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Abstiact

Thispaperproposesa hardware mehanismfor reduc-
ing coheencyoverheadoccurringin scientificcomputa-
tionswithin DSMsystemsA first phaseaimsat detecting,
in the addressspaceregular patterns(called streams)of
coheencyevents(sud as requestdor exclusive,shaed
or invalidation).

Oncea streamis detectedat a loop level, regularity
of dataaccesscan be exploitedat theloop level (spatial
locality) but also betweerloops (tempoal locality). We
presenta hardware medanismcapableof detectingand
exploiting efficientlytheseregular patterns.

Expectabldenefitaswell ashardware compleity are
discussedndthe limited drawbads and potentialover
headsare exposed.

For a bentimarks suite of typical scientificapplica-
tionsresultsareverypromisingbothin termsof coheency
streamsandthe effectivenessf our optimizatiors.

1 Intr oduction
Currentarchitecturesfferingthesharednemoryabstrac-
tion over a physically distributed memory (DSM) con-
stitutea very attractie solutionfor large scalableshared
memorysystemsMary of themrely onahardwarebased
cohereng schemewhich is costly in termsof hardware
compleity but alsoin termsof performancelateny of
memory operationsnvolving comple cohereng trans-
actionsmay becomevery large. Additionally, the co-
hereng traffic itself can becomesubstantialconsuming
anonngligible portion of the networkbandwidth.
Previousstudieshave shovedthatcoherenyg traffic ex-
hibit someregular patterngCBZ9(]. Correspondingp-
timizationshave beenproposedo addressomeof these
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specificpatterndPer93, [Kax98]. More generakchemes
have alsobeenproposedput they remaincostlyin hard-
ware, they requireon-chip modification,or large exten-
sionof directorystructure(lmemoryoverhead|MH98].

In thescientificcomputingworld, it is well known that
dataaccessrehighly structured Thispropertyis induced
by the specificnatureof scientific algorithms. Success
of vectorarchitecturesanda large amountof researchn
lateny optimizationtechniquerely on this fact. Stream
buffersin T3E, processoprefetchingin Power3, or with
thecomingMerced,andevencompilerdirectedprefetch-
ing of SGlaim at exploiting theseregular patterns.

Our investigationsshaw, thatfor scientificcodesrun-
ning over DSM thereis a strongpresenceof vectorsin
cohereng traffic. A wayto optimizetraffic is to takeinto
accoundatastreamsandregularity in cohereng patterns.
Thisis illustratedby figure 1.

Startingfrom this obseredregularity of the cohereng
phenomenave proposea mechanisnableto captureand
exploit efficiently suchregular patternsnot only within
loopsbut alsobetweernparallelloops. Our objectvesare
twofold: first, reducereadandwrite latenciesandsecond
reducedatatraffic (invalidation/davngrade).

Our approachwill be essentiallybasedon anticipat-
ing the memorytransactiongRead,Write, Invalidation,
DowngradeYyelying onasimplehardwarenechanisnio-
catedat the L2 cachelevel (off chip). Our schemewill
first work by exploiting spatiallocality propertieswithin
aloop,to aggr@atesequencef homogeneouseferences
to contiguouscachelines (suchsequencewill be called
streams) For eachof thesesequences compactescrip-
tor is dynamicallybuilt up. Then,our proposednecha-
nismis capableof recognizingthe occurrencesf similar
streamsn thefollowing loops,exploiting temporalocal-
ity betweerstreams.

Oneof thedifficulty with predictionmechanisnis the
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Figurel: Data requestsin shared or exclusivemode occurring for LU. Horizontal x-axis representsthe time

in CPU cycles,while the vertical y-axis representsthe addressspaceby cacheline number. Accessegresent
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 fewloop nestsproducedthe main part of this coherency
traffic. Noticethe strongbehavioral distinction betweenshared and exclusiveaccessedNo write eventsappear
after the first quarter of the execution,all nodeshave alreadyrequestedall neededdata in Exclusivemodeand
further writes are only local operationsnot loggedon the graph.



compromiseto be made betweendepth of anticipation
(How far aheadanactioncanbeanticipated)andtheac-
curagy (wrong predictionsandtoo mary of themin par
ticular) canseverely degradeperformancedueto useless
traffic. We will shav that our mechanisrris capableof
performingwell with respecto thesetwo problems.

The remainderof the paperis organizedasfollow. In
section2 the framavork of our studyis defined. Sec-
tion 3 exposegheproposedrchitecturdor thecohereng
optimizer Methodologyandsimulationenvironmentare
describedn section4. Resultsare analyzedin section
5. Several enhancements{eensionare presentedn sec-
tion 6. Section7 presentandreviews otheranticipation
mechanismsvhich have beenproposedn the literature.
Finally, ashortconclusionis givenin section8.

2 Background/Framework

2.1 TargetCodes

Ourproposals stronglyaimedatimproving performance
of the socalledscientificcodes.A largefraction of these
codescanbecharacterizethy very regulardatastructures
(typically multidimensionalarrayswhich in turn are ac-
cessedn a very regular (predictable)manner This reg-
ularity hasled to the conceptof “vector” (a sequencef
memorylocationsregularly spacedhich hasbeenvery
successfullyexploited by vectorarchitectures.

2.2 Programming Model

Dueto theunderlyingarchitecturewewill naturallyusea
sharedaddresspaceandwe will assumehatthesescien-
tific codeshave beenparallelizedusingOpenMPparallel
constructsDueto thestructureof thesecodesmostof the
parallelismwill beexploitedatthelooplevel. According
to our terminology an epochis afully parallelconstruct,
in which no synchronizatiortherthanbarrier$ (located
attheendandthebeginning) arenecessaryo ensurecor

rectexecution. In particular we will assumehatthereis

no critical sectionwithin an epoch. This assumptioris

essentiallynadefor simplifying the presentation.

The schedulingof iterationswithin an epochis static,
i.e., the iteration spaceis divided equally amongthe
nodesatcompiletime.

Interestinglyenough,the regularity of accesgatterns
which is naturally presentsvithin epochsjs alsopresent
betweerepochs.e. the samevectorsare usedfrom one
epochto the otherone(cf figure 1).

1Barriercodeincludean extrawrite to amemorymappedegionin
orderto inform our mechanisnthanabarrieris occurring.

2.3 Target Architecture

Our target architectures a Distributed SharedMemory
system,whoseoverall architectures given in figure 2.
The addresspaceis distributedacrossnodes,on a page
basis,in a roundrobin fashion. With eachpagea home
nodeis associatecind this homenodewill remainun-
changedduring the whole code execution: no pagemi-
gration mechanisnmareused. For sakeof simplicity, we
will assumehatthe nodeis a uniprocessor Coherenyg
is maintainedvia a full-map directory structureat cache
line granularity For every cacheline, the corresponding
directorystructureandinformationaremaintainedoy the
correspondingnpomenode.

To Remote Nodes
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Figure2: Basic Architecture of a nodein a DSM sys-

The consisteng model supportedis relaxed consis-
teng. Dataracesmayoccuronly within epochsMemory
cohereng is enforcedonly at synchronizatiorbarrier It
is the compiler’s or programmes responsibilityto place
barriersto guaranteghe correctnes®f the execution. A
cachdine canbein oneof thethreeclassicstatesinvalid,
Sharedr Exclusive andthecohereng protocolworksby
invalidation. Thetransitionfrom the Exclusive or Shared
statedown to Invalid state,will be called Invalidation,
andthetransitionfrom Exclusive to Sharedwill becalled
Downgrade.

Cohereng protocolis executedby a protocol engine
locatedat the Network Interfacelevel of eachnode. This
engineis involved to maintaincohereng amongnodes.
Sincea nodemay be composedf multiple CPU, inside
a node,the MESI protocolis usedto guarantedhe co-
hereng of eachcachewith the nodememory This last
layeris transparentor the protocolengine.



Thissystemis stronglyrelatedto thePrismarchitecture ~ To summarizewe adwcatean off-chip cohereng en-
describedoy Ekanadhanandal. [ELPS98. Prismsup- gine,performingpredictionataddressevel andmonitor
portsaninterestingpagemigrationalgorithm,but interac- ing dataflowing out of the nodeaswell asrequestglow-
tion of pagemigrationandcohereng arenotinvestigated ingin. We needalsoa dedicateduffer to storeprefetched

in this paper

3 CoherencyOptimizer

3.1 Overview

In orderto reducecohereng overheade proposdo add
a cohereng optimizerwithin the protocolengineof each
node. Theregularity of dataacceswill be characterized
by meansof streams.A Streamds constitutedof a sey-
mentof cachdines,consecutiein termof addresse$av-
ing the samememoryandcohereng behaior.

More precisely a streamwill be characterizedy a
head(startaddress)atail (endaddress)type of memory
accesgReadof Write), type of transitionin the statedia-
gram. Thesetof characteristicef a streamwill becalled
a StreamDescriptor(SD).

The following subsectiongive an outline of the co-
hereng optimizerdesign,somedetailsmight have to be
changedlependingiponimplementatiorchoices.

Thecohereng optimizerwill work in two phases:

¢ Streamsdetection/ecognition identical cohereng
requestso consecutie dataare detected. At this
stage,a key decisionhasto be made: eitherwe are
observinga new streamanda StreamDescriptorhas
to be generatedr we “recognized”a Streamsal-
readyobsenedin the past.

¢ Streamsexploitation, againtwo casesieedto bedis-
tinguished. In the caseof a new stream,anticipa-
tion of theactionswill belaunchedusuallyin acare-
ful manner(one or two blocksaheadof the current
block). In thecaseof analreadyobseredstreamthe
anticipationcanbe muchmoreaggressie, i.e. antic-
ipatingthe behaior of multiple consecutie blocks,
evenof thewhole stream.

Although, our mechanisnsharea lot in commonwith
standardhardwareprefetchersthree major differences
have to be noted. First, we monitor not only Read/Write
operationsut alsothe correspondingohereng actions.
Second,we store information on data accessbehaior
throughthe StreamDescriptorthisis essentiafor theex-
ploitationphase Third, we obsere notonly theoutgoing
requestsssuedby the processobut alsotheincomingre-
questgInvalidation/Downgrade).

data.We shouldtry to limit asmuchhardwarecompleity
but still beableto catchthemainpartof cohereng traffic.

3.2 TargetedTraffic

Thestreamsletectedvill beclassifiednto four majorcat-
egories:

e Read Streams this correspondsto a standard
prefetchrequest.

e Write Streams actlike a Readstream exceptthat
dataarerequestedn Exclusive mode.Hence Inval-
idationareanticipatecandoverlapis improved.

o Invalidate Streams a nodemay receve alarge se-
guenceof invalidationfor datait hasloaded. On
sucha sequencethe cohereng optimizergenerates
a streamof self invalidation requests,nvalidation
messagesire also sentto the correspondinghome

nodeto decreas¢he degreeof sharing.

Downgrade Streams similarly to the Invalidate
Streamsa hodemay receve large sequencef re-
mote readrequestdor datait hasproduced. These
requestslovngradethe cohereng statefrom exclu-
sive to shared,senda copy to the requestinghode
andto the homenode. The cohereng optimizeran-
ticipatessuchbehaior, downgradingin advancethe
modefrom exclusive to shared,which leadsto an
updatemessagéo the homenode. A further opti-
mizationwould be broughtby anticipatingalsothe
requesteandsendinghim thedata.

3.3 Hardware Organization

The cohereng optimizer needsto be tightly coupledto
the cohereng protocolengine.It hasto monitorrequests
producedby eachnodeto detectthe regular data pat-
terns(vector)of identicalrequestsDueto pageallocation
which triesto balanceaccessesn all homenodes these
vectorswill belessobviousto detectif the Descriptoris
placedatthehomenodelevel.

Hence we choseto placethe optimizerat the Network
Interfaceevel, whichis alsothelocationof thecohereng
protocolengine.

Network Interfaceandcohereng engineallow the op-
timizer to accessglobal addressesalleviating the ad-
dresstranslationproblem found is several DSM (like



Prism [ELPS98 or more generally S-COMA systems
[SWCL95],[SN9Y).

A simplifiedview of the overall hardwareorganization
is givenin figure 3. Four setsof basiccomponentsre
distinguished:

o AddressBuffers: thesebuffers arein turn subdi-
vided into four buffers (Read Miss Buffer, Write
Miss Buffer, InvalidationBuffer, Downgradebuffer)
dependingof the type of memoryrequest.All four
addressbuffers are indexed by the addressof the
missingcacheline and hold the mostrecenttrans-
actionsobsered,i.e. potentialcandidate$or stream
detection.

e Stream Buffers: thesebuffers are usedto store
the datacorrespondindo a detectedstream. These
buffersaresubdiidedinto two classesReadStream
Buffers and Write StreamBuffers. Each Stream
Buffer will be allocatedto a given detectedstream,
accordingto a LRU policy. The bufferswill oper
ateaccordingo a FIFO policy. For example,aRead
Buffer will befilled by requestsssuedby the antic-
ipation mechanismand emptiedby requestdssued
by the processar The two key parameter$or these
buffersarefirst their depthwhich is stronglyrelated
to the degreeof anticipationandsecondtheir num-
berwhich correspondso the numberof simultane-
ously detectedstreamswithin anepoch. In our ex-
perimentsyefoundoutthat32 bufferswereenough.

e Stream Descriptor Table: this tablewill recordall
of thedescriptorsorrespondingo streamsletected.
This table is indexed by the head addressof the
stream. At eachtime, a new streamis detectedan
entryis allocatedn the SD Table. Thistableis split
into two sections:the first sectioncalled New Sec-
tion is dedicatedo “new” Streamsdetectedwithin
the currentepochwhile the secondsection,called
old sectionis dedicatedo Streamddetectedn pre-
vious epochs.With eachof theseentriesan actiity
flagis setdependingvhetherthe Streamis active for
thecurrentepoch.For theNew Sectionall of theac-
tivity flagsshouldbesetto active. In caseof anover-
flow of the table,Streamdescriptorsarediscarded
accordingto aLRU policy. 2 In our experimentswve
obsenedthata 256 entriestablewaslarge enougho
storeall of thestreamsletected.

¢ AddressComparators: thesecomparatorwill be
usedfirst for checkingthata missrequestanbeser

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

vicedby astreanbufferandsecondor detectinghat
astreamhasbeenalreadydetected.

Upona synchronizatior(typically a barrier),all of the
addressuffersandthe StreanBufferswill beflushedand
the contentof the New Sectionof the StreamDescriptor
Tableis shiftedinto the Old Sectiorto includethestreams
detectedvithin thefinishingepoch.All of theactiity bits
areresetto O.

3.4 StreamDetection/Recognition

This phasds anessentiabne,sinceall furtheroptimiza-
tions/anticipationwill takeplaceon detected/recognized
streams.

Let us distinguishtwo casesdependingwhetherre-
guestareissuedby thelocal CPUor by aremoteCPU.

Local request

Uponareadmiss(the write misscasewill be handled
in a similar manner) the addresswill go throughpoten-
tially up to threestagegcorrespondingo checkswith the
varioushbuffers)

e STAGE 1: Checkagainsthe StreamBuffers.

If thedatais foundin oneof the StreanBuffer (hit),
it is directly sentto the processorand the corre-
spondingStreamDescriptoris updatedif it is anew
Streambeing currently detectedthe tail addresss
incrementecdy one, otherwiseno operationis per
formedontheSD table.

If no StreamBuffers containsthe requestedcache
line, the requestedaddresds forwardeddirectly to
the networkandin parallel,therequestechddresss
sentto Stage2.

e STAGE 2: Checkagainstheentriesof theOld Sec-
tion of the StreamDescriptorTable.

If therequeste@ddressnatchesoneof theheadad-
dresstheactvity bit is setandaprefetchs launched.
Thiscasecorrespond#o thesituationwhereastream
hasbeenrecognized. Otherwise the requestedad-
dressis sentto stage3.

e STAGE 3: Checkagainsthemissbuffer.

Firsttheaddresss decrementetly onebeforelook-

ing for amatchwith anentryin the missbuffer. If a

matchis found,it meanghattwo consecutie cache
lineshave beenrequeste@ndanew streamhasbeen
detectedIn sucha caseanentryis creatednto the
new sectionof the StreamDescriptorTableandthe
matchedaddresss retrievedfrom the missbuffer.

If no matchis found,therequestecéddresss simply
insertednto themisshbuffer.
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Figure3: Coherency Optimizer overview:

a Write prefetchis sentandthe StreamDescriptorTableis updated.

In caseof Write StreamBuffer miss: a look-upis performedin the Old sectionof the StreamDescriptorTable

for a previously detectedstreanmatchingwith therequestedddress.

In caseof StreamDescriptorTablehit, the correspondingctivity bit is set. Dependinghe previous stateof the

StreamEntry, the Streanmay bere-actvated.

If theLook-upis amiss,theaddresss sentto the Write AddressBuffer

For simplicity reasonghe setof comparatorss notdepictedon thefigure.




Remoterequests

Within the requestflow coming from remote pro-
cessorsonly Invalidation and Downgraderequestsare
trackeddown. It meansthat we do not attemptto cre-
ate New Invalidation Streams.The remoterequestgol-
low asimilar procedureastheonedescribedbore except
thatstage? andstage3 areinverted,the missbuffersare
checkedbeforecheckingthe SDtable.

e STAGE 1: Checkagainsthe StreamBuffers.

If the datais foundin oneof the StreamBuffer (hit),
the correspondingentryis invalidatedin the Stream
Buffer andthecorrespondingequests forwardedo
theL2 controller

If no StreamBuffers containsthe requesteccache
line, the requestechddressds forwardedin parallel
to theL2 controllerandto Stage?.

e STAGE 2: Checkagainsthe missbuffer.

Firsttheaddresss decrementetly onebeforelook-

ing for amatchwith anentryin the missbuffer. If a

matchis found, it meanghattwo consecutie cache
lines have beensubjectto the samecohereng ac-
tion. Therefore we considerthata streamhasbeen
detectecandwe go directly to stage3.

If amatchis notfound,therequesteéddresss sim-
ply insertedinto the missbuffer.

e STAGE 3: Checkagainstheentriesof the Old Sec-
tion of the StreamDescriptorTable.

If therequeste@ddressnatchesoneof the headad-
dresstheactivity bit is setandananticipatedaction
(Invalidate or Downgrade)is launched. This case
correspond#o thesituationwherea streamhasbeen
recognized.

3.5 Streamexploitation

The two major casedo be distinguishedare whetherwe
areprocessing New Streamor anOld Stream.

New Stream

The anticipationwill be strictly limited to one block
aheadof the last block requestedy the processor This
correspondgso a conserative approachbecausehe tail
of the streamis not known a priori. The operationmode
is relatively straightforward:upona hit in a one of the
StreamBuffer, a prefetchis launchedon the consecutie
address.

Old Stream

Therewe arerelying andbettingonthefactthatthere-
guestedstreamwill have the samelengthastherecorded

stream.In sucha case anticipationcanbe moreaggres-
sive, by allowing a higherdegreeof anticipation.

3.6 Correctnesdssue

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

First of all, all buffersareflushedbetweerepochsand
all anticipatedactionsshouldbe completed/cancellelde-
forefinishinganepoch.

Secondall anticipatedactionswill beflaggedtentatve
andin caseof two transactionspneof thembeinga regu-
lar oneandthe otheratentative one,the tentative will be
systematicallydiscarded.

Now if we look in more detailsat the anticipatedac-
tions, they fall into two cateyories.

The Read/Writeanticipationsare strictly equivalentto
standargprefetchandshouldbe handledexactly the same
techniques.

Thelnvalidation/Davngradeoperationsarea bit trick-
ier. First, for Invalidation, in a normal system,a cache
line canbethrown away from theL2 cachedueto acache
conflict for example. Therefore,our stratgy will be to
follow the exact sameprotocolstepsasif the cacheline
had beenevicted from the L2. For the Downgrade,the
situationis similar.

3.7 OverheadlInvestigation

Costfor thecritical pathis fairly limited, all of themech-
anismsarelocatedoff chip. The longestsequentiapath
implies: SD-tablelook-up, checkof streambuffers and
missbuffer comparisonAll thesethreestepscanbeindi-
vidually moreor lessdonein paralleldependingiponthe
numberof comparatorsised.

This schemerelieson exploitation of both spatialand
temporallocality. For applicationswhich don't exhibit
suchpropertiegfor examplefully irregular dataaccess),
the detectionstageof our mechanismwill not identify
streamsnotgeneratingry speculatie actionsandhence
theoverheadn termof mispredictiorwill beverylimited.

The real worst caseoccursfor code presentingjust
enoughregularity to trigger streamsallocation, but not
enoughto allow streamexploitation. For this muchmore
limited classof applicationsthecohereng optimizermay
generatedip to 1/3 of uselessequests.

A way to avoid suchwasteof resources to adda hang
up mechanisnrelying on a mispredictioncounter This
counteris incrementedor every datafetchedin stream
buffer but which are never accessedi.e. flushedat the



endof an epoch). Whenthis counteroverflows, the co-
hereng optimizercan switch off by itself or even pass
in monitor only state,wherepredictionare madebut no
requestemitted.

4 Simulation Environment and

Methodology

4.1 Simulation Environment

Ourinvestigationsveredonewith thefollowing software
ervironment:

Benchmarkswere run with the Prism simulator pro-
vided by IBM [ELPS9§. This softwareis basedon a
port of Augmint [NMST9€] for PoverPC,hencesimu-
lation modelis executiondriven. Prismsimulatorallows
to simulatea clusterof SMP nodes,cohereng protocol
at the cacheline level, andcompletememoryhierarchy
In particulay contentiorat networkinterfaceandprotocol
enginelevel arefully modeled.

This simulatorhasbeenaugmentedvith our proposed
mechanism.

Due to the execution-driven mechanismput-of-order
executionis not currentlysupportedin particular coher
entcachesareblocking).

Althoughoutof orderexecutionmaychangecohereng
cost by allowing a greaterdegree of overlap, globally
thenumberof cohereng messageexceptfor falseshar
ing/ping pong phenomenaghouldnot be affectedmuch
by theexecutionorder

Two memory managemenschemesare possible: S-
COMA or CC-NUMA. In orderto limit noisefrom cache
effects,simulationswererunin S-COMAmode.

4.2 Methodology

Preciseearningswith respecto executiontime have been
evaluated.

However, althoughexecutiontime is the key metricto

4.3 Parameters of the Target Simulated
System

Tamgetedarchitectures a S-COMA DSM system,com-
posedof 8 singleCPUnodes.Cohereng is enforcedwith
afull-mapdirectoryatthecachdinelevel. Cachdine size
is 64B. Eachnodeincludesa PoverPC604e,with 4 MB
of L2 cachea networkinterfaceanda hardwareprotocol
engine.Programmingnodelis SPMD,with relaxed con-
sisteng, cohereng is appliedat synchronizatiompoints.

Thefollowing parametersvereusedfor the cohereng
optimizer:

e The numberof Readand Write streambuffers was
setto 32, eachof thesebuffersbeingof depthl.

e Theaddressuffer'sdepthwassetto 32

o Thesizeof theSD tablewassetto 256.

4.4 Benchmarks

All of the benchmarksaised,are extractedcoming from
the SPLASH,SPLASH-2[CSG9§ suite exceptthe CG
codewhich is a NAS benchmarks.This last codewas
testedusing two different preconditionnersa diagonal
one(CG-DIA) anda polynomialone (CG-POLY).

Benchmarkganbesortednto four cateories,depend-
ing upontwo parametersmemoryaccessegularity (spa-
tial locality), anditerative nature(temporallocality).

The detailsof the datasetsusedandbenchmarksype
aregivenin tablel

5 Experimental Results
5.1 Metrics Used

In the tables, an event refers to complete mem-
ory/cohereng transactionsa R/W eventrefersto a Read
or a Write requesthaving generatedh cohereng action
(local Readsor hits in the L2 arenot counted)an Invali-
dation(resp. Downgrade)event correspondso all of the
actionsrelatedto an Invalidation (resp. Downgrade)re-
guest. For example, a cacheline presentin 5 different

be measuredijt dependsuponmary systemparameters cachesvhenanotheprocessoattemptso get Exclusive

andin acompletesystemit tendsto makethe analysisof
the proposedmechanismextremely dependentiponthe
systemcharacteristicé which it is integrated.
Thereforejn additionto executiontimes,we have been
analyzingin detailtheability of our proposato detectac-
cesspatternsandto capturecohereng effects. Currently
oneof our goalis to prove quantitatively (with respecto
applicationcharacteristicsthe validity of this concept.

ownershipwill generatés Invalidationevents.

The term Optimized Event refersto an event which
waspredictedcorrectlyby our mechanism.

ThetermRecognizedEvent correspondso Optimized
Eventswhich were capturedby streamrecognition: i.e.
the samestreamoccurredat leat twice acrossdifferent
epochs.This metricis interestingoecausdt describeshe
temporallocality of codes.



Benchmarks Problemsize. Type
LU 768x768matrix, block of size16. regularandhighly iterative
CG-DIA 50x50matrix. regularandhighly iterative
CG-Poly 50x50matrix. regularandhighly iterative
FFT 64 Kpoints. regularandweaklyiterative
OCEAN-cont Grid of size130x130 regularandweaklyiterative
OCEAN-non-cont Grid of size130x130 regularandweaklyiterative
Radix 524288elementsradix 1024 regularandnotiterative
MP3D 20000particlesfor 5time steps | irregularandmoderatelyiterative
Waterspatial 2197moleculedor 5 steps. irregularandmoderatelyiterative

Tablel: Benchmarkssetand associatedoroblem size.

All of thestatisticsweregatheredor thewhole execu-
tion of thecode.

The Invalidation (resp. Downgrade)predictionwere
madeusingthe mostaggressie scheme:assoonastwo
requestsverehitting consecutie linesatthebeaginning of
a Streamthewhole Streanwasinvalidated(resp.Down-
graded)

Our objectivesweretwofold: first, evaluatehow well
our mechanisnwasableto detectandrecognizestreams
(coverageratio), and secondto evaluatethe accurag of
themechanisn{mispredictiorratio).

Thislastpointis fundamentabecausencorrectlypre-
dictedactionsconsumebandwidthdirectly relatedto the
uselessaction. Furthermorejt can generateadditional
traffic to recover from the misprediction: invalidatinga
cacheline which wasnot requiredwill costthe extra in-
validationandonthetop of thatif unfortunatelythecache
line is subsequentlpeededy the processqrit will have
to bereloaded!

5.2 Commentson the results

First global improvementon executiontime broughtby
our schemeis exposedin table 2. Table 3 presentghe
resultsobtainedor theR/W optimization,amoredetailed
analysisof the streamrecognitionacrossbarriersbeing
givenin Table4.

Tables5 (resp. 6) present®optimizationperformedfor
Invalidation(resp.Downgrade).

e LU: within an epoch,the coveragefactoris pretty
good,however themispredictionsarerelatively high
due to the shorteningof vectors (and therefore
streams)during the code execution. Even if R/W
streamsarewell recognizedthe variationin length
leadsto mispredictedstreantail, i.e. additionaltraf-
fic. Hence LU doesnt benefitfrom informationcol-

lectedduring previous epochs.NeverthelessSD ta-
ble is usefulto handledowngraderequestswhich
leadsto traffic reductionandperformanceyains.

CG-DIA and CG-POLY; thesecodeswhich share
commoncharacteristicsare analyzedtogether In
both casesdueto the very regular underlyingdata
structuresandthe highly iterative natureof the code,
our mechanisnperformsextremelywell, bothwithin
anepochandbetweerepochs.

After an initial learning phase,where streamsare
detected(i.e. the SD tableis built), the recogni-
tion ratio is excellent. Despitesthis, CG-Poly ex-
hibits a non nggligible percentag®f misprediction
for Downgraderaffic andCG-Diafor Invalidations.
Mispredictionis coming from streamoverlap. For
instance eachnodeperformsan initial readaccess
onthesamdarge streamtheneachnodeonly writes
a slice of this stream. This patternyields to a in-
discriminateinvalidationof the whole streamon all
nodesgvenontheportionthateachprocessoneeds
to write. It shouldbe noted,that this will not lead
to datareload,sincethe local slice hasto bewritten
aryway (old valuesarescratchedfrom sharedstate
to exclusive state.

FFT: within an epochthe coveragefactor is very
good. Betweenepochsthe resultsare much more
disappointing this is dueto the very limited num-
ber of epochs(8) throughoutthe whole code. Ad-
ditional experimentshows that cachedines which
areaccessedorethan4 timesconcentratéessthan
0.4 % of the total numberof R/W events. Clearly,
with to few epochgheschemesuffersfromits learn-
ing curve.

OceansContiguous/NonContiguous: our mecha-
nism performswell on both codes 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 WaterSpatial
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: Execution Time with the coherency optimizer

Basic correspondso the executiontime in CPU cycle on the plain systemwithoutary cohereng optimizer Opti-
mized, correspondso the executiontimein CPU cycle onthe augmentedystemwhich includesthefull implemen-
tationof our proposal Ratio, Executiontime on the Optimizedsystemover executiontime onthe Basicsystem.

cases,our mechanisnis suffering from beinglim-

ited to stride 1 streamdetection. Not surprisingly
contiguousversion performsbetter taking adwan-
tageof longer streamsup to 300 cachelines long
for ocean-contiguouas detectedstreamanever ex-

ceeds8 cachelines for the non-contiguouwersion.
Temporallocality is also more presentin ocean-
contiguouswith a coveragefactor acrossepochof

34.3% with 934 epochsasocean-non-contiguous
limited to 13.3% with 902 epochs.

o Radix: surprisingly our mechanismperformswell
on radix, dueto the highly regular dataaccess.In
this application99.9 % of the datasetis touchedat
mosttwo times. Accesspatternis completelydomi-
natedby a producerconsumebehaior. Hence for
R/W events, despitesthe fact that they are highly
regular (strongpresencef streamsjyndoptimized,
the recognition stagesis never involved. Perfor
mancemprovemenis dominatedy local optimiza-
tion, andSD tableis usedto predictdowngradetraf-
fic. Notice that this casecannotbe optimized by
mechanismselyingona percachdine predictor

e MP3D: althoughthe codeis accessingparsestruc-
tures,our mechanisnis performingquite well. The
iterative natureof the code, helps substantiallyfor
cross epochoptimization. The lack of regularity
leadsto a high mispredictionratio, nearly one pre-
dictedrequestout of threeis useless.Despitethis,
we obsenre a performanceémprovement,dueto the
factthatbandwidtHimitation wasnotthekey bottle-
neck. Like for WaterSpatial,somerefinementdike

alesssensitve streamallocationpolicy, canbe used
to avoid to bemisleadby all thesetoo shortstreams.
Furthermoreall our experimentswhereconducted
with a 64 B long cachdine whichis quitesmall.

o WaterSpatial: resultsare disastrous. First, the ir-
regularity of the datastructurecannotbe detectedy
our mechanismWorse,mary very shortstreamg2
cachdineslong) misleadthe streandetectoyresult-
ing in a very high mispredictionratio. In this appli-
cationspatialandtemporallocality arenot coupled,
5% of thesharedhddresspacesummarize$3 % of
R/W cohereng events,andthis smallfractionis not
accessewvith enoughregularity to be caughtby the
detectionstage.

If we analyzeandcomparethe two typesof optimiza-
tions (within an epochand betweenepochs),the first
one performsmuch betterin terms of coveragefactor.
The essentiateasonof sucha behaior is thatwithin an
epoch,anticipationbasedon spatiallocality and (recent
referencesperformsbetterthancrossepochoptimization
which tendsto correlatephenomendar apartin time.

As a summary our proposednechanisnwill perform
atbestfor codesawhich arebothhighly structuredvector
izable)andhighly iterative: for suchcodes performance
improvementis over 50%,reachingover 70%in the most
favorablecaseslf only oneof the two conditionsis met,
our schemestill providesa substantiaimprovement(be-
tween25 and40 %). If noneof the conditionsare met,
clearly our schemebringslimited improvement(10 to 20
%). In all casesaccurag of the predictions(andthe cor-
respondingverheadprevery goodexceptfor 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%
Waterspatial 211998 30234 14.3% 28.7%

Table3: Summary of R/W Optimizations

Nb. R/W Events total numberof read/writecohereng requestdransitingin the systemduring the execution
time.

Optimized R/W Events numberof R/W eventsthatarecorrectlycoalescedh streamsandcorrectlyanticipated
by the optimizer

CoverageFactor: ratio of thetwo previousmetrics.

Misprediction Ratio: uselesgraffic (in numberof messagesyeneratedndincorrectlypredictedby the opti-
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%
Waterspatial 30234 4360 14.4%

Table4: StreamsRecognitionacrossbarriers:

Optimized R/W events numberof R/W eventscorrectlypredictedby the optimizer

RecognizedR/W Events numberof optimizedR/W eventsthatappearat leastin two epochsandarecaptured
andoptimizedby our mechanismsuccessfullyxploiting informationgatherediuring previousepochs.

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



Benchmarks Invalidation | Streamsl. | 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%
Waterspatial 128804 598 4.6% 0%

Table5: Summary of Recognitionphasefor Invalidation Events:

Invalidation :total numberof invalidationeventsemittedin the system.
Streamsl.: numberof usefulinvalidationeventsgeneratedby our mechanism.
Coveragefactor: numberof usefulinvalidationeventsperformedover total numberof invalidation.

Mispr ediction Ratio: numberof wronginvalidationgeneratedby the cohereng 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%
Waterspatial 28620 80 2.7% 0%

Table6: Summary of Recognitionphasefor DowngradeEvents:

Downgrade total numberof downgradesventsemittedin the system.
StreamsD.: numberof usefuldowngradeeventsgeneratedby our mechanism.
Coveragefactor: numberof usefuldowngradeeventsperformedover totalnumberof downgrades.

Mispr ediction Ratio: numberof wrongdowngradegeneratedy thecohereng optimizerover thetotalnumber
of downgradeevents.



structureccodesuchasWaterSpatial.Thislastcasecould
beeasilycorrectedy triggeringstreandetectioronthree
contiguouscachdinesinsteadof two.

This techniquewould increasethe learning phase,a
more ambitiousmechanisnwill be ableto switchoff by
itself whena mispredictioncounteroverflon (numberof
datafetchedin streambuffer but never accessedyr even
to passin monitoronly state,wherepredictionare made
but norequestemitted.

6 FutureWorks

6.1 MechanismImpr ovement

¢ Stride Detection in the proposednechanismpur
streanmdetectoiis triggeredonly for two requestsit-
ting consecutie cachdines. Thisschemeavorksper
fectly for detectingstridel andevenupto stride8 ac-
cesssincethe cachdine is 8 wordslong. However,
for largerstridespur streandetectois nottriggered.
This lack of detectioncould be correctedby inte-
grating stride detectorsimilar asthe onesproposed
for standardprefetchinglCB95] [Hag9d. Suchan
additionwould clearly enhancehe coveragefactor
capabilitiesof our mechanism.

¢ Degree of Anticipation The anticipation scheme
usedis very simple: one block aheadwithin an
epochandthe whole streambetweenepochs. First
the degree of anticipationcould be madeadaptve
within epochandsecondor theanticipatiorbetween
epochsa fixed degreeof anticipationwould reduce
the potentialover-invalidation (suchas the one ob-
sened in LU) andfor a moderatecostin termsof
coveragefactor.

¢ Requestcombining/Streammerging, requestom-
bining is a classicaloptimizationin cohereng pro-
tocol [GGK*83], [LL97]. This allowsto save both
bandwidthandlateng. A simplestatemensuchas
A[i]=A[i]+1, first triggersa remoteread miss
andthenaremotewrite miss. Two distinctcohereng
requesthave to beissuedthe first onefor the read
andthe secondonefor thewrite. Combingbothre-
guestsinto a single Exclusie requestwould halve
the numberof cohereng actions. This ideacanbe
easilyintegratedin our scheme:on a write stream
buffer checkingreadstreamsuffer arealsochecked
first. If ahit occursin both buffers,the two streams
canbe combinednto asinglerequesstream.

6.2 MechanismExtensions

e SMP nodes

Our schemehas beenpresentedn the context of
uniprocessonodes It couldbeextendedo dealwith
SMP nodes.Someextensionarestraightforwardin-
steadof interfacingwith the L2 controller our co-
hereng enginewould interfacewith the bus coher
encemechanisn{cf PRISM).However, moresubtle
guestiondhave to beinvestigatedarestreambuffers
allocatedon a processobasisor arethe requestof
all processorfumpedtogethetto constitutestreams.
More experimentatioris neededo geta clearview
on bothoptions.

e Combining Hardware and Software. Our scheme
is essentiallyhardwarebased,and it could benefit
from hints (such as StreamDescriptors)provided
by a static analysisdoneby the compiler Careful
andanalysishave to be performecdto determinenow
hardwareandsoftwareshouldcooperatéo exploit at
bestall of the opportunitesby spatialandtemporal
locality.

7 Relatedworks

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

Following Kaxiras [Kax98] suggestion,anticipation
mechanismgan be classifiedaccordingfirst how antic-
ipation actionsareinserted(eitherstatically by the com-
piler or dynamicallyat run time by a specializechard-
ware)andsecondn thetype of informationthey arecor-
relatedto ( instructionsor address).

Addressorientedmethoddor predictionareexpensve
[MH98] and often outperformedby instructionsdriven
schemegKax98]. However instructionorientedmethod
needto be tightly integratedwith the CPU which could
be ratherdifficult. Furthermorefor scientific code,the
high deggreeof regularity clearly advocatedfor the choice
of addresdasedmethod(aswe propose).

To supportthis point, mary prefetchmechanismhave
beenproposedusing addresshasedmethods[ABH97],
[PK94], [Hag9]. Following theinstructiondriven path,
Baer and Chen [CB95] have proposeda very elegant
mechanisnusingthe programcounter In generalall of
theseschemeslonotaddresgohereng anticipation.Fur-
thermore they only exploit spatiallocality within aloop,
missingopportunitesbetweernoops.

With respectto cohereng anticipations,very powver
ful schemedave beenproposed:CosmogMH98], is a



completecohereng predictionmechanism.This scheme
is implementedn hardwareandis addresriented. Ev-
ery cacheline is tracked,anda history of the cohereng
eventsis storedin anenhancedlirectorystructure.Then
the future behaior of eachcacheline is anticipatedwith
anYehandPatt'sadaptie predictor{YP92]. Thisscheme
is very attractive, but the exhaustvenesdeadsto a large
memoryoverheado storelineshistory. Furthermoreit is
targetingonly temporalocality andnotatall spatiallocal-
ity whichis detrimentafor scientificcodes.Thisscheme
wasfurtherimprovedby Falsafiandal. [LF99].

Variouscohereng predictionmechanismsvereinves-
tigatedby Kaxirasin his thesis[Kax9§], [KG99]. His
researctwasdonein a SCI ervironmentand he succes-
sively evaluatesstaticand dynamicmethod. Conclusion
werein favor of a hardwareredictionenginejnstruction
orientedandintegratedon-chip.Despiteits promisingre-
sults,this solutionis mainly focusedoncohereng predic-
tion, it doesnt addressspatiallocality exhibited by data
patternsandit’ s correlatedo SCl andnetworktopology
issues.

SkeppstedfSke97 proposesaninterestingcohereng
awareprefetchercombiningbothhardwareandsoftware.
The hardwareprefetchenginesits on the L2 cacheand
is ableto launchrequestdor datain differentcohereng
states.Streamaredefinedat compiletime,andon stream
allocation the compiler forwards some information to
the prefetcherbasicallystreamhead,tail and cohereng
mode. Hence,the programmableprefetch engine can
perform shared/eclusive loadsmeging, avoid complex
hardwarestridedetectionandlimit over-prefetch.

Evenif a hardwaremechanismis involved, the main
task,i.e. streamdetectionandcohereng analysisi,is re-
alized statically during the compilation phase. Modifi-
cationsare neededboth in the compilerto performthe
analysisandin L2 cacheto supportcompilerinsertedn-
structions.As usual,with all compilerbasedechniques,
the hard limitations are the cost and the compleity of
analyzingdatapatterns. In particular memoryaliasing
canmakeary compileranalysisalmostinfeasible,while
dynamicmethodsat run time canstill operatevery prof-
itably in suchcases.Furthermorethe analysisproposed
by Skeppstedts essentiallylocal to aloop andmoreim-
portantinvalidationand Downgradedstreamsare not op-
timized.

8 Conclusion
In this paper a new cohereng anticipationmechanism

for DSM architecturediasbeendescribed.This mecha-
nism, purely hardwarebased,could be easilyintegrated

atthe L2 level. Its main strengthsareits capabilitiesto
exploit locality propertiedothwithin aloopandbetween
loops. Thesecapabilitiesareexploited to enhancehe po-
tential degree of anticipation,without degradingperfor
mancewith mispredictions.

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

Several potentialimprovementsof the basic mecha-
nism have beenproposed. Furthermore,our cohereng
optimizercould beenhancedor dealingwith SMPnodes
andalsofor exploiting infos provided by a staticanalysis
performedby thecompiler
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