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ABSTRACT

Snoopingand directory-based:oherenceprotocolshave become
the de factostandardn chip multi-processorsbut neitherdesign
is without dravbacks. Snoopingprotocolsare not scalable while
directory protocolsincur directory storageoverhead frequentin-
directions,and are more proneto designbugs. In this paper we
proposeanovel coherencgrotocolthatgreatlyreduceshenumber
of coherenceperationsandfallsbackonasimplebroadcast-based
shoopingprotocolwheninfrequentcoherencés required.Thisnew
protocolis basedon the premisethat most blocks are either pri-
vateto a coreor read-only and hence,do not requirecoherence.
This will be especiallytrue for future large-scalemulti-core ma-
chinesthatwill be usedto executemessage-passingorkloadsin
the HPC domain,or multiple virtual machinedor seners. In such
systemsit is expectedthata very smallfraction of blockswill be
both sharedandfrequentlywritten, hencethe needto optimizeco-
herenceprotocolsfor a new commoncase. In our new protocol,
dubbedSWEL (protocol statesare Shared,Written, Exclusvity
Level), the L1 cacheattemptsto storeonly private or read-only
blocks, while sharedandwritten blocks mustresideat the shared
L2 level. Thesedeterminationgre madeat runtimewithout soft-
ware assistance While accesseto blocks banishedrrom the L1
becomemore expensve, SWEL canimprove throughputbecause
directoryindirectionis removed for mary commonwrite-sharing
patterns Comparedo a MESI basedlirectoryimplementationye
seeup to 15%increasederformancea maximumdegradationof
2%,andanaverageperformanceéncreasef 2.5%usingSWEL and
its derivatives. Otheradwantage®f this stratgy arereducedoroto-
col compleity (achieved by reducingtransientstates)andsigni -
cantlylessstorageoverheadhantraditionaldirectoryprotocols.
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1. INTRODUCTION

It is expectedthatmulti-coreprocessorwvill continueto support
cachecoherencen the future. Cachecoherenceprotocolshave
beenwell-studiedin the multi-soclet multiprocessorera[9] and
severalsnooping-baseanddirectory-basegrotocolshaveemepged
asclearfavorites. Mary of theseexisting solutionsare being di-
rectly emplo/edin modernmulti-coremachinesHowever, we be-
lievethatthereareseveraldifferencedbetweerthetraditionalwork-
loadsthat executeon modernmultiprocessorsandworkloadsthat
will bedesignedor future mary-coremachines.

Expensie multi-soclet systemswith hardwarecachecoherence
weredesignedwith speci ¢ shared-memorgpplicationsin mind,
i.e., they werenot intendedas general-purposdesktopmachines
that executea myriad of single and multi-threadedapplications.
Mary of the applicationsrunningon today’s multi-core machines
arestill single-threade@pplicationsthat do not explicitly rely on
cachecoherence Further future mary-coresin senersanddata-
centerswill likely executemultiple VMs (eachpossiblyexecutinga
multi-programmeadvorkload),with no datasharingbetweenvMs,
againobviating the needfor cachecoherence We are not claim-
ing thattherewill bezerodatasharingandzeromulti-threadedap-
plicationson future multi-cores;we are simply claiming that the
percentagef cycles attributedto sharedmemory multi-threaded
execution(thattruly needsachecoherenceyvill be muchlowerin
themary-coreerathanit ever waswith traditionalhardwarecache
coherentmultiprocessors.If the new commoncaseworkloadin
mary-coremachinegloesnotneedcachecoherencealargeinvest-
ment(in termsof die areaanddesigneffort) in thecachecoherence
protocolcannotbejusti ed.

Continuingthe abore line of reasoningwe alsonotethatmary-
core processorwill also be usedin the high performancecom-
puting (HPC) domain,wherehighly optimizedlegagy MPI appli-
cationsare the commoncase. Datasharingin theseprogramsis
doneby passingmessageand not directly throughsharedmem-
ory. However, on multicore platformsthesemessagesre passed
throughsharednemorybuffers,andtheiruseshavs astrongproducer
consumersharingpattern. State-of-the-artlirectory-baseatache
coherenceprotocols,which are currentlyemplgred in large-scale
multi-cores arehighly inef cient whenhandlingproducerconsumer
sharing.This is becausef theindirectionintroducedby thedirec-



tory: the producerrequiresthreeserializedmessageso complete
its operationandthe consumeialsorequiresthreeserializedmes-
sages.Thus,directoryprotocolsarelikely to be highly inef cient
for boththeon-chipandoff-chip sharingpatternghatarebecoming
commonin large-scalenulti-cores.

Given the dramaticshift in workloads,thereis a needto re-
considerthe designof coherenceprotocols; nev coherencepro-
tocolsmustbe designedo optimizefor a new commoncase.We
must rst optimizefor theproducerconsumesharingpattern.Sec-
ondly, if mostblocksareonly goingto betouchedby asinglecore,
the storageoverheadf traditionaldirectorieshattracklarge shar
ing vectorsis over-provisionedandshouldbe eliminated. Finally,
we needsimplerprotocolsthatcanlower designandveri cation ef-
forts whenscalingout. In this paper we proposea novel hardware
cachecoherencerotocolthattriesto achieve the above goals.

Our protocol (namedSWEL after the protocol states)is based
on the premisethat a large fraction of blocksare eitherprivateto
a core or are sharedby multiple coresin read-onlymode. Such
blocksdo not requireary cachecoherence.Blocks mustbe both
sharedand written for coherenceoperationsto be necessary A
key exampleof suchblocksarethoseusedin producerconsumer
relationshipsWe recognizethatblocksof this typearebestplaced
in the nearessharedcachein the memoryhierarchy eliminating
theneedfor constantexpensve useof coherencénvalidationsand
updatesetweerlocal privatecaches.

By eliminating the traditional coherencenvalidate/updateat-
tern, we can avoid implementinga costly shareftracking coher
encemechanismInstead we proposeusinga simplermechanism
thatcancategorizeblocksin oneof only two cateories(privateor
read-onlyvs. sharedandwritten). Traditionaldirectoryoverheads
arenow replacedwith the book-keepingstaterequiredto achiere
this cateyorization. This new protocolthereforehaslower storage
overheadandfewer transientstates.The protocoldoeshave some
disadwantagesborneout of thefactthatsomeblocksarerelegated
to a slower, sharedcachelevel (L2 in this paper),and are there-
fore moreexpensve to accessOur resultsshav thaton averagea
SWELbasedrotocolcanoutperformatraditionalMESI directory-
basedprotocolby 2.5% on multi-threadedworkloadsfrom PAR-
SEC,SPLASH-2,andNAS. Thisimprovementis accompaniedy
lower storageoverheacanddesigneffort.

In Section2 of this paper we discussthe backgroundf coher
enceprotocols,their purposesandthe motivation for the features
SWEL offers. Section3 outlinesthe SWEL protocol,andwe dis-
cussits operationsdravbacksandhown someof thosedravbacks
canbeimprovedupon. In Section4 we discusshetheoreticadif-
ferencedetweertheperformancef MESI andSWEL, andthecir-
cumstancesinderwhich eachshouldhave optimal andworst per
formance.Sectionss and6 dealwith our simulationmethodology
andresults.In Section7 we discusgelatedwork andin Section8
we wrapup our discussiorof the SWEL protocol.

2. BACKGROUND & MOTIVATION
2.1 DataSharingin Multi-thr eadedWorkloads

All cachecoherenceprotocolsoperateon the basicassumption
thatall datamay be sharedat ary time, and measuresieedto be
takenat every stepto ensurethatcorrectness enforcedwhenthis
sharingoccurs. Traditional coherencesystemsover-provision for
the event that all datamay be sharedby every processormat the
sametime, which is an extremely unlikely scenario. While pri-
vatedatanever will requirecoherenc®perationssharecdatamay
or may not requirecoherencesupport. Shareddatacanbe broken
down into two classesread-onlyandread-write.Sharedread-only

blocksarenot complicatedo handleef ciently, assimplereplica-
tion of the datais sufcient. Shareddatathat is alsowritten to,
however, mustbe handledwith careto guaranteghat correctness
andconsisteng is maintainecbetweercores.

Figure 1 shaws the sharingpro le of several 16 threadedap-
plicationsfrom the NAS Parallel Benchmarkg4], Parsec[5], and
Splash2[22] suite by (a) location, and (b) references.Breaking
down sharingby locationsand referencegrovides two different
views of haw sharingoccurs. Figure 1laindicatesthat very little
datais actuallysharedby two or morecores;on average77.0%of
all memorylocationsaretouchedby only a single processorFig-
ure 1b however, shavs thatin termsof memoryreferencesprivate
datalocationsareaccessederyinfrequently(only 12.9%of all ac-
cesses)Thisimpliesthatthevastmajority of accessem workload
executionactuallyreferenceavery smallfractionof thetotal mem-
ory locations.While themajority of accesseareto locationswhich
aresharedyery few of thoselocations(7.5% on average)areboth
sharedandwritten, thefundamentapropertyonwhichwe basethis
work. Becauseshared/writterdatais a fundamentakynchroniza-
tion overheadthat limits applicationscalability we expectfuture
workloadsto try andminimizetheseaccessesvenfurther

2.2 CoherenceProtocols

Forthis study we assumenon-chipcachehierarchywhereeach
core hasprivate L1 instructionand datacachesand a sharedL2
cache. The L2 cacheis physically distributed on-chip suchthat
eachprocessoftile” includesabankof thelL2 cache.We assume
an S-NUCA [16] style L2 cache ,wherethe addresss enoughto
identify the bankthat containsthe relevant data. Our focusis the
implementationof hardware coherenceamongthe mary private
L1s andthe sharedL2, thoughour proposalcould easily be ex-
tendedo handlea multi-level hierarchy

Coherencés typically implementedvith snoopingor directory-
basedprotocols[9]. Bus-basedsnoopingprotocolsare generally
simplerto design,but are not scalablebecauseof the sharedbus.
Directory-basegrotocolswill likely haveto beemployedfor mary-
corearchitecturesf thefuture. As abaselinghroughouthis study
we will employ aMESI directory-basedndinvalidation-basedo-
herenceprotocol. The salientfeaturesof this protocol are asfol-
lows:

Directory storage: Eachcacheblock in L2 mustmaintain
a directoryto keeptrack of how the block is being shared
by theL1s. In anunoptimizeddesign,eachL2 cacheblock
maintainsabit perL1 cachen thedirectory Eachbit denotes
if the correspondingd.1 hasa copy of this cacheblock. The
directoryincludesadditionalbits per cacheblock to denote
the stateof the cacheblock. Thus,the directorygrows lin-
earlywith thenumberof cores(or privateL1s). This storage
overheadcan be reducedby maintaininga bit per group of
cores[9,17]. If abit is setin the directory it meansthat
one of the coresin that group of coreshasa copy of the
block. Therefore wheninvalidatinga cacheblock, the mes-
sagemustbebroadcasto all the coresin agroupmarkedas
asharer This tradesoff somedirectorystorageoverheador
agreatemumberof on-chipnetwork messagesdt mustalso
be notedthateachL1 cacheblock requirestwo bits to track
oneof thefour MESI coherencstates.

Indirection: All L1 missesmustcontactthe directoryin L2
beforebeingserviced. Whenperforminga write, the direc-
tory is oftencontactecandthe directorymustsendoutinval-
idationsto othersharers.The write canproceedonly after
acknavledgmentsarereceved from all sharers.Thus, mul-
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Figure 1: Motivational Data: Memory sharing pro le of 16 core/threadworkloads

tiple messagemustbe exchangedn the network beforethe
coherenceoperationis deemedcomplete. Similarly, when
anL1 requestsa block thathasbeenwritten by another_1,
thedirectoryis rst contactedandthe requestis forwarded
to theL1 thathasthe only valid copy. Thus,mary common
coherenceperationgely on the directoryto sene asa liai-
sonbetweenL1 caches.Unlike a snooping-basegrotocol,
theinvolved L1 cachesannotalwaysdirectly communicate
with eachother Thisindirectionintroducedby thedirectory
canslov dovn commoncommunicatiorpatterns A primary
exampleis theproducerconsumesharingpatternrwhereone
corewrites into a cacheblock andanothercore attemptsto
readthe samecacheblock. As describedabore, eachopera-
tion requireshreeserializedmessagesn the network.

Compleity: Directory-basedoherencerotocolsare often
errorproneandentireresearcltommunitiesaretacklingtheir
efcient designwith formal veri cation. Sinceit is typically

assumedhatthenetwork providesno orderingguaranteesa
numberof cornercasescanemege whenhandlinga coher

enceoperation.Thisis furthercomplicatedby the existence
of transientcoherencetatedn thedirectory

In this work, we attemptto alleviate the above three negative at-
tributesof directory-basedoherencerotocols.

3. SWEL PROTOCOL AND
OPTIMIZA TIONS

We rst describethebasicworkingsof the SWEL protocolfrom
a high level. The protocol designis intendedto overcomethree
major de cienciesin a baselinedirectory-basegrotocol: the di-
rectorystorageoverheadthe needfor indirection,andthe protocol
compleity. Thebasicpremiseis this: (i) mary blocksdo not need
coherenceand canbe freely placedin L1 cachesii) blocksthat
would needcoherencédf placedin L1 areonly placedin L2. Given
this premise jt appearghatthe coherencerotocolis all but elim-
inated. This is only partially true as other book-keepingis now
requiredto identify which of theabove two cateyoriesa blockfalls
into.

If acacheblockis eitherprivateor is read-only thenthatblock
canbesafelycachedn theL1 withoutever needingto worry about
coherence.|If the block is both shared(not private) and written
(not read-only),thenit mustnever exist in the L1 and mustexist
atthelowestcommonlevel of the cachehierarchy whereall cores

have equalaccesdo it without fear of ever requiring additional
coherenceoperations. If a block is mis-catgorizedas read-only
or asprivate, thenit mustbe invalidatedand evicted from all L1

cachesandmustresidepermanentlyn thelowestcommonlevel of

cache.

Considerfrom a high level how a block undegoesvarioustran-
sitionsover its lifetime. Whenablockis initially read,it is brought
into bothL1 andL2, becauset this early stagethe block appears
to bea privateblock. Someminor book-keepingis requiredin the
L2 to keeptrack of the fact that only one core hasever readthis
block andthattherehave beenno writesto it. If othercoresread
this block or if the block is ever written to, thenthe book-keeping
stateis updated.Whenthe statefor a block is “shared+ written;
the block is marked as “un-cacheable’in L1 and an invalidation
is broadcasto all private caches.All subsequenaccesse$o this
block areservicedby the lowestcommonlevel of cachewhichin
our experimentsanddescriptiongs L2.

3.1 SWEL Statesand Transitions

3.1.1 States

We now explainthedetailsof the protocolandthe new statesn-
troduced.Every L2 cacheblock has3 bits of stateassociatedvith
it, andevery L1 cacheblock hasl bit of state.The rst statebit in
L2, Shaed (S), keepstrack of whetherthe block hasbeentouched
by multiple cores.Thesecondstatebit, Written (W), keepstrackof
whetherthe block hasbeenwritten to. The third statebit, Exclu-
sivity Level (EL), whichis alsothe onestatebit in theL1, denotes
which cachehasexclusive accesgo this block. The exclusiity
level bit may only be setin one cachein the entire system,be it
the L2 or oneof the L1s. We thereforealsooftenreferto it asthe
EL Token Thestoragerequiremenfor SWEL (3 bits perL2 block
and1 bit perL1 block) doesnot dependon the numberof sharers
or L1 cachequnlike the MESI directoryprotocol);it is basedonly
onthenumberof cacheblocks. These bits areusedto represend
distinctstatesn the collapsedstatediagramshavn in Figure2(a).
We next walk throughvariouseventsin detail. For now, we will
assumehatthelLl caches write-throughandthe L1-L2 hierarchy
isinclusive.

3.1.2 Initial Access

Whena datablockis rst readby a CPU, the block is brought
into the L2 andthe correspondind.1, matchingthe Private Read
statein the diagram. The EL statebit in the L1 is setto denote
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that the block is exclusive to the L1. The block in L2 is setas
non-sharednon-written,andnot exclusive to the L2. If this block
is evicted from the L1 while in this state,it sendsa messagéack
to the L2 giving up its EL bit, matchingthe L2 Only statein the
diagram. The statein the L2 is now non-sharednon-writtenand
exclusiveto thel 2. If readagainby a CPU,theblock will re-enter
the PrivateReadstate.

3.1.3 Writes

Whenablockis rst writtenby a CPU,assumingt waseitherin
theL2 Only stateor the Private Readstate,it will enterthe Private
R/W state.If thisinitial write resultedn anL2 miss,thentheblock
will enterthis statedirectly. A messagés sentaspartof thewrite-
throughpolicy to the L2 sothatit may updateits stateto setthe
W bit. TheW bit in the L2 is “sticky”, andwill not changeuntil
theblock is evicted from the L2. This messagelsocontainsa bit
thatis setif thiswriting CPUhasthe EL tokenfor thatblock. This
is sothe L2 knows to not transitionto a sharedstate. From the
Private R/W state,an eviction of this block will senda messagéo
the L2 giving backits EL bit andit will go backto the L2 Only
state. Private dataspendsall of its time in thesethreestates:L2
Only, PrivateReadandPrivateR/W.

3.1.4 Determiningthe ShaedState

If acachereadsor writesa block andneitherthe cachenor the
L2 have the correspondingeEL token, thenthe L2 mustsetits S
bit andentereitherthe SharedReador SharedWritten state.Once
a block hasits S bit setin the L2, thatbit cannever be changed
unlesstheblockis evictedfrom the L2. Sincethisis a sticky state,

the EL token ceasego hold much meaningso it is unimportant
for the EL tokento be reclaimedfrom the L1 thatholdsit at this
time. Additional sharedreadersbeyondthe rst do not have ary
additionalimpactonthelL?2's state.

3.1.5 L1InvalidationandL2 Relegyation

SharedReadblocks are still ableto be cachedin the L1s, but
SharedR/W blocks mustnever be. Whena block rst entersthe
SharedR/W state all of theL1s mustinvalidatetheir copiesof that
data,andthe EL bit mustbe sentbackto the L2. Theinvalidation
is donevia a broadcasbus discussedater. Sincethis is a rela-
tively uncommonrevent, we do not expectthe busto saturatesven
for high core counts. Futureaccessesf thatdataresultin anL1
missandareservicedby the L2 only. Datathatis uncacheablat
a higherlevel hasno needfor cachecoherenceOncea block en-
tersthe SharedR/W state thereis no way for it to ever leave that
state.The SharedR/W statecanbereachedrom 3 differentstates.
First,a SharedReadblock canbewrittento, causinghedatato be
sharedreadandnow written. Seconda PrivateR/W block canbe
accessethy anotherCPU (eitherreador written), causingthe data
to beread,written andnow shared.Finally, a Private Readblock
canbewrittento by anotherlCPU, causingtheblock to bereadand
now writtenandshared.

3.1.6 Absencef TransientStates

Transientstatesareusuallyintroducedn corventionaldirectory
protocolswhena requesiarrivesat the directoryandthe directory
mustcontacta third party to resole the request. Suchscenarios
never happenn the SWEL protocolasmosttransactionsypically
only involve onelL1 andthe L2. ThelL2 is typically contactedo
simply seteitherthe Sharedr Written bit andtheseoperationsan
happenatomically The only potentiallytricky scenarias whena
block is aboutto be catgyorizedas“shared+ written”. This tran-
sition happensvia an invalidation on a sharedbroadcasbus, an
operationthatis atomic. The block is immediatelyrelegatedto L2
withoutthe needto maintainatransientstate.Thereforethebusis
stratgically usedto handlethis uncommorbut tricky case andwe
derive the correspondingdpene t of asnooping-baseprotocolhere
(snooping-basegrotocolsdo nottypically have transientstates).

3.1.7 Requiementdor SequentiaConsistency

A sequentiallyconsisten{SC)implementatiomequireghateach
corepresere programorderandthateachwrite happenstomically
in someprogram-interlegedorder[9]. In atraditionalinvalidation-
baseddirectoryMESI protocol,the atomic-writeconditioncanbe
simpli ed to state,“a cachedvalue cannotbe propagatedo other
readersuntil the previous write to that block hasinvalidatedall
other cachedcopies”[9]. This conditionis trivially met by the
SWEL protocol-whentheabove situationarisestheblockis rele-
gatedo L2 afterabroadcasthatinvalidatesall othercachedopies.

As aperformanceptimization,processorsanissuereadsspec-
ulatively, butthenhaveto re-issughereadatthetime of instruction
committo verify thattheresultis the sameasan SCimplementa-
tion. Suchanoptimizationwould applyto the SWEL protocoljust
asit would to the baselinedMESI protocol.

Now considerthe speculatie issueof writes beforeprior opera-
tionshave nished. Notethatwrites areusuallynot on the critical
path,sotheirissuecanbe delayeduntil the time of commit. Since
aslow write operationcanhold up theinstructioncommit process,
they aretypically placedaway in awrite buffer. This cangive rise
to a situationwherea threadhasmultiple outstandingwritesin a
write buffer. This mustbe handledcarefully so asto not violate



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

ConsidembaselindVIESI protocolandthreadT 1 that rst writes
to A andthento B. At the sametime, threadT 2 rst readsB and
thenA. If thereadto B returnsthe new value,aswrittenby T 1, an
SCimplementatiorrequiresthat the readto A shouldalsoreturn
its new value.If T 1'swrite requesfor A is stuckin network traf ¢
andhasnt reachedhedirectory but thewrite to B hascompleted,
thereis a possibility that threadT 2 may move on with the new
value of B, but a stalevalue of A. Hence,T 1 is not allowed to
issueits write to B until it hasat leastreceved an Ack from the
directoryfor its attemptto write to A. This Ack typically containsa
speculatie copy of the cacheblock andthe numberof sharerghat
will beinvalidatedandthatwill be sendingadditionalAcks to the
writer.

In exactly the samevein, in the SWEL protocol, we mustbe
surethat previous writesare“visible” beforestartinga new write.
If the write mustbe propagatedo the L2 copy of thatblock, the
L2 mustsendbackan Ack so the core canproceedwith its next
write. This is a nev messagehat mustbe addedto the protocol
to help presere SC.The Ack is requiredonly whendealingwith
shared+writterblocksin L2 or whenissuingthe rst write to a pri-
vateblock (moreon this shortly). The Ack shouldhave a minimal
impacton performancef thewrite buffersarelargeenough.

3.2 Optimizations to SWEL

ThebasicSWEL protocolis all thatis necessaryo maintainco-
herencecorrectly althoughtherearesomelow-overheadoptimiza-
tionsthatimprove its performancendpower pro le considerably

3.2.1 WriteBadk

SWEL requiresthatall L1 writes be written throughto the L2
sothatthe L2 statecanbeupdatedassoonasawrite happensjust
in casethe cacheblock entersthe SharedR/W stateandrequires
broadcasinvalidation. Writing throughinto the NUCA cache(and
receving an Ack) cansigni cantly increaseon-chipcommunica-
tion demandsFor thisreasonwe addonemorebit to theL1 cache
indicating whetherthat block hasbeenwritten by that CPU yet,
whichwill beusedto reducethe amountof write-throughthathap-
pensin the cachehierarchy This optimizationkeepsthe storage
requiremenbf the SWEL protocolthesamein L2 (3 bitspercache
block) andincreasedt to 2 bits percacheblockin eachL1.

Whena CPU rst doesawrite to a cacheblock, it will nothave
the write backbit setfor that block and mustsenda messagéo
theL2 sothattheL2's W bit canbe setfor thatblock. Whenthis
messageeacheghe L2, oneof two thingswill happendepending
on its currentstate. Eitherthe write wasto a sharedblock, which
would causea broadcasinvalidate, or the write wasto a private
block, with thewriter holdingthe original EL token. In the former
casethe operationis identicalto the originally describedSWEL
protocol. After this initial write messageall subsequenivritesto
thatcacheblockin theL1 canbetreatedaswrite-back. Thewrite-
backhappensvhenthis block is evicted from the L1 for capacity
issues,asin the normal caseof write-backL1 caches,or in the
eventof abroadcasinvalidateinitiated by the SWEL protocol.

3.2.2 ReconstituteWEL- RSWEL

ThebasicSWEL protocolevicts andeffectively banishesShared
R/W datafrom the L1s in orderto reducethe numberof coher
enceoperationsrequiredto maintaincoherence.This causeshe
L1s to have a 0% hit rate when accessessinthosecacheblocks,

andforcesall requestso thatdatato goto thelarger, slover shared
L2 from thetime the blocksarebanishedlt is easyto imaginethis
causingvery low performancen programswheredatais shared
andwritten early on in execution,but from thenon is only read.
We proposempraving SWEL' s performancen this casewith the
ReconstituteWEL optimization(RSWEL).Thisallowsbanished
datato becacheablén the L1s againafterit hasbeenbanishedef-
fectively allowing there-characterizatioof Sharedr/W datato be
privateor read-onlydataagain,andimproving thelateng to access
thoseblocks. After a cacheblockis reconstitutedit maybebroad-
castinvalidatedagain,andin turn it may be reconstitutecagain.
The RSWEL optimizationaimsto allow for optimumplacemenof
datain thecachehierarchyatary giventime.

Sincethe goal of the SWEL protocolis to reducecoherencep-
erationshy forcing datato resideat a centralizedlocation, it is
not necessarilthe goal of the RSWEL optimizationto have data
constantlybouncingbetween_1s andL2 like a directoryprotocol
would have it do. Insteadthe RSWEL optimizationonly reconsti-
tutesdataaftera periodof time, andonly if it is unlikely to cause
more coherenceperationdn the nearfuture. For this reasorwe
add a 2-bit saturatingcounterto the L2 statewhich is initialized
with avalueof 2 whena cacheblockis rst broadcasinvalidated,
andwhich is incrementedeachtime the block is written while in
its banishedstate. The counteris decrementedvith someperiod
N, andwhenit reached), the cacheblock canbe reconstitutecn
its next read. The RSWEL protocolwith a periodN=0 will behae
similarly to a directoryprotocol,wheredatacanbe returnedto the
L1s soonafterit is broadcastnvalidated,anda period N=in nity
will behae identicallyto theregular SWEL protocol.

3.3 Dynamically Tuned RSWEL

The RSWEL optimizationassumes x edreconstitutiorperiod
for the entire programexecution. This doesnot take into account
transitionsin programphaseswhich may prefer one reconstitu-
tion period or another To solwe this problem,we alsointroduce
a Dynamically Tunedversionof RSWEL,which seeksto nd the
locally optimalreconstitutiorperiodN for eachprogramphase.

Thisworksby analyzingthe performancef the currentepochof
execution,andcomparingthatwith the previous epochs analysis.
If sufcient changeis noticed,thenwe considera programphase
changeo have occurredandwe thenexplore several differentval-
uesof N to seewhichyieldsthelocally highestperformanceAfter
this explorationis completedthe N with the highestperformance
is useduntil anothemprogramphasechangds detected.

Thedetailsof ourimplementatiorof this schemento theframe-
work of the RSWEL protocol are asfollows. To detectprogram
phasechangeswe usethe metric of averagememorylateng, and
whenthis variesby 5%, we considera programphasechangeto
have taken place. During exploration,we try to maximizeL1 hit
rates,asthis metric mostclosely correlateswith performanceand
can be measuredn a local scale. Our epochlengthis 10 kilo-
cycles,andwe usethereconstitutionperiodtimersof N = 10, 50,
100,500and1,000cycles.

Averagememoryoperationlateng is an appropriatemetric to
detectprogramphasechangesecausét staysrelatively the same
for a given sharingpattern,but thenchangessharplywhena nev
sharingpatternis introducedwhichisindicative of aprogranphase
changeWekepttheN-cycletimerin therangeof 10-1,00(because
thehighestperformingtimervaluesfor ourbenchmarlsuitearefre-
quentlywithin thisrange andrarelyoutsideit, ascanbe seerlater
in Figure6a.



3.4 SWEL/RSWEL Communication
Implementation

Up to this point we have talked abouton-chip communication
from a very high-level perspectie, but now we will describethe
methodsf communicationin the SWEL design.SWEL combines
a point-to-pointpaclet-switchednetwork with a global broadcast
bus. The point-to-pointnetwork is usedfor handlingcachemisses
of remotedata,write back,andwrite throughmessagesTheglobal
broadcasbusis usedexclusively for sendingoutcacheblockinval-
idationmessages.

Thepoint-to-pointnetwork senesfewerfunctionsin SWEL than
it doesin a MESI protocol. In MESI, the network senesall of
the samefunctionsasin SWEL, but it alsohandlesindirectionto

nd thelatestcopy of data,andpoint-to-pointinvalidation. If the
amountof traf ¢ generatedby MESI'sindirectionandinvalidation
is morethanthe amountof trafc generatedy SWEL s write ad-
dressmessagesand compulsoryL1 missesof SharedR/W data,
thensomeenegy could be savedin the network by SWEL. How-
ever, we expectthisto likely notbethecaseastheMESI coherence
messageareshort, but the compulsoryL2 accesses SWEL re-
quirelargerdatatransfers.

Theglobalbroadcasbussenesasinglefunctionin SWEL, and
we believe this bus will scalebetterthanbusesare generallybe-
lieved to scalebecauseof its low utilization rate. Busesperform
poorly whenthey arehighly utilized. However, the busin SWEL
is usedonly for broadcasinvalidatesandtheseoccurinfrequently
only whenablock's classi cationchangesWhena MESI protocol
repeatedlyperformspoint-to-pointinvalidatesof the samecache
block, SWEL performsonly onebroadcasinvalidateof thatcache
block ever. The RSWEL protocol might performmultiple broad-
castinvalidatesof the sameblock, but for the right reconstitute
periodN it will doit far lessoften thana MESI protocol would
performpoint-to-pointinvalidates.

4. SYNTHETIC BENCHMARK
COMPARISON

4.1 BestCasePerformance- MESI and SWEL

Sincecoherenceperationsreonly requiredto bringthesystem
backinto acoherenstateafterit leavesone,nonearerequiredf the
systemnever leavesa coherentstatein the rst place. Whenrun-
ning highly parallelprogramswith little or no sharing,or running
differentprogramsconcurrently very few or no coherencepera-
tionswill berequired.In the caseof MESI, no sharerits will be
set, so whenwrites occur no invalidation messagesvill be sent.
In the caseof SWEL, the sharedbit in the L2 stateis never set,
so whenwrites occur there are never ary broadcasinvalidates.
As aresult,in the casewhereall datais processoprivate, SWEL
and MESI will performidentically As statedearlier we believe
thesetypesof programso bethe normin futurelarge-scaleparal-
lel systemsFor thesebenchmarlclassesSWEL is ableto achieve
the samdevel of performanceasMESI with amuchlower storage
overheacanddesign/eri cation effort.

4.2 Worst CasePerformance- MESI

MESI is at its worstin producefconsumertype scenarios.In
theseprogramspneprocessowritesto a cacheblock, invalidating
all othercopiesof thatblockin thesystem Later, anothemprocessor
readsthat block, requiringindirectionto get the mostup to date
copy of thatblockfrom whereit wasmodi ed by the rst processor
Repeategbroducingandconsumingof the sameblock repeatghis
process.

SWEL handlesthis situationmuch more elegantly Whenone
processowritesablockandanothereadst, theblockpermanently
entergheshared+ written state sothedatais only cacheablén the
L2. Fromthenon, all readsandwritesto this block have the same
lateng, whichis on averageower thanthe costof MESI'sindirec-
tion andinvalidation. Ourtestof asimpletwo threadproducercon-
sumerprogramshaved SWEL to perform33% betterthan MESI
in thisidealcase.

4.3 Worst CasePerformance- SWEL

SWEL is at its worst when datais sharedand written early in
programexecution,causingit to only be cacheablén theL2, and
thenrarely (if ever) written againbut repeatedlyread. SWEL is
forcedto have a0% L1 hitrateon this block, incurring the costof
anL2 accesseachtime which typically exceeds.1 latengy by 3-
5x. This canhappenbecauseof programstructureor becauseof
threadmigrationto analternateprocessoin thesystemdueto load
balancing.If athreadmigratesin a SWEL system,thenall of its
privatewritten datawill be mis-characterizedsSharedR/W.

In thiscase MESI handlestself muchmoreef ciently . After the
block goesthroughits initial pointto pointinvalidateearlyin pro-
gramexecution,it is freeto becachedatthelL 1 level againbene t-
ing from thelow L1 accesdateng. Ourtestof asimpletwo thread
programspeci cally shawing off this behaior shaved MESI per
forms 62% betterthanSWEL. It is importantto keepin mind that
theRSWELoptimizationallowing reconstitutiorof shared+written
blocksbackinto L1 completelyovercomeshis weakness.Thus,
we point out this worst caseprimarily to put our resultsfor the
baselineSWEL protocolinto context.

5. METHODOLOGY

5.1 Hardware Implementation

In orderto testthe impactof our nev coherenceprotocol, we
modeled3 separateprotocolimplementationsising the Virtutech
Simics[18] full systemsimulatorversion3.0.x. We modela Sun-

re 6500machinearchitecturenodi ed to supporta 16-way CMP
processolimplementationof in-order ultraSRARC 11l coreswith
systemparameterasshowvn in Tablel. For all systemamodeled,
our processingoresaremodeledasin-orderwith 32 KB 2-way L1
instructionanddatacacheswith a 3 cycle lateng. All coresshare
a 16 MB SNUCA L2 with 1 MB local bankshaving a bank la-
tengy of 10cycles.ThelL2 implementsasimple rst touchL2 page
coloring scheme[8, 15] to achieve locality within this L2 andto
reduceroutingtraf c andaverageateng to remotebankaccesses.
Off-chip memoryaccessefave a static 300 cycle lateng to ap-
proximatebest-casenulti-corememorytimings asseenby Brown
andTullsen[7].

Our on-chip interconnectnetwork is modeledas a Manhattan
routedinterconnectutilizing 2 cycle wire delay betweenrouters
and3 cycle delaysperpipelinedrouter All memoryandwire delay
timingswereobtainedrom therecentCACTI 6.5updateto CACTI
6.0[20], with a tamget frequeng of 3 GHz at 32 nm, assuminga
1 cn? chip size. Enegy numbersfor the variouscommunication
componentganbefoundin Tablel.

5.2 Benchmarks

For all benchmarkswe choseto useaworking setinput sizethat
allowedusto completethe entiresimulationfor the parallelregion
of interest.By simulatingall benchmarksndimplementationgor
a constantamountof work, we canusethroughputasour measure
of performanceThefewer cyclesrequiredto completethis de ned
region of interest,the higherthe performance This eliminatesthe



Table 1: Simulator parameters.

CoreandCommunicatiorParameters
ISA UltraSRARC Il ISA
CMP sizeandCoreFreq. 16-core 3.0GHz Network Dimension-ordeRoutedGrid
L1 I-cache 32KB/4-way, private,3-cycle RouterLateng 3-gycle
L1 D-cache 32KB/4-way, private,3-cycle Link Lateng 2-gycle
L2 CacheOrganization 16x 1MB banks/8-vay, shared || BusArbitration Lateny 12-gycle
L2 Lateny 10-g/cle + network Bus TransmissiorLateng 14-gycle
L1 andL2 Cacheblock size 64 Bytes Flit Size 64 bits
DRAM latengy 300cycles
Enegy Characteristics

RouterEnegy 1:39x10 10

Link Enegy (64 wide) 1:57x10 13

BusArbitration Eneigy 9:85x10 3

BusWire Enegy (64wide) | 1:25x10 °J
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Figure 3: Benchmark performance

effectsof differentialspinning[3] thatcanarti cially boostiPCasa
performancenetricfor multi-threadedsimulations.Our simulation
lengthrangedfrom 250 million cyclesto over 10 billion cyclesper
core,with anaverageof 2.5billion cyclespercore.

6. EXPERIMENTAL RESULTS

The syntheticworkloadsshawvn in Sectiond4 shaw two extremes
of how parallel programsmight behae. Realworkloadsshould
alwaysfall within thesetwo boundsin termsof behaior andthere-
fore performance.This sectionwill focuson resultsfrom bench-
marksintendedo berepresentate of realparallelworkloads.We
arefocusingour evaluationon a workloadthatwill stressthe co-
herencesub-systemand identify the scenariosvhere SWEL and
its variantsmay lead to unusualperformancdosses. Note again
that SWEL is intendedto be a low-overheadow-effort coherence
protocolfor future common-casorkloads(outlinedin Sectionl)
thatwill requirelittle coherence.For suchworkloads(for exam-
ple, a multi-programmedvorkload), therewill be almostno per
formancedifferencebetweerSWEL andMESI, andSWEL will be
aclearwinneroverall. Ourhopeis thatSWEL will have acceptable
performancdor benchmarkshatfrequentlyinvoke the coherence
protocol,andevenleadto performancegainsin afew casegfor ex-
ample, produceiconsumesharing).Thebenchmarksve usecome
from the PARSEC][5], Splash2[22] andNAS Parallel [4] bench-
marksuites.

In determiningthe value of the SWEL and RSWEL protocols,
we look at ve main metrics: performancel.1 missrate perin-
struction,L1 eviction rateperinstruction,network load,andenegy
requirement.

6.1 Application Throughput

Performancds measureddy the total numberof cycles for a
programto completeratherthaninstructionsper cycle, becausén
our SIMICS simulationervironment,it is possiblefor the IPC to
changedrasticallydue to excesswaiting on locks, dependingon
thebehaior of aparticularbenchmarkAs canbeseerin Figure3,
RSWEL is consistentlycompetitve with MESI, sometimessur
passingts performanceandis nevertoo far behindMESI. SWEL
also comparedavorably with MESI in somebenchmarksbut its
worst caseis muchworsethanRSWELSs. We includeN = 500as
a datapointbecausave found this to be the bestall-aroundstatic
valueof N.

SWEL is ableto outperformMESI in boththe Cannealand IS
benchmarksCanneakmplo/s ne-graineddatasharingwith high
degreesof sharingand dataexchange.|S is a simple bucket sort
program,which exhibits producerconsumesharing. In all cases,
RSWEL outperformsSWEL, frequentlyby a large amount. The
DynamicallyTunedRSWELalgorithm(referredtco asRSWELTune
in the gures) is consistenthyastrongperformeybut doesnotmatch
thebestN. At its worst, RSWEL Tuneis 2% worsethanMESI, and
atits bestit is 13%betterperforming with anaverageof 2.5%.The
RSWEL protocolsperformespeciallyfavorablyin the Canneal]S,
andFluidanimatebenchmarks.

6.2 L1 Evictions

Effective L1 cachecapacityis increasedy SWEL andRSWEL,
asis evidencedby the lower numberof L1 evictions requiredby
thoseprotocols,as shavn in Figure4a. Every time a new block
is allocatedinto the L1, it mustevict an existing block. Under
MESI, whenablockgetsinvalidateddueto coherencethisblockis
automaticallyselectedor eviction ratherthanevicting alive block.
UnderMESI, if thatinvalidatedblock is accessed secondime, it
will evict yet anotherblock in the L1. TheseSharedR/W blocks
have anegative effectontheeffective capacityof theL1 cachesiue
to thrashing.On the otherhand,the longerthe SharedR/W block
staysout of the L1 the longerthat capacitycanbe usedfor other
live blocks.

SWEL doesthiswell by keepingSharedR/W dataoutof theL1s
inde nitely. In all benchmarksSWEL hasthe fewestL1 cache
evictions, meaningthat more of the L1 cacheis available to pri-
vatedatafor alarger percentagef programexecution,anddatais
not constantlybeingthrashedbetweenL1 andL2 caches.ThelS
benchmarlshavs thisbehaior well. RSWELandSWEL have no-
ticeablyfewer L1 evictionsthanMESI in this case.IS hasa high
demandfor coherenceperationsandthis resultsin a high rate of
cacheblock thrashingbetweenL1 andL2. If RSWEL usesthe
right reconstitutiorperiodit hasa goodopportunityto increasehe
effective cachesize.
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Figure 4: L1 cacheperformancecomparisonof coherencepro-
tocols

6.3 L1 Miss Rate

Thecloserdatacanbefoundto wherecomputatioris performed,
the higher the performance. This is why performancss tied so
closelyto L1 hit rates.Figure4b shawvs the normalizedhumberof
L1 missesperinstructionof eachof the differenttestedprotocols.
It isimmediatelyapparenthatfor somebenchmarksSWELincurs
mary morelL1 misseshanthe otherprotocols,causingits perfor
manceto befrequentlyweakcomparedo the otherprotocols.The
RSWEL protocolsshav missratescomparabléo MESI.

6.4 Communication Demands

Grid Network: Network load representshe numberof its
that passthroughthe routersof the grid interconnectnet-
work. An addressmessagés one it long and only con-
tributes one to the network load for eachrouter it passes
through. For example, if an addressmessagemales two
hops,thenits network impactis 3—onefor eachhopandone
for thedestinatiorrouterwhich it mustpassthrough.A data
messagewhich is comprisedof 9 its (1 for addressand8
for data), generates network load of 9 for eachrouterit
passeshrough. For example,a datamessagevhich travels
onehopgeneratea network loadof 18—ninefor therouterit
touchesheforehoppingto the destinationandanothemine
for thedestinatiorrouter

Since SWEL and RSWEL write-throughto the L2 on the
rst write of a cacheblockin L1, they will have highernet-
work demandghan MESI. MESI is able to performwrite
backon all of its writes, but SWEL protocolsmustperform
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Figure 5: Network utilization comparisonof coherenceproto-
cols

write-throughunlessthey have the write-backtoken. Al-
thoughthewrite-backoptimizationcanreducehenumberof
write-throughsby 50-98%,therearestill mary extra write-
throughmessage the system.Also, sinceSWELSsL1 hit
rateis lower on averagethanMESI, the network is required
more oftento getdatafrom the NUCA L2. In mary cases,
the RSWEL optimizationcan greatly reducethe amountof
network traf ¢ requiredby SWEL, but it still requiresmore
network traf c thanMESI on average(Figure5a).

BroadcasBusBroadcasbusesareviableoptionswhenthey
areunderutilized. Bus utilization is theratio of theamount
of thetime the busis beingchagedto communicateto the
total executiontime. In our experiments,the greatestous
utilizationratewe obseredwas5.6%,farbelav theaccepted
rateof 50%whenbusesstartto shav very poorperformance.
Thisoccurredduringtherunof thelS benchmarkwhich had
the greatestlemandor coherenceperationdy far, asseen
in Figure5h.

CoheenceOpemtionsWe de ne a coherenceoperationas
an actionthat mustbe taken to bring anincoherentsystem
backinto coherence.In the caseof directory-basedESI,
therearetwo primary coherenceperations.Pointto point
invalidatesarerequiredwhenshareddatais written, causing
thesharerdo becomeput of date.L1 to L1 indirecttransfers
arerequiredwhenone CPU holdsa block in modi ed state
andanotherCPU attemptsa read. SWEL hasonly oneco-
herenceoperation,in contrast.The useof the broadcasbus
whenablock entersthe SharedR/W stateatomicallybrings
an incoherentsystembackinto coherence.One broadcast
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businvalidatein SWEL canreplacesereralpointto pointin-
validatesandL1 to L1 indirecttransfersin directory-based
MESI.

Figure5b shaws thatfor the majority of the sharingpatterns
in thesebenchmarksielatively little effort mustbeexpended
to maintaincoherencemuchlessthanonecoherenceoper
ation per thousandnstructions. In the caseswvheregreater
effort wasrequired SWEL andRSWEL signi cantly reduce
thenumberof coherenc@perationgequired.

6.5 Reconstitution Period Variation

The amountof time a block remainsin the L2 will affect the
overall performanceexecutionof a program. While we provide
justafew sampleghroughoutmostof our performancegraphsit is
critical to seethevariancethatcanoccurby choosingasub-optimal
N . Figure6ashaws the performancesensitvity of our workloads
to variousvaluesof N . An optimalN will minimize the number
of coherenc®perationghatoccurwhenaprogramentershewrite
phasefor a cacheblock, but allows the block to be re-constituted
to the L1 level quickly whenthatwrite-phaseends. Blackscholes
shavs thegreatestensitvity to thechoiceof thereconstitutiorpe-
riod. ChoosingthewrongN canhurt performancdrom 10-30%.
TheRSWEL Tuneprotocolis effective at keepingperformancdar
clear of the worst casefor every benchmarkalthoughit doesnt
ever produceideal performance.

6.6 Communication Latency Variation

SWEL andRSWEL caninject a highernumberof its into the
communicatiometwork thanMESI for someworkloads.As are-
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sult, network performancemay be more critical to overall appli-
cationthroughputfor SWEL thanwith MESI basedprotocols. To
testthis hypothesiswve ran experiments shavn in Figure 6b, that
vary boththe absoluteandrelative performancef our network and
broadcasbusdelays. The X-axis of the graphlists the relative la-
teng of thecommunicatioomechanisms;omparedo thebaseline
lateny parameteréoundin Tablel. For example’s Net- 5 Bus
indicatesthatboththe busandnetwork lateny parametersrehalf
thatof the baseline.2x Net- 5 Busindicatesthatwe have made
thebushalf thelateng, but theinterconnechetwork twice asslow.
The Y-axis lists the normalizedaverageperformanceof all work-
loads. For eachlateny set, SWEL and RSWEL are normalized
to MESI performancaisingthosesamelatenciesnot the baseline
latencies.

Theresultsin Figure6bindicatethatneitherSWEL nor RSWEL
aresensitve to changesn buslateng. Thisis not surprisinggiven
theextremelylow busutilization by all variationsof SWEL.RSWEL
alsoappeargo notbe overly sensitve to network lateng; thisis a
functionof thelow N valueswe evaluatefor optimalperformance.
SWEL, however, is extremelysensitve to network lateng because
of thehighernumberof its it injectsinto thenetwork comparedo
bothMESI andRSWEL asshavn in Figure5a.

6.7 Communication Power Comparison

Pawer consumptioris anincreasinglyimportantmetricasmore
processingoresare t into a CPUdie andon-chipnetworks grow
in complity. Figure7 shaws the powver consumptiorof the on-
chip communicationsystemsof the various protocols. SWEL's
power requirements greatlyincreasedlueto its increased.1 miss
rate;moreaddres@andespeciallydatamessagearesentacrosshe
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 contrikution will be even lower for the workloads
describedn Sectionl thatmayhave little globalcommunication.

TheRSWELschemegerformmorefavorablycomparedo MESI,
but still have higherL1 missratesandwrite addressnessagethat
MESI doesnt have. The broadcasbusdid not contrikute very sig-
ni cantly to the power overheadof SWEL and RSWEL. The bus
is usedinfrequentlyenough,and its peruse enegy requirement
low enoughthatthe grid network enegy requiremengreatlyout-
weighsit. As canbe seenin Table 1, one useof a 64-wide 5x5
router usesmore enegy than chaging all 64 wires of the (low-
swing) broadcasbus.



7. RELATED WORK

Much prior work hasbeendoneanalyzinganddevelopingcache
coherenceprotocols. In an effort to reducethe directory storage
overhead,Zebchuket al. [24] suggesta way to improve the die
arearequiremenbf directorybasedcoherenc@rotocolsby remov-
ing thetagsin thedirectoryandusingbloom lters to representhe
contentsof eachcache.In this schemeywrites canbe problematic
becausehey requirethat a new copy of the cacheblock be sent
from a provider to the requestingwriter, andbecausef falsepos-
itivescausedy the bloom lter, this provider might not still have
avalid copy of thedatain its cache.This happensnfrequentlyin
practice but whenit doesit canbesolvedby invalidatingall copies
of thedataandstartingfreshwith a nev copy from mainmemory
Stenstron21] shavs a way to reducethe directory stateusedto
tracksharersn directorybasedorotocols. The SWEL protocol,in
contrastchangeshedirectoryscalingto belinearwith the number
of cacheblocks only insteadof scalingwith both the numberof
cacheblocksandthe numberof sharers.

Brown etal. [6] presenta methodto accelerateoherencédor an
architecturewith multiple privateL2 cacheswith a point-to-point
interconnecbetweercores.Directorycoherencés 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 directory pro-
tocol that usespredictionto attemptto nd the currentholder of
the block neededor bothreadandwrite misses.Eisley etal. [10]
placea directoryin eachnodeof the network to improve routing
andlowerlateng for coherenceperationsAn extrastages added
to theroutingcomputationgo directtheheadit to thelocationof
the mostup-to-datedata. Hardavellaset al. [12] vary cacheblock
replicationand placementwithin the last-level cacheto minimize
theneedfor cachecoherencandto increaseeffective cachecapac-
ity. They too rely on a dynamicclassi cation of pagesas either
privateor sharedandaseitherdataor instructionpages.

Someapproachesxist to reducethe compleity of designing
coherencdardwareby simply performingcoherencée¢hroughsoft-
waretechniques.Yan et al. [23] do away entirely with hardware
cachecoherencandinsteadrequireprogrammersr softwarepro-

lers to distinguishbetweendatathat is sharedand written, and
datathatis readonly or private. Thesewo classe®f dataarestored
in separatecachehierarchieswith all SharedR/W dataaccesses
incurring an expensve network traversal. Fenschand Cintra[11]
similarly argue that hardware cachecoherences not neededand
thatthe OS canefciently managethe cachesandkeepthemco-
herent.The L1s arekeptcoherenby only allowing oneL1 to have
acopy of ary given pageof memoryatatime. Replicationis pos-
sible,but is especiallyexpensve in this system.

Attemptingto improve performanceHuh etal. [13,14] propose
separatingraditionalcachecoherenc@rotocolsnto two parts:one
to allow speculatre computationson the processolanda second
to enforcecoherencandverify the correctnessf the speculation.
However, arywherefrom 10-60%of thesespeculatie executions
areincorrect,makingit frequentlynecessaryo repeatthe compu-
tation oncethe memoryis broughtinto a coherenttate.Martin et
al. [19] alsoaim to separatehe correctnesandperformancearts
of the coherenceprotocol but do so by relying on token passing.
ThereareN tokensfor eachcacheblock, anda write requiresthe
acquisitionof all N, while only oneis neededo beasharedeader

8. CONCLUSION

Theclassof memoryaccesset® privateor read-onlycacheblocks
have little needfor cachecoherenceand only the SharedR/W

blocks require cachecoherence. We devise novel cachecoher
enceprotocols,SWEL and RSWEL, that attemptto placedatain
their “optimal” location. Private or read-onlyblocks are allowed
to residein L1 cachesbecausehey do not needcachecoherence
operations. Written-Sharedlocks are relegatedto the L2 cache
wherethey do not requirecoherenceitherandserviceall requests
without the needfor indirection. The coherenceprotocolis there-
fore more aboutthe classifyingblocksinto cateyories,insteadof
being aboutthe tracking of sharers. This leadsto a much sim-
pler andstorage-etient protocol. The penaltyis that every mis-
catgyorizationleadsto recovery via a bus broadcastan operation
thatkeepstheprotocolsimpleandthatis exercisedrelatively infre-
quently We shav thatRSWEL canimprove performancen a few
casesvhereread-writesharingis frequent,becausef its elimina-
tion of indirection. It underperformsa MESI directory protocol
whentherearefrequentaccessew blocksthatgetrelegatedto the
L2. In termsof overall performanceMESI andRSWEL arevery
comparable.While RSWEL incurs fewer coherencdransactions
on the network, it experienceamore L2 look-ups. The netresult
is a slight increasein network power. Our initial analysisshavs
that RSWEL is competitve with MESI in termsof performance
andslightly worsethanMESI in termsof power, while doingbetter
than MESI in otherregards(storageoverhead,compleity). The
amgumentfor RSWEL s strongestvhenmulti-coresexecutework-
loadsthatrarely requirecoherencéfor example,multiple VMs or
message-passimgograms)We believe thatthe explorationof ad-
ditional optimizationsfor RSWEL may enableit to exploit its full
potential. We believe thatit is importantto seriouslyconsiderthe
meritsof a protocolthat shifts the protocolburdenfrom “tracking
sharingvectorsfor eachblock” to “tracking the sharingnaturefor
eachblock”.
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