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1 Intr oduction

It is widely acceptedodaythat small-scalesymmetricmultiprocessor¢SMPs)provide the best
performanceper dollar of any computingplatform, and that sharedmemoryprovidesthe most
desirablgorogrammingparadignfor parallelcomputing.Large-scaleshared-memorgystemsan
be supportedvia directory-baseatache-cohererttardware or via software emulationof shared
memoryon top of message-passirrdware. Hardwarecoherencés usuallyfaster but software
is cheaperand more easily customized. Software coherencemay also be attractve on a large
cache-coherennachineif the operatingsystemdoesnot supporta system-widesharedaddress
space. Unfortunately software distributed sharedmemory (S-DSM) hastraditionally provided
acceptablg@erformancdor only alimited classof applications.

The Cashmer@rojectattemptgo provide mostof the performancef atightly-coupledcache-
coherentmultiprocessoon simpler cheaperclustersof SMPs. Unlike most previous S-DSM
systems,Cashmerantegrateshardware coherencewithin SMP nodeswith software coherence
betweennodes,andrelies on an inter-node coherencegorotocol optimizedfor low-lateny user
level communicationWe alsoaimto integratecompile-timestaticanalysisof sharingpatternswith
run-timecoherencenanagementOur hardware platform consistsof a 32-processocollectionof
600 MHz AlphaSerers,organizedasan 8-nodeclusterof 4-way SMPs,connectecdy Compags
Memory Channehetwork.

This documentreportson resultsobtainedfrom early 1998throughearly 1999, and outlines
plansfor thethird andfinal yearof the Cashmer&SSgrant.

2 Summary of RecentResults

Progressoccurredthis pastyearon four major fronts: supportfor very large (out-of-core)data
sets,quantitatve comparisorof fine-grainandpage-basedoherencenechanismsintegrationof
compiler and run-time coherencemanagementand applicationstudies. We alsoimplemented
severalimportantbut smallersystemenhancements.

2.1 Support for Very Lar geData Sets

Software distributed sharedmemory (DSM) systemshave successfullyprovided the illusion of

sharednemoryon distributedmemorymachines However, mostsoftware DSM systemausethe
mainmemoryof eachmachineasalevel in a cachehierarchyreplicatingcopiesof shareddatain

local memory Sincecomputermemoriegendto be muchlargerthancachesPSM systemdave
largely ignoredmemorycapacityissuesassuminghereis alwaysenoughspacan mainmemory
in whichto replicatedata.Applicationsthataccesslatathatexceedgdhe capacityavailablein local
memorywill pageto disk, resultingin reducedoerformanceWe have implementedVLM” (very
large memory)extensiongo Cashmerehattake advantageof system-widanemoryresourcesn

orderto reduceor eliminatepagingoverhead.Experimentaresultswith Cashmere-VLMon a 4-
node,16-processoAlphaSener systemat CompaqCRL were presentedit IPPSthis month[4].

An exampleof theseresultsappearsn figure 1.
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Figure 1: Cashmere-VLMperformanceaesults: executiontimesfor four applicationswith very
large datasets.



2.2 Comparisonof Fine-Grain and Page-BasedCoherence

Any S-DSM systemmustincorporatea mechanisnto detectaccesse$o missingor out-of-date
data.Two distinctapproachebave beenused:thefine-grain approachhatinstrumentspplication
loadsandstoreso supporta smallcoherencgranularity andthe coarse-giain approactbasedn
virtual memoryhardwarethat providescoherenceat a pagegranularity Fine-grainsystemsoffer
a simple migration path for applicationsdevelopedon hardware multiprocessordy supporting
coherenceprotocolssimilar to thoseimplementedn hardware. On the otherhand,coarse-grain
systemscanpotentiallyprovide higherperformancehroughmoreoptimizedprotocolsandlarger
transfergranularitiesyhile avoidinginstrumentatiomverheadsNumeroustudieshave examined
eachapproachndividually, but majordifferencesn experimentaplatformsandapplicationsnake
comparisorof theapproachedifficult.

We capitalizedon a uniqueopportunitythis pastyearto performa directandbalancedcom-
parison.Specifically we collaboratedvith the Shastagroupat Digital/CompagWRL to compare
their S-DSM systemto ours. Shastaeand Cashmerareboth maturesystemsandthey run on the
samehardware platform. Our resultsshav that Shastas comparatrely insensitve to the granu-
larity of sharingandsynchronizationn programsandin particularthatit is betterableto tolerate
thefine-grainsynchronizatiomftenfoundin applicationoriginally developedfor hardwaremulti-
processorsin contrastCashmeres performanceandegradedramaticallyin the presencef fine-
grain synchronizationput for more scalableapplicationst providesbetteroverall performance.
Ourresultswerepresenteét HPCAin January[3]; asummaryappearsn figure2. As shavn by
the stacled barsin several applications performancealifferencesbetweenCashmereand Shasta
cansometimede reducedby programmodificationsthataddressoherence&ndsynchronization
granularity

2.3 Compiler Integration

Work continuedhis pastyearon theintegrationof staticcompileranalysiswith dynamicrun-time
coherence.Basedon resultsreportedlast yeatr we are currently developingan interfaceto the
DSM systemhatcanbe usedasthetargetof a parallelizingcompilet

While workstationenvironmentsprovide powerful and cost-efective computingplatforms,
they areoften sharedoy multiple users,or may consistof heterogeneousiachines.As a result,
parallelapplicationsexecutingin theseervironmentsmustoperatedespiteunequallandvarying)
computationatesourcesfFor maximumperformanceapplicationshouldautomaticallyadaptex-
ecutionto maximizeuseof theavailableresourcesldeally, thisadaptatiorshouldbetransparento
the applicationprogrammerWe areimplementingCRAUL (CompilerandRun-Time Integration
for AdaptationUnderLoad),a systemthatdynamicallybalancesomputationaloadin a parallel
application.Resultsappeamlt LCR '98 [11] andin the Spring’99 issueof the Journal of Scientific
Programming[10].

Ourtargetrun-timeis software DSM—in particular boththe Cashmereand TreadMarksun-
time systems. CRAUL combinescompile-timesupport(implementedusing SUIF as the base
compiler)to identify dataaccesgatternswith arun-timesystemthatusesthe accessnformation
to intelligently distributethe parallelworkload. Thedistributionis choseraccordingo therelatve
power of the processorandsoasto minimizesoftwareDSM overhead This same(accespattern)



0 I I I I I I I I I I I I
@Q,/)((/ C}(/O 0> LO/@/ 4. @@Q /(,/)\9 )‘@/0

@@ C?O /’Q.)O @/)

[ Shasta [ Cashmere [ SH opt & CSM opt

Figure2: Cashmere-Shastgerformanceomparison:speedupn a 16-processosystem.In the
caseof dividedbars thehigherspeedupeflectsresultsafterminor source-codehangeshatbetter
tunethe applicationto the underlyingcoherencerotocol.



informationis alsousedto optimizecommunicatiorwheneer possibleby tailoringit to theunder
lying system.We have evaluatedthe resultinglocality conscioudoaddistributionin the presence
of differenttypesof load—computationatomputationahndmemoryintensve,andnetwork load.
CRAUL performswithin 5—23%o0f idealin the presencef load,andis ableto improve onnaive
compilerbasedwork distribution that doesnot take locality into accountevenin the absencef
load.

2.4 Applications

We madesignificantprogresshis yearin applicationdevelopmentor datamining andcomputer
vision. We arein theearly stagesf collaborationwith allied researcheri severalotherareas.

In thedataminingdomain,oneareawe have examineds thediscovery of associatiomules[18,
13]. Associationmining is the processof identifying commonly-occurringubsetsn a database
whoseelementaresets.Ouralgorithmsarearesultof adetailedstudyof theavailableparallelism
andthe propertiesof associations.The algorithmusesa graph-theoretiglattice) representation
of frequentitemsets,andthen partitionsthem amongthe processors.At the sametime it uses
a novel databasdayout that clustersrelatedtransactiongogethey and selectvely replicatesthe
databasesothatthe portion of the databas@eededor the computatiorof associationss local to
eachprocessarAfter theinitial set-upphasethe algorithmeliminatesthe needfor furthercom-
municationor synchronizationandbalanceshe computatioranddataacrosshe processorsThe
applicationusescomple pointerbaseddatastructureghattypically suffer from sub-optimallo-
cality. We foundthatfor effective parallelizationattentiorneededo bepaidto memoryplacement
for improvedlocality andfalsesharingavoidance.

The discovery of frequentsequences temporaldatabases anotherimportantdatamining
problem. Most currentwork assumeshat the databases static,and a databaseipdaterequires
rediscavering all the patternsby scanningthe entireold andnew databaseWe propose(andare
in the procesf implementingnovel techniquegor maintainingsequencem the presencef a)
databasepdatesandb) userinteraction(e.g.modifying mining parameters)Thisis a very chal-
lengingtask,sincesuchupdatesaninvalidateexisting sequencesr introducenew ones.In both
the abore scenarioswe avoid re-executingthe algorithmon the entire datasettherebyreducing
executiontime. Experimentatesultsconfirmthatour approachresultsin substantiaperformance
gains[14].

In theareaof computewnisionwe designedndanalyzedheperformancef aparallelreal-time
probabilisticsearchalgorithmto solvethecorrespondencpgroblem[2]. We alsohave apreliminary
implementatiorof a parallelobjectrecognitionalgorithm. The objectrecognitionsystemusesa
multi-gigabytein-coredatabaseomposeaf curve featuregepresentingariousobjects.An input
imageis decomposedhto its curve elementsandthe strongesturvesarematchedagainstcurves
storedin the databas¢o generatdiypotheseaboutobjectidentitiesandposesn theinputimage.
The matchingprocessn the databaseakes a large amountof time, mostof it spentreadingthe
databaseThedatabasés initially split with approximateljthe samenumberof elementsn each
partitionanddivided up amongthe processesEachprocesss providedthe key to searchifor and
performsthe searchin its partition of the databaseThe lists of matchedound by eachthreadare
then concatenatednd usedto composethe hypotheses.The parallelizationfollows a manager
worker model,wherethework is distributedby the managewhenneededEachworker performs



the searchin the databaseresynchronizingvith the managewhendone. The manageicombines
the generatedists and continueswith the restof the program. Efforts are currently underway
to parallelizepartof the hypothesigyeneratiorroutinesin a similar manneyandto determinghe
performancef the parallelizatiorstratey.

Our other collaborationspn which we hopeto reportmore completelynext year includea
cosmologicalmodelingapplicationfrom Prof. Adam Frank of the UR Physicsand Astronomy
departmenta cone-beanX-ray tomographyapplicationfrom Prof. RuolaNing of the UR Radi-
ology departmenta 3-D surfacereconstructioralgorithmfrom Prof. Kyros Kutulakos of the UR
Dermatologydepartmentand a neuralcoding applicationfrom Prof. DanaBallard of our own
department.

2.5 ProtocolEnhancements

We have this pastyearmadeseveral enhancement® the Cashmergrogrammingenvironment.
We now supportFortran 77 applications,in additionto C and C++, and we have developeda
load-balancingnterfacefor loop-basedcientificapplications.

As an outgronth of our Cashmere/Shastamparisorstudy we have developeda versionof
Cashmerdhat relies on fast messaggyassing,but not on the remote-write,broadcastpr total-
orderingpropertiesof the Memory Channel.This versionhasallowed usto evaluatethe relative
importanceof the variousfeaturesof the Memory Channel. Our preliminary results[15] indi-
catethatthe lateny of remoteoperationss the dominantfactorin performance Remotewrites,
broadcastandtotal orderingall help,but on all but oneof our applicationghe additionalperfor
mancemprovements lessthan10%. Moreover, by refrainingfrom usingremotewritesto update
homenodecopieswe caneliminateMemory Channel-imposedestrictionson datasetsize (this
stepis requiredfor the VLM versionof Cashmeralescribedabove). We canalsoimplementa
straightforvard homenodemigrationmechanisnthat leadsto significantperformancemprove-
mentsfor migratorydata.In generalwe foundthatthe benefitsof homenodemigrationoutweight
the benefitsof datapropagatiorvia remotewrite.

Finally, in a preipherally-relategrojectcalledCoign, we developeda setof mechanismshat
canbeusedto automaticallypartitiona componen{object)basedapplicationacrossa distributed
system[8, 7, 6]. This work wassupportedn partby a graduatefellowship and hardware grant
from MicrosoftResearch.

Coign operateon shrink-wrappedinary software. The Coign userexerciseshe application
througha seriesof “profiling” runs, during which Coign collectsstatisticson cross-component
communication.Coign thenemploys graphcutting and binary re-writing techniquego build a
new versionof the applicationthat will distribute componentsacrossa network in a way that
minimizescommunication.

Fromthepointof view of Cashmerehekey innovationin Coignis theability to move software
transparenthacrossmachineboundariesin afollow-on projectwith Microsoft[16] we areusing
the Coigninstrumentatiortoolsto build a “component-izedivrapperaroundthe NT kernelinter-
face.ln anNT versionof Cashmerethiswrappemwould allow usto provide asinglesystemmage
acrossa clusterof machinesyith transparenaccesso thekernelresource®f eachmachine.



3 Plansfor the Upcoming Year

Plansfor thecomingyearinclude

e Completionof our studyof the impactof specialnetwork featureson coherencegrotocol
performance.

e Continuedapplicationdevelopment.

e Implementatiorof supportfor Java. We areinvestigatingseveralalternatve stratgies. Our
goalsareto provideascorvenientaprogrammingnodelaspossiblgideallyextendinglava’s
existing sharednemorymechanismscrosshe cluster)while achiezing high performance
andminimizing or avoiding changego the JVM.

e Developmentof a “three level” versionof Cashmerdhat augmentghe currenttwo-level
system(hardwaresharedmemorywithin nodes)ow-lateny softwaresharednemoryacross
nodes)with higherlateny sharingacrosswide areanets.In particular we ervisionagraph-
ical applicationfront end(e.g.for programsteeringor interactve datamining) that shares
accesgo thevariablesof a simulationrunningon a remotecomputecluster

e Investigationof temporally-basedoherencextensiondor chaotic(unsynchronizedappli-
cations.

¢ Implementatiorof cross-clustesupport(e.g.with toolsbasedn Coign)for asingle“system
image”for file accessprocescontrol,memorymanagementgtc.

Dependingon time constraintsyve may alsoport Cashmeréo a network of PCsrunningNT
andconnectedy a Giganetnetwork supportinghenew VIA interfacestandard.

4 Education and Human Resouices

RobertStets the seniorstudenton the project,gave talksat SOSP97, HPCA 99, andIPPS’99.
Sotirisloannidisgave atalk at LRC '98. SrinivasanParthasarathyresente posterat LCR '98,
andgave talksat KDD (KnowledgeDiscovery and DataMining) '98, andthe 98 Workshopon
Distributed DataMining. NikolaosHardavellasgave atalk at the 1998 SSMM (ScalableShared
MemoryMultiprocessorworkshopheldin conjunctionwith ISCA '98. UndegraduateElliot Bar-
nett, who worked on Cashmerdor sereral monthslast year hasaccepteda job with Frontier
Communications.Two otherundegraduatesShavn Hershg and Peenaldnamday alsoworked
ontheprojectthisyear

Currentgraduatestudentsvorking on variousaspect®f CashmeréncludeRobertStets Srini-
vasanParthasarathyUmit RencuzogullariDeQing (Luke) Chen,Raje& Balasubramoniarmand
GregoriosMagklis. Rob's thesisis on coreCashmerenaterial,mainly coherencgrotocolimple-
mentation. Srini is working on systemssupportfor client-serer data-miningapplications.Umit
is working on compilerruntimeintegration. Rob and Srini expectto graduatehis summer Umit
shouldfinishin 2002.Luke, Raje&, andGregor arefirst-yeargraduatestudentsAmit Singhaland



RodrigoCarceroniboth computervision studentshave worked part-timeon applicationsdevel-
opment.

For the secondyear Cashmeravasusedasthe platformfor a group projectin our first-year
“immigration” coursefor graduatestudents .t alsoformedthe basesf the individual projectsof
Luke ChenandRajee Balasubramonian.
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