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Abstract

The memoryconsistencymodel supportedby a multiprocessor
architecturedeterminesthe amountof buffering and pipelining
that may be usedto hide or reducethe latencyof memoryac-
cesses. Severaldifferent consistencymodels have been pro-
posed. Theserange from sequential consistency on one end,
allowing very limited buffering, to release consistency on the
otherend,allowing extensivebufferingandpipelining. The pro-
cessor consistency andweak consistency modelsfall in between.
Theadvantageof the lessstrict modelsis increasedperformance
potential. The disadvantageis increasedhardwarecomplexity
anda morecomplexprogrammingmodel. To makeaninformed
decisionon theabovetradeoff requiresperformancedatafor the
variousmodels.

This paperaddressesthe issueof performancebenefitsfrom
theabovefour consistencymodels.Our resultsarebasedonsim-
ulationstudiesdonefor threeapplications.Theresultsshowthat
in anenvironmentwhereprocessorreadsareblockingandwrites
arebuffered,a significantperformanceincreaseis achievedfrom
allowing readsto bypasspreviouswrites. Pipeliningof writes,
which determinesthe rate at which writes are retired from the
write buffer, is of secondaryimportance.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

Memoryaccessesthatarenot satisfiedwithin theprocessorenvi-
ronmentexperiencelong latenciesin largescaleshared-memory
multiprocessors.Two powerful techniquesthat canhelp reduce
or hide this latencyarebuffering andpipelining of memoryac-
cesses.Unfortunately, the distributedmemory, caches,andgen-
eral interconnectionnetworksusedby large scalemultiproces-
sors[3, 11, 15] cancausemultiple requestsissuedby a processor
to executeout of order. Dependingon the memoryconsistency
model supported,variousrestrictionsareplacedon the amount
of buffering and pipelining allowed. Thus, the choice of the
memoryconsistencymodel directly affects the performanceof
the machine.

Severalmemoryconsistencymodelshave beenproposedin
the literature.The strictestmodelis sequential consistency (SC)
[10], whichrequirestheexecutionof aparallelprogramto appear
as someinterleavingof the executionof the parallel processes

on a sequentialmachine.While conceptuallyintuitive andele-
gant, the model imposessevererestrictionson the outstanding
accessesthat a processmay have, thus restricting the buffer-
ing and pipelining allowed. One of the least strict models is
release consistency (RC) [6], which allows significant overlap
of memoryaccessesgiven synchronizationaccessesare identi-
fied andclassifiedinto acquiresandreleases.Two othermodels
that havebeendiscussedin the literatureare processor consis-
tency (PC) [6, 8] andweak consistency (WC) [4, 5]. Thesefall
betweensequentialand releaseconsistencymodelsin termsof
strictness.

While the less strict models provide a higher potential for
performance,they also requiremorecomplicatedhardwareand
result in a morecomplexprogrammingmodel. Data indicating
the performanceachievedunder eachof the abovemodels is
essentialin allowing a systemdesignerto makean appropriate
decisionon the model to support. So far, detailedperformance
datahasnot beenavailable. This paperpresentssimulationre-
sults comparingthe performanceof theseconsistencymodels
basedon three engineeringapplications. The applicationsare
a particle-basedsimulatorusedin aeronautics(MP3D) [13], an
LU-decompositionprogram(LU), anda digital logic simulation
program(PTHOR)[18]. The simulatedarchitectureis basedon
the StanfordDASH multiprocessor[11].

Our resultsshow that in an architecturewith blocking reads
andbufferedwrites(typical for currentcommercialmicroproces-
sors),the sequentialconsistencymodeldoessignificantlyworse
than all other models. While this is somewhatexpected,the
surprising result is that the processorconsistencymodel does
almostaswell as the releaseconsistencymodel,andfor oneof
the benchmarks,betterthanthe weakconsistencymodel. These
resultsindicatethatthegainfrom allowing readsto bypasspend-
ing writes(allowedin PC,WC, andRC) is muchmoreimportant
thanallowing writes to be pipelined(allowedin WC andRC).

The next two sectionspresenta descriptionof the classof
multiprocessorarchitectures,thesimulationenvironment,andthe
benchmarkapplicationsusedin this study. Section4 presents
backgroundinformation and an implementation-orientedview
of the consistencymodels. Simulationresultsare presentedin
Section5. Section6 exploresthe effectsof prefetchingon the
models. A generaldiscussionaboutthe resultsand the related
work is given in Sections7 and 8. Finally, we concludein
Section9.
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2 Multiprocessor Architecture and Sim-
ulator

To enable meaningful performancecomparisonsbetweenthe
models it is necessaryto focus on a specific class of multi-
processorarchitectures.The reasonis that tradeoffs may vary
dependingon thearchitecturechosen.Forexample,thetradeoffs
for a small bus-basedmultiprocessorwherebroadcastis possi-
ble andmisslatenciesaretento twentycyclesarequitedifferent
thanthe tradeoffs for a large scalemultiprocessorwherebroad-
castis not possibleandmisslatenciesmaybea hundredor more
cycles.

For our study, we havechosenan architecturethat resembles
the DASH shared-memorymultiprocessor[11], a large scale
cache-coherentmachinecurrently being built at Stanford. We
use the actual parametersfrom the DASH prototypewherever
possible,but have removedsomeof the limitations that were
imposedon theDASH prototypedueto design-timeconstraints.
Figure1 showsthe high-levelorganizationof the simulatedar-
chitecture,which consistsof severalprocessingnodesconnected
througha low-latencyscalableinterconnectionnetwork. Physi-
cal memoryis distributedamongthenodesandcachecoherence
is maintainedusing a distributeddirectory-basedprotocol. For
eachmemoryblock, the directorykeepstrack of remotenodes
cachingthe block, and point-to-pointmessagesare sent to in-
validateremotecopies.Acknowledgementmessagesareusedto
inform theoriginatingprocessingnodewhenan invalidationhas
beencompleted. Although the DASH prototypehas four pro-
cessorswithin eachnode,we simulatean architecturewith only
one processorper node. This allows us to isolatethe effect of
the consistencymodelsmoreclearly.

Due to thedistributionof thememorysystemandthegeneral
interconnectionnetwork in this architecture,two accessesthat
areissuedin ordermaycompletein a differentorder. For exam-
ple, if a producerprocesswrites a variableandthensetsa flag,
the consumerprocessmay seethe flag setwhile still holding a
stalevalueof the variablein its cache.To preservethe desired
order, the settingof the flag can be delayeduntil the write to
the variableis performed.In the simulatedarchitecture,a read
is consideredperformed whenthe returnvalueis boundandcan
not be modifiedby otherwrite operations.Similarly, a write is
consideredperformed whenexclusiveownershipis acquiredand
all othercopieshavebeeninvalidated.Forsimplicity, weassume
writesareatomic[5]. Thearchitectureprovidesa mechanismto
keeptrack of multiple outstandingaccessesfor eachprocessor
and allows for the processorto be stalleduntil all pendingac-
cesseshaveperformed(for details,see[6]). Thenotionof 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.Thewrite-throughcacheenablesprocessors
to do single cycle write operations. The first-level data cache
interfacesto a 256-Kbytesecond-levelwrite-backcache.Thein-
terfaceconsistsof a readbuffer anda write buffer. Both thefirst
andsecond-levelcachesaredirect-mappedandsupport16-byte
lines.

In theabovearchitecture,theprocessoror thewrite buffer may
bestalleddueto constraintsimposedby theconsistencymodelor
purelydueto implementationconstraints.Forexample,although
a consistencymodel may allow multiple outstandingaccesses,
the implementationof the cachemay not allow this. To sepa-
rate out the consistencymodel issuesfrom the implementation
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Figure1: Thesimulatedarchitectureandprocessorenvironment.

decisions,we will examinethe performanceof the modelsun-
derimplementationsof varyingaggressiveness.Wewill consider
threeversionsof theimplementation:(i) LFC, anaggressiveim-
plementationwith lockup-freecaches[9, 16], readsthat bypass
the write buffer, anda 16 word deepwrite buffer; (ii) RDBYP,
which is the sameasLFC, exceptcachesareno longerlockup-
free;and(iii) BASIC, which is thesameasRDBYP, exceptthat
readsare not allowed to bypassthe write buffer. Lockup-free
cachesallow multiple accessesto be in servicesimultaneously,
asopposedto servicingoneaccessat a time. Unlessstatedoth-
erwise,all performancecomparisonswill use the LFC version
of the CPU, sinceit minimizesshortcomingsdue to the imple-
mentation.

For our studies,an event-drivensimulatoris usedto simulate
the majorcomponentsof theDASH architectureat a behavioral
level. The simulationsare basedon a 16 processorconfigura-
tion. The simulatoris tightly coupledto theTango[7] reference
generatorto assurea correctinterleavingof accesses.For exam-
ple, a processdoing a readoperationis blockeduntil that read
completes,where the latencyof the read is determinedby the
architecturesimulator. Main memory is distributedacrossall
nodesandallocatedusinga round-robinschemefor theapplica-
tions.

The latencyof a memoryaccessin the simulatedarchitecture
dependsonwherein thememoryhierarchytheaccessis serviced.
Table1 showsthelatencyfor servicinganaccessatdifferentlev-
els of thehierarchy, in theabsenceof contention(thesimulation
resultsinclude the effect of contention,however). The latency
shownfor writesis thetime for acquiringexclusiveownershipof
theline, whichdoesnotnecessarilyincludethetimefor receiving
acknowledgementmessagesfrom invalidations. The following
namingconventionis usedfor describingthememoryhierarchy.
The local node is thenodethatcontainstheprocessororiginating
a given request,while the home node is the nodethat contains
the main memoryanddirectory for the given physicalmemory
address.A remote node is any othernode.

SynchronizationprimitivesarealsomodeledafterDASH. The
queue-basedlock primitive [11] is usedfor supportinglocks. In
general,locks are not cachedexceptwhena processoris spin-
ning on a lockedvalue. When the lock is released,if thereare
any waiting processors,one is chosenat randomandis granted
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Table1: Latencyfor variousmemorysystemoperationsin pro-
cessorclocks. Numbersarebasedon 25MHz processors.

Read Operations
Hit in PrimaryCache 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 usingan updatemessage.Acquiring a free lock takes
18 and 59 processorcyclesfor local and remotelocks, respec-
tively. Barriersare implementedusing fetch-and-incrementsin
thegatherstageandusingupdatewritesfor releasingthewaiters.
The total latencyto performa barrier for 16 processors,given
all reachthe barrier at the sametime, is about 330 processor
cycles.

3 Benchmark Applications

The programschosenfor this evaluationrepresentapplications
usedin an engineeringcomputingenvironment.All of the ap-
plications are written in C and use the synchronizationprimi-
tivesprovidedby theArgonneNationalLaboratorymacropack-
age[12]. The threeapplicationsthat we studyareMP3D, LU,
andPTHOR.

MP3D [13] is a 3-dimensionalparticlesimulator. It is usedto
study the pressureandtemperatureprofilescreatedasan object
flies at high speedthroughthe upperatmosphere.The overall
computationof MP3D consistsof evaluatingthe positionsand
velocitiesof moleculesover a sequenceof time steps. During
eachtime step, the moleculesare picked up one at a time and
movedaccordingto their velocity vectors.If two particlescome
close to eachother, they may undergo a collision basedon a
probabilisticmodel. Collisions with the object and the bound-
aries are also modeled. The simulator is well suited to paral-
lelization becauseeachmoleculecan be treatedindependently
at eachtime step. The main synchronizationconsistsof barri-
ersbetweeneachtime step. For our experimentswe ran MP3D
with 10,000 particles,a 64x8x8 spacearray, and simulated5
time steps.

LU performsLU-decompositionfor densematrices.The pri-
mary data structure in LU is the matrix being decomposed.
Working from left to right, a column is used to modify all
columnsto its right. Onceall columnsto the left of a column
havemodifiedthatcolumn,it canbeusedto modify the remain-
ing columns. Columnsarestaticallyassignedto the processors
in an interleavedfashion. Eachprocessorwaits until a column
hasbeenproduced,and then that column is usedto modify all
columnsthat the processorowns. Oncea processorcompletesa
column,it releasesany processorswaiting for that column. For
our experimentswe performedLU-decompositionon a 200x200
matrix.

PTHOR [18] is a parallel distributed-timelogic simulator
basedon the Chandy-Misrasimulationalgorithm. The primary
data structuresassociatedwith 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
( � 1,000) ( � 1,000) 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),andthetaskqueueswhich containactivatedelements.
Eachprocessorexecutesthe following loop. It removesan ac-
tivatedelementfrom oneof its taskqueuesanddeterminesthe
changeson that element’s outputs.It then looks up the net data
structureto determinewhich elementsare affectedby the out-
put changeand schedulesthe newly activatedelementson to
taskqueues.For our experimentswe simulatedfifteenclock cy-
cles of a multiplier circuit consistingof the equivalentof 5000
two-input gates.

Table2 presentssomegeneralinformationaboutthethreeap-
plications. To minimize the architecturaldependencefor such
measurements,a latencyof one cycle was assumedfor all ac-
cesses(we will refer to this as the IDEAL architecture).Busy
cyclesspecifytheamountof usefulcyclesin theprogram,while
sharedreferencesindicatesthe numberof read,write, andsyn-
chronizationaccessesissuedby theprogram.Thehighprocessor
utilization on the IDEAL architectureimplies thereis sufficient
parallelismin thealgorithmsfor 16 processors.Table3 presents
moredetailedstatisticsontheaccessbehaviorof theapplications.
Therateof readandwrite missesandtherateof synchronization
areimportantfactorsin determiningthe relativeperformanceof
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 cachesare largeenoughto
hold the matrix completelyandthe applicationdoesnot havea
lot of communication.For all threeapplication,the numberof
readmissesis higher thanthe numberof write misses.Finally,
PTHOR is shown to have the highest rate of synchronization
comparedto the othertwo applications.

4 Consistency Models and Their Imple-
mentation

This sectionprovidesageneraloverviewof theconsistencymod-
els. We also describethe implementationrestrictionsthat are
imposedby eachmodel. The main goal of this section is to
developintuition aboutsituationsin which the lessstrict models
areexpectedto performbetter. The contentsof this sectionwill
alsoform thebasisof argumentsusedto explainsimulationdata
in the following sections.

4.1 General Overview

A consistencymodelimposesrestrictionson theorderof shared
memoryaccessesinitiatedby eachprocess.The strictestmodel,
originally proposedby Lamport [10], is sequentialconsistency
(SC).Sequentialconsistencyrequirestheexecutionof a parallel
programto appearassomeinterleavingof the executionof the
parallel processeson a sequentialmachine. Processorconsis-
tency(PC) wasproposedby Goodman[8] to relax someof the
restrictionsimposedby sequentialconsistency. Processorcon-
sistencyrequiresthat writes issuedfrom a processormay not
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Table3: Numberof sharedread,write, andsynchronizationaccessesfor a 16 processorconfiguration.
Numbersin parenthesesareratesgiven asreferencesper thousandcycleson the IDEAL architecture.

Program reads writes r/w read misses write misses rmiss/wmiss locks unlocks barriers
( � 1,000) ( � 1,000) ratio ( � 1,000) ( � 1,000) ratio

MP3D 1,454 633 2.3 210 151 1.4 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 2.4 360,269 360,269 19,536
(218) (25) (25) (10) (4.0) (4.0) (0.22)

be observedin any orderotherthanthat in which they were is-
sued. However, the order in which writes from two processors
occur, asobservedby themselvesor a third processor, neednot
be identical. Theconstraintsto satisfyprocessorconsistencyare
specifiedformally in [6].

A morerelaxedconsistencymodelcanbe derivedby relating
memoryrequestorderingto synchronizationpoints in the pro-
gram. Theweakconsistencymodel(WC) proposedby Duboiset
al. [4, 5] is basedon theaboveideaandensuresthat memoryis
consistentonly at synchronizationpoints. As an example,con-
sidera processupdatinga datastructurewithin a critical section.
UnderSC,everyaccesswithin thecritical sectionis delayeduntil
the previousaccesscompletes.But suchdelaysareunnecessary
if the programmerhasalreadymadesurethat no otherprocess
can rely on the datastructureto be consistentuntil the critical
sectionis exited. Weak consistencyexploits this by allowing
accesseswithin the critical sectionto be pipelined. Correctness
is achievedby guaranteeingthat all previousaccessesare per-
formedat the beginningandendof eachcritical section.

Releaseconsistency(RC) [6] is an extensionof weakconsis-
tencythatexploitsfurther informationaboutsynchronizationby
classifyingthem into acquireand releaseaccesses.An acquire
synchronizationaccess(e.g.,a lock operationor a processspin-
ning for a flag to be set) is performedto gain accessto a setof
sharedlocations.A release synchronizationaccess(e.g.,an un-
lock operationor a processsettinga flag) grantsthis permission.
An acquireis accomplishedby readinga sharedlocation until
an appropriatevalue is read. Thus,an acquireis alwaysassoci-
atedwith a readsynchronizationaccess(see[6] for discussion
of read-modify-write accesses).Similarly, a releaseis always
associatedwith a write synchronizationaccess. In contrastto
WC, RC doesnot requireaccessesfollowing a releaseto be de-
layedfor thereleaseto complete;thepurposeof thereleaseis to
signalthat previousaccessesarecomplete,andit doesnot have
anythingto sayaboutthe orderingof the accessesfollowing it.
Similarly, RC doesnot requirean acquireto be delayedfor its
previousaccesses.

Figure2 showsthe restrictionsimposedby eachof the four
consistencymodelsstudiedin the paper.1 The orderingrestric-
tions are presentedin terms of when an accessis allowed to
perform. As shown,sequentialconsistencycan be guaranteed
by requiringsharedaccessesto performin programorder. Pro-
cessorconsistencyallows moreflexibility over SC by allowing
readoperationsto bypasspreviouswrite operations.Weakcon-
sistencyand releaseconsistencydiffer from SC andPC in that
they exploit informationaboutsynchronizationaccesses.Both
WC andRC allow accessesbetweentwo synchronizationopera-

1The weak consistencyand releaseconsistencymodels shown are the
WCscandRCpcmodels,respectively, in the terminologypresentedin [6].
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tions to bepipelined,asshownin Figure2. Thenumberson the
blocksdenotethe orderin which the accessesoccurin program
order. The figure showsthat RC providesfurther flexibility by
exploiting informationaboutthe type of synchronization.

4.2 Implementation Oriented View

Table4 summarizesthe implementationrestrictionsimposedby
eachof the modelsgiven processorswith blocking reads(these
are sufficient, but not necessary, restrictionsfor satisfyingeach
model). A BASE modelhasbeenaddedto the four consistency
modelsdiscussedearlier. This is themostconstrainedmodeland
is usedasbaselinefor all performancecomparisons.It incorpo-
ratesno bufferingor pipeliningandwaitsfor eachreadandwrite
to completebeforeproceeding.The implementationrestrictions
are considerablysimplified for processorsthat block on loads
(typical of most commercialmicroprocessors).All consistency
model constraints,wherean accessmust block for a preceding
load or acquire,areautomaticallysatisfied.

To qualitativelycomparethe performanceof the consistency
models,considerthe sourcesof idle time for a processor. At
the architecturelevel, the idle time consistsof (i) readaccesses
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Table4: Implementationof consistencymodels.

Operation BASE SC PC WC RC

1. Read

(a) Processor issues
readandstallsfor read
to perform.

Note:
(i) No pending writes
arepossible.Seepoint
2.

(a) Processorstalls for
pendingwrites to per-
form (or,
in very aggressiveim-
plementations,to gain
ownership[1]).

(b) Processor issues
readandstallsfor read
to perform.

(a) Processor issues
readandstallsfor read
to perform.

Note:
(i) Reads
are allowed to bypass
pendingwrites.

(a) Processor issues
readandstallsfor read
to perform.

Notes:
(i) Reads
are allowed to bypass
pendingwrites.
(ii) For interactionwith
pending releases, see
point 4.

(a) Processor issues
readandstallsfor read
to perform.

Note:
(i) Reads
are allowed to bypass
pendingwrites and re-
leases.

2. Write

(a) Processor issues
write and stalls for
write to perform.

Note:
(i) No need for write
buffer.

(a) Processorsendswrite to write buffer (stalls
if write buffer is full).

Note:
(i) Write buffer retiresa write only after the
write is performed,or in very aggressiveim-
plementations,whenownershipis gained[1].

(a) Processorsendswrite to write buffer (stalls
if write buffer is full).

Notes:
(i) Write buffer doesnot requireownershipto
be gainedbeforeretiring a write.
(ii) For interactionwith acquires/releases,see
points3,4.

3. Acquire Treated as Read Treated as Read Treated as Read

(a) Processorstalls for
pendingwrites and re-
leasesto perform.

(b) Processorissuesac-
quire andstalls for ac-
quire to perform.

(a) Processorissuesac-
quire andstalls for ac-
quire to perform.

Note:
(i) Processordoes not
needto stall for pend-
ing writesandreleases.

4. Release Treated as Write Treated as Write Treated as Write

(a) Processorsendsre-
lease to write buffer
(stallsif write buffer is
full).

Notes:
(i) Write buffer cannot
retire the releaseuntil
all previouswrites are
performed.
(ii) Write buffer stalls
for releaseto perform.
(iii) Processorstalls at
next read after release
for releaseto perform.

(a) Processorsendsre-
lease to write buffer
(stallsif write buffer is
full).

Note:
(i) Write buffer cannot
retire the releaseuntil
all previouswrites and
releasesareperformed.

stalling for data, (ii) processorstalling for previouswrites (or
releases)to complete,(iii) write (or release)accessesstalling
when write buffer is full, and (iv) acquire accessesspinning
until the correspondingreleaseis observed. The performance
with a particularconsistencymodel dependson how effective
the model is in reducingthis idle time.

Let us first comparethe BASE and SC modelsas shownin
Table 4. While both modelsguaranteesequentialconsistency,
SC is a moreaggressiveformulation. The main differenceis in
howwritesaretreated.For theBASE model,theprocessorstalls
immediatelyaftereachwrite until thewrite completes.With SC,
thewritesareput in the write buffer andtheprocessoris stalled
at the following readoperationinstead.As a result,part of the
write latencycanbeoverlappedwith computationup to thenext
read. In most cases,however, a readaccessoccurssoonafter
a write miss, and most of the latencyfor completingthe write
miss is seenby the processor.

Betweenthe SC andPC models,the major differenceis that
PC allows readsto be performedwithout waiting for pending
writes in the write buffer. This significantly decreasesthe to-
tal delayexperiencedby the processor, thus increasingthe per-
formance. Of course,one side effect is that there is a higher
probability that the write buffer may get full and stall the pro-
cessorin PC.As will beshownin thesimulationresultssection,

this rarely happensin practice. The reasonfor this is intuitive:
write missesare well interleavedwith readmissesrather than
being clustered,and the numberof readmissesusually domi-
nates.Sincethe processorhasblocking reads,the stall duration
for readmissesprovidestime for write missesto be retiredfrom
the write buffer, thuspreventingit from gettingfull.

Comparingthe PC and WC models,the WC modelexploits
knowledgeabout synchronizationaccesses. In PC, the order
amongwrite accesseshas to be preserved. In WC, however,
readsand writes betweentwo synchronizationaccessescan be
performedin any orderprovideduniprocessorcontrol and data
dependencesare maintained. As a result, reads can bypass
writes, as in the caseof PC. However, in contrastto PC, writes
can be pipelined. The pipelining allows writes to be retired
from thewrite buffer withoutrequiringownershipto beobtained.
Thusthe writes canbe retiredat a muchfasterratethan is pos-
sible in PC. This canhelp performancein two ways. First, the
chancesof the write buffer filling up andstalling the processor
aresmallercomparedto PC. Second,if thereis a releaseoper-
ation (e.g.,unlock operation)behindseveralwrites in the write
buffer, then a remoteprocessortrying to do an acquire(e.g.,
lock on the samevariable)canobservethe releasesooner, thus
spinningfor a shorteramountof time. Although the releaseop-
erationin WC must wait until all invalidationshavecompleted
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for thepreviouswrites, it doesallow the invalidationsfor multi-
ple writesto beoverlapped.ThesereasonsindicatethatWC will
provideperformanceadvantagesoverPCif thereis a significant
clusteringof writes,especiallyif the clusteringis beforerelease
accesses.

The disadvantageof WC ascomparedto PC is the following.
In PC, the processoris neverstalledat a read(or acquire)for
pendingwrites (or release)to be performed.However, in WC,
the processorstallsat an acquirefor previouswrites or releases
to complete,and at the first readaccessafter a releasefor the
releaseto complete. This can seriouslydegradeperformance
if the applicationhas a high rate of synchronization.We will
showin theresultssectionthat for oneof theprogramsthatuses
fine-grainsynchronization(PTHOR),WC doesworsethanPC.

Finally, comparingWC and RC, the RC model removesthe
shortcomingof WC describedabove. Similar to PC, RC never
stalls the processorat a reador an acquirefor previouswrites
or releasesto complete. Consequently, RC can offer the best
performanceof all models.However, as in the caseof WC, the
performancegainsoverPCoccuronly whenthereis a significant
clusteringof writes.

The performancegainsfrom relaxing the consistencymodel
are accompaniedby a morecompleximplementation.The im-
plementationdifferenceamongthe modelsarisesfrom the dif-
ferent numberof outstandingrequestsallowed by eachmodel.
For the implementationto allow multiple outstandingrequests,
the cacheneedsto be lockup-free. In addition, thereneedsto
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 mosthaveonereadandonewrite access
outstanding. WC and RC allow multiple outstandingaccesses
(blocking readslimit the numberof outstandingread accesses
to one,however).The lockup-freecachefor PC is simplerthan
for WC andRC sincethereareat mosttwo accesses,a readand
a write, outstandingat any time. Furthermore, WC andRC re-
quire additionalcountersto keeptrack of whenthe outstanding
accessesarecomplete(see[6] for moredetails).

There are several secondaryeffects that are not discussed
above. For example, less strict models allow accessesto be
issuedat a fasterratethat in turn may resultin morecontention
at the networkor in the memorysystem,thusincreasingthe la-
tencyof accesses.This may offset the gainsfrom the lessstrict
models. We will further discussthe impactof suchsideeffects
in the next section.

5 Simulation Results

In this section,we presenta comparativeanalysisof the perfor-
manceachievedby the variousconsistencymodels.Section5.1
presentssimulationsfor the LFC architecturedescribedin Sec-
tion 2. SinceLFC is the most aggressivearchitecture,the re-
sults are primarily affected by the constraintsimposedby the
consistencymodelandnot by limitationsof the implementation.
Section5.2 presentsresultson the relative performanceof the
modelsfor lessaggressiveimplementations.

5.1 Results on the LFC Architecture

Figure3 showsthe relativeperformanceof the modelsfor each
application. For the purposesof this paper, we define perfor-
manceastheprocessorutilization achievedin anexecution.The
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Figure3: Relativeperformanceof modelson LFC.

reasonfor usingprocessorutilizationasthefigureof merit is that
it providesreasonableresultsevenwhen the program’s control
path is not deterministicanddependson relativetiming of syn-
chronizationaccesses.The processorutilization for eachmodel
is normalizedto the performanceof the BASE model for that
program. The resultsshow a wide rangeof performancegains
due to the less strict models. Moving from BASE to SC, the
gainsareminimal. The largestgainsin performancearisewhen
moving from SC to PC. Surprisingly, WC doesworsethanPC
for PTHOR. RC performsbetterthanall the other models,but
the gainsover PC aresmall. The maximumgain from relaxing
theconsistencymodelis about41%for MP3D,29%for PTHOR,
and11% for LU.

To betterunderstandtheaboveresults,in Figure4 wepresenta
breakdownof theexecutiontime for theapplicationsundereach
of themodels.Theexecutiontime of themodelsarenormalized
to theexecutiontime of BASE for eachapplication.Thebottom
sectionof eachcolumnrepresentsthebusytime or usefulcycles
executedby theprocessor. Theblacksectionaboveit 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 thesectionaboveit. The threesectionson top of
that representthestallsdueto write buffer beingfull, time spent
spinningwhile waiting for acquiresto complete,andtime spent
waiting at a barrier.2

Somegeneralobservationsthat canbe madefrom the break-
downare: (i) the latencyof readmissesformsa largeportionof
the idle time, especiallyoncewe moveto PC,WC, andRC; (ii)
the major reasonfor BASE and SC to be worsethan the other
modelsis thestallingof theprocessorbeforereads(andacquires)
for pendingwrites to complete;(iii) the write buffer being full
doesnot seemto bea factorin hinderingtheperformanceof PC;
and finally, (iv) the reasonfor WC performingworse than PC
andRC is theextraprocessorstallsat acquiresandthefirst read
afterreleaseaccesses(asdescribedin Section4). Thesmallvari-
ation in busy times for PTHOR is due to the non-deterministic
behaviorof the applicationfor the sameinput. We now look at
the comparativeperformanceof the modelsin greaterdetail.

2It is difficult to distinguish the shadeof somesectionswith a very small
height. Usually, the small height implies that thosesectionsare not very
important,so they cansafelybe ignored.
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Table5: Statisticson write misses(including releases).

Program Write 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 5.1

5.1.1 Performance of SC versus BASE

The performancedifferencesbetweenSC andBASE arisefrom
the fact that SC is able to overlap the latencyof write misses
up to the next readaccess.Thus,the expectedgainsdependon
the frequencywith which write missesoccur, and the average
distancebetweena write missandthefollowing read.Clustering
of write misses,with no readsin between,alsohelpsSC as the
processoris not stalled.

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

Given the contentsof Table 5, the reasonsfor the relative
performancegainsof theapplicationsareapparent.In MP3Dwe
seethatalthoughthefrequencyof write missesis relativelyhigh,
the writes arealmostimmediatelyfollowed by a readaccess—
the readis on average2 cyclesaway. Thus the completewrite
misspenaltyof about75 cyclesis observedby 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. Consequently, the gain
is higherthanin MP3D andLU.3

In general,we expectperformancegains from BASE to SC
to be small for mostapplications.This is becausereadsareex-
pectedto be closely interleavedwith writes. Significantwrite
clusteringmay occursometimes,for example,wheninitializing
datastructures,but suchoccurrencesare expectedto be infre-
quent.

5.1.2 Performance of PC versus SC and BASE

PCis thefirst modelwheresequentialconsistencyis abandoned.
For this extracomplexity in the programmingmodel,what are
thebenefits?Themainbenefitcomesfrom thefact that readsdo
not haveto stall for pendingwrites to perform. However, some
of thebenefitsmaybe lost if the write buffer getsfull andstalls
the processor. As we will show later, this secondfactor turns
out not to be an issue.

Focusingon themagnitudeof gainsfrom PC,thegainswill be
largeif thefrequencyof write missesis high or thecostof write

3The resultsfor BASE are slightly pessimisticdue to the extrawrite hit
latencyof the two-level cachestructureassumedin our simulations.This is
becauseBASE stalls the processoron every write, including write hits. SC
is lesssensitiveto this effect sincewrites are bufferedand there is usually
enoughcomputationto 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)be-
tweenreadmisses(including acquires).

accesses)per 1000 cycles is 4.2 for MP3D, 1.3 for LU, and
2.4 for PTHOR.Consequently, we shouldexpectlargegainsfor
MP3D, mediumgainsfor PTHOR,andsmallgainsfor LU. This
is indeedthe case,ascanbe seenfrom Figures3 and4.

Another secondaryeffect also becomesapparentfrom Fig-
ure4. Sincetime is compressedin PC,that is, thesamenumber
of useful instructionsis executedin a shorter time compared
to BASE, congestionin the memorysystemincreasesand read
latenciesgoup. Forexample,for MP3D,thefractionof (normal-
ized) cyclesspenton readmissesgoesup from 46% to 51% as
we movefrom BASE to PC.Consequently, someof thesavings
dueto hiding write miss latenciesarelost.

We now return to the issue of the write buffer being full.
Although difficult to makeout from Figure 4, the write buffer
stall times are negligible for MP3D, 1.2% for LU, and 0.7%
for PTHOR.Thesenumbersaresmall primarily because:(i) the
multiprocessorhasblocking reads,and (ii) the numberof read
missesis larger than the numberof write misses(seeTable3).
As a result,on average,thereis enoughtime for thewrite buffer
to retire writes while the processoris stalled for read misses.
Of course,the write buffer can build up for short periodsof
time dueto clusteredwrites, but in our benchmarkapplications
we did not seesignificant clustering. Someindication of the
interleavingof read and write missesis given by the data in
Figure 5 which is a histogramof the numberof write misses
betweenreadmiss pairs. The datashowsthat readmissesand
write missesare well interleaved. In Figure 6, we show the
fill depthof the write buffer as encounteredby write accesses
for eachof the applications.The write buffer depthof 16 used
in our simulatedarchitectureseemsmorethansufficient for the
clusteringpresentin the applications.

In summary, we seethat thePCmodelis relativelysuccessful
in hiding almostall of the latencyof writes given a reasonably
deepwrite buffer. Sincethecomparisonof PCandWC is more
involved than the comparisonwith RC, we next examinePC
versusRC. Subsequently, we comparePC andWC.

5.1.3 Performance of PC versus RC

The RC modelprovidesall the performancebenefitsof the PC
model. In addition,by exploitinginformationaboutthesynchro-
nizationaccesses,it allows pipelining of writes. That is, writes
canbe retired from the write buffer beforeownershiphasbeen

 LU
 MP3D
 PTHOR

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90

|100

 Write Buffer Depth

 P
er

ce
n

ta
g

e 
o

f 
W

ri
te

s

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure6: Distributionof writes in the write buffer for PC.

obtained.The fact that writesareretiredat a fasterratehastwo
implications: (i) thewrite buffer becomingfull is lessof a prob-
lem, and(ii) in caseswherea releaseoperationis behindseveral
writes in thewrite buffer, thatreleasecanbeobservedsoonerby
a processorwaiting to do an acquire. As was discussedin the
previoussubsection,the write buffer getting full is really not a
problemfor PC.Therefore,mostgains,if observed,will be due
to fastercompletionof synchronization.

Figure3 showsthat the 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
correspondingto synchronizationis approximatelythe samefor
the two models. In MP3D, the rate of synchronizationis too
smallto haveaneffect,andthusthebenefitsof RCarenegligible.

In contrastto MP3D, LU andPTHORdo exhibit a small per-
formancegainfrom PCto RC. For LU, the idle time breakdown
showsthat the differenceis mainly due to faster synchroniza-
tion and becauseRC doesnot have write buffer stalls (a gain
of about 2.3% and 1.2%, respectively, as shown in Figure 4).
In LU, processorssynchronizewaiting for the pivot column to
becomeready. The processorupdatingthe pivot column does
a seriesof writes beforedoing the releaseoperation,indicating
that the columnis ready. By allowing pipelining of writes, RC
allows the releaseto be issuedearlierandthusreducesthe syn-
chronizationtime. The detailedsimulationstatisticsshow that
the averagewaiting time for gaining accessto a column goes
down from 1730 cyclesunderPC to 1250 cycles for RC. The
large waiting times in LU are due to the slight load imbalance
in the application(seeTable2).

The idle time breakdownfor PTHOR also showsthat most
of the performancegain is due to fastersynchronization(about
4.8% in normalizedcycles). Indeed,simulationsshow that the
averagetime to obtaina lock goesdownfrom 285cyclesfor PC
to 218cyclesfor RC. Thefastertime for synchronizationoccurs
becausePTHOR exploits fine-grainsynchronizationwith tight
producer-consumerrelationships.Although PTHOR hasa very
high rateof synchronization,severalof thereleases(unlocks)are
not in thecritical path,thatis, thereis usuallynoprocesswaiting
for the lock to be released.Therefore,the gains from making
releasesvisible 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
miss idle time wasdueto a largernumberof readmisses.This
is mostprobablydueto the fact that theprogramtook 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 andRC arisebe-
causeWC does not differentiatebetweenacquire and release
synchronizationoperations.Consequently, any synchronization
operationmustconservativelysatisfy the constraintsof both re-
leaseand acquire. Thus, comparedto RC, WC stalls the pro-
cessorat an acquireuntil pendingwrites andreleasescomplete.
In addition, the processoris stalled for pendingreleasesif it
attemptsto do a readoperation.

Theresultsin Figure3 showthatMP3DandLU performcom-
parablyunderWC and RC. The reasonis that MP3D and LU
havevery low synchronizationrates(aboutonce every 10,000
cycles on the IDEAL architecture). Therefore,the few extra
stalls in WC do not substantiallyincreasethe idle time. How-
ever, for PTHOR,RC performsnoticeablybetterthanWC since
PTHORhasa muchhighersynchronizationrate.

To understandtheperformanceof PTHORbetter, we gathered
dataregardingthe extra stalls introducedby WC over RC. We
found that thereis frequentlya write miss or releaseabout20
cycles before an acquireoperation. Similarly, there is a read
accesswithin asmallnumberof cyclesafterarelease.Therefore,
atmost20cyclesof thelatencyof thewrite missor releasecould
be hiddenandthe restof the latencyis visible to the processor.
More detaileddatashowthatvirtually all releasescauseda delay
for the next readand30% of the acquiresweredelayeddue to
previouswrite misses.

We now compareWC andPC andexplain the surprisingre-
sult that PC sometimesperformsbetter than WC. WC has the
advantagethat writes can be retired at a faster rate from the
write buffer. The disadvantageof WC to PC is the sameas the
disadvantageof WC to RC, in that WC stalls the processorat
somepointsfor pendingwrites andreleasesto perform.

Figure3 showsthat WC performsslightly betterthanPC for
LU, thesamefor MP3D,andworsefor PTHOR.ForLU, theper-
formanceis betterbecausepipeliningof writeswasshownto be
effectivein reducingtheidle time dueto synchronizationdelays.
In addition,the extrastalls introducedby WC werenot an issue
in LU. For MP3D, the discussionon PC andRC explainedwhy
pipelining doesnot gain anythingover PC. In addition,WC is
not hindereddue to the extrastalling as describedabove. This
explainswhy the two modelsperform comparablyon MP3D.
PTHORshowsan interestingresult. In PTHOR,pipeliningwas
importantto reducethe time for synchronization.However, we
alsosawthatWC causesstallsquiteoften. The disadvantageof
thestallsturnsout to begreaterthantheadvantageof pipelining
writes in this case. Therefore,we seeWC performing worse
thanPC.

The relativeperformanceof WC ascomparedto PC andRC
may be affectedby the fact thatour simulatedarchitecturedoes
not cachelocks. Cachinglocks is beneficialwhen a processor
acquiresandreleasesa lock severaltimeswith no otherproces-
soraccessingthe lock in between.All modelsgain from a faster
acquireif the lock is found in the cache.As for the reducedla-
tencyof therelease,PCandRC do notbenefitsincetheyalready
hide write and releaselatencies.WC, however, canpotentially
benefit.This mayreducethedifferencein performanceobserved
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Figure7: Performanceof MP3D underLFC, RDBYP, andBA-
SIC implementations.

for WC versusPC andRC in PTHOR.

5.2 Effect of Implementation Variations

In the previoussection,we evaluatedthe performanceof the
consistencymodels using an aggressiveimplementationwith
lockup-freecaches. The goal was to minimize the influence
of the implementationin the comparisonof the models. In this
section,we explore less aggressiveimplementationsand study
their impacton the relativeperformanceof the models.

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

Figure 7 shows the relative performanceof the models for
eachimplementationfor the MP3D application.Resultsfor the
other two applicationsindicateda similar trend. As before,we
useprocessorutilization as the figure of merit for performance.
The performancecurvesare normalizedto that for the BASE
modelon theBASIC implementation.As shown,BASE andSC
are not affectedby theseimplementationchangessinceneither
modelcanexploit 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 result showsthat lockup-free
cachesare essentialfor realizing the full potential of the less
strict models.Below we analyzetheseresultsin moredetail.

5.2.1 RDBYP Implementation

Comparingthe LFC and RDBYP implementations,we see a
large performancedifference(about20%) for MP3D underthe
PC, WC, and RC models. We examinethe performanceunder
PC modelfirst. The only differencebetweenLFC andRDBYP
for PC is that LFC canhaveboth a readmiss anda write miss
outstanding,while the RDBYP canhaveeithera readmissor a
write miss outstanding,but not both. Thus, in RDBYP, a read
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Table6: Averagelatencyfor a readmiss(in cycles).

Architecture MP3D LU PTHOR

RDBYP 106 92 91
LFC 89 86 74

miss that follows closelybehinda write miss will haveto wait
until this previouslyinitiatedwrite accesscompletes,which can
be tensof cycles. The statisticsfor MP3D show that for over
40% of the readmissesin the application,thereis a write miss
within 30 cyclesbeforethat readmiss. In addition,underLFC,
about55% of the readmisseswereservicedwhile therewas a
write miss outstanding,hencethe large performancedifference
betweenLFC andRDBYP.

The results for WC and RC also show a large decreasein
performanceif lockup-freecachesarenot used.The lockup-free
cacheprovidestwo benefitsfor WC andRC: (i) a readmiss is
servicedright awayregardlessof previouswrite misses(sameas
thebenefitfor PC),and(ii) write missesareretiredata fasterrate
by the write buffer sincethe cacheallows multiple outstanding
accesses.As shownin theprevioussubsection,thepipeliningof
write misseswasnot effective in increasingthe performanceof
MP3D. Detailedsimulationresultsshowthat, underLFC, there
wasrarelymorethanthreeoutstandingrequestsat anyonetime
for either WC or RC. Thus, similar to PC, the gain for LFC
comesprimarily from the readaccessnot having to stall while
the cacheis servicing the previouswrite miss. Table 6 shows
the averagelatencyof 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 andBASIC implementations,we seea
relatively smallerdecreasein performance.The obviousadvan-
tageof allowing bypassingis that the readmiss doesnot have
to wait for thewrite buffer to emptybeforebeingserviced.The
performancegainsfrom suchbypassingdependon theclustering
of write missesbeforethe readmiss—thegreaterthe clustering
the biggerthe gains.

The detailed simulation statistics for MP3D show that al-
thoughmany readmisseshavea write miss that occursshortly
beforethem,the clusteringof suchwrite missesis small. Thus,
thegainsof moving from BASIC to RDBYP aresmall. Finally,
the reasonthe performanceof PC is better than that of SC for
BASIC is the following. In SC, both first-level cachereadhits
andreadmissesaredelayedfor thewrite buffer to emptyout. In
PC, readhits in thefirst-levelcachearenot delayedfor pending
writes andonly 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
modelsaresuccessfulin hiding the latencyof writes in suchan
architecture,nothing is done to alleviate the latency of reads.
Consequently, we seein Figure4 that a large percentageof the
idle cycles are due to readmisses,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 prefetchmechanismsimilar to that
providedin the DASH architecture[11].

In general,there are two types of prefetching: binding and
non-binding. In binding prefetch, the value of the accessis
boundat the time the prefetchis completed.In contrast,a non-
bindingprefetchsimply bringsa copyof the locationto a higher
level in the memoryhierarchy(closer to the processor).With
a non-bindingprefetch,the locationis still accessibleto the co-
herencymechanismandis kept coherentuntil the processorac-
tually bindsthevaluethrougha 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 assumesuch a prefetch
mechanismin this section. For a detailedevaluationof non-
binding prefetching,see[14].

Theresultsin thissectionshowthatthepipeliningof writesal-
lowedby RC (andWC) becomessignificantlymoreimportantin
achievinghigh performanceoncethe latencyof readsis reduced
throughprefetching.Section6.1 presentssimulationresultsfor
ideal prefetchingof reads.Section6.2 providesa morerealistic
assessmentthrougha casestudy of one of the applicationsin
which prefetchingwasaddedto the program.

6.1 Ideal Prefetching Results

We modeledthe effectsof ideal non-bindingprefetchby artifi-
cially makingreadmissestakeonly onecycle in thesimulations
(latencyof writes and synchronizationwas not changed,how-
ever). Figure8 showsthe resultsof the simulationfor the three
applications. The performanceof eachmodel is normalizedto
that of BASE for eachapplication.

Comparingthe prefetchingresultsto thosepresentedin Fig-
ure 3, we seethat thepipeliningof writes in RC becomesmuch
more important. This is shown dramatically in the case of
MP3D.While PCperformedcomparablyto RCwith noprefetch-
ing, RC is shownto outperformPC significantlyonceprefetch-
ing is used. Detailedsimulationresultsshow that most of the
idle cycles in PC are causedby stalls due to the write buffer
being full. Simulationwith a muchdeeperwrite buffer did not
showmuchgain for PC sincethe rateof write misseswasvery
large. PTHOR also showsRC performingbetterthanPC once
prefetchingis used.Comparingtheperformanceof PCandWC,
PTHORshowsthat pipeliningof writes becamemoreimportant
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-basedcoherencescheme,onecanalsodo read-
exclusive prefetches. The read-exclusiveprefetch invalidates
other copiesof the location and brings an exclusively owned
copy closer to the processorthat issuedthe prefetch; this re-
ducesthe latencyfor both readsandwrites. Given non-binding
prefetching,this techniqueis applicableto all themodels.Since
the major performancedifferencefrom the modelscomesfrom
their effectivenessin reducingandhiding write latency, the re-
ductionin the latencyof writes throughprefetchingwill in gen-
eral make the differenceamongthe models less pronounced.
Resultson the effects of read prefetchingand read-exclusive
prefetchingfor MP3D arepresentedin the next subsection.
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Figure8: Resultsfor ideal readprefetchingon LFC.

6.2 Case Study for MP3D

In this subsection,we presentresultsfor two versionsof MP3D,
onewith explicit readprefetching,andanotherwith 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
specialcacheassociatedwith eachnode. Figure 9 shows the
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 relativeperformanceof the mod-
els in 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 requestsoutstandingat thesametime. However, onceread-
exclusiveprefetchingis done, the differencebetweenPC and
WC/RC diminishesconsiderably. Indeed,reducingthe latency
of write missesincreasesthe rateat which the write buffer can
retirewrites,andthusreducesthechancesfor a full write buffer.
An interestingobservationis thatread-exclusiveprefetchingdoes
not helpWC andRC overreadprefetching(seetop right of Fig-
ure 9). The reasonis that WC andRC arehiding the latencyof
writescompletelyanyway, andthereforereducingthe latencyof
writes offersno extraperformancebenefits.

In summary, readandread-exclusiveprefetchingsubstantially
improvetheperformanceof all models,includingBASE andSC.
Weshouldnote,however, thatprefetchingis not alwayssuccess-
ful in reducingthe latencyof accesses[14]. In caseswhereread
prefetchingis successful,we show that the pipelining of writes
becomesmoreimportant.We expectread-exclusiveprefetching
to alsobe successfulif readprefetchingworks. Read-exclusive
prefetchingis shownto diminishtheimportanceof write pipelin-
ing, thusallowing PCto 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 other issuesandtradeoffs concerningconsistencymodels.

The resultspresentedin this paperwere basedon a specific
setof architecturalparametersanda limited setof benchmarks.
However, weexpectmanyof theconclusionsto hold in 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
missesaredistributedevenly(as is the casefor the applications
studied),thereis enoughtime for the write buffer to retire the
writesgiventheprocessorstallsfor readmisses.More formally,
the write buffer will not fill up if � �	��

�����

, where � and
�

are
thenumberof readandwrite misseswith correspondinglatencies
of

���
and

���
, respectively.4 Most applications,includingtheones

studiedin this paper, havemorereadmissesthanwrite misses,
especiallybecausedata is usually readbefore it is written. In
addition,mostarchitectureshavecomparablelatenciesfor reads
andwrites. Therefore,PC is expectedto performcomparablyto
RC over a wide rangeof architecturesandapplications.

This studyhasbeenprimarily concernedaboutthe gainsthat
arisefrom relaxingconsistencyconstraintsat thehardwarelevel.
Consistencyconstraintscanalsoaffect performanceat the soft-
ware level, mainly throughenablingcompiler optimizationfor
sharedvariables.For example,commoncompileroptimizations
suchas registerallocationandcommonsubexpressionelimina-
tion involve changingtheorderof accessesin 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 cansignificantlydegradethe per-
formanceof thesystem.In contrast,RC andWC provideconsid-
erableflexibility to the compilerfor optimizing sharedaccesses
andarethusdesirablemodels.In fact, thegainsachievedby do-
ing suchsoftwareoptimizationscanexceedthegainsachievable
in the hardware.

4This is a conservativecondition since the time the processoris busy
executinginstructionor waiting for acquiresynchronizationsalsocontributes
to the amountof time the write buffer hasto retire writes.
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Anotherissueconcerningconsistencymodelsis thecomplex-
ity of the model as presentedto the programmer. There have
beenseveralefforts in specifyingprogrammingrestrictionsthat
result in the relaxedmodelsbeingequivalentto sequentialcon-
sistencyas far as correctnessis concerned[2, 6]. In practice,
we havefoundthatsatisfyingsuchrestrictionsis not a problem.
Most user-level applicationsdevelopedin our groupalreadysat-
isfy the restrictionswith no changeto theprograms.Portingthe
SiliconGraphicsIRIX operatingsystemto DASH did notrequire
morethanahandfulof simplechangeseither. Still moreresearch
is needed,however, to help the programmerin identifying and
avoidingunwantedraceconditions.

Thesimulationresultspresentedin thispaperarebasedon two
major assumptions.Both assumptionslimit the gain achievable
from relaxing the consistencymodel. The first assumptionis
that theprocessorsblock on a readaccess.While theconditions
for WC and RC allow multiple readaccessesto be overlapped
andpipelined,an implementationwith blocking readsdoesnot
allow the latency of readsto be hidden in this manner. The
designof processorsthat allow multiple outstandingreadsand
out-of-orderexecutionof instructionsand their effectivenessin
hiding the latencyof readsis a currenttopic of research.

The resultsin this paperare also dependenton the assump-
tion that an invalidation-basedcoherenceschemeis used. The
tradeoffs for anupdate-basedcoherenceschemecanbequitedif-
ferent. Althoughmostprogramsexhibit a largernumberof read
missesthanwrite missesin an invalidation-basedscheme,it is
likely that the numberof read misseswill decreaseand write
updateswill substantiallyincreasein an update-basedscheme.
This may in turn makethe pipelining of writes more important
to preventthe write buffer from filling up. To determinethe
tradeoffs describedabovewill requirea morein-depthstudyof
suchupdate-basedschemes.

8 Related Work

In this section,we discusssomealternativeimplementationsthat
havebeenproposedfor sequentialconsistencyandweakconsis-
tencyandbriefly describepreviousevaluationefforts.

Adve and Hill [1] have proposeda very aggressiveimple-
mentationfor sequentialconsistency. Their schemerequiresan
invalidation-basedcachecoherenceprotocol. At points where
our SC implementationstalls for the full latency of pending
writes,their implementationstallsonly until ownershipis gained.
To makethe implementationsatisfy sequentialconsistency, the
newvaluewritten is notmadevisible to otherprocessorsuntil all
previouswrites by this processorhavecompleted.Simulations
show, however, that the latencyof obtainingownershipis only
slightly smallerthanthe latencyfor the write to complete.This
is becausethenumberof invalidationscausedby a write is usu-
ally small [20]. Sincethe visibility-control mechanismreduces
thestall time for SConly slightly, we still expectPCto perform
significantlybetterthanSC.

Adve andHill [2] havealso proposedan implementationfor
weakorderingthatis lessstrict thanWC. Theconstraintsin their
implementationare quite similar to the constraintsimposedby
RC. Therefore,theperformanceof their modelis expectedto be
comparableto RC in practice,and thus not significantly better
thanPC.

ScheurichandDubois[5, 17] providesimpleanalyticalmod-
els to estimatethe benefitsarising from weak consistencyand
lockup-freecaches. The gains predictedby thesemodelsare
large,sometimescloseto an orderof magnitudegain in perfor-

mance.We cannot compareour resultsto this work, however,
since their modelsare basedon non-blockingreads,while our
simulationresultsassumethe processorstallson reads.

TorrellasandHennessy[19] presenta moredetailedanalytical
model of a multiprocessorarchitectureand estimatethe effects
of relaxingtheconsistencymodelon performance.A maximum
gain of 20% in performanceis predictedfor using weak con-
sistencyover sequentialconsistency. This prediction is lower
than the resultsin our studydueto mainly two reasons:(i) the
latenciesassumedin [19] are lower than the onesin our simu-
lated architecture;and (ii) the bus bandwidthassumedin their
architecturebecamea limiting factorfor caseswith high sharing,
wherethe weakermodelscould gain moreotherwise.

9 Concluding Remarks

To enablemultiprocessorsto hideandreducememorylatency, a
numberof memoryconsistencymodelshavebeenproposedin
the literature. However, so far, no detailedperformanceresults
hadbeenreported.In thispaper, wehavepresentedasimulation-
basedstudy that characterizesthe performanceof theseconsis-
tencymodels.

Our resultsshowedthat, for architectureswith blockingreads,
the sequentiallyconsistentmodels(BASE andSC) havesignifi-
cantly worseperformancethan the lessstrict models(PC, WC,
andRC). For the threebenchmarkapplicationsstudied,the less
strict modelswere shown to improve the processorutilization
by as much as 10-40%over the BASE model. The gains are
expectedto increasewith larger memorylatenciesthat will be
seenin futuremachines.

Thepaperfurthershowedthatmostof thebenefitsachievedby
the lessstrict modelsweredueto buffering of writesandallow-
ing readsto bypasspendingwrites. Lockup-freecacheswere
shown to be essentialfor achievingthe full potential of these
models.The ability to pipelinewrites wasnot ascritical to per-
formance,especiallywhen reasonablydeepwrite buffers were
used. The surprisingconsequencewas that processorconsis-
tencyperformedalmostaswell asthereleaseconsistencymodel.
This wasshownto betrueunderseveralarchitecturalvariations.
Since processorconsistencyis simpler to implement in hard-
ware,the resultssuggestthat choosingprocessorconsistencyas
thehardwaremodelmaybe themostreasonableapproachgiven
currentprocessors.
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