A Locally Cache-Coherent Multiprocessor Architecture

Kevin Rich
ComputingResearclGroup
LawrenceLivermoreNationalLaboratory
Livermore,CA 94551

NormanMatloff
Division of ComputerScience
Universityof Californiaat Davis
Davis, CA 95616

Correspondencauthor: N. Matloff
matloff@heathecs.ucdsais.edu
(916)752-1953(916) 752-7004

Abstract

Recentlytherehasbeenconsiderablénterestin cachecohereng protocolsin shared-memorynultiprocessor
systemsparticularlyin protocolswhich arescalablej.e. suitablefor very large systemsHowever, cachecohereng
scalability(CCS)entailsheavy performanceverheadandsystemcost,soa critical examinationof the assumptions
underlyingthe questfor CCSis undertakerhere. A non-CCSarchitecturewhich providesonly “locally, but not
globally, coherent’hardwaresupportis proposedandevidenceis presenteavhich shavs thatthis architecturedoes
well in large classe®f application.Specialemphasisvill be placedon loop calculationsdueto their prevalencen
scientificapplications.

1 Introduction

In the last few years,scalability of cachecohereng protocolshasbeenone of the mostactie topics of researchn
shared-memorgnultiprocessosystemsA nicesurwey of thisareawith agoodlist of referencesyaspresentedh [9],
andnew papershave continuedto appearsincethen. However, cachecohereng scalability (CCS)requirescomplex
hardwarewhich carriessignificantoverheadandinhibits systemperformancebhothin absolutdermsandwith respect
to performance/priceatios. It is thusworthwhileto examinethefundamentatjuestiorof whetherCCSis asuficiently
desirablepropertyto warrantthe heroicefforts which arebeingmadeto achieve it. This questionis addressetiere,
andevidencetowardanatleastpartially negative answelis presented.

Thekey pointinvolvesthetypeandextent of hardwarenhich shouldbe devotedto supportfor coherentacces®f
globallysharedlata,i.e.,datawhich areatleastpotentiallysharedoy all processori the system.t is foundherethat
in mary large applicationclasseswe canreplacethe majorsharedmonitorvariableMVs) by datasharednly by a
fixednumberof processorsyith thatfixednumberbeingindependentf overallsystensize. This obviatesmuchof the
needfor CCS.Basedon thisidea,anarchitecturevhich providesonly “locally, but not globally, coherent’hardware
supportis proposedvhichis usefulin mary applicationdomainsandis particularlysuitedto loop applicationswvhich
arecommonin the scientificcomputingfield.

Section?2 discussedlistributedtask allocation (DTA), and presentsevidenceof its efficieng. Section3 then
introduceghearchitecturevhichis basecon DTA.



2 Decentralized Task Allocation in Loop Contexts

A commonproblemin the designof efficient parallelprocessingoftwareis the assignmenof loop tasksto proces-
sors! We chooseto examineloop applicationsfor two reasons.The first is that the conceptsherewill be easier
to explain in the loop setting. Second)oopsarea commonparadigmin scientificapplications.It shouldbe noted,
though,thatDTA canbeappliedprofitablyto mary othertypesof applications.

To illustratethe conceptsnvolved,the simplerthe examplethebetter solet us considerthe usualmatrix multipli-
cationproblem,in whichanNxN matrixis to multiply anNx1 vector Takingasour basictaskthe computatiorof the
innerproductof the Nth row of the multiplier with themultiplicand,afor-loop thenconsistof N tasksto beallocated
to theprocessors.

2.1 SomeNon-DTA Task-Allocation Methodsfor L oops

Let usconsiderthe variousallocationmethodscomparedn [4], andthendiscusstheir relationto DTA. First, under
self-scheduling SS), therewould be a global variable NextRow, recordingthe numberof the next row which is
availablefor multiplication. Wheneer a processofinishesthe multiplicationof arow, it performs

R = Next Row++;

andthendoesthe multiplication of row numberR. (Of course the incrementingof NextRow mustbe atomic.) This

approachs very efficient in termsof load-balancingbut the variableNextRow canbecomea hot spot,leadinglarge

numberof cacheinvalidations,for example. Indeed,[1] found that mostaccessesf atomically-protectedariables
suchasNextRow led to cachecohereng transactions.

Anotherapproactwouldbeto usethestatic chunking (SC) methodproposedy KruskalandWeiss[5]. Heretasks
areassignedn “chunks” of K, insteadof singly. In otherwords,the codeabore would become

R = Next Row;
Next Row += K;

Thisreduceshe numberof accessesf NextRow by afactorof K, but is lessefficientin termsof load-balancing.

In aneffort to gettheload-balancingfficieng/ of SSandthereductionin accessesf NextRow which stemsrom
SC,anumberof hybrid methods$have beenproposedbasedntheideaof guidedself-schedulingGSS)[4]. Thelatter
is avariable-sizeadhunkingmethod with smallerchunksbeingusedin lateriterations.A variantof GSSproposedn
[4], whichwewill call Factoring,wasshowvn to do quitewell in thefor-loop setting(it is specificallydesignedor that
setting),with performancesuperiorto SSandScC.

Anotherqueue-accessethod(not limited to taskallocation)that hasreceved considerablattentionrecentlyis
the useof software combining (SWC)to reducecontentionat the particularmemorymodulethat containsthe global
taskqueug[3, 10]. Thetask-allocatiorsoftwareusesa binary treedatastructure with the root nodebeingthe only
onewith directaccesse® theglobaltaskqueue.Processorequestgor additionalwork arecombinedat thenodesof
thetreewheneer possibledistributingthe memoryaccesseacrosanary nodesandthroughcarefulplanningmary
memorymodulesthusreducingcontention.ln the matrix examplehere the codewouldlook like

R = Fet ch&Add( Next Row, 1) ;

Anothermethodsimilar to GSS,calledtrapezoidself-schedulingvaspresentedn [11], but appearedoo late for
usto includein our empiricalevaluations.Theaim of this methodwasthe sameasthe others to reducethe numberof
accessew the globaltaskallocationqueue.Our analysisshovedthatin “typical” problemsit producesnary more
globalaccessethanDTA.

1In the contextconsideredhere we focuson processorgatherthanprocesseses



2.2 DTA intheLoop Context

The methodon which we will focus hereis distributedtaskallocation(DTA). This methodwould approachioop

problemssuchasmatrix multiplicationin the following way: Processorareconsideredo belongto groups,of size

G2 Usuallytasksareallocatedocally, i.e. within groups hencethetermdistributedin “DTA.” However, occasionally
onememberof agroupmustgo to a globalvariableto acquirea batchof new tasksfor the groupto process.

Specifically thedirectanalogyof NextRow is now anNG-elementrrayLocalNextRow, wherethegroupsizeNG
is equalto NPROCS (the numberof processorn the system)dividedby G. Thereis alsoa variable GlobNextRow
andanotheNG-elemenarrayLocalLastRav. Thel-th processors consideredo bein groupGN =1 modNG. When
this processofinishesthe multiplicationof arow, it performs

R = Local Next Row G\] ++;

if (Local Next Row GN] > Local LastRowf GN]) {
Local Next Row GN] = G obNext Row,
LR = G obNext Row += K;
Local Last RowWf G\] = LR - 1;

Whatis happeninghereis the following: Initially eachprocessogroupis allocateda setof K consecutie rows of
the matrix. The processor#n that group procesgheserows one-by-onejust asin the centralizedcase with Local-
NextRow[GN] playing the role correspondindgo NextRow in the centralizedversions.Whenone of the processors
discoversthattheseK rows have all assignedo processordt goesto GlobNextRow to getK morerowsfor its group.
Thisis in contrasto the SCmethod,in which eachprocessor, ratherthaneachgroup,is assigne tasksatatime.
Note thatthoughthe entirearraysLocalNextRow andLocalLastRav areglobal variablesvisible to all processors—
this is a shared-memorgystem after all—the codeis written so thata processoin onegroupwill never accesghe
arrayelemenintendedfor anothegroup?

K is adesignparametermwhichin theexperimentsereis takento beequalto G.

2.3 Experimental Results

As mentioneckarlier ourfocuswill beon DTA. We areinterestedn DTA becausef its broadrangeof applicability:
e DTA is applicablein open-endegroblemsin which the total numberof tasksto be doneis not known in
adwance.Thisis in contrasto, for example the Factoringapproachwhichis applicableonly in for-loops.

o DTA alsoappliesto otherproblemscommonlyarisingin the parallelprocessingrea,suchasbarriersynchro
nization?

e Most importantly thoughwe arein this sectionviewing DTA asa softwaretechnique DTA forms the justi-
fication for the architecturewhich we will proposein the next section,andwhich is the main subjectof this
paper

Whatwe gainwith DTA is thelow numberof accessesf the centralresourceNextRow (or in this casethe new
centralresourceGlobNextRow) enjoyedby SC,but with higherprocessoutilizationthanSC. The questionthough,
is how much higherthatutilizationwill be,comparedo the optimalmethodin termsof utilization, SS.

This questionwasstudiedby Ni andWu [8], but notin the scalabilitycontext of interesthere. Work in the latter
contet wasdonein [7], in which a theoreticalanalysiswas presentedvhich shavedthat DTA canindeedbe done
efficiently with a fixed groupsize, even with arbitrarily large overall systemsize. Moreover, it wasfoundthatin a
certainsensea “universal”groupsizeexists, informationwhich thencanbeincorporatednto hardwaredesign.

2TakingDTA asonly asoftwaretechniqueasin [8], this groupingis justsymbolic,not physical.However, it will takeonaphysicalembodiment
whenwe proposethe LCSMA architecturen thefollowig section.

3Clearly, this concepicanbe extendedn a hierarchamannerfor extremelylarge systems.

4Again, SWC canbe usedfor this.



Now in the currentwork, this efficieng/ is demonstrate@mpirically by runningthreespecificapplicationsand
comparinghemto SS,SC, Factoringand SWC. Note, by the way, thatthe empiricalstudyis alsoimportantin thatit
accountdor theoverheada processospendsn actuallyacquiringataskfrom ataskallocator e.g.in row-assignment
in thematrix problem whichthe previoustheoreticabnalyse$8, 7] did not do.

A summaryof theresultsis:

o ForthesmallersystemsizesDTA hadperformanceomparabléo thatof Factoring.
¢ Forthelargersystem®TA wassuperiorto Factoring,sometimesubstantiallyso.

o DTA wassuperiorto bothSSandSWCatall levels.

Hereis somemoredetail. TheexperimentseportecherewereconductednaBBN TC2000(a.k.a.BBN Butterfly)
shared-memorgnultiprocessoconsistingof 128processor/memonyodes.Thesharednemoryconsistof thetotality
of memorymodulesat all thesenodeswith internodeaccesdeingvia a multistagenetwork. Local operatingsystem
structureallowed us to run programson a dedicated-machinbasis,i.e., with all otherjobs suspendedexcept for
certaininteractize jobswhichrunonaresered setof four nodes.For eachcombinatiorof parameterstleastl5 (and
asmary as65) runswereconductedwith thetimingsgraphedherebeingthe averagevaluessoobtained.All of the
DTA experimentsreportednereuseda groupsizeof G = 16, andthusthe numbersof processorsisedwerevarious
multiplesof 16. Sincefour of the 128 processorsire unavailable,the maximumnumberof processorsve usedwas
112. Thegraphspresentedhereplot programtimingst againsnumbersof processorp.®

Figurel presentshedatafor the matrix-multiply experimentsjn which anNxN matrix multipliesanNx1 vectot
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Figurel: Matrix Multiply (N =300)

Figures2 and 3 give theresultsfor the sortingexperimentson matricesof sizeNxRS, in which a basictaskis to
sortonematrixrow.® DTA, SSandFactoringwereroughlyequalfor thesmallernumbersof processorsyut with DTA
having adecidedadvantaggor NPROCS >= 64.

Thoughnot discussedhere ,we alsoconsidered while-loop application.Factoringcannotbe usedin this context,
sowe comparedTA to SSandSWC,andfoundDTA to yield very strongimprovementsver the othertwo methods.

5Note carefullythevalueson the verticalaxis. Theygenerallydo not startat 0, andthustendto exaggeratéhe differences.
A standardC-library Quicksortroutinewasusedfor the sorting.
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Figure2: Sort(N=500;RS = 25)
3 A New Classof Shared-Memory Multiprocessor Architecture

Recallour previous statementhat[1] foundthatin the systemausinganinvalidation-basedachecohereng policy,
mostaccesset variablesike NextRow’ in the lastsectioncausectacheinvalidations.As systemsizegrows, more
andmoreprocessorareaccessingNextRow, andtheproblemgetsworseandworse.DTA solvesthisproblem because
eachvariable LocalNextRow[GN], is accessewnly by at mosta fixed numberof processor§GN). The variable
GlobalNextRow doesgetaccessetly all processorsiotjustthosein onegroup,but thepointis thatsuchaccesseare
rare. This hasa very profoundimplicationfor the CCSquestionjn thatneitherthevariables_ocalNextRow[GN] nor
thevariableGlobalNextRow needCCShardware:

e The'S’ (for scalability) in “CCS” is irrelevantto the variabled_ocalNextRow[GN], sinceeachsuchvariableis
accessednly by the processorfn groupGN.

e ThevariableGlobalNetRow is accessedorarelythat specialhardwarego makeatomicaccesfficient is not
justified.

The secondpoint hereis central. As mentionedearlie; CCShardwareaddsgreatlyto systemcost,andinhibits
systemperformanceTheseproblemscanbe avoidedin loop applicationdy theuseof DTA, andtheempiricalresults
of thelastsectionandthe mathematicahnalysisn [7] indicatethatthis canbe donewithoutinducingload-balancing
problems.

In this regard,considera conceptof locally coherent shared-memory architectures (LCSMA), which we defineto
meanshared-memorynultiprocessosystemawvhich provide hardwaresupportfor cachecohereng within groupsof
processordyut provide no hardwaresupportfor systemwidecachecohereng. Note thatmachinesuchasDASH [6]
arenotLCSMAs. Thoughtheiruseof processoclustersseemdo have somesimilarity to ourprocessegroupconcept,
thepointis thatthey do have hardwaredevotedto systemwideachecohereng. LCSMA hasno suchhardware.

LCSMA denotesbroadclassof architecturesyith mary possiblemplementationsior example,aninterconnect
structuresuchasthat of Figure 4 could be used. (For the purpose®f readability this figure depictsa very small
system,with an unrealisticallysmall value of 4 for the group size G.) Here processorlements(PE) containthe
processqgrcacheandsomeof the globalmemory PEsareconnectedo otherPEsvia the familiar Q-network. What
is differentis thatPEsarepartitionedinto groups,andprocessorsvithin ary givengroupareconnectedia snooping

“Orto lock variablesguardingvariabledike NextRaw.
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cached?] andalocal bus. Theseprovide hardwaresupportfor local MVs, i.e., variableswhich are sharedonly by
processorsvithin a givengroup,suchasLocalNextRow[GN] in our examplesin thelastsection.
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Figure4:

Under LCSMA the softwaremust, where possible,avoid creationof systemwideMVs. The previous section
indicatedhow to do this with DTA in the caseof for-loops,and DTA canbe extended—stillwith efficiengy from
theload-balancingoint of view—to mary otherkinds of task-allocatiormechanismsg.g. taskqueueg7]. Atomic
accessgo group-specifiovariabledike LocalNextRow[GN], andthe problemof contentionfor them,arehandledvia
hardwareg.g. the “locally-snoopy”busesin Figure 4. Any MVs which remain,e.g. suchasGlobalNetRow, are
handledin hardwareat the grouplevel, andthenin softwareabove thatlevel, suchaswith softwarefetch-and-addés

in [3, 10].



In addition,LCSMA shouldhave program-controllea¢dacheabilityof individual blocks, to allow the bestusage,
with the programhaving the ability to dynamicallysetthe cacheabilitymode(cacheableread-onlycacheablenon-
cacheablejor the block containinga givenaddress/ariable especiallyfor variableswhich arenot MVs.

We will not presentdetailshere,but asa simpleillustration, considerGaussiarelimination. Sinceeachrow is
accessetly a processoonly onceperiteration,cachingis not useful,andthe rows shouldbe madenoncacheabldn
mary othermatrix applicationsrows arere-usedvithin aniteration,but only for reading,soread-onlycachingwould
beappropriate.

4 Discussion

Thoughfor simplicity andconcisenesw/e have limited our focushereto loops, it is importantto notethat DTA can
be usedin amuchwider variety of applications For example,problemswith generakaskqueuesanbe corvertedto
having local taskqueuesratherthanusingonecentralqueue.Thetheoreticawork in [7] lendssupportto this. Thus
we believe thatLCSMA is agoodchoicefor generaparallelprocessingpplications.

On the otherhand,no machinecan be optimalfor all applications,andwe notethat LCSMA doesnot provide
ary specialhelpin, for instancesynchronousilgorithmswith very shorttimesbetweensuccessie synchronizations,
suchasparallelroot-findingproblems.However, it is clearthatapproachebasedon systemwidecachecohereneg
arenotgoodsolutionsto this problemeither The overheaddueto relayingof cacheupdatemessagethroughoutan
entirelarge systemwould be too heary. Thusothermechanismsvould be neededf this type of applicationwereto
betamgetedsayaddinga separatdroadcasthanneto Figure 4.
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