
HardwarePredictionfor DataCoherency of ScientificCodeson
DSM

JT. Acquaviva
�

andW. Jalby
�

�
CEA/DAM

�
PRiSM Lab.

FrenchAtomic Energy Commission VersaillesUniversity
acquaviv@bruyeres.cea.fr jalby@prism.uvsq.fr

July28,2000

Abstract
Thispaperproposesa hardware mechanismfor reduc-

ing coherencyoverheadoccurring in scientificcomputa-
tionswithin DSMsystems.A first phaseaimsat detecting,
in theaddressspaceregular patterns(calledstreams)of
coherencyevents(such as requestsfor exclusive,shared
or invalidation).

Oncea streamis detectedat a loop level, regularity
of dataaccesscan beexploitedat the loop level (spatial
locality) but also betweenloops(temporal locality). We
presenta hardware mechanismcapableof detectingand
exploiting efficientlytheseregular patterns.

Expectablebenefitsaswell ashardwarecomplexity are
discussedand the limited drawbacks andpotentialover-
headsare exposed.

For a benchmarkssuite of typical scientificapplica-
tionsresultsareverypromisingbothin termsof coherency
streamsandtheeffectivenessof our optimizations.

1 Intr oduction

Currentarchitecturesofferingthesharedmemoryabstrac-
tion over a physically distributed memory(DSM) con-
stitutea very attractive solutionfor largescalableshared
memorysystems.Many of themrely onahardwarebased
coherency schemewhich is costly in termsof hardware
complexity but alsoin termsof performance.Latency of
memoryoperationsinvolving complex coherency trans-
actionsmay becomevery large. Additionally, the co-
herency traffic itself canbecomesubstantial,consuming
a nonnegligible portionof thenetworkbandwidth.

Previousstudieshaveshowedthatcoherency traffic ex-
hibit someregularpatterns[CBZ90]. Correspondingop-
timizationshave beenproposedto addresssomeof these
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specificpatterns[Per93], [Kax98]. Moregeneralschemes
have alsobeenproposed,but they remaincostly in hard-
ware, they requireon-chipmodification,or large exten-
sionof directorystructure(memoryoverhead)[MH98].

In thescientificcomputingworld, it is well known that
dataaccessarehighly structured.Thispropertyis induced
by the specificnatureof scientific algorithms. Success
of vectorarchitectures,anda largeamountof researchin
latency optimizationtechniquerely on this fact. Stream
buffers in T3E, processorprefetchingin Power3,or with
thecomingMerced,andevencompilerdirectedprefetch-
ing of SGIaimat exploiting theseregularpatterns.

Our investigationsshow, that for scientificcodesrun-
ning over DSM thereis a strongpresenceof vectorsin
coherency traffic. A wayto optimizetraffic is to takeinto
accountdatastreamsandregularity in coherency patterns.
This is illustratedby figure1.

Startingfrom thisobservedregularity of thecoherency
phenomenawe proposea mechanismableto captureand
exploit efficiently suchregular patternsnot only within
loopsbut alsobetweenparallelloops. Our objectivesare
twofold: first, reducereadandwrite latenciesandsecond
reducedatatraffic (invalidation/downgrade).

Our approachwill be essentiallybasedon anticipat-
ing the memorytransactions(Read,Write, Invalidation,
Downgrade)relyingonasimplehardwaremechanismlo-
catedat the L2 cachelevel (off chip). Our schemewill
first work by exploiting spatiallocality propertieswithin
a loop,to aggregatesequenceof homogeneousreferences
to contiguouscachelines (suchsequenceswill becalled
streams).For eachof thesesequences,acompactdescrip-
tor is dynamicallybuilt up. Then,our proposedmecha-
nismis capableof recognizingtheoccurrencesof similar
streamsin thefollowing loops,exploiting temporallocal-
ity betweenstreams.

Oneof thedifficulty with predictionmechanismis the



Figure1: Data requestsin shared or exclusivemodeoccurring for LU. Horizontal x-axis representsthe time
in CPU cycles,while the vertical y-axis representsthe addressspaceby cacheline number. Accessespresent
a high degreeof streamand coherent nature is alsostructured. Streamscorrespondingto the different nodes
are recognizable.Such a figure is strongly related to the codestructure and the parallelization scheme.Our
preliminary profiling investigationsclearly exhibits that few loop nestsproducedthemain part of this coherency
traffic. Notice the strong behavioral distinction betweensharedand exclusiveaccesses.No write eventsappear
after the first quarter of the execution,all nodeshavealreadyrequestedall neededdata in Exclusivemodeand
further writes are only local operationsnot loggedon the graph.



compromiseto be madebetweendepthof anticipation
(How far aheadanactioncanbeanticipated),andtheac-
curacy (wrongpredictionsandtoo many of themin par-
ticular) canseverelydegradeperformancedueto useless
traffic. We will show that our mechanismis capableof
performingwell with respectto thesetwo problems.

Theremainderof the paperis organizedasfollow. In
section2 the framework of our study is defined. Sec-
tion 3 exposestheproposedarchitecturefor thecoherency
optimizer. Methodologyandsimulationenvironmentare
describedin section4. Resultsare analyzedin section
5. Several enhancements/extensionarepresentedin sec-
tion 6. Section7 presentsandreviews otheranticipation
mechanismswhich have beenproposedin the literature.
Finally, a shortconclusionis givenin section8.

2 Background/Framework

2.1 Target Codes

Ourproposalis stronglyaimedat improving performance
of thesocalledscientificcodes.A largefractionof these
codescanbecharacterizedby very regulardatastructures
(typically multidimensionalarrayswhich in turn areac-
cessedin a very regular (predictable)manner. This reg-
ularity hasled to the conceptof “vector” (a sequenceof
memorylocationsregularly spaced)which hasbeenvery
successfullyexploitedby vectorarchitectures.

2.2 Programming Model

Dueto theunderlyingarchitecture,wewill naturallyusea
sharedaddressspaceandwewill assumethatthesescien-
tific codeshave beenparallelizedusingOpenMPparallel
constructs.Dueto thestructureof thesecodes,mostof the
parallelismwill beexploitedat theloop level. According
to our terminology, anepochis a fully parallelconstruct,
in which no synchronizationotherthanbarriers1 (located
at theendandthebeginning)arenecessaryto ensurecor-
rectexecution.In particular, we will assumethatthereis
no critical sectionwithin an epoch. This assumptionis
essentiallymadefor simplifying thepresentation.

The schedulingof iterationswithin an epochis static,
i.e., the iteration spaceis divided equally among the
nodes,atcompiletime.

Interestinglyenough,the regularity of accesspatterns
which is naturallypresentswithin epochs,is alsopresent
betweenepochsi.e. the samevectorsareusedfrom one
epochto theotherone(cf figure1).

1Barriercodeincludeanextrawrite to a memorymappedregionin
orderto inform our mechanismthanabarrieris occurring.

2.3 Target Ar chitecture

Our target architectureis a DistributedSharedMemory
system,whoseoverall architectureis given in figure 2.
The addressspaceis distributedacrossnodes,on a page
basis,in a roundrobin fashion. With eachpagea home
node is associatedand this homenodewill remainun-
changedduring the whole codeexecution: no pagemi-
grationmechanismareused. For sakeof simplicity, we
will assumethat the nodeis a uniprocessor. Coherency
is maintainedvia a full-map directorystructureat cache
line granularity. For every cacheline, thecorresponding
directorystructureandinformationaremaintainedby the
correspondinghomenode.
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Figure2: Basic Architecture of a node in a DSM sys-
tem.

The consistency model supportedis relaxed consis-
tency. Dataracesmayoccuronly within epochs.Memory
coherency is enforcedonly at synchronizationbarrier. It
is thecompiler’s or programmer’s responsibilityto place
barriersto guaranteethecorrectnessof theexecution. A
cacheline canbein oneof thethreeclassicstates:Invalid,
Sharedor Exclusiveandthecoherency protocolworksby
invalidation.Thetransitionfrom theExclusive or Shared
statedown to Invalid state,will be called Invalidation,
andthetransitionfrom Exclusive to Sharedwill becalled
Downgrade.

Coherency protocol is executedby a protocolengine
locatedat theNetworkInterfacelevel of eachnode.This
engineis involved to maintaincoherency amongnodes.
Sincea nodemay becomposedof multiple CPU, inside
a node,the MESI protocol is usedto guaranteethe co-
herency of eachcachewith the nodememory. This last
layeris transparentfor theprotocolengine.



Thissystemis stronglyrelatedto thePrismarchitecture
describedby Ekanadhamandal. [ELPS98]. Prismsup-
portsaninterestingpagemigrationalgorithm,but interac-
tion of pagemigrationandcoherency arenot investigated
in thispaper.

3 CoherencyOptimizer

3.1 Overview

In orderto reducecoherency overhead,weproposeto add
a coherency optimizerwithin theprotocolengineof each
node.Theregularity of dataaccesswill becharacterized
by meansof streams.A Streamsis constitutedof a seg-
mentof cachelines,consecutivein termof addresses,hav-
ing thesamememoryandcoherency behavior.

More precisely, a streamwill be characterizedby a
head(startaddress),a tail (endaddress),typeof memory
access(Readof Write), typeof transitionin thestatedia-
gram.Thesetof characteristicsof a streamwill becalled
a StreamDescriptor(SD).

The following subsectionsgive an outline of the co-
herency optimizerdesign,somedetailsmight have to be
changeddependinguponimplementationchoices.

Thecoherency optimizerwill work in two phases:

: Streamsdetection/recognition, identical coherency
requeststo consecutive data are detected. At this
stage,a key decisionhasto bemade:eitherwe are
observinga new streamanda StreamDescriptorhas
to be generatedor we “recognized”a Streamsal-
readyobservedin thepast.

: Streamsexploitation, againtwo casesneedto bedis-
tinguished. In the caseof a new stream,anticipa-
tion of theactionswill belaunchedusuallyin acare-
ful manner(oneor two blocksaheadof the current
block). In thecaseof analreadyobservedstream,the
anticipationcanbemuchmoreaggressive, i.e. antic-
ipating thebehavior of multiple consecutive blocks,
evenof thewholestream.

Although,our mechanismsharea lot in commonwith
standardhardwareprefetchers,three major differences
have to benoted.First, we monitornot only Read/Write
operationsbut alsothecorrespondingcoherency actions.
Second,we store information on data accessbehavior
throughtheStreamDescriptor, this is essentialfor theex-
ploitationphase.Third, weobserve notonly theoutgoing
requestsissuedby theprocessorbut alsotheincomingre-
quests(Invalidation/Downgrade).

To summarize,we advocateanoff-chip coherency en-
gine,performingpredictionat addresslevel andmonitor-
ing dataflowing out of thenodeaswell asrequestsflow-
ing in. Weneedalsoadedicatedbuffer to storeprefetched
data.Weshouldtry to limit asmuchhardwarecomplexity
but still beableto catchthemainpartof coherency traffic.

3.2 TargetedTraffic

Thestreamsdetectedwill beclassifiedinto fourmajorcat-
egories:

: Read Streams, this correspondsto a standard
prefetchrequest.

: Write Streams, act like a Readstream,except that
dataarerequestedin Exclusive mode.Hence,Inval-
idationareanticipatedandoverlapis improved.

: Invalidate Streams, a nodemayreceive a largese-
quenceof invalidation for data it has loaded. On
sucha sequence,thecoherency optimizergenerates
a streamof self invalidation requests,invalidation
messagesare also sent to the correspondinghome
nodeto decreasethedegreeof sharing.

: Downgrade Streams, similarly to the Invalidate
Streams,a nodemay receive large sequenceof re-
motereadrequestsfor datait hasproduced.These
requestsdowngradethecoherency statefrom exclu-
sive to shared,senda copy to the requestingnode
andto thehomenode.Thecoherency optimizeran-
ticipatessuchbehavior, downgradingin advancethe
modefrom exclusive to shared,which leadsto an
updatemessageto the homenode. A further opti-
mizationwould be broughtby anticipatingalsothe
requesterandsendinghim thedata.

3.3 Hardware Organization

The coherency optimizerneedsto be tightly coupledto
thecoherency protocolengine.It hasto monitorrequests
producedby eachnode to detect the regular data pat-
terns(vector)of identicalrequests.Dueto pageallocation
which tries to balanceaccesseson all homenodes,these
vectorswill be lessobviousto detectif theDescriptoris
placedat thehomenodelevel.

Hence,wechoseto placetheoptimizerat theNetwork
Interfacelevel, whichis alsothelocationof thecoherency
protocolengine.

NetworkInterfaceandcoherency engineallow theop-
timizer to accessglobal addresses,alleviating the ad-
dress translationproblem found is several DSM (like



Prism [ELPS98] or more generally S-COMA systems
[SWCL95],[SN95]).

A simplifiedview of theoverall hardwareorganization
is given in figure 3. Four setsof basiccomponentsare
distinguished:

: AddressBuffers: thesebuffers are in turn subdi-
vided into four buffers (ReadMiss Buffer, Write
MissBuffer, InvalidationBuffer, Downgradebuffer)
dependingof the type of memoryrequest.All four
addressbuffers are indexed by the addressof the
missingcacheline andhold the most recenttrans-
actionsobserved,i.e. potentialcandidatesfor stream
detection.

: Stream Buffers: thesebuffers are used to store
the datacorrespondingto a detectedstream.These
buffersaresubdividedinto two classes,ReadStream
Buffers and Write StreamBuffers. Each Stream
Buffer will be allocatedto a givendetectedstream,
accordingto a LRU policy. The buffers will oper-
ateaccordingto a FIFOpolicy. For example,aRead
Buffer will befilled by requestsissuedby theantic-
ipation mechanismandemptiedby requestsissued
by the processor. The two key parametersfor these
buffersarefirst their depthwhich is stronglyrelated
to the degreeof anticipationandsecondtheir num-
ber which correspondsto the numberof simultane-
ously detectedstreamswithin anepoch. In our ex-
periments,wefoundoutthat32bufferswereenough.

: Stream Descriptor Table: this tablewill recordall
of thedescriptorscorrespondingto streamsdetected.
This table is indexed by the headaddressof the
stream.At eachtime, a new streamis detected,an
entryis allocatedin theSD Table.This tableis split
into two sections:the first sectioncalledNew Sec-
tion is dedicatedto “new” Streamsdetectedwithin
the currentepochwhile the secondsection,called
old sectionis dedicatedto Streamsdetectedin pre-
viousepochs.With eachof theseentriesanactivity
flag is setdependingwhethertheStreamis active for
thecurrentepoch.For theNew Section,all of theac-
tivity flagsshouldbesetto active. In caseof anover-
flow of the table,StreamsDescriptorsarediscarded
accordingto a LRU policy. 2 In ourexperimentswe
observedthata256entriestablewaslargeenoughto
storeall of thestreamsdetected.

: AddressComparators: thesecomparatorswill be
usedfirst for checkingthatamissrequestcanbeser-

2A betterpolicy would be to discardentriesin the tabledepending
uponthelengthof thestream.Shortstreamsshouldbeevictedfirst.

vicedby astreambufferandsecondfor detectingthat
a streamhasbeenalreadydetected.

Upona synchronization(typically a barrier),all of the
addressbuffersandtheStreamBufferswill beflushedand
the contentof theNew Sectionof theStreamDescriptor
Tableis shiftedinto theOld Sectionto includethestreams
detectedwithin thefinishingepoch.All of theactivity bits
areresetto 0.

3.4 StreamDetection/Recognition

This phaseis anessentialone,sinceall furtheroptimiza-
tions/anticipationwill takeplaceon detected/recognized
streams.

Let us distinguish two casesdependingwhether re-
questsareissuedby thelocalCPUor by aremoteCPU.

Local request
Upona readmiss(thewrite misscasewill behandled

in a similar manner),the addresswill go throughpoten-
tially up to threestages(correspondingto checkswith the
variousbuffers)
: STAGE 1: CheckagainsttheStreamBuffers.

If thedatais foundin oneof theStreamBuffer (hit),
it is directly sent to the processorand the corre-
spondingStreamDescriptoris updated;if it is a new
Streambeingcurrentlydetected,the tail addressis
incrementedby one,otherwiseno operationis per-
formedon theSD table.

If no StreamBuffers containsthe requestedcache
line, the requestedaddressis forwardeddirectly to
thenetworkandin parallel,therequestedaddressis
sentto Stage2.

: STAGE 2: Checkagainsttheentriesof theOld Sec-
tion of theStreamDescriptorTable.

If therequestedaddressmatchesoneof theheadad-
dress,theactivity bit is setandaprefetchis launched.
Thiscasecorrespondsto thesituationwhereastream
hasbeenrecognized.Otherwise,the requestedad-
dressis sentto stage3.

: STAGE 3: Checkagainstthemissbuffer.

First theaddressis decrementedby onebeforelook-
ing for a matchwith anentry in themissbuffer. If a
matchis found,it meansthattwo consecutive cache
lineshave beenrequestedandanew streamhasbeen
detected.In sucha case,anentry is createdinto the
new sectionof the StreamDescriptorTableandthe
matchedaddressis retrievedfrom themissbuffer.

If nomatchis found,therequestedaddressis simply
insertedinto themissbuffer.
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Figure3: CoherencyOptimizer overview:
A requestfor datain exclusive modetriggeringa L2 cachemissreachestheCoherency Optimizer. Severalcasesare
possible:

Write StreamBuffersarecheckedfor therequesteddata.In caseof hit, thedatais returnedbackto theprocessor,
a Write prefetchis sentandtheStreamDescriptorTableis updated.

In caseof Write StreamBuffer miss: a look-upis performedin theOld sectionof theStreamDescriptorTable
for a previouslydetectedstreammatchingwith therequestedaddress.

In caseof StreamDescriptorTablehit, thecorrespondingactivity bit is set.Dependingthepreviousstateof the
StreamEntry, theStreammaybere-activated.

If theLook-upis amiss,theaddressis sentto theWrite AddressBuffer

For simplicity reasonsthesetof comparatorsis notdepictedon thefigure.



Remoterequests
Within the requestflow coming from remote pro-

cessors,only Invalidation and Downgraderequestsare
trackeddown. It meansthat we do not attemptto cre-
ateNew InvalidationStreams.The remoterequestsfol-
low asimilarprocedureastheonedescribedaboveexcept
thatstage2 andstage3 areinverted,themissbuffersare
checkedbeforecheckingtheSDtable.

: STAGE 1: CheckagainsttheStreamBuffers.

If thedatais foundin oneof theStreamBuffer (hit),
thecorrespondingentry is invalidatedin theStream
Bufferandthecorrespondingrequestis forwardedto
theL2 controller.

If no StreamBuffers containsthe requestedcache
line, the requestedaddressis forwardedin parallel
to theL2 controllerandto Stage2.

: STAGE 2: Checkagainstthemissbuffer.

First theaddressis decrementedby onebeforelook-
ing for a matchwith anentryin themissbuffer. If a
matchis found,it meansthattwo consecutive cache
lines have beensubjectto the samecoherency ac-
tion. Therefore,we considerthata streamhasbeen
detectedandwegodirectly to stage3.

If a matchis notfound,therequestedaddressis sim-
ply insertedinto themissbuffer.

: STAGE 3: Checkagainsttheentriesof theOld Sec-
tion of theStreamDescriptorTable.

If therequestedaddressmatchesoneof theheadad-
dress,theactivity bit is setandananticipatedaction
(Invalidateor Downgrade)is launched. This case
correspondsto thesituationwherea streamhasbeen
recognized.

3.5 Streamexploitation

Thetwo major casesto bedistinguishedarewhetherwe
areprocessinga New Streamor anOld Stream.

NewStream
The anticipationwill be strictly limited to one block

aheadof the last block requestedby the processor. This
correspondsto a conservative approachbecausethe tail
of thestreamis not known a priori. Theoperationmode
is relatively straightforward:upona hit in a oneof the
StreamBuffer, a prefetchis launchedon theconsecutive
address.

Old Stream
Therewearerelyingandbettingonthefact thatthere-

questedstreamwill have thesamelengthastherecorded

stream.In sucha case,anticipationcanbemoreaggres-
sive,by allowing ahigherdegreeof anticipation.

3.6 Correctnessissue

A crucial aspectin anticipatingcoherency protocol ac-
tions, is to ensurethat mispredictionwill never lead to
datacorruption.

First of all, all buffersareflushedbetweenepochsand
all anticipatedactionsshouldbecompleted/cancelledbe-
forefinishinganepoch.

Second,all anticipatedactionswill beflaggedtentative
andin caseof two transactions,oneof thembeingaregu-
lar oneandtheothera tentativeone,the tentative will be
systematicallydiscarded.

Now if we look in moredetailsat the anticipatedac-
tions,they fall into two categories.

TheRead/Writeanticipationsarestrictly equivalentto
standardprefetchandshouldbehandledexactly thesame
techniques.

TheInvalidation/Downgradeoperationsarea bit trick-
ier. First, for Invalidation, in a normalsystem,a cache
line canbethrownawayfrom theL2 cachedueto acache
conflict for example. Therefore,our strategy will be to
follow the exact sameprotocolstepsasif the cacheline
hadbeenevicted from the L2. For the Downgrade,the
situationis similar.

3.7 OverheadInvestigation

Costfor thecritical pathis fairly limited, all of themech-
anismsarelocatedoff chip. The longestsequentialpath
implies: SD-tablelook-up, checkof streambuffers and
missbuffer comparison.All thesethreestepscanbeindi-
vidually moreor lessdonein paralleldependinguponthe
numberof comparatorsused.

This schemerelieson exploitation of both spatialand
temporallocality. For applicationswhich don’t exhibit
suchproperties(for examplefully irregulardataaccess),
the detectionstageof our mechanismwill not identify
streams,notgeneratingany speculativeactionsandhence
theoverheadin termof mispredictionwill beverylimited.

The real worst caseoccurs for code presentingjust
enoughregularity to trigger streamsallocation,but not
enoughto allow streamexploitation. For this muchmore
limitedclassof applications,thecoherency optimizermay
generatedup to 1/3 of uselessrequests.

A wayto avoid suchwasteof resourceis to adda hang
up mechanismrelying on a mispredictioncounter. This
counteris incrementedfor every datafetchedin stream
buffer but which arenever accessed(i.e. flushedat the



endof an epoch). Whenthis counteroverflows, the co-
herency optimizercan switch off by itself or even pass
in monitor only state,wherepredictionaremadebut no
requestsemitted.

4 Simulation Envir onment and
Methodology

4.1 Simulation Envir onment

Our investigationsweredonewith thefollowingsoftware
environment:

Benchmarkswere run with the Prism simulatorpro-
vided by IBM [ELPS98]. This softwareis basedon a
port of Augmint [NMST96] for PowerPC,hencesimu-
lation modelis executiondriven. Prismsimulatorallows
to simulatea clusterof SMP nodes,coherency protocol
at the cacheline level, andcompletememoryhierarchy.
In particular, contentionatnetworkinterfaceandprotocol
enginelevel arefully modeled.

This simulatorhasbeenaugmentedwith our proposed
mechanism.

Due to the execution-driven mechanism,out-of-order
executionis not currentlysupported(in particular, coher-
entcachesareblocking).

Althoughoutof orderexecutionmaychangecoherency
cost by allowing a greaterdegree of overlap, globally
thenumberof coherency messages(exceptfor falseshar-
ing/ping pongphenomena)shouldnot be affectedmuch
by theexecutionorder.

Two memorymanagementschemesare possible: S-
COMA or CC-NUMA. In orderto limit noisefrom cache
effects,simulationswererun in S-COMAmode.

4.2 Methodology

Preciseearningswith respectto executiontimehave been
evaluated.

However, althoughexecutiontime is thekey metric to
be measured,it dependsupon many systemparameters
andin a completesystemit tendsto maketheanalysisof
the proposedmechanismextremely dependentupon the
systemcharacteristicsin which it is integrated.

Therefore,in additionto executiontimes,wehavebeen
analyzingin detailtheability of ourproposalto detectac-
cesspatternsandto capturecoherency effects.Currently,
oneof our goal is to prove quantitatively (with respectto
applicationcharacteristics)thevalidity of thisconcept.

4.3 Parameters of the Target Simulated
System

Targetedarchitectureis a S-COMA DSM system,com-
posedof 8 singleCPUnodes.Coherency is enforcedwith
afull-mapdirectoryatthecacheline level. Cachelinesize
is 64B.Eachnodeincludesa PowerPC604e,with 4 MB
of L2 cache,a networkinterfaceanda hardwareprotocol
engine.Programmingmodelis SPMD,with relaxedcon-
sistency, coherency is appliedat synchronizationpoints.

Thefollowing parameterswereusedfor thecoherency
optimizer:

: The numberof ReadandWrite streambuffers was
setto 32,eachof thesebuffersbeingof depth1.

: Theaddressbuffer’sdepthwassetto 32

: Thesizeof theSD tablewassetto 256.

4.4 Benchmarks

All of the benchmarksused,areextractedcomingfrom
the SPLASH,SPLASH-2[CSG98] suiteexcept the CG
codewhich is a NAS benchmarks.This last codewas
testedusing two different preconditionners,a diagonal
one(CG-DIA) anda polynomialone(CG-POLY).

Benchmarkscanbesortedinto fourcategories,depend-
ing upontwo parameters:memoryaccessregularity (spa-
tial locality), anditerativenature(temporallocality).

Thedetailsof thedatasetsusedandbenchmarkstype
aregivenin table1

5 Experimental Results

5.1 Metrics Used

In the tables, an event refers to complete mem-
ory/coherency transactions:a R/W event refersto a Read
or a Write requesthaving generateda coherency action
(local Readsor hits in theL2 arenot counted),anInvali-
dation(resp.Downgrade)eventcorrespondsto all of the
actionsrelatedto an Invalidation(resp. Downgrade)re-
quest. For example,a cacheline presentin 5 different
cacheswhenanotherprocessorattemptsto getExclusive
ownershipwill generate5 Invalidationevents.

The term Optimized Event refersto an event which
waspredictedcorrectlyby ourmechanism.

ThetermRecognizedEvent correspondsto Optimized
Eventswhich werecapturedby streamrecognition: i.e.
the samestreamoccurredat leat twice acrossdifferent
epochs.Thismetricis interestingbecauseit describesthe
temporallocality of codes.



Benchmarks Problemsize. Type
LU 768x768matrix,blockof size16. regularandhighly iterative

CG-DIA 50x50matrix. regularandhighly iterative
CG-Poly 50x50matrix. regularandhighly iterative

FFT 64Kpoints. regularandweaklyiterative
OCEAN-cont Grid of size130x130 regularandweaklyiterative

OCEAN-non-cont Grid of size130x130 regularandweaklyiterative

Radix 524288elements,radix1024 regularandnot iterative
MP3D 20000particlesfor 5 timesteps irregularandmoderatelyiterative

Water-spatial 2197moleculesfor 5 steps. irregularandmoderatelyiterative

Table1: Benchmarkssetand associatedproblem size.

All of thestatisticsweregatheredfor thewholeexecu-
tion of thecode.

The Invalidation (resp. Downgrade)predictionwere
madeusingthe mostaggressive scheme:assoonastwo
requestswerehitting consecutivelinesat thebeginningof
aStream,thewholeStreamwasinvalidated(resp.Down-
graded)

Our objectivesweretwofold: first, evaluatehow well
our mechanismwasableto detectandrecognizestreams
(coverageratio), andsecondto evaluatethe accuracy of
themechanism(mispredictionratio).

This lastpoint is fundamentalbecause,incorrectlypre-
dictedactionsconsumebandwidthdirectly relatedto the
uselessaction. Furthermore,it can generateadditional
traffic to recover from the misprediction: invalidatinga
cacheline which wasnot requiredwill costtheextra in-
validationandonthetopof thatif unfortunately, thecache
line is subsequentlyneededby theprocessor, it will have
to bereloaded!

5.2 Commentson the results

First global improvementon executiontime broughtby
our schemeis exposedin table 2. Table3 presentsthe
resultsobtainedfor theR/W optimization,amoredetailed
analysisof the streamrecognitionacrossbarriersbeing
givenin Table4.

Tables5 (resp.6) presentsoptimizationperformedfor
Invalidation(resp.Downgrade).

: LU: within an epoch,the coveragefactor is pretty
good,however themispredictionsarerelatively high
due to the shorteningof vectors (and therefore
streams)during the codeexecution. Even if R/W
streamsarewell recognized,the variationin length
leadsto mispredictedstreamtail, i.e. additionaltraf-
fic. Hence,LU doesn’t benefitfrom informationcol-

lectedduringpreviousepochs.Nevertheless,SD ta-
ble is useful to handledowngraderequests,which
leadsto traffic reductionandperformancegains.

: CG-DIA and CG-POLY; thesecodeswhich share
commoncharacteristicsare analyzedtogether. In
both cases,dueto the very regular underlyingdata
structuresandthehighly iterativenatureof thecode,
ourmechanismperformsextremelywell, bothwithin
anepochandbetweenepochs.

After an initial learningphase,where streamsare
detected(i.e. the SD table is built), the recogni-
tion ratio is excellent. Despitesthis, CG-Polyex-
hibits a non negligible percentageof misprediction
for Downgradetraffic andCG-Diafor Invalidations.
Mispredictionis coming from streamoverlap. For
instance,eachnodeperformsan initial readaccess
onthesamelargestream,theneachnodeonly writes
a slice of this stream. This patternyields to a in-
discriminateinvalidationof thewholestreamon all
nodes,evenontheportionthateachprocessorneeds
to write. It shouldbe noted,that this will not lead
to datareload,sincethelocal slicehasto bewritten
anyway (old valuesarescratched)from sharedstate
to exclusive state.

: FFT: within an epochthe coveragefactor is very
good. Betweenepochs,the resultsaremuch more
disappointing,this is due to the very limited num-
ber of epochs(8) throughoutthe whole code. Ad-
ditional experimentshows that cacheslines which
areaccessedmorethan4 timesconcentratelessthan
0.4 % of the total numberof R/W events. Clearly,
with to few epochstheschemesuffersfrom its learn-
ing curve.

: OceansContiguous/NonContiguous: our mecha-
nismperformswell on bothcodes,althoughin both



Application LU CG-Dia CG-Poly
Basic 160,735,466 87,088,792 17,424,393

Optimized 153,250,797 77,586,113 15,803,924
Ratio 95.3 89.1 91.8

Application FFT Ocean-Cont. Ocean-non-cont.
Basic 18,061,764 58,683,199 31,061,465

Optimized 16,748,673 55,438,018 29,905,357
Ratio 92.7 94.5 96.3

Application Radix MP3D Water-Spatial
Basic 38,623,341 73,971,006 407,468,331

Optimized 36,096,679 73,133,654 431,560,466
Ratio 93.0 98.1 105.9

Table2: ExecutionTime with the coherencyoptimizer

Basic, correspondsto theexecutiontime in CPUcycle on theplain system,without any coherency optimizer. Opti-
mized, correspondsto theexecutiontime in CPUcycle on theaugmentedsystem,which includesthefull implemen-
tationof ourproposal.Ratio, Executiontime on theOptimizedsystemover executiontime ontheBasicsystem.

cases,our mechanismis suffering from being lim-
ited to stride 1 streamdetection. Not surprisingly,
contiguousversion performsbetter, taking advan-
tageof longerstreams,up to 300 cachelines long
for ocean-contiguousasdetectedstreamsnever ex-
ceeds8 cachelines for the non-contiguousversion.
Temporal locality is also more presentin ocean-
contiguous,with a coveragefactor acrossepochof
34.3% with 934epochsasocean-non-contiguousis
limited to 13.3% with 902epochs.

: Radix: surprisingly, our mechanismperformswell
on radix, due to the highly regular dataaccess.In
this application99.9% of the datasetis touchedat
mosttwo times.Accesspatternis completelydomi-
natedby a producer-consumerbehavior. Hence,for
R/W events, despitesthe fact that they are highly
regular (strongpresenceof streams)andoptimized,
the recognitionstagesis never involved. Perfor-
manceimprovementis dominatedby localoptimiza-
tion, andSD tableis usedto predictdowngradetraf-
fic. Notice that this casecannotbe optimizedby
mechanismsrelyingona percacheline predictor.

: MP3D: althoughthecodeis accessingsparsestruc-
tures,our mechanismis performingquitewell. The
iterative natureof the code,helpssubstantiallyfor
crossepochoptimization. The lack of regularity
leadsto a high mispredictionratio, nearlyonepre-
dictedrequestout of threeis useless.Despitethis,
we observe a performanceimprovement,dueto the
factthatbandwidthlimitation wasnotthekey bottle-
neck. Like for Water-Spatial,somerefinementslike

a lesssensitivestreamallocationpolicy, canbeused
to avoid to bemisleadby all thesetooshortstreams.
Furthermoreall our experimentswhereconducted
with a 64B longcacheline which is quitesmall.

: Water-Spatial: resultsare disastrous.First, the ir-
regularityof thedatastructurecannotbedetectedby
our mechanism.Worse,many very shortstreams(2
cachelineslong)misleadthestreamdetector, result-
ing in a very high mispredictionratio. In this appli-
cationspatialandtemporallocality arenot coupled,
5 % of thesharedaddressspacesummarizes63% of
R/W coherency events,andthis smallfractionis not
accessedwith enoughregularity to becaughtby the
detectionstage.

If we analyzeandcomparethe two typesof optimiza-
tions (within an epochand betweenepochs),the first
one performsmuch better in terms of coveragefactor.
The essentialreasonof sucha behavior is thatwithin an
epoch,anticipationbasedon spatiallocality and (recent
references)performsbetterthancrossepochoptimization
which tendsto correlatephenomenafar apartin time.

As a summary, our proposedmechanismwill perform
atbestfor codeswhicharebothhighly structured(vector-
izable)andhighly iterative: for suchcodes,performance
improvementis over 50%,reachingover 70%in themost
favorablecases.If only oneof the two conditionsis met,
our schemestill providesa substantialimprovement(be-
tween25 and40 %). If noneof the conditionsaremet,
clearlyour schemebringslimited improvement(10 to 20
%). In all cases,accuracy of thepredictions(andthecor-
respondingoverhead)areverygoodexceptfor highly un-



Benchmarks Nb. R/W Optimized R/W Coverage Misprediction Ratio
Events Events Factor

LU 276433 146062 52.8% 18.9%
CG-DIA 187906 171355 91.2% 2 %
CG-Poly 56087 41681 74.3% 3.3%

FFT 129875 114945 88.5% 3.9%
OCEAN-cont 278727 87573 31.4% 1.8%

OCEAN-non-cont 53493 13978 26.1% 3.6%

Radix 127210 56064 44.1% 0.9%
MP3D 422613 108503 25.7% 3.5%

Water-spatial 211998 30234 14.3% 28.7%

Table3: Summary of R/W Optimizations

Nb. R/W Events: total numberof read/writecoherency requeststransitingin the systemduring the execution
time.

Optimized R/W Events: numberof R/W eventsthatarecorrectlycoalescedin streamsandcorrectlyanticipated
by theoptimizer.

CoverageFactor: ratioof thetwo previousmetrics.

Misprediction Ratio: uselesstraffic (in numberof messages)generatedandincorrectlypredictedby theopti-
mizerover Nb. R/W events.

Benchmarks Optimized Recognized Recognition
R/W events R/W Events Factor

LU 146062 54600 37.4%
CG-DIA 171355 165597 96.6%
CG-Poly 41681 18975 45.2%

FFT 114945 28688 24.9%
OCEAN-cont 87573 30093 34.3%

OCEAN-non-cont 13978 1865 13.3%

Radix 56064 0 0 %
MP3D 108503 25458 23.4%

Water-spatial 30234 4360 14.4%

Table4: StreamsRecognitionacrossbarriers:

Optimized R/W events: numberof R/W eventscorrectlypredictedby theoptimizer

RecognizedR/W Events: numberof optimizedR/W eventsthatappearat leastin two epochsandarecaptured
andoptimizedby ourmechanism,successfullyexploiting informationgatheredduringpreviousepochs.

RecognitionFactor: numberof RecognizedR/W Eventsover numberof Optimized R/W Events.



Benchmarks Invalidation StreamsI. Coverage Misprediction
Factor Ratio

LU 0 0 na. na.
CG-DIA 89747 80135 89.3% 1 %
CG-Poly 19828 14208 71.6% 7.9%

FFT 25078 2874 11.4% 0.5%
OCEAN-cont 115439 15556 13.4% 1.1%

OCEAN-non-cont 10045 1443 14.3% 1.2%

Radix 19 0 0 na.
MP3D 208835 5013 2.4% 1.3%

Water-spatial 128804 598 4.6% 0 %

Table5: Summary of Recognitionphasefor Invalidation Events:

Invalidation :totalnumberof invalidationeventsemittedin thesystem.

StreamsI.: numberof usefulinvalidationeventsgeneratedby ourmechanism.

Coveragefactor: numberof usefulinvalidationeventsperformedover totalnumberof invalidation.

Misprediction Ratio: numberof wronginvalidationgeneratedby thecoherency optimizerover total numberof
invalidationevents.

Benchmarks Downgrade StreamsD. Coverage Misprediction
Factor Ratio

LU 41274 10135 24.5% 2.4%
CG-DIA 68173 66123 96.9% 19.8%
CG-Poly 17942 17512 97.6% 0 %

FFT 21606 3450 15.9% 11.9%
OCEAN-cont 92561 26443 28.5% 4.8%

OCEAN-non-cont 15113 1100 7.3% 0 %

Radix 57432 25442 44.3% 6.1%
MP3D 190117 3544 1.8% 0.5%

Water-spatial 28620 80 2.7% 0 %

Table6: Summary of Recognitionphasefor DowngradeEvents:

Downgrade: totalnumberof downgradeeventsemittedin thesystem.

StreamsD.: numberof usefuldowngradeeventsgeneratedby ourmechanism.

Coveragefactor: numberof usefuldowngradeeventsperformedover totalnumberof downgrades.

Misprediction Ratio: numberof wrongdowngradesgeneratedby thecoherency optimizerover thetotalnumber
of downgradeevents.



structuredcodesuchasWaterSpatial.Thislastcasecould
beeasilycorrectedby triggeringstreamdetectiononthree
contiguouscachelinesinsteadof two.

This techniquewould increasethe learningphase,a
moreambitiousmechanismwill beableto switchoff by
itself whena mispredictioncounteroverflow (numberof
datafetchedin streambuffer but never accessed)or even
to passin monitoronly state,wherepredictionaremade
but norequestsemitted.

6 Futur eWorks

6.1 MechanismImpr ovement

: Stride Detection: in the proposedmechanism,our
streamdetectoris triggeredonly for tworequestshit-
ting consecutivecachelines.Thisschemeworksper-
fectly for detectingstride1 andevenuptostride8 ac-
cess,sincethecacheline is 8 wordslong. However,
for largerstrides,ourstreamdetectoris nottriggered.
This lack of detectioncould be correctedby inte-
gratingstridedetectorsimilar as the onesproposed
for standardprefetching[CB95] [Hag92]. Suchan
additionwould clearly enhancethe coveragefactor
capabilitiesof ourmechanism.

: Degree of Anticipation The anticipation scheme
used is very simple: one block aheadwithin an
epochandthe whole streambetweenepochs.First
the degreeof anticipationcould be madeadaptive
within epochandsecondfor theanticipationbetween
epochs,a fixeddegreeof anticipationwould reduce
the potentialover-invalidation(suchas the oneob-
served in LU) and for a moderatecost in termsof
coveragefactor.

: Requestcombining/Streammerging, requestcom-
bining is a classicaloptimizationin coherency pro-
tocol [GGK

�
83], [LL97]. This allows to save both

bandwidthandlatency. A simplestatementsuchas
A[i]=A[i]+1, first triggers a remoteread miss
andthenaremotewrite miss.Twodistinctcoherency
requestshave to be issuedthe first onefor the read
andthesecondonefor thewrite. Combingbothre-
questsinto a singleExclusive requestwould halve
the numberof coherency actions. This ideacanbe
easily integratedin our scheme:on a write stream
bufferchecking,readstreamsbufferarealsochecked
first. If a hit occursin bothbuffers,the two streams
canbecombinedinto asinglerequeststream.

6.2 MechanismExtensions
: SMP nodes.

Our schemehas beenpresentedin the context of
uniprocessornodes.It couldbeextendedto dealwith
SMPnodes.Someextensionarestraightforward:in-
steadof interfacingwith the L2 controller, our co-
herency enginewould interfacewith the bus coher-
encemechanism(cf PRISM).However, moresubtle
questionshave to beinvestigated:arestreambuffers
allocatedon a processorbasisor aretherequestsof
all processorslumpedtogetherto constitutestreams.
More experimentationis neededto geta clearview
onbothoptions.

: Combining Hardware and Software. Our scheme
is essentiallyhardwarebased,and it could benefit
from hints (such as StreamDescriptors)provided
by a staticanalysisdoneby the compiler. Careful
andanalysishave to beperformedto determinehow
hardwareandsoftwareshouldcooperateto exploit at
bestall of the opportunitiesby spatialandtemporal
locality.

7 Relatedworks

Anticipation is a very old techniquewhich has been
successfullyexploited in varioushardwaremechanisms:
branchprediction,prefetching,coherency anticipation...

Following Kaxiras [Kax98] suggestion,anticipation
mechanismscanbe classifiedaccordingfirst how antic-
ipationactionsareinserted(eitherstaticallyby the com-
piler or dynamicallyat run time by a specializedhard-
ware)andsecondon thetypeof informationthey arecor-
relatedto ( instructionsor address).

Addressorientedmethodsfor predictionareexpensive
[MH98] and often outperformedby instructionsdriven
schemes[Kax98]. However instructionorientedmethod
needto be tightly integratedwith the CPU which could
be ratherdifficult. Furthermore,for scientificcode,the
high degreeof regularity clearlyadvocatedfor thechoice
of addressbasedmethod(aswepropose).

To supportthis point, many prefetchmechanismhave
beenproposedusing addressbasedmethods[ABH97],
[PK94], [Hag92]. Following the instructiondrivenpath,
Baer and Chen [CB95] have proposeda very elegant
mechanismusingtheprogramcounter. In general,all of
theseschemesdonotaddresscoherency anticipation.Fur-
thermore,they only exploit spatiallocality within a loop,
missingopportunitiesbetweenloops.

With respectto coherency anticipations,very power-
ful schemeshave beenproposed:Cosmos[MH98], is a



completecoherency predictionmechanism.This scheme
is implementedin hardwareandis addressoriented.Ev-
ery cacheline is tracked,anda history of the coherency
eventsis storedin anenhanceddirectorystructure.Then
the futurebehavior of eachcacheline is anticipatedwith
anYehandPatt’sadaptivepredictor[YP92]. Thisscheme
is very attractive, but the exhaustivenessleadsto a large
memoryoverheadto storelineshistory. Furthermore,it is
targetingonly temporallocalityandnotatall spatiallocal-
ity which is detrimentalfor scientificcodes.Thisscheme
wasfurtherimprovedby Falsafiandal. [LF99].

Variouscoherency predictionmechanismswereinves-
tigatedby Kaxiras in his thesis[Kax98], [KG99]. His
researchwasdonein a SCI environmentandhe succes-
sively evaluatesstaticanddynamicmethod. Conclusion
werein favor of a hardwarepredictionengine,instruction
orientedandintegratedon-chip.Despiteits promisingre-
sults,thissolutionis mainlyfocusedoncoherency predic-
tion, it doesn’t addressspatiallocality exhibited by data
patterns,andit’ scorrelatedto SCI andnetworktopology
issues.

Skeppstedt[Ske97] proposesan interestingcoherency
awareprefetcher, combiningbothhardwareandsoftware.
The hardwareprefetchenginesits on the L2 cacheand
is ableto launchrequestsfor datain differentcoherency
states.Streamaredefinedat compiletime,andonstream
allocation the compiler forwards some information to
the prefetcher, basicallystreamhead,tail andcoherency
mode. Hence, the programmableprefetchenginecan
performshared/exclusive loadsmerging, avoid complex
hardwarestridedetectionandlimit over-prefetch.

Even if a hardwaremechanismis involved, the main
task,i.e. streamdetectionandcoherency analysis,is re-
alized statically during the compilationphase. Modifi-
cationsare neededboth in the compiler to perform the
analysisandin L2 cacheto supportcompilerinsertedin-
structions.As usual,with all compilerbasedtechniques,
the hard limitations are the cost and the complexity of
analyzingdatapatterns. In particular, memoryaliasing
canmakeany compileranalysisalmostinfeasible,while
dynamicmethodsat run time canstill operatevery prof-
itably in suchcases.Furthermoretheanalysisproposed
by Skeppstedtis essentiallylocal to a loop andmoreim-
portantInvalidationandDowngradedstreamsarenot op-
timized.

8 Conclusion

In this paper, a new coherency anticipationmechanism
for DSM architectureshasbeendescribed.This mecha-
nism, purely hardwarebased,could be easily integrated

at the L2 level. Its main strengthsare its capabilitiesto
exploit locality propertiesbothwithin a loopandbetween
loops.Thesecapabilitiesareexploitedto enhancethepo-
tential degreeof anticipation,without degradingperfor-
mancewith mispredictions.

First evaluations of the proposed mechanismson
Splash2 codesand on a NAS one have clearly shown
theinterestandthepotentialperformancegainswhichcan
bevery high for very well structuredandhighly iterative
codes.Suchcodesrepresentanimportantfractionof sci-
entificcodes.

Several potential improvementsof the basic mecha-
nism have beenproposed. Furthermore,our coherency
optimizercouldbeenhancedfor dealingwith SMPnodes
andalsofor exploiting infos providedby a staticanalysis
performedby thecompiler.
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