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ABSTRACT
Snoopingand directory-basedcoherenceprotocolshave become
the de factostandardin chip multi-processors,but neitherdesign
is without drawbacks.Snoopingprotocolsarenot scalable,while
directoryprotocolsincur directorystorageoverhead,frequentin-
directions,andaremoreproneto designbugs. In this paper, we
proposeanovel coherenceprotocolthatgreatlyreducesthenumber
of coherenceoperationsandfallsbackonasimplebroadcast-based
snoopingprotocolwheninfrequentcoherenceis required.Thisnew
protocol is basedon the premisethat most blocksare eitherpri-
vate to a coreor read-only, andhence,do not requirecoherence.
This will be especiallytrue for future large-scalemulti-core ma-
chinesthatwill be usedto executemessage-passingworkloadsin
theHPCdomain,or multiple virtual machinesfor servers. In such
systems,it is expectedthata very small fractionof blockswill be
bothsharedandfrequentlywritten,hencetheneedto optimizeco-
herenceprotocolsfor a new commoncase. In our new protocol,
dubbedSWEL (protocol statesare Shared,Written, Exclusivity
Level), the L1 cacheattemptsto storeonly private or read-only
blocks,while sharedandwritten blocksmustresideat the shared
L2 level. Thesedeterminationsaremadeat runtimewithout soft-
wareassistance.While accessesto blocksbanishedfrom the L1
becomemoreexpensive, SWEL canimprove throughputbecause
directory indirection is removed for many commonwrite-sharing
patterns.Comparedto aMESI baseddirectoryimplementation,we
seeup to 15%increasedperformance,a maximumdegradationof
2%,andanaverageperformanceincreaseof 2.5%usingSWELand
its derivatives.Otheradvantagesof thisstrategy arereducedproto-
col complexity (achieved by reducingtransientstates)andsigni�-
cantlylessstorageoverheadthantraditionaldirectoryprotocols.
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1. INTRODUCTION
It is expectedthatmulti-coreprocessorswill continueto support

cachecoherencein the future. Cachecoherenceprotocolshave
beenwell-studiedin the multi-socket multiprocessorera [9] and
severalsnooping-basedanddirectory-basedprotocolshaveemerged
asclear favorites. Many of theseexisting solutionsarebeingdi-
rectly employedin modernmulti-coremachines.However, we be-
lievethatthereareseveraldifferencesbetweenthetraditionalwork-
loadsthatexecuteon modernmultiprocessors,andworkloadsthat
will bedesignedfor futuremany-coremachines.

Expensive multi-socket systemswith hardwarecachecoherence
weredesignedwith speci�c shared-memoryapplicationsin mind,
i.e., they werenot intendedasgeneral-purposedesktopmachines
that executea myriad of single and multi-threadedapplications.
Many of theapplicationsrunningon today's multi-coremachines
arestill single-threadedapplicationsthat do not explicitly rely on
cachecoherence.Further, future many-coresin serversanddata-
centerswill likely executemultipleVMs (eachpossiblyexecutinga
multi-programmedworkload),with no datasharingbetweenVMs,
againobviating the needfor cachecoherence.We arenot claim-
ing thattherewill bezerodatasharingandzeromulti-threadedap-
plicationson future multi-cores;we aresimply claiming that the
percentageof cycles attributed to sharedmemorymulti-threaded
execution(thattruly needscachecoherence)will bemuchlower in
themany-coreerathanit ever waswith traditionalhardwarecache
coherentmultiprocessors.If the new commoncaseworkload in
many-coremachinesdoesnotneedcachecoherence,alargeinvest-
ment(in termsof dieareaanddesigneffort) in thecachecoherence
protocolcannotbejusti�ed.

Continuingtheabove line of reasoning,we alsonotethatmany-
core processorswill also be usedin the high performancecom-
puting (HPC) domain,wherehighly optimizedlegacy MPI appli-
cationsare the commoncase. Datasharingin theseprogramsis
doneby passingmessagesandnot directly throughsharedmem-
ory. However, on multicoreplatformsthesemessagesarepassed
throughsharedmemorybuffers,andtheiruseshowsastrongproducer-
consumersharingpattern. State-of-the-artdirectory-basedcache
coherenceprotocols,which arecurrentlyemployed in large-scale
multi-cores,arehighly inef�cient whenhandlingproducer-consumer
sharing.This is becauseof theindirectionintroducedby thedirec-



tory: the producerrequiresthreeserializedmessagesto complete
its operationandthe consumeralsorequiresthreeserializedmes-
sages.Thus,directoryprotocolsarelikely to behighly inef�cient
for boththeon-chipandoff-chip sharingpatternsthatarebecoming
commonin large-scalemulti-cores.

Given the dramaticshift in workloads, there is a needto re-
considerthe designof coherenceprotocols;new coherencepro-
tocolsmustbedesignedto optimizefor a new commoncase.We
must�rst optimizefor theproducer-consumersharingpattern.Sec-
ondly, if mostblocksareonly goingto betouchedby asinglecore,
thestorageoverheadof traditionaldirectoriesthattracklargeshar-
ing vectorsis over-provisionedandshouldbeeliminated.Finally,
weneedsimplerprotocolsthatcanlowerdesignandveri�cation ef-
forts whenscalingout. In this paper, we proposea novel hardware
cachecoherenceprotocolthattriesto achieve theabove goals.

Our protocol (namedSWEL after the protocolstates)is based
on the premisethat a large fraction of blocksareeitherprivateto
a core or are sharedby multiple coresin read-onlymode. Such
blocksdo not requireany cachecoherence.Blocks mustbe both
sharedand written for coherenceoperationsto be necessary. A
key exampleof suchblocksarethoseusedin producer-consumer
relationships.Werecognizethatblocksof this typearebestplaced
in the nearestsharedcachein the memoryhierarchy, eliminating
theneedfor constant,expensive useof coherenceinvalidationsand
updatesbetweenlocalprivatecaches.

By eliminating the traditional coherenceinvalidate/updatepat-
tern, we can avoid implementinga costly sharer-tracking coher-
encemechanism.Instead,we proposeusinga simplermechanism
thatcancategorizeblocksin oneof only two categories(privateor
read-onlyvs. sharedandwritten). Traditionaldirectoryoverheads
arenow replacedwith the book-keepingstaterequiredto achieve
this categorization.This new protocolthereforehaslower storage
overheadandfewer transientstates.Theprotocoldoeshave some
disadvantages,borneout of thefactthatsomeblocksarerelegated
to a slower, sharedcachelevel (L2 in this paper),andare there-
fore moreexpensive to access.Our resultsshow thaton averagea
SWELbasedprotocolcanoutperformatraditionalMESIdirectory-
basedprotocolby 2.5% on multi-threadedworkloadsfrom PAR-
SEC,SPLASH-2,andNAS. This improvementis accompaniedby
lower storageoverheadanddesigneffort.

In Section2 of this paper, we discussthebackgroundof coher-
enceprotocols,their purposes,andthemotivation for the features
SWEL offers. Section3 outlinestheSWEL protocol,andwe dis-
cussits operations,drawbacksandhow someof thosedrawbacks
canbeimprovedupon. In Section4 we discussthetheoreticaldif-
ferencesbetweentheperformanceof MESI andSWEL,andthecir-
cumstancesunderwhich eachshouldhave optimalandworstper-
formance.Sections5 and6 dealwith our simulationmethodology
andresults.In Section7 we discussrelatedwork andin Section8
we wrapup ourdiscussionof theSWELprotocol.

2. BACKGROUND & MOTIVATION

2.1 DataSharing in Multi-thr eadedWorkloads
All cachecoherenceprotocolsoperateon the basicassumption

that all datamay be sharedat any time, andmeasuresneedto be
takenat every stepto ensurethatcorrectnessis enforcedwhenthis
sharingoccurs. Traditionalcoherencesystemsover-provision for
the event that all datamay be sharedby every processorat the
sametime, which is an extremely unlikely scenario. While pri-
vatedatanever will requirecoherenceoperations,shareddatamay
or maynot requirecoherencesupport.Shareddatacanbebroken
down into two classes:read-onlyandread-write.Shared,read-only

blocksarenot complicatedto handleef�ciently , assimplereplica-
tion of the datais suf�cient. Shareddatathat is also written to,
however, mustbe handledwith careto guaranteethat correctness
andconsistency is maintainedbetweencores.

Figure 1 shows the sharingpro�le of several 16 threadedap-
plicationsfrom theNAS ParallelBenchmarks[4], Parsec[5], and
Splash2[22] suite by (a) location, and (b) references.Breaking
down sharingby locationsand referencesprovides two different
views of how sharingoccurs. Figure1a indicatesthat very little
datais actuallysharedby two or morecores;on average77.0%of
all memorylocationsaretouchedby only a singleprocessor. Fig-
ure1b however, shows that in termsof memoryreferences,private
datalocationsareaccessedvery infrequently(only 12.9%of all ac-
cesses).This impliesthatthevastmajorityof accessesin workload
executionactuallyreferenceaverysmallfractionof thetotalmem-
ory locations.While themajorityof accessesareto locationswhich
areshared,very few of thoselocations(7.5%on average)areboth
sharedandwritten,thefundamentalpropertyonwhichwebasethis
work. Becauseshared/writtendatais a fundamentalsynchroniza-
tion overheadthat limits applicationscalability, we expect future
workloadsto try andminimizetheseaccessesevenfurther.

2.2 CoherenceProtocols
For thisstudy, weassumeanon-chipcachehierarchywhereeach

core hasprivate L1 instructionand datacachesand a sharedL2
cache. The L2 cacheis physically distributed on-chip suchthat
eachprocessor“tile” includesa bankof theL2 cache.We assume
an S-NUCA [16] style L2 cache,wherethe addressis enoughto
identify the bankthat containsthe relevant data. Our focusis the
implementationof hardware coherenceamongthe many private
L1s and the sharedL2, thoughour proposalcould easily be ex-
tendedto handlea multi-level hierarchy.

Coherenceis typically implementedwith snoopingor directory-
basedprotocols[9]. Bus-basedsnoopingprotocolsaregenerally
simpler to design,but arenot scalablebecauseof the sharedbus.
Directory-basedprotocolswill likely havetobeemployedfor many-
corearchitecturesof thefuture.As abaselinethroughoutthisstudy,
wewill employ aMESI directory-basedandinvalidation-basedco-
herenceprotocol. The salientfeaturesof this protocolareasfol-
lows:

� Directory storage: Eachcacheblock in L2 must maintain
a directory to keeptrack of how the block is beingshared
by theL1s. In anunoptimizeddesign,eachL2 cacheblock
maintainsabit perL1 cachein thedirectory. Eachbit denotes
if thecorrespondingL1 hasa copy of this cacheblock. The
directoryincludesadditionalbits per cacheblock to denote
the stateof the cacheblock. Thus,the directorygrows lin-
earlywith thenumberof cores(or privateL1s). Thisstorage
overheadcanbe reducedby maintaininga bit per groupof
cores[9,17]. If a bit is set in the directory, it meansthat
one of the coresin that group of coreshasa copy of the
block. Therefore,wheninvalidatinga cacheblock, themes-
sagemustbebroadcastto all thecoresin a groupmarkedas
a sharer. This tradesoff somedirectorystorageoverheadfor
a greaternumberof on-chipnetwork messages.It mustalso
benotedthateachL1 cacheblock requirestwo bits to track
oneof thefour MESI coherencestates.

� Indirection: All L1 missesmustcontactthedirectoryin L2
beforebeingserviced.Whenperforminga write, thedirec-
tory is oftencontactedandthedirectorymustsendout inval-
idationsto othersharers.The write canproceedonly after
acknowledgmentsarereceived from all sharers.Thus,mul-



a. Sharingpro�le by memorylocations b. Sharingpro�le by memoryreferences

Figure1: Moti vational Data: Memory sharing pro�le of 16 core/threadworkloads

tiple messagesmustbeexchangedon thenetwork beforethe
coherenceoperationis deemedcomplete. Similarly, when
anL1 requestsa block thathasbeenwritten by anotherL1,
the directoryis �rst contactedandthe requestis forwarded
to theL1 thathastheonly valid copy. Thus,many common
coherenceoperationsrely on thedirectoryto serve asa liai-
sonbetweenL1 caches.Unlike a snooping-basedprotocol,
theinvolvedL1 cachescannotalwaysdirectly communicate
with eachother. This indirectionintroducedby thedirectory
canslow down commoncommunicationpatterns.A primary
exampleis theproducer-consumersharingpatternwhereone
corewrites into a cacheblock andanothercoreattemptsto
readthesamecacheblock. As describedabove, eachopera-
tion requiresthreeserializedmessageson thenetwork.

� Complexity: Directory-basedcoherenceprotocolsareoften
error-proneandentireresearchcommunitiesaretacklingtheir
ef�cient designwith formal veri�cation. Sinceit is typically
assumedthatthenetwork providesnoorderingguarantees,a
numberof cornercasescanemergewhenhandlinga coher-
enceoperation.This is furthercomplicatedby theexistence
of transientcoherencestatesin thedirectory.

In this work, we attemptto alleviate the above threenegative at-
tributesof directory-basedcoherenceprotocols.

3. SWEL PROTOCOL AND
OPTIMIZA TIONS

We�rst describethebasicworkingsof theSWELprotocolfrom
a high level. The protocol designis intendedto overcomethree
major de�cienciesin a baselinedirectory-basedprotocol: the di-
rectorystorageoverhead,theneedfor indirection,andtheprotocol
complexity. Thebasicpremiseis this: (i) many blocksdonot need
coherenceandcanbe freely placedin L1 caches;(ii) blocksthat
wouldneedcoherenceif placedin L1 areonly placedin L2. Given
this premise,it appearsthatthecoherenceprotocolis all but elim-
inated. This is only partially true as other book-keepingis now
requiredto identify whichof theabove two categoriesa block falls
into.

If a cacheblock is eitherprivateor is read-only, thenthatblock
canbesafelycachedin theL1 withouteverneedingto worry about
coherence.If the block is both shared(not private) and written
(not read-only),thenit mustnever exist in the L1 andmustexist
at thelowestcommonlevel of thecachehierarchy, whereall cores

have equalaccessto it without fear of ever requiring additional
coherenceoperations. If a block is mis-categorizedas read-only
or asprivate, then it mustbe invalidatedandevicted from all L1
cachesandmustresidepermanentlyin thelowestcommonlevel of
cache.

Considerfrom a high level how a block undergoesvarioustran-
sitionsover its lifetime. Whenablock is initially read,it is brought
into bothL1 andL2, becauseat this earlystagetheblock appears
to bea privateblock. Someminor book-keepingis requiredin the
L2 to keeptrack of the fact that only onecorehasever readthis
block andthat therehave beenno writes to it. If othercoresread
this block or if theblock is ever written to, thenthebook-keeping
stateis updated.Whenthestatefor a block is “shared+ written,”
the block is marked as “un-cacheable”in L1 andan invalidation
is broadcastto all privatecaches.All subsequentaccessesto this
block areservicedby thelowestcommonlevel of cache,which in
ourexperimentsanddescriptionsis L2.

3.1 SWEL Statesand Transitions

3.1.1 States
Wenow explain thedetailsof theprotocolandthenew statesin-

troduced.Every L2 cacheblock has3 bits of stateassociatedwith
it, andevery L1 cacheblock has1 bit of state.The�rst statebit in
L2, Shared(S), keepstrackof whethertheblock hasbeentouched
by multiplecores.Thesecondstatebit, Written(W), keepstrackof
whetherthe block hasbeenwritten to. The third statebit, Exclu-
sivity Level (EL), which is alsotheonestatebit in theL1, denotes
which cachehasexclusive accessto this block. The exclusivity
level bit may only be set in onecachein the entiresystem,be it
theL2 or oneof theL1s. We thereforealsooftenrefer to it asthe
EL Token. Thestoragerequirementfor SWEL(3 bits perL2 block
and1 bit perL1 block) doesnot dependon thenumberof sharers
or L1 caches(unlike theMESI directoryprotocol);it is basedonly
onthenumberof cacheblocks.These4 bitsareusedto represent5
distinctstatesin thecollapsedstatediagramshown in Figure2(a).
We next walk throughvariouseventsin detail. For now, we will
assumethattheL1 cacheis write-throughandtheL1-L2 hierarchy
is inclusive.

3.1.2 Initial Access
Whena datablock is �rst readby a CPU, the block is brought

into the L2 andthe correspondingL1, matchingthe PrivateRead
statein the diagram. The EL statebit in the L1 is set to denote



(a)SWEL

(b) MESI

Figure2: CollapsedStateMachine Diagram for the SWEL and
MESI Protocols

that the block is exclusive to the L1. The block in L2 is set as
non-shared,non-written,andnot exclusive to theL2. If this block
is evicted from theL1 while in this state,it sendsa messageback
to the L2 giving up its EL bit, matchingthe L2 Only statein the
diagram. The statein the L2 is now non-shared,non-writtenand
exclusive to theL2. If readagainby a CPU,theblock will re-enter
thePrivateReadstate.

3.1.3 Writes

Whenablock is �rst writtenby aCPU,assumingit waseitherin
theL2 Only stateor thePrivateReadstate,it will enterthePrivate
R/W state.If this initial write resultedin anL2 miss,thentheblock
will enterthis statedirectly. A messageis sentaspartof thewrite-
throughpolicy to the L2 so that it may updateits stateto set the
W bit. The W bit in the L2 is “sticky”, andwill not changeuntil
theblock is evicted from theL2. This messagealsocontainsa bit
thatis setif this writing CPUhastheEL tokenfor thatblock. This
is so the L2 knows to not transitionto a sharedstate. From the
PrivateR/W state,aneviction of this block will senda messageto
the L2 giving backits EL bit andit will go backto the L2 Only
state. Privatedataspendsall of its time in thesethreestates:L2
Only, PrivateReadandPrivateR/W.

3.1.4 DeterminingtheSharedState

If a cachereadsor writesa block andneitherthecachenor the
L2 have the correspondingEL token, then the L2 mustset its S
bit andentereithertheSharedReador SharedWrittenstate.Once
a block hasits S bit set in the L2, that bit cannever be changed
unlesstheblock is evictedfrom theL2. Sincethis is a sticky state,

the EL token ceasesto hold much meaningso it is unimportant
for the EL token to be reclaimedfrom the L1 that holdsit at this
time. Additional sharedreadersbeyond the �rst do not have any
additionalimpacton theL2's state.

3.1.5 L1 InvalidationandL2 Relegation

SharedReadblocksarestill able to be cachedin the L1s, but
SharedR/W blocksmustnever be. Whena block �rst entersthe
SharedR/W state,all of theL1smustinvalidatetheircopiesof that
data,andtheEL bit mustbesentbackto theL2. Theinvalidation
is donevia a broadcastbus discussedlater. Sincethis is a rela-
tively uncommonevent,we do not expectthebus to saturateeven
for high corecounts. Futureaccessesof that dataresult in an L1
missandareservicedby theL2 only. Datathat is uncacheableat
a higherlevel hasno needfor cachecoherence.Oncea block en-
terstheSharedR/W state,thereis no way for it to ever leave that
state.TheSharedR/W statecanbereachedfrom 3 differentstates.
First,a SharedReadblock canbewritten to, causingthedatato be
shared,readandnow written. Second,a PrivateR/W block canbe
accessedby anotherCPU(eitherreador written),causingthedata
to be read,written andnow shared.Finally, a PrivateReadblock
canbewritten to by anotherCPU,causingtheblock to bereadand
now writtenandshared.

3.1.6 Absenceof TransientStates

Transientstatesareusuallyintroducedin conventionaldirectory
protocolswhena requestarrivesat thedirectoryandthedirectory
mustcontacta third party to resolve the request.Suchscenarios
never happenin theSWEL protocolasmosttransactionstypically
only involve oneL1 andthe L2. TheL2 is typically contactedto
simplyseteithertheSharedor Writtenbit andtheseoperationscan
happenatomically. Theonly potentiallytricky scenariois whena
block is aboutto be categorizedas“shared+ written”. This tran-
sition happensvia an invalidation on a sharedbroadcastbus, an
operationthat is atomic.Theblock is immediatelyrelegatedto L2
without theneedto maintaina transientstate.Therefore,thebusis
strategically usedto handlethisuncommonbut tricky case,andwe
derive thecorrespondingbene�t of asnooping-basedprotocolhere
(snooping-basedprotocolsdo not typically have transientstates).

3.1.7 Requirementsfor SequentialConsistency

A sequentiallyconsistent(SC)implementationrequiresthateach
corepreserveprogramorderandthateachwritehappensatomically
in someprogram-interleavedorder[9]. In atraditionalinvalidation-
baseddirectoryMESI protocol,theatomic-writeconditioncanbe
simpli�ed to state,“a cachedvaluecannotbe propagatedto other
readersuntil the previous write to that block has invalidatedall
other cachedcopies” [9]. This condition is trivially met by the
SWELprotocol– whentheabovesituationarises,theblockis rele-
gatedtoL2 afterabroadcastthatinvalidatesall othercachedcopies.

As aperformanceoptimization,processorscanissuereadsspec-
ulatively, but thenhaveto re-issuethereadatthetimeof instruction
commit to verify that theresultis thesameasanSCimplementa-
tion. Suchanoptimizationwould applyto theSWELprotocoljust
asit would to thebaselineMESI protocol.

Now considerthespeculative issueof writesbeforeprior opera-
tionshave �nished. Notethatwritesareusuallynot on thecritical
path,sotheir issuecanbedelayeduntil thetime of commit. Since
a slow write operationcanholdup theinstructioncommitprocess,
they aretypically placedaway in a write buffer. This cangive rise
to a situationwherea threadhasmultiple outstandingwrites in a
write buffer. This mustbe handledcarefully so as to not violate



SC. In fact, a write canissueonly if the previous write hasbeen
made“visible” to its directory. This is bestexplainedwith an ex-
ample.

ConsiderabaselineMESIprotocolandthreadT1 that�rst writes
to A andthento B. At thesametime, threadT2 �rst readsB and
thenA. If thereadto B returnsthenew value,aswrittenby T1, an
SC implementationrequiresthat the readto A shouldalsoreturn
its new value.If T1'swrite requestfor A is stuckin network traf�c
andhasn't reachedthedirectory, but thewrite to B hascompleted,
thereis a possibility that threadT2 may move on with the new
value of B, but a stalevalue of A. Hence,T1 is not allowed to
issueits write to B until it hasat leastreceived an Ack from the
directoryfor its attemptto write to A. ThisAck typically containsa
speculative copy of thecacheblock andthenumberof sharersthat
will be invalidatedandthatwill besendingadditionalAcks to the
writer.

In exactly the samevein, in the SWEL protocol, we must be
surethatprevious writesare“visible” beforestartinga new write.
If the write mustbe propagatedto the L2 copy of that block, the
L2 mustsendbackan Ack so the corecanproceedwith its next
write. This is a new messagethat mustbe addedto the protocol
to help preserve SC.The Ack is requiredonly whendealingwith
shared+writtenblocksin L2 or whenissuingthe�rst write to apri-
vateblock (moreon this shortly). TheAck shouldhave a minimal
impacton performanceif thewrite buffersarelargeenough.

3.2 Optimizations to SWEL

ThebasicSWELprotocolis all thatis necessaryto maintainco-
herencecorrectly, althoughtherearesomelow-overheadoptimiza-
tionsthatimprove its performanceandpower pro�le considerably.

3.2.1 WriteBack
SWEL requiresthat all L1 writes be written throughto the L2

sothattheL2 statecanbeupdatedassoonasa write happens,just
in casethe cacheblock entersthe SharedR/W stateandrequires
broadcastinvalidation.Writing throughinto theNUCA cache(and
receiving an Ack) cansigni�cantly increaseon-chipcommunica-
tion demands.For this reason,weaddonemorebit to theL1 cache
indicating whetherthat block hasbeenwritten by that CPU yet,
whichwill beusedto reducetheamountof write-throughthathap-
pensin the cachehierarchy. This optimizationkeepsthe storage
requirementof theSWELprotocolthesamein L2 (3 bitspercache
block) andincreasesit to 2 bits percacheblock in eachL1.

Whena CPU�rst doesa write to a cacheblock, it will not have
the write backbit set for that block andmustsenda messageto
theL2 so that theL2's W bit canbesetfor thatblock. Whenthis
messagereachestheL2, oneof two thingswill happendepending
on its currentstate.Either thewrite wasto a sharedblock, which
would causea broadcastinvalidate,or the write was to a private
block,with thewriter holdingtheoriginal EL token. In theformer
casethe operationis identical to the originally describedSWEL
protocol. After this initial write message,all subsequentwrites to
thatcacheblock in theL1 canbetreatedaswrite-back.Thewrite-
backhappenswhenthis block is evicted from theL1 for capacity
issues,as in the normal caseof write-backL1 caches,or in the
eventof a broadcastinvalidateinitiatedby theSWELprotocol.

3.2.2 ReconstitutedSWEL- RSWEL
ThebasicSWELprotocolevictsandeffectively banishesShared

R/W datafrom the L1s in order to reducethe numberof coher-
enceoperationsrequiredto maintaincoherence.This causesthe
L1s to have a 0% hit ratewhenaccessessingthosecacheblocks,

andforcesall requeststo thatdatato goto thelarger, slowershared
L2 from thetime theblocksarebanished.It is easyto imaginethis
causingvery low performancein programswheredatais shared
andwritten early on in execution,but from thenon is only read.
We proposeimproving SWEL's performancein this casewith the
ReconstitutedSWELoptimization(RSWEL).Thisallowsbanished
datato becacheablein theL1sagainafterit hasbeenbanished,ef-
fectively allowing there-characterizationof SharedR/W datato be
privateor read-onlydataagain,andimproving thelatency to access
thoseblocks.After a cacheblock is reconstituted,it maybebroad-
castinvalidatedagain,and in turn it may be reconstitutedagain.
TheRSWELoptimizationaimsto allow for optimumplacementof
datain thecachehierarchyat any giventime.

Sincethegoalof theSWEL protocolis to reducecoherenceop-
erationsby forcing data to resideat a centralizedlocation, it is
not necessarilythe goal of the RSWEL optimizationto have data
constantlybouncingbetweenL1s andL2 like a directoryprotocol
would have it do. InsteadtheRSWELoptimizationonly reconsti-
tutesdataaftera periodof time, andonly if it is unlikely to cause
morecoherenceoperationsin the nearfuture. For this reasonwe
adda 2-bit saturatingcounterto the L2 statewhich is initialized
with a valueof 2 whena cacheblock is �rst broadcastinvalidated,
andwhich is incrementedeachtime the block is written while in
its banishedstate. The counteris decrementedwith someperiod
N, andwhenit reaches0, thecacheblock canbereconstitutedon
its next read.TheRSWELprotocolwith a periodN=0 will behave
similarly to a directoryprotocol,wheredatacanbereturnedto the
L1s soonafter it is broadcastinvalidated,anda periodN=in�nity
will behave identicallyto theregularSWELprotocol.

3.3 Dynamically Tuned RSWEL

TheRSWELoptimizationassumesa �x edreconstitutionperiod
for the entireprogramexecution. This doesnot take into account
transitionsin programphases,which may prefer one reconstitu-
tion periodor another. To solve this problem,we also introduce
a DynamicallyTunedversionof RSWEL,which seeksto �nd the
locally optimalreconstitutionperiodN for eachprogramphase.

Thisworksby analyzingtheperformanceof thecurrentepochof
execution,andcomparingthatwith theprevious epoch's analysis.
If suf�cient changeis noticed,thenwe considera programphase
changeto haveoccurred,andwethenexploreseveraldifferentval-
uesof N to seewhichyieldsthelocally highestperformance.After
this explorationis completed,theN with thehighestperformance
is useduntil anotherprogramphasechangeis detected.

Thedetailsof our implementationof thisschemeinto theframe-
work of the RSWEL protocolareas follows. To detectprogram
phasechanges,we usethemetricof averagememorylatency, and
whenthis variesby 5%, we considera programphasechangeto
have taken place. During exploration,we try to maximizeL1 hit
rates,asthis metric mostcloselycorrelateswith performanceand
can be measuredon a local scale. Our epochlength is 10 kilo-
cycles,andwe usethereconstitutionperiodtimersof N = 10, 50,
100,500and1,000cycles.

Averagememoryoperationlatency is an appropriatemetric to
detectprogramphasechangesbecauseit staysrelatively thesame
for a given sharingpattern,but thenchangessharplywhena new
sharingpatternis introduced,whichis indicativeof aprogramphase
change.WekepttheN-cycletimerin therangeof 10-1,000because
thehighestperformingtimervaluesfor ourbenchmarksuitearefre-
quentlywithin this range,andrarelyoutsideit, ascanbeseenlater
in Figure6a.



3.4 SWEL/RSWEL Communication
Implementation

Up to this point we have talked abouton-chipcommunication
from a very high-level perspective, but now we will describethe
methodsof communicationin theSWEL design.SWELcombines
a point-to-pointpacket-switchednetwork with a global broadcast
bus. Thepoint-to-pointnetwork is usedfor handlingcachemisses
of remotedata,write back,andwrite throughmessages.Theglobal
broadcastbusis usedexclusively for sendingoutcacheblockinval-
idationmessages.

Thepoint-to-pointnetwork servesfewerfunctionsin SWELthan
it doesin a MESI protocol. In MESI, the network serves all of
the samefunctionsasin SWEL, but it alsohandlesindirectionto
�nd the latestcopy of data,andpoint-to-pointinvalidation. If the
amountof traf�c generatedby MESI's indirectionandinvalidation
is morethantheamountof traf�c generatedby SWEL's write ad-
dressmessagesand compulsoryL1 missesof SharedR/W data,
thensomeenergy couldbesaved in thenetwork by SWEL. How-
ever, weexpectthis to likely notbethecaseastheMESI coherence
messagesareshort,but the compulsoryL2 accessesin SWEL re-
quirelargerdatatransfers.

Theglobalbroadcastbusservesa singlefunctionin SWEL,and
we believe this bus will scalebetterthanbusesaregenerallybe-
lieved to scalebecauseof its low utilization rate. Busesperform
poorly whenthey arehighly utilized. However, thebus in SWEL
is usedonly for broadcastinvalidates,andtheseoccurinfrequently,
only whenablock'sclassi�cationchanges.WhenaMESI protocol
repeatedlyperformspoint-to-point invalidatesof the samecache
block,SWEL performsonly onebroadcastinvalidateof thatcache
block ever. The RSWEL protocolmight performmultiple broad-
cast invalidatesof the sameblock, but for the right reconstitute
periodN it will do it far lessoften thana MESI protocolwould
performpoint-to-pointinvalidates.

4. SYNTHETIC BENCHMARK
COMPARISON

4.1 BestCasePerformance- MESI andSWEL
Sincecoherenceoperationsareonly requiredto bringthesystem

backinto acoherentstateafterit leavesone,nonearerequiredif the
systemnever leavesa coherentstatein the �rst place. Whenrun-
ning highly parallelprogramswith little or no sharing,or running
differentprogramsconcurrently, very few or no coherenceopera-
tionswill be required.In thecaseof MESI, no sharerbits will be
set, so whenwrites occur, no invalidationmessageswill be sent.
In the caseof SWEL, the sharedbit in the L2 stateis never set,
so when writes occur, thereare never any broadcastinvalidates.
As a result,in thecasewhereall datais processorprivate,SWEL
andMESI will perform identically. As statedearlier, we believe
thesetypesof programsto bethenormin futurelarge-scaleparal-
lel systems.For thesebenchmarkclasses,SWEL is ableto achieve
thesamelevel of performanceasMESI with a muchlower storage
overheadanddesign/veri�cation effort.

4.2 Worst CasePerformance- MESI
MESI is at its worst in producer-consumertype scenarios.In

theseprograms,oneprocessorwritesto a cacheblock, invalidating
all othercopiesof thatblockin thesystem.Later, anotherprocessor
readsthat block, requiring indirection to get the mostup to date
copy of thatblockfrom whereit wasmodi�ed by the�rst processor.
Repeatedproducingandconsumingof thesameblock repeatsthis
process.

SWEL handlesthis situationmuchmoreelegantly. Whenone
processorwritesablockandanotherreadsit, theblockpermanently
enterstheshared+ writtenstate,sothedatais only cacheablein the
L2. Fromthenon,all readsandwritesto this block have thesame
latency, which is onaveragelower thanthecostof MESI's indirec-
tion andinvalidation.Our testof asimpletwo threadproducercon-
sumerprogramshowed SWEL to perform33% betterthanMESI
in this idealcase.

4.3 Worst CasePerformance- SWEL
SWEL is at its worst whendatais sharedandwritten early in

programexecution,causingit to only becacheablein theL2, and
then rarely (if ever) written againbut repeatedlyread. SWEL is
forcedto have a 0% L1 hitrateon this block, incurringthecostof
an L2 accesseachtime which typically exceedsL1 latency by 3-
5x. This canhappenbecauseof programstructureor becauseof
threadmigrationto analternateprocessorin thesystemdueto load
balancing.If a threadmigratesin a SWEL system,thenall of its
privatewrittendatawill bemis-characterizedasSharedR/W.

In thiscase,MESI handlesitself muchmoreef�ciently . After the
block goesthroughits initial point to point invalidateearly in pro-
gramexecution,it is freeto becachedat theL1 level againbene�t-
ing from thelow L1 accesslatency. Our testof asimpletwo thread
programspeci�cally showing off this behavior showedMESI per-
forms62%betterthanSWEL. It is importantto keepin mind that
theRSWELoptimizationallowing reconstitutionof shared+written
blocksbackinto L1 completelyovercomesthis weakness.Thus,
we point out this worst caseprimarily to put our resultsfor the
baselineSWELprotocolinto context.

5. METHODOLOGY

5.1 Hardware Implementation
In order to test the impactof our new coherenceprotocol,we

modeled3 separateprotocol implementationsusingthe Virtutech
Simics[18] full systemsimulatorversion3.0.x. We modela Sun-
�re 6500machinearchitecturemodi�ed to supporta 16-way CMP
processorimplementationof in-order ultraSPARC III coreswith
systemparametersasshown in Table1. For all systemsmodeled,
ourprocessingcoresaremodeledasin-orderwith 32KB 2-wayL1
instructionanddatacacheswith a 3 cycle latency. All coresshare
a 16 MB SNUCA L2 with 1 MB local bankshaving a bank la-
tency of 10cycles.TheL2 implementsasimple�rst touchL2 page
coloring scheme[8, 15] to achieve locality within this L2 andto
reduceroutingtraf�c andaveragelatency to remotebankaccesses.
Off-chip memoryaccesseshave a static300 cycle latency to ap-
proximatebest-casemulti-corememorytimingsasseenby Brown
andTullsen[7].

Our on-chip interconnectnetwork is modeledas a Manhattan
routed interconnectutilizing 2 cycle wire delay betweenrouters
and3 cycledelaysperpipelinedrouter. All memoryandwire delay
timingswereobtainedfrom therecentCACTI 6.5updateto CACTI
6.0 [20], with a target frequency of 3 GHz at 32 nm, assuminga
1 cm2 chip size. Energy numbersfor the variouscommunication
componentscanbefoundin Table1.

5.2 Benchmarks
For all benchmarks,wechoseto useaworkingsetinputsizethat

allowedusto completetheentiresimulationfor theparallelregion
of interest.By simulatingall benchmarksandimplementationsfor
a constantamountof work, we canusethroughputasour measure
of performance.Thefewercyclesrequiredto completethisde�ned
region of interest,thehighertheperformance.This eliminatesthe



CoreandCommunicationParameters
ISA UltraSPARC III ISA

CMPsizeandCoreFreq. 16-core,3.0GHz Network Dimension-orderRoutedGrid
L1 I-cache 32KB/4-way, private,3-cycle RouterLatency 3-cycle
L1 D-cache 32KB/4-way, private,3-cycle Link Latency 2-cycle

L2 CacheOrganization 16x 1MB banks/8-way, shared BusArbitrationLatency 12-cycle
L2 Latency 10-cycle + network BusTransmissionLatency 14-cycle

L1 andL2 Cacheblock size 64 Bytes Flit Size 64 bits
DRAM latency 300cycles

Energy Characteristics
o
RouterEnergy 1:39x10� 10 J

Link Energy (64wide) 1:57x10� 11 J
BusArbitrationEnergy 9:85x10� 13 J

BusWire Energy (64wide) 1:25x10� 10 J

Table 1: Simulator parameters.

Figure3: Benchmark performance

effectsof differentialspinning[3] thatcanarti�cially boostIPCasa
performancemetricfor multi-threadedsimulations.Oursimulation
lengthrangedfrom 250million cyclesto over 10 billion cyclesper
core,with anaverageof 2.5billion cyclespercore.

6. EXPERIMENT AL RESULTS

Thesyntheticworkloadsshown in Section4 show two extremes
of how parallel programsmight behave. Real workloadsshould
alwaysfall within thesetwo boundsin termsof behavior andthere-
fore performance.This sectionwill focuson resultsfrom bench-
marksintendedto berepresentative of realparallelworkloads.We
arefocusingour evaluationon a workloadthat will stressthe co-
herencesub-systemand identify the scenarioswhereSWEL and
its variantsmay lead to unusualperformancelosses. Note again
thatSWEL is intendedto bea low-overheadlow-effort coherence
protocolfor futurecommon-caseworkloads(outlinedin Section1)
that will requirelittle coherence.For suchworkloads(for exam-
ple, a multi-programmedworkload), therewill be almostno per-
formancedifferencebetweenSWELandMESI, andSWELwill be
aclearwinneroverall. Ourhopeis thatSWELwill haveacceptable
performancefor benchmarksthat frequentlyinvoke thecoherence
protocol,andevenleadto performancegainsin afew cases(for ex-
ample,producer-consumersharing).Thebenchmarksweusecome
from the PARSEC[5], Splash2[22] andNAS Parallel [4] bench-
marksuites.

In determiningthe valueof the SWEL andRSWEL protocols,
we look at � ve main metrics: performance,L1 miss rateper in-
struction,L1 eviction rateperinstruction,network load,andenergy
requirement.

6.1 Application Throughput
Performanceis measuredby the total numberof cycles for a

programto completeratherthaninstructionspercycle, becausein
our SIMICS simulationenvironment,it is possiblefor the IPC to
changedrasticallydue to excesswaiting on locks, dependingon
thebehavior of aparticularbenchmark.As canbeseenin Figure3,
RSWEL is consistentlycompetitive with MESI, sometimessur-
passingits performance,andis never too far behindMESI. SWEL
alsocomparesfavorably with MESI in somebenchmarks,but its
worstcaseis muchworsethanRSWEL's. We includeN = 500as
a datapointbecausewe found this to be the bestall-aroundstatic
valueof N.

SWEL is ableto outperformMESI in both the CannealandIS
benchmarks.Cannealemploys �ne-graineddatasharingwith high
degreesof sharinganddataexchange.IS is a simplebucket sort
program,which exhibits producer-consumersharing.In all cases,
RSWEL outperformsSWEL, frequentlyby a large amount. The
DynamicallyTunedRSWELalgorithm(referredtoasRSWELTune
in the�gures) is consistentlyastrongperformer, but doesnotmatch
thebestN. At its worst,RSWELTuneis 2%worsethanMESI, and
at its bestit is 13%betterperforming,with anaverageof 2.5%.The
RSWELprotocolsperformespeciallyfavorablyin theCanneal,IS,
andFluidanimatebenchmarks.

6.2 L1 Evictions
EffectiveL1 cachecapacityis increasedby SWELandRSWEL,

as is evidencedby the lower numberof L1 evictions requiredby
thoseprotocols,asshown in Figure4a. Every time a new block
is allocatedinto the L1, it must evict an existing block. Under
MESI,whenablockgetsinvalidateddueto coherence,thisblockis
automaticallyselectedfor eviction ratherthanevicting a liveblock.
UnderMESI, if thatinvalidatedblock is accesseda secondtime, it
will evict yet anotherblock in the L1. TheseSharedR/W blocks
haveanegativeeffectontheeffectivecapacityof theL1 cachesdue
to thrashing.On theotherhand,the longertheSharedR/W block
staysout of the L1 the longerthat capacitycanbe usedfor other
live blocks.

SWELdoesthiswell by keepingSharedR/W dataoutof theL1s
inde�nitely. In all benchmarks,SWEL hasthe fewest L1 cache
evictions, meaningthat moreof the L1 cacheis available to pri-
vatedatafor a largerpercentageof programexecution,anddatais
not constantlybeingthrashedbetweenL1 andL2 caches.The IS
benchmarkshows thisbehavior well. RSWELandSWELhaveno-
ticeablyfewer L1 evictions thanMESI in this case.IS hasa high
demandfor coherenceoperationsandthis resultsin a high rateof
cacheblock thrashingbetweenL1 and L2. If RSWEL usesthe
right reconstitutionperiodit hasagoodopportunityto increasethe
effective cachesize.



a. L1 evictionsperkilo-instruction

b. L1 missesperkilo-instruction

Figure 4: L1 cacheperformancecomparisonof coherencepro-
tocols

6.3 L1 Miss Rate
Thecloserdatacanbefoundto wherecomputationis performed,

the higher the performance.This is why performanceis tied so
closelyto L1 hit rates.Figure4b shows thenormalizednumberof
L1 missesper instructionof eachof thedifferenttestedprotocols.
It is immediatelyapparentthatfor somebenchmarks,SWELincurs
many moreL1 missesthantheotherprotocols,causingits perfor-
manceto befrequentlyweakcomparedto theotherprotocols.The
RSWELprotocolsshow missratescomparableto MESI.

6.4 Communication Demands

� Grid Network: Network load representsthe numberof �its
that passthrough the routersof the grid interconnectnet-
work. An addressmessageis one �it long and only con-
tributes one to the network load for eachrouter it passes
through. For example, if an addressmessagemakes two
hops,thenits network impactis 3–onefor eachhopandone
for thedestinationrouterwhich it mustpassthrough.A data
message,which is comprisedof 9 �its (1 for addressand8
for data),generatesa network load of 9 for eachrouter it
passesthrough. For example,a datamessagewhich travels
onehopgeneratesanetwork loadof 18–ninefor therouterit
touchesbeforehoppingto the destination,andanothernine
for thedestinationrouter.

SinceSWEL and RSWEL write-throughto the L2 on the
�rst write of a cacheblock in L1, they will have highernet-
work demandsthan MESI. MESI is able to perform write
backon all of its writes,but SWEL protocolsmustperform

a. Average�its in thegrid network at any giventime

b. Operationsneededto maintaincoherence

Figure 5: Network utilization comparisonof coherenceproto-
cols

write-throughunlessthey have the write-back token. Al-
thoughthewrite-backoptimizationcanreducethenumberof
write-throughsby 50-98%,therearestill many extra write-
throughmessagesin thesystem.Also, sinceSWEL's L1 hit
rateis lower on averagethanMESI, thenetwork is required
moreoften to get datafrom theNUCA L2. In many cases,
the RSWEL optimizationcangreatlyreducethe amountof
network traf�c requiredby SWEL, but it still requiresmore
network traf�c thanMESI on average(Figure5a).

� BroadcastBus:Broadcastbusesareviableoptionswhenthey
areunder-utilized. Busutilization is theratio of theamount
of the time thebus is beingchargedto communicate,to the
total execution time. In our experiments,the greatestbus
utilizationrateweobservedwas5.6%,farbelow theaccepted
rateof 50%whenbusesstartto show verypoorperformance.
Thisoccurredduringtherunof theIS benchmark,whichhad
thegreatestdemandfor coherenceoperationsby far, asseen
in Figure5b.

� CoherenceOperations:We de�ne a coherenceoperationas
an actionthat mustbe taken to bring an incoherentsystem
backinto coherence.In the caseof directory-basedMESI,
therearetwo primary coherenceoperations.Point to point
invalidatesarerequiredwhenshareddatais written,causing
thesharersto becomeoutof date.L1 to L1 indirecttransfers
arerequiredwhenoneCPUholdsa block in modi�ed state
andanotherCPU attemptsa read. SWEL hasonly oneco-
herenceoperation,in contrast.Theuseof thebroadcastbus
whena block enterstheSharedR/W stateatomicallybrings
an incoherentsystemback into coherence.One broadcast



a. RSWELperformancewhenvaryingthereconstitutiontimeN

b. Performancesensitivity of SWELandRSWELto varyingnetwork andbus
latencies

Figure6: Performancesensitivity to parameter variation

businvalidatein SWELcanreplaceseveralpoint to point in-
validatesandL1 to L1 indirect transfersin directory-based
MESI.

Figure5b shows thatfor themajority of thesharingpatterns
in thesebenchmarks,relatively little effort mustbeexpended
to maintaincoherence,muchlessthanonecoherenceoper-
ation per thousandinstructions. In the caseswheregreater
effort wasrequired,SWELandRSWELsigni�cantly reduce
thenumberof coherenceoperationsrequired.

6.5 ReconstitutionPeriod Variation
The amountof time a block remainsin the L2 will affect the

overall performanceexecutionof a program. While we provide
justa few samplesthroughoutmostof ourperformancegraphs,it is
critical to seethevariancethatcanoccurby choosingasub-optimal
N . Figure6ashows theperformancesensitivity of our workloads
to variousvaluesof N . An optimalN will minimize the number
of coherenceoperationsthatoccurwhenaprogramentersthewrite
phasefor a cacheblock, but allows the block to be re-constituted
to theL1 level quickly whenthatwrite-phaseends.Blackscholes
shows thegreatestsensitivity to thechoiceof thereconstitutionpe-
riod. ChoosingthewrongN canhurt performancefrom 10-30%.
TheRSWELTuneprotocolis effective at keepingperformancefar
clear of the worst casefor every benchmark,althoughit doesn't
ever produceidealperformance.

6.6 Communication Latency Variation
SWEL andRSWELcaninject a highernumberof �its into the

communicationnetwork thanMESI for someworkloads.As a re-

Figure 7: 16-core CPU Power Consumption, Including Net-
work and Bus

sult, network performancemay be more critical to overall appli-
cationthroughputfor SWEL thanwith MESI basedprotocols.To
test this hypothesiswe ran experiments,shown in Figure6b, that
varyboththeabsoluteandrelativeperformanceof ournetwork and
broadcastbusdelays.TheX-axis of thegraphlists therelative la-
tency of thecommunicationmechanisms,comparedto thebaseline
latency parametersfoundin Table1. For example1=2 Net - 1=2 Bus
indicatesthatboththebusandnetwork latency parametersarehalf
thatof thebaseline.2x Net - 1=2 Bus indicatesthatwe have made
thebushalf thelatency, but theinterconnectnetwork twiceasslow.
The Y-axis lists the normalizedaverageperformanceof all work-
loads. For eachlatency set, SWEL andRSWEL arenormalized
to MESI performanceusingthosesamelatencies,not thebaseline
latencies.

Theresultsin Figure6bindicatethatneitherSWELnorRSWEL
aresensitive to changesin buslatency. This is not surprisinggiven
theextremelylow busutilizationbyall variationsof SWEL.RSWEL
alsoappearsto not beoverly sensitive to network latency; this is a
functionof thelow N valuesweevaluatefor optimalperformance.
SWEL,however, is extremelysensitive to network latency because
of thehighernumberof �its it injectsinto thenetwork comparedto
bothMESI andRSWELasshown in Figure5a.

6.7 Communication Power Comparison
Power consumptionis anincreasinglyimportantmetricasmore

processingcoresare�t into a CPUdie andon-chipnetworksgrow
in complexity. Figure7 shows the power consumptionof the on-
chip communicationsystemsof the various protocols. SWEL's
power requirementis greatlyincreaseddueto its increasedL1 miss
rate;moreaddressandespeciallydatamessagesaresentacrossthe
grid network in the SWEL scheme.SWEL, at its worst, is con-
tributing 2 W of power to the overall chip at 3 GHz anda 32 nm
process. This contribution will be even lower for the workloads
describedin Section1 thatmayhave little globalcommunication.

TheRSWELschemesperformmorefavorablycomparedto MESI,
but still have higherL1 missratesandwrite addressmessagesthat
MESI doesn't have. Thebroadcastbusdid not contributevery sig-
ni�cantly to the power overheadof SWEL andRSWEL.The bus
is usedinfrequentlyenough,and its per-useenergy requirement
low enough,that thegrid network energy requirementgreatlyout-
weighsit. As can be seenin Table1, oneuseof a 64-wide5x5
router usesmore energy than charging all 64 wires of the (low-
swing)broadcastbus.



7. RELATED WORK
Muchprior work hasbeendoneanalyzinganddevelopingcache

coherenceprotocols. In an effort to reducethe directorystorage
overhead,Zebchuket al. [24] suggesta way to improve the die
arearequirementof directorybasedcoherenceprotocolsby remov-
ing thetagsin thedirectoryandusingbloom�lters to representthe
contentsof eachcache.In this scheme,writescanbeproblematic
becausethey requirethat a new copy of the cacheblock be sent
from a provider to therequestingwriter, andbecauseof falsepos-
itivescausedby thebloom�lter , this provider might not still have
a valid copy of thedatain its cache.This happensinfrequentlyin
practice,but whenit doesit canbesolvedby invalidatingall copies
of thedataandstartingfreshwith a new copy from mainmemory.
Stenström[21] shows a way to reducethe directorystateusedto
tracksharersin directorybasedprotocols.TheSWEL protocol,in
contrast,changesthedirectoryscalingto belinearwith thenumber
of cacheblocksonly insteadof scalingwith both the numberof
cacheblocksandthenumberof sharers.

Brown et al. [6] presenta methodto acceleratecoherencefor an
architecturewith multiple privateL2 cacheswith a point-to-point
interconnectbetweencores.Directorycoherenceis usedwith mod-
i�cations to improve the proximity of the nodefrom which data
is fetched,therebyalleviating someof the issuesof the directory
indirectionoverhead.Acacio et al. [1,2] explore a directorypro-
tocol that usespredictionto attemptto �nd the currentholderof
theblock neededfor bothreadandwrite misses.Eisley et al. [10]
placea directoryin eachnodeof the network to improve routing
andlowerlatency for coherenceoperations.An extrastageis added
to theroutingcomputationsto directthehead�it to thelocationof
themostup-to-datedata.Hardavellaset al. [12] vary cacheblock
replicationandplacementwithin the last-level cacheto minimize
theneedfor cachecoherenceandto increaseeffectivecachecapac-
ity. They too rely on a dynamicclassi�cation of pagesaseither
privateor sharedandaseitherdataor instructionpages.

Someapproachesexist to reducethe complexity of designing
coherencehardwareby simplyperformingcoherencethroughsoft-
ware techniques.Yan et al. [23] do away entirely with hardware
cachecoherenceandinsteadrequireprogrammersor softwarepro-
�lers to distinguishbetweendatathat is sharedandwritten, and
datathatis readonly or private.Thesetwo classesof dataarestored
in separatecachehierarchies,with all SharedR/W dataaccesses
incurring an expensive network traversal. FenschandCintra [11]
similarly argue that hardwarecachecoherenceis not neededand
that the OS canef�ciently managethe cachesandkeepthemco-
herent.TheL1sarekeptcoherentby only allowing oneL1 to have
a copy of any givenpageof memoryat a time. Replicationis pos-
sible,but is especiallyexpensive in thissystem.

Attemptingto improve performance,Huh et al. [13,14] propose
separatingtraditionalcachecoherenceprotocolsinto two parts:one
to allow speculative computationson the processoranda second
to enforcecoherenceandverify thecorrectnessof thespeculation.
However, anywherefrom 10-60%of thesespeculative executions
areincorrect,makingit frequentlynecessaryto repeatthecompu-
tationoncethememoryis broughtinto a coherentstate.Martin et
al. [19] alsoaim to separatethecorrectnessandperformanceparts
of the coherenceprotocolbut do so by relying on token passing.
ThereareN tokensfor eachcacheblock, anda write requiresthe
acquisitionof all N, while only oneis neededto beasharedreader.

8. CONCLUSION
Theclassof memoryaccessestoprivateor read-onlycacheblocks

have little needfor cachecoherence,and only the SharedR/W

blocks requirecachecoherence. We devise novel cachecoher-
enceprotocols,SWEL andRSWEL, that attemptto placedatain
their “optimal” location. Privateor read-onlyblocksareallowed
to residein L1 cachesbecausethey do not needcachecoherence
operations.Written-Sharedblocks are relegatedto the L2 cache
wherethey donot requirecoherenceeitherandserviceall requests
without theneedfor indirection. Thecoherenceprotocolis there-
fore moreaboutthe classifyingblocks into categories,insteadof
being about the tracking of sharers. This leadsto a much sim-
pler andstorage-ef�cient protocol. The penaltyis that every mis-
categorizationleadsto recovery via a bus broadcast,an operation
thatkeepstheprotocolsimpleandthatis exercisedrelatively infre-
quently. We show thatRSWELcanimprove performancein a few
caseswhereread-writesharingis frequent,becauseof its elimina-
tion of indirection. It under-performsa MESI directoryprotocol
whentherearefrequentaccessesto blocksthatgetrelegatedto the
L2. In termsof overall performance,MESI andRSWELarevery
comparable.While RSWEL incurs fewer coherencetransactions
on the network, it experiencesmoreL2 look-ups. The net result
is a slight increasein network power. Our initial analysisshows
that RSWEL is competitive with MESI in termsof performance
andslightly worsethanMESI in termsof power, while doingbetter
thanMESI in other regards(storageoverhead,complexity). The
argumentfor RSWELis strongestwhenmulti-coresexecutework-
loadsthat rarelyrequirecoherence(for example,multiple VMs or
message-passingprograms).Webelieve thattheexplorationof ad-
ditional optimizationsfor RSWELmayenableit to exploit its full
potential. We believe that it is importantto seriouslyconsiderthe
meritsof a protocolthatshifts theprotocolburdenfrom “tracking
sharingvectorsfor eachblock” to “tracking thesharingnaturefor
eachblock”.
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