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Abstract

In this paper a new cacheprotocolfor ring basedshared
memory multiprocessorss discussedand analyzed. The
proposeddrotocolusesmulticastingof ringsto reducethe
messagéraversallength. The simulationresultsshav that
theproposedgrotocolwith abidirectionalring improvedthe
systemperformanceby 8% to 30% as comparedto Bar

roso’s protocol usinga unidirectionalring. Assumingthe
bidirectionalring structurein both casesthe proposedro-

tocol yields up to a 13% performancemprovementover
Barrosos protocol.

Keywords: Cachecoherencgrotocol,sharednemorymul-
tiprocessarbidirectionalring network.

1 Intr oduction

Distributedsharedmemory(DSM) multiprocessorgrovide

the cornvenienceof globally sharedmemoryspaceover the

physicallydistributed memorymodules. This corvenience
is realizedby sendingmessages®ver the interconnection
network thatconnectprocessinglementgPE).As aresult,

the designof the interconnectiometwork hasa significant
impacton the performancef DSM multiprocessors.

Amongvariousinterconnectiometworksthathavebeen
usedfor multiprocessorsystems,the ring networks have
the advantageof (1) fixed nodedegree(modularexpand-
ability), (2) simplenetwork interfacestructure(fastopera-
tion speedpnd(3) low wiring compleity (fasttransmission
speed).

Sharedmemory multiprocessorsaising ring networks
include KSR-1 of Kendall SquareResearct3], NUMA-
chine of University of Toronto[2], and ScalableCoherent
Interface (SCI) definedby the IEEE P1596standard[4].
Thesesystemsare basedon unidirectionalrings; henceall
the messagebave to traverseall the way throughthering
evenif thedestinatioris within thelocalneighborhoodThe
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useof bidirectionalrings cansignificantlyreducethe mes-
sagetraversalandhenceleadsto a higherperformancd5,
6]. In this paper we proposea cachecoherencerotocol
for bidirectionalring basedmultiprocessorsand evaluate
its performancdoy comparingt to thoseof theexisting pro-
tocolsfor ring multiprocessorsThis paperis organizedas
follows: Section2 describeghe proposedprotocolin de-
tail; In Section3, we discusgheadvantage®f theproposed
protocolby comparingt to otherprotocolsqualitatively; In
Sectiond, the performancef the proposedrotocolis eval-
uatedby execution-driven simulations; Someconclusions
areprovidedin Section5.

2 ProposedCoherenceProtocol for Bidir ectional
Ring

Thediagramin Figurel showvsthepossiblestatesandtran-
sitionsof a cacheblockin the proposedrotocol. Thereare
threebasicstates)nvalid (1), Shared (S) andExclusive (E),
andfour transientstates,Read Pending (RP), Read Failed
(RF), Write Pending (WP) andWrite Failed (WF). A cache
block in | statedoesnot existsin the cachebecausét has
not beenaccessedr it hasbeeninvalidatedby other PE.
A cacheblockin S statecanbe accessedbr reads,but not
for writes. Theremay be morethanone cachedcopiesof a
memoryblock in S statein a system. A cacheblock in E
statecanbe accessedor both readsandwrites. Thereex-
ists only onecachedcopy of a memoryblockin E statein
a system.Four transientstate RP, RF WP, WF) areused
to solve conflicts betweenconcurrentaccesseandwill be
explainedfurtherin Section2.2.

In a DSM multiprocessqreachPE is assigned part
of global memoryspacein the unit of memoryblocksand
maintainsdirectory entriesfor the memoryblocks. Each
memoryblock canhave the following four statesasshavn
in Figure2: Uncached (UC), Cached Clean (CC), Cached
Dirty (CD) and Forward Pending (FP). When no cached
copy of thememoryblockexists(i. e.onlythemainmemory
hasthe datablock) the memoryblockis in UC state.When
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oneor moreunmodifiedcacheccopiesexist, theblockis in
CC state.Whena PE triesto modify its cacheccopy of the
block, the stateof the memoryblock movesto CD state.In
this case,the contentof the block in the main memoryis
invalid. Thedirectoryentryfor the block recordswhich PE
hasthemaodifiedcopy of theblock. A readaccesso amod-
ified memoryblock is forwardedto the owner node. The
memoryblock will be over written by the datasentfrom
the ownernode,anduntil this transactioris completedthe
memoryblockis in FP state.
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2.1 BasicCoherenceActions

ReadMiss: On a readmiss, the cacheblock changedts
stateto RP immediatelyand sendsa RQ messagdo the
block’s homenode. If the memoryblock is in eitherUC
or CC state,the homenodesendsbacka DT messagdo

the requestingnodeandthe stateof the memoryblock be-
comegor remainsn) CC.Uponreceiptof theDT message,
the requestingnodechangeghe stateof the corresponding
cacheblockto S.Successiereadaccesse® thesamecache
blockresultin cachehits. If thememoryblockisin CD, the
homenodeforwardsthe requestto the owner nodeof the
dirty block, andit changeghe memoryblock stateto FP
immediately Upon receiptof the forwardedrequestrom
thehomenode,the ownernodereplieswith aUD message
andit changedts cacheblock stateto S. ThisUD messagés
multicastandis recevedat boththe homenodeandthere-
questingnode. Uponreceiptof the UD messagethe home
nodechangests memoryblock statefrom FPto CC, and
the requestingnodechangesdts cachestatefrom RPto S
(Shared). Transactionsn this mode of read miss are ex-
plainedin comparisorwith otherprotocolsin Section3.

Write Miss: In this contet, the term “write miss” stands
for awrite acces$o ablock notexistingin thecache.Thus,
a copy of the accessedblock needsto be broughtinto the
cacheandcachedcopies(if exist) in otherPE’s needto be
invalidated. The requestinghodesendsan RE messageo
the homenode,andit changedhe cacheblock statefrom
| to WP. The RE messagés handledas a broadcastmes-
sageatthe network interfaceof eachnodeon the pathfrom
therequesteto the home;the RE messagés takeninto the
cachecontrollerandis alsoforwardedto the next node. If
thememoryblockis in CC state thehomenodesendsaDT
messag#to therequestingnodeaswell asanAK messagéo
thenext node.Notethatthe DT messagés sentthroughthe
shorterpathto reducethe lateng. However, the AK mes-
sagehasto traversethe longerpathto the requestinghode
to invalidatethe nodeshatthe RE messagelid not passby.
If thememoryblockis in CD state the RE messagés for-
wardedto the currentowner of the block, andthe owner of
thememoryblock is updatedwith therequestinghode.The
currentowner of the block sendsa DX messagdo the re-
questerand changeghe stateof the block to I. Whenthe
requestinghodereceivesDX messageit changeghe state
of the correspondingacheblock to E and successie ac-
cessegbothreadsandwrites)to the sameaddresgesultin
cachehits. Eachnodethroughwhichthe IV or AK (to the
requestingiode)passeshangeshestateof thecorrespond-
ing cacheblock (if it exists)to I.

Invalidation: Thistransactions initiatedwhenaPEtriesto

modify acacheblockin S state.Therequestinghodesends
anlV messageo thehome,andit changeghe stateof the
cacheblockto WP. At thehomenode the stateof themem-
ory blockis changedrom CCto CD, andanAK messagés
returnedo therequestinghodethroughthe paththatthe IV
messagelid nottraverseto reachthehomenode.Again, the
IV andAK messagearehandledasbroadcastmessageat



thenetwork interfaceof thenodeshroughwhichthey pass:
the stateof the correspondingacheblock at eachnodeis
changedrom Sto I. Uponthereceiptof the AK message,
therequestinghodechangeghe stateof the cacheblock to
E. Successie accessethoth readsandwrites) to the same
addressesultin cachehits.

In the proposedrotocol,sequentiatonsisteng is still
provided becausehe write atomicity requiremen{7], con-
sistingof (1) serializatiorof writesto thesamedocationand
(2) invisibility of write until completionof invalidation of
all copies,is obsened.

Replacement If acacheblockin E stateis selectedor are-
placementit needgo bewritten backto the mainmemory
The nodewherethe replacemenbccurssendsa WB mes-
sageto thehomenode,andit changeshe stateof thecache
block to I. Whenthe homenoderecevesthe WB message,
it changeghe stateof the memoryblock from CD to UC.
Notethata cacheblockin S stateis replacedwithout send-
ing aWB message.

Thereis a possibility of a racedueto a write back of
a modifiedblock. The homenodedoesnot know thatthe
(previous) owner no longer has the modified dataunless
the homenoderecevesthe WB messageThereforea RQ
or RE from anothemprocessois forwardedto the previous
ownernode. Whenthe RQ/REmessagés receved by the
previousownernode,it sendsanFL messag#o therequest-
ing node.Uponthereceiptof the FL messagehenodethat
sentRQ/REre-issues RQ/REmessage.

2.2 Conflict Resolution

Unlike a sharedbus multiprocessgrmultiple transactions
to the samememorylocationcanbe traversingthroughthe
ring network atthe sametime. In this section the proposed
protocol’s solutionfor the conflictsbetweernconcurrentac-
cesseaslsing the transientcacheblock states(RP, RF, WP
andWF) andthememoryblock state(FP)will bedescribed.

Read-ReadConflict: This combinationof accessonflict
occurswhenthetargetmemoryblockis dirty (CD state).A

RQ messagarrivesat the homenode,andit is forwarded
to the owner node. The home node changeshe stateof

thememoryblockto FP. A Read-Readonflictoccurswhen
thesecondRQ messagarrivesat thehomenodebeforethe
modifiedblockis written backto thememory Thememory
controllersendsanFL messag#o theread-requestingode,
andlet it re-issueRQ messageAn option of optimization
could beto recordthe latter RQ messagandreply with a
DT messagavhenthe write backis completed. This op-
tion involvesan additionalcostof amorecomplex memory

controller

Read-Write Conflict: Thereare two possibilitiesfor the
conflict of this combination. The first possibility is thata
write reques{(lV or RE) arrivesatthehomenodeof there-

questeddlock first, andthena readrequesiRQ) arrivesat
the homenode. At the time of the RQ’s arrival, the home
nodeonly knows that the ownershipof the block is given
to the writing node,andit doesnot know whetherthe in-

validation of all the copiesof the block hasbeenfinished
or not. Thusthe RQ messages forwardedto the writing

node. The problemarisesif the invalidationhasnot been
completedwhen the forwardedRQ arrives at the writing

node. The proposedprotocol solvesthis conflict by send-
ing an FL messagédo the readingnode. Upon receiptof

the FL messagethe readingnodechangeghe stateof the
block to RF andre-issuesa RQ message.Whenthe sec-
ondRQreacheshewriting node thewrite transactiormust
have beencompleted(if it is not completedalthoughvery
unlikely, re-issueof FL and RQ is repeated).Hence,the
secondRQ is handledthe sameasa readrequesto a dirty

block. Anotherpossibilityis thattheRQ arrivesatthehome
nodefirst andthenanlIV (or RE) arrives. Thus,the reading
nodemay receve the AK* (acknavledgmento otherPE’s

write) messagbeforetheDT thatis in responséo theprevi-

ousRQ. Uponthereceiptof the AK* messagethe reading
nodechangeghe stateof the cacheblock from RPto RF

andit re-issuest RQ messagé¢o the homenode.Whenthe
readingnoderecevesthe DT messagéo the first readre-

quest,it changeghe statefrom RF to RP. The secondRQ

messages just handledas a readrequestto a dirty node,
andthe correspondind®T messageompleteshe second
readrequest.

Write-Write Conflict: This conflict occurswhen two or
more nodesthat have sharedcopiesof the samememory
block try to modify the dataat the sametime. Thesemul-
tiple write requestsareserializedatthehomenode,andthe
write requestthat hasarrived at the homenodefirst is the
winner; the nodethatissuedthe first write requeswill re-
ceive an AK messageandit will proceed.Othernodesthat
tried to write to the samememoryblock will receve FL
messageandhave to re-issueRE messagesNote thatthe
losersof thesecompetingwrites had cachedcopiesof the
block but thesecopiesare consideredo be invalidatedby
thelV or AK messagéssuedby the winnerof the conflict-
ing write requests.

3 ComparisonWith Existing Protocols

Barrosoand Dubois proposecdthree cachecoherencepro-
tocols for ring basedsharedmemory multiprocessorg1].
The proposedorotocolis basedon their full-map directory



protocol. NUMAchine is alsoa ring basedmultiprocessor
developedat University of Toronto[2]. The proposedro-
tocol hasmainly threeadvantagesover theseprotocolsfor
ring-basedmultiprocessorsi(1) shorterreadmiss lateng,
(2) shortemwrite miss/irvalidationlatengy and(3) lesshard-
wareoverheador directoryentries.Below theseadvantages
areexplainedby comparingthe proposecdprotocolto other
protocols,in termsof messagéraversalsand hardwarere-
quirement.

Theadvantageof the proposedgrotocoloverotherpro-
tocolsin termsof hardware overheads asfollows. Other
protocolsassumea full-map directoryentry to keeptrack
of which nodeshave copiesof amemoryblock. In the pro-
posedprotocol,the multicastcapabilityof the ring network
is fully exploited and hencea full-map directoryis elimi-
nated. A directoryentryin the proposedrotocolneedso
maintainthe stateof the memoryblock andthe binary en-
codedID of the ownernodewhentheblockis in CD state.
Thus,the hardwareoverheador directoryentriescanbere-
ducedby N/1g N, where N is the numberof processing
elementsn thesystem.

Comparedto Barrosos and NUMAchine’s protocols,
the proposedgrotocolshortenghe messagéraversallength
asfollows. Onthereadmissto a modifiedblock, areadre-
guestis forwardedto the nodehaving the modifiedcopy in
its cachglownernode).Theownernodechangeshestateof
thecacheblock from E (Exclusive) to S (Shared) andsends
a datamessagédackto the homenode. In Barrosos and
NUMAchine protocolsthehomenodeupdateshe memory
blockwith thedatasentfrom the (previous)owner, andthen
sendghe datato the requestingrode. In the proposedoro-
tocol, a multicastmessagés usedif the requestingnodeis
on the pathfrom the owner nodeto the homenode. This
multicastmessages receved at both the requestingnode
andthehomenode. Consequentlythe readmisslateny is
shorterand also the numberof links traversedis reduced.
Whenthe homenodeis on the pathfrom the owner node
to the requestingnode, the proposedprotocol also usesa
multicastmessageThis doesnot save the numberof links
traversedbut can avoid the delay of the network interface
andthe memorystatemachineatthehomenode.

On a write accesgo a cacheblock with S (Shared)
statein BarrososandNUMAchine protocolstherequesting
nodefirst sendsan invalidationrequestto the homenode.
Note that this invalidationrequestdoesnot actuallyinvali-
datethe nodeson the pathfrom the requestingnodeto the
homenode. The homenodesendsaninvalidationmessage
thattraversesthe entirering. In Barrosos protocol,when
the invalidationreturnsto the homenode,an acknavledg-
mentis sentto the requestinghode. Therefore two entire
ring traversalsareneededfor aunidirectionaking). In NU-
MAchine protocol,the requestinghodeconsiderghe write
transactioris completewhentheinvalidationreachestthe

requestingnode.However, theinvalidationstill needgo tra-
versebackto thehomenode.Thus,thetotalmessagéraver
sallengthis from therequestingnodeto thehomenodeplus
oneentirering. In the proposedprotocol, the requesting
nodesendsaninvalidationmessagé¢hatactuallyinvalidates
the nodeson the pathto the homenode. The homenode
sendshackto therequestingnodeanacknavliedgmentthat
passeghroughthe nodesthat were not invalidatedby the
invalidationmessageThus,only oneentirering traversalis
neededn the proposecrotocol.

We useBarroscandDubois’ protocolandNUMAchine’s
protocolwith slight modificationin thelatersectionfor per
formancecomparison.

4 PerformanceEvaluation

In this sectionwe evaluatetheperformancef the proposed
protocolby comparingit to the existing protocolsthrough

execution-drvensimulations First, simulationervironment,
including systemparametersassumptionsandbenchmark
programsare described. Then, simulationresultsare pre-

sented.

4.1 Simulation Environment

For performancevaluationwe have developedanexecution-
driven simulatorfor a 32-processosystemusing Augmint
multiprocessotoolkit [8]. Eachprocessingnodeconsistof
anL1 cacheanl?2 cacheapartof globally sharednemory
andaninterfaceto thering network. Thesystenmparameters
usedin the simulationsare shovn in Table 1. The clock
speedof the ring network is five timesslower thanthat of
the processqrandthe link betweeradjaceninodesis four-
stagepipelined(thus,thelateny betweeradjacennodess
20processoclockcycles).Slottedring structurdés assumed
in bothring networks. Thelateng of the network interface
thatconnect4.2 cacheandmemoryto thering networkis 10
processoclock cycles. In our simulation,we have chosen
relatively slow timing parameterdor ring network to em-
phasizethe effect of network traversaland congestion.In
addition,we assumehatall theinstructionaccessearelL1
hit, andthatprivatedataaccessethathave missedatL1 are
L2 hits. Within four cateyoriesof cachemissegcold, capac-
ity, conflict,andcoherence);apacitymissandconflictmiss
arehighly affectedby the sizeandthe degreeof associati-
ity of the cache.Also, the problemsizeof eachSPLASH2
benchmarkprogramis intendedto be smallenoughto sim-
ulatein areasonabléime [9]. Moreover, eachbenchmark
programhasdifferentworking setsizes. Therefore rather
thanusingsomespecificL2 cachesize,we have decidedo
useaninfinite size,full associatie L2 cache.

To ensureequalbandwidthsthe numberof pacletsfor
the sametype of messages doubledon the bidirectional



L1 Cache| Lateng: 1, Size:8KB,
Block Size:32B, Direct Mapped
L2 Cache| Lateng: 8, Size:Infinite,
Block Size:64B, Full-Assoc.
Memory | Lateny 30
Ring Clock: 5, Node-to-noddateng: 20,
L2/Memory+ Ring lateng: 10,
32Nodes Datalink: 32bit/node

Tablel: SystemparametersTiming parametergarerepre-
sentedby processoclock cycles.

ring. A requesimessagéa messageavithout data)canbe
transmittedin a single paclet on the unidirectionalring,
while on the bidirectionalring it is divided into two pack-
ets. A datamessagés dividedinto sixteenpacletson the
unidirectionalring while it is dividedinto 32 pacletsonthe
bidirectionalring. Multiple pacletsof a messagaretrans-
mittedin (possibly)non-consecutie slotsandre-assembled
atthedestinatiomode.

We usea setof parallelapplicationsn Table2 thathave
varioussharingand communicatiorpatterns. Theseappli-
cationsare from SPLASH 2 benchmarksuits [9] and we
usetheir default problemsizes.The sharingpatternof each
programis alsoshawn in the Table 2 usingthe classifica-
tionin [10]. Repl is a sharingpatternin which a datastruc-
tureis accessebly severalprocessors aread-mostlyman-
ner. Anothersharingpatternis calledmigratorysharing,in
which a dataobjectis largely accessetby a singleproces-
soratatime. Themigratorysharingis furtherdividedinto
read-mostlyMigR) andread-write(MigRW).

Thethird columnin Table2 shavs the communication
patternsof the benchmarkprograms.Ocean hasa nearest-
neighborcommunicatiorpattern(NN in Table2). 27% of
remotemissesaredestinedo the adjacennodes.Lu hasa
very uniguecommunicatiorpattern. It haspeaksat nodes
whoselink distancesremultiple of four. All otherapplica-
tionsexhibit moreor lessflat (all-to-all) communicatiorpat-
terns(ATA). Thehomenodelocationof amemoryblockis
decidedby the page-leel first-touchpolicy, wherethe page
sizeis 4KByte. No attemptto optimizecommunicatiordis-
tancewasmade.

4.2 Simulation Results

Executiontime of eachapplicationnormalizedto that of
Barrosos protocolwith unidirectionalring (referredto as
“basecase”of comparisorhereafterjs shavnin Figure3.

Thefractionof accessimewithin executiontimeis rel-
atively low for Lu. Althoughthe bidirectionalring reduced
theaveragereadlateng by 20%,thedifferencen execution
time is small. Assumingthe sameprotocol, bidirectional

| Application | Sharing | Communicatiof ||

Lu Repl (seetext)
Ocean MigRW NN
Radix MigRW/MigR | ATA
Volrend Repl/MigR ATA
WaterN2 | Repl ATA

TNN: Nearest-neighboATA: All-to-all

Table2: Benchmarkprogramsandtheir sharingand com-
municationpatterns.

ring wasabout9% fasterthanunidirectionalring. This dif-
ferencein performancemainly camefrom the reductionof
readaccesdime. The differencesamongprotocolsassum-
ing thesamering structureweresmall (< 2%).

In Ocean, the proposedrotocolwasmosteffective. It
hada very strongnearest-neighbarommunicatiorpattern,
which wasbeneficialfor a bidirectionalring. Also, 79% of
readmisseswereto modifiedmemoryblocks,and 25% of
thosemisseswere optimizedby the proposedorotocol (as
describedin Section3). Comparedto the basecase,the
proposedprotocol with bidirectionalring was 21% faster
Whenabidirectionalring wasusedfor all the protocols the
proposedprotocol was fasterthan Barrosos and NUMA-
chine protocolsby 13% and 8%, respectiely. The perfor
mancedifferencebetweenunidirectionaland bidirectional
ringswasmainly dueto thereductionof readaccessime.

Radix hadveryhighremotemissrate(90%of L2 misses
were remote),which emphasizedhe differencesof inter-
connectiometworks. Especiallytheaveragdateng of write
accessvasreducedy 45%usingabidirectionalring. Thus,
the bidirectionalring was 26 to 28% fasterthanthe unidi-
rectionalring. Onthe otherhand,only 10% of readmisses
were optimized by the proposedprotocol. Also, 79% of
write misseswereto blocksownedby otherL2 cache. In
this mode of write miss, all the protocolsoperatedn the
sameway. As a result, differencesamongprotocolswith
the samering weresmall (< 3%).

\olrend hasthe all-to-all communicatiorpattern.88%
of readmissesand66% of write missesvereto cleanmem-
ory blocks. Also, the fraction of read/writeaccessgtime
within executiontime is the lowestamongbenchmarkpro-
grams. Thus,the network traffic is alsolow andthe differ-
encesamongprotocolsaswell asamongrings usedwere
small. The proposedorotocolwasonly 8% fasterthanthe
basecaseandthedifference@mongprotocolswith thesame
ring werelessthan3%.

In Water, the fraction of write misswasrelatively high
(40%),whichwasadwantageougor protocolswith write op-
timization (NUMAchine and the proposedprotocol). For
read accesseshalf of the misseswereto modified mem-



ory blocks,and42% of suchmisseswvereoptimizedby the
proposedrotocolwith a bidirectionalring. The proposed
protocolwith a bidirectionalring was 15% fasterthanthe
basecase.Whenall the protocolsuseda bidirectionalring,
theproposedrotocolwas7% and4% fasterthanBarrosos
andNUMAchine protocolsrespectiely.
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Figure3: Normalizedexecutiontime. Thelabelon eachbar
indicatesa protocol/ringcombination: 1: Barrosos proto-
colwith aunidirectionaking (comparisorbase)2: NUMA-
chinewith a unidirectionalring, 3: proposeddrotocolwith
a unidirectionalring, 4: Barrosos protocolwith a bidirec-
tionalring, 5: NUMAchine with a bidirectionalring, 6: pro-
posedprotocolwith abidirectionalring.

5 Conclusions

In this paper we proposeda cachecoherencerotocol for

abidirectionalring-basednultiprocessarln additionto the
useof a bidirectionalring, the proposedprotocol hasthe
adwantage®f shorterring traversalby exploiting the multi-

castcapabilityof the ring network andlesshardwareover-

headfor memorydirectoryentries.Theresultsof execution-
drivensimulationsshavedthatthe proposegrotocolwith a
bidirectionalring wasupto 29%fastethanthecombination
of Barrosos protocolwith a unidirectionaling.

The topics of further investigationinclude incorpora-
tion of thelateng hidingtechniquesuchasprefetchind11]
and relaxed consisteng models[7]; an adaptve pagemi-
grationschemébasedntheaccessrequeny andthenum-
ber of links; extensionof the proposedprotocolfor multi-
level ring network; andtheeffectof systenparametergring
speedgachesize/speecetc) ontheperformance.
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