionof instructionsand their effectivenessn
hiding the latencyof readsis a currenttopic of research.

The resultsin this paperare also dependenbn the assump-
tion that an invalidation-baseaoherenceschemeis used. The
tradeofs for anupdate-basedoherenceschemecanbe quite dif-
ferent. Although mostprogramsexhibit a larger numberof read
missesthan write missesin an invalidation-basedgchemeit is
likely that the numberof read misseswill decreaseand write
updateswill substantiallyincreasein an update-basedcheme.
This may in turn makethe pipelining of writes more important
to preventthe write buffer from filling up. To determinethe
tradeofs describedabovewill requirea morein-depthstudy of
suchupdate-basedchemes.

8 Related Work

In this section,we discusssomealternativeimplementationshat
havebeenproposedor sequentiatonsistencyandweakconsis-
tencyand briefly describepreviousevaluationefforts.

Adve and Hill [1] have proposeda very aggressiveimple-
mentationfor sequentialkconsistency Their schemerequiresan
invalidation-basedcachecoherenceprotocol. At points where
our SC implementationstalls for the full latency of pending
writes, theirimplementatiorstallsonly until ownerships gained.
To makethe implementationsatisfy sequentialconsistencythe
newvaluewrittenis notmadevisible to otherprocessorsintil all
previouswrites by this processohave completed. Simulations
show however that the latencyof obtainingownershipis only
slightly smallerthanthe latencyfor the write to complete.This
is becausehe numberof invalidationscausedoy a write is usu-
ally small[20]. Sincethe visibility-control mechanisnreduces
the stall time for SC only slightly, we still expectPCto perform
significantly betterthan SC.

Adve andHill [2] havealso proposedan implementatiorfor
weakorderingthatis lessstrictthanWC. The constraintsn their
implementationare quite similar to the constraintsmposedby
RC. Therefore the performancef their modelis expectedo be
comparableto RC in practice,and thus not significantly better
thanPC.

Scheurichand Dubois[5, 17] provide simple analyticalmod-
els to estimatethe benefitsarising from weak consistencyand
lockup-free caches. The gains predictedby thesemodelsare
large, sometimescloseto an orderof magnitudegain in perfor-

mance. We can not compareour resultsto this work, however
since their modelsare basedon non-blockingreads,while our
simulationresultsassumehe processostalls on reads.

TorrellasandHennessy19] present moredetailedanalytical
model of a multiprocessomrchitectureand estimatethe effects
of relaxingthe consistencymodelon performance A maximum
gain of 20% in performances predictedfor using weak con-
sistencyover sequentialconsistency This predictionis lower
thanthe resultsin our study dueto mainly two reasons:(i) the
latenciesassumedn [19] are lower thanthe onesin our simu-
lated architecture;and (i) the bus bandwidthassumedn their
architecturebecamea limiting factorfor caseswith high sharing,
wherethe weakermodelscould gain more otherwise.

9 Concluding Remarks

To enablemultiprocessorso hide andreducememorylatency a
numberof memoryconsistencymodelshave beenproposedn

the literature. However so far, no detailedperformanceresults
hadbeenreported.In this paperwe havepresentec simulation-
basedstudy that characterizeshe performanceof theseconsis-
tency models.

Our resultsshowedthat, for architecturesvith blockingreads,
the sequentiallyconsistenimodels(BASE and SC) havesignifi-
cantly worse performancehan the lessstrict models(PC, WC,
andRC). For the threebenchmarlapplicationsstudied,the less
strict modelswere shown to improve the processontilization
by as much as 10-40% over the BASE model. The gainsare
expectedto increasewith larger memorylatenciesthat will be
seenin future machines.

The paperfurthershowedhatmostof thebenefitsachievedy
the lessstrict modelswere dueto buffering of writes andallow-
ing readsto bypasspendingwrites. Lockup-freecacheswere
shownto be essentialfor achievingthe full potential of these
models. The ability to pipelinewrites wasnot ascritical to per-
formance,especiallywhen reasonablydeepwrite buffers were
used. The surprisingconsequenceavas that processorconsis-
tencyperformedalmostaswell asthereleaseconsistencynodel.
This wasshownto be true underseveralarchitecturalariations.
Since processorconsistencyis simpler to implementin hard-
ware, the resultssuggesthat choosingprocessorconsistencyas
the hardwaremodelmay be the mostreasonabl@pproactgiven
currentprocessors.
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