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Abstract

Recenteseach suggeststhat DSM clusters canbenefit
from parallel coheence contmllers. Parallel contollers
require addresspartitioning and syndronizationto avoid
handling multiple coheenceeventsfor the samememory
addresssimultaneouslyThis paper evaluatesa spectrum
of addresspartitioning schemeghat vary in performance
hardware compleity, and cost.Dynamicpartitioning min-
imizesload imbalancein contwollers by using hardware
addresssyndironizess to distribute the load amongmulti-
ple protocol enginesat runtime Static partitioning obvi-
atesthe needfor hardware syndironization and assigns
memoryaddressego protocol enginesat designtime but
may lead to load imbalance among engines.

We present simulation results indicating that: (i)
dynamicpartitioning performsbestspeedingup applica-
tion executionon an 8 8-way clusteron average by 62%
using four-engineas compaed to single-enginecontrol-
lers, (ii) block-interleavedstatic partitioning using low-
order addressbits is an attractive alternative and per-
formscloseto dynamicpartitioning whenprotocol occu-
pancies are low or ther is little queueing and (iii)
previously proposedstatic schemeghat partition memory
pageseitherinto homeand remoteenginesor usinglow-
order page addressbits resultin a high load imbalancein
parallel contollers.

1 Introduction

Clusters of symmetric multiprocessors(SMPs) are
emenging asthe architectureof choicefor building large-
scale parallel seners. Designersexploit SMPs as cost-
effective building blocks, and connecta cluster of them
togetherusing low-lateng high-bandwidthnetworks into
large-scalemultiprocessors.To presere SMP software
compatibility and portability, designersoften connectthe
cluster using distributed sharedmemory (DSM). DSM
extendsSMPs’ sharedaddressspaceglobally acrossthe
system$physicallydistributedmemory[5,7].

DSM clusterstypically use a directory-basedcache
coherenceprotocolto implementa global sharedaddress
space. Corventional DSM cluster designs incorporate
hardwired coherencecontrollers with a single protocol
event queueand engine per SMP. The queueserializes

Babak Rlsafi

School of Electrical and Computer Engineering
Purdue Uniersity
1285 Electrical Engineering Building
West Lahyette, IN 47907-1285
babak@ecn.putueedu, http://wwvecepurdueedu/~babak

coherencesvent handling (e.g., servicing a sharedmiss)
both from local SMP processorgo remotememoryand
from remote SMP processorsto memory local to the
engine.

Recentesearcljll,4]indicateghatconventionalDSM
clusterdesignswith serial controllersoften suffer from a
communication bottleneck. Sharing a single protocol
engineamongnmultiple SMPprocessorplaceshighservice
demandson the engine.To addresghe controller bottle-
neck, recentproposalsuse parallel coherencecontrollers
with eithermultiple and/orpipelinedengineq11]. Parallel
controllers handle multiple coherenceevents simulta-
neously exploiting parallelism in coherence actiity,
improving communicatiorperformanceandmitigatingthe
controllerbottleneck.

To guaranteecorrect protocol functionality, parallel
controllers require coordinationin servicing coherence
eventsto avoid handlingmultiple eventsonthe samemem-
ory block simultaneouslyMuch like conventional pipe-
lined processorssomeproposalsfor parallel controllers
useaddressnterlocks[11] to prevent multiple coherence
eventsonthesameblockto beservicedsimultaneouslyAn
addressnterlock mechanisncompareshe memoryblock
addressat the head of coherenceevent queue with
addressesf the eventscurrentlyin service,and prevents
eventdispatchupona match.While simpleto implement,
addresdnterlocksresultin busy waiting and may reduce
performancein the presenceof a burst of eventson the
samememoryblock.

Alternatively, other proposalsavoid handlingmultiple
operation®namemoryblock simultaneouslyy partition-
ing the sharedaddresspaceandexploiting eventparallel-
ism acrosspartitions. Such an addresspartitioning can
happeneither statically at designtime [11,8] or dynami-
cally atruntime[4]. Thestaticschemesimply useaddress
demultiplexersto decidewhichenginewill serviceacoher-
enceevent. The dynamicschemesequirean addressyn-
chronization mechanismbuilt into the coherenceevent
queueto serializeservicingmultiple eventsfor the same
memoryblock.

Dynamicschemesareexpectedo improve performance
over static schemedecausdhey usea single coherence
eventqueueto dispatchandbalanceheloadin the parallel
controller It follows from a simple queueingheoryresult



that dynamic partitioning — i.e., multiple seners/single
gueue— is alwayssuperiorin performanceo staticparti-
tioning— i.e., multiple seners/multiplequeued6]. Static
schemeshowever, eliminatethe needfor addressynchro-
nization,reducethe hardwarecompleity, andmay exhibit
abalancedoadin practice.

In this paperwe compareandcontrasdifferentaddress
partitioningschemedo enhanceparallelismin DSM con-
trollers. We evaluateaddresgartitioningin the context of
parallel controllers using multiple coherenceengines.
Otherpapershave studiedDSM controllerdesignspacen
greatdetail and have comparedand contrastedmultiple
coherenceengines against pipelining [11]. While our
resultsare equally applicableto pipelinedengineimple-
mentations,evaluating addresspartitioning schemesfor
pipelinedenginess beyondthescopeof thispaper

We compareaddressartitioning by executingshared-
memory applicationson simulated DSM clusters with
multi-enginecontrollers Ourresultsndicatethat:

* Dynamic partitioning performs best eliminating the
load imbalanceamong engines;on average a two-
engine systemimproves performanceby 37% and a
four-enginesystemby 62% as comparedto a single-
engine system in a cluster of 8 8yvSMPs.

* Block-interleaed partitioning is an attractive alterna-
tive and performscloseto dynamicpartitioningwhen
protocol occupanciesare low (as in protocols with
smallerblock sizes)or thereis little queueing(asin
smallerSMP nodes);block-interleaed partitioningin
a 8 8-way SMP achieves 97% of the performanceof
dynamic partitioning using 32-byte blocks.

* Home-basedndpage-interleged partitioningresultin
the highestload imbalanceamong multiple engines
anda lower performancechiezing only about85% of
the performanceof dynamicpartitioning for the base
case system.

Therestof this paperis organizedasfollows. Section2
describeghe baseDSM clustersystemswe studyin this
paper Section3 proposesour addressingpartitioning
schemedor multi-engine controllers. Section4 presents
the performanceresults,and finally Section5 concludes
thepaper

2 DSM Clusters

Figurel illustrates the anatomy of the distributed
shared-memoryachinewe studyin this paper The DSM
consistsof a clusterof SMPsconnectedogetherover a
low-lateny high-bandwidthnetwork. A coherentshared
bus implementsa fine-grain shared-memonabstraction
within eachSMPnode A DSM clusterdeviceoneachnode
extendsthe SMP shared-memorgbstractiorusingadirec-
tory-basedcache coherenceprotocol acrossthe entire
machine.
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FIGURE 1. A DSM cluster.

The clusterdevice is a snoopy boardthatinterfacesthe
SMP memorybus, on oneside,andthe network switches,
on the other The device includesa directory maintaining
theidentity of theremotesharerdor eachmemoryblockon
that node.A remote cache maintainsa copy of the most
recently-referencecemotedataandsenesasa backupfor
the SMP processorcaches.The remotecachecan be an
SRAM/DRAM cache[9] onthedevice or it canbe partof
the SMP’s memory[3,5]. A protocolengine— in theform
of afinite-state-machin¢-=SM) — implementscoherence
acrossSMPs,serviceghe coherenceventsout of a proto-
col event queue, andmanagesccesse® thedirectoryand
theremotecacheln theinterestof brevity, in therestof the
papemwewill alsoreferto aprotocolengineasanFSM.

Memorypagesareallocatedanddistributedroundrobin
acrosghe SMPnodesEachnodeis assigned setof pages
for which thenodewill sene asthedesignatedhome. The
directoryon every nodekeepstrack of the sharerdfor the
homepageonthatnode.Therearetwo typesof coherence
eventson every node.A shared miss requiringthe invoca-
tion of acoherencectionon remotenodesandanincom-
ing message from othernodesrequestingalocal coherence
action. The sharedmissesandincomingmessagesequire
accesgo thedirectoryand/orthe remotecachedepending
on the sharedpagethey requestaccespermissionto. A
sharedmissor anincomingmessagée.g.,request block
copy) for ahomeaddressccessethedirectoryto find the
current sharer/aner of a memory block. Corversely
sharedmissesand incoming messagege.g., invalidation
messages)nremoteaddressesnly look upandaccesshe
remotecache.

3 Address Rirtitioning Schemes

In this section,we describethe addresspartitioning
schemeswe evaluate in this paper The partitioning
schemesvary in performanceand hardware compleity
and cost. The schemescan generally be classifiedinto
dynamic andstatic addresgartitioning.A dynamicscheme
relieson addressynchronizatiorhardwareto exploit par-
allelismacrosdifferentmemoryaddressewnhile synchro-
nizing and serializing all coherenceevents for a given
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FIGURE 2. Dynamic partitioning scheme.

The address synchronizer dynamically selects protocol events for
different memory addressesto dispatch to the FSMIs.

addresg4]. In a staticschemethe memoryaddresseare
statically partitionedamongthe protocol enginesso that
eachengineis responsiblefor a specific set of memory
blocks.We studytwo differentclasse®f staticpartitioning
schemedn this paper— interleave partitioning,andhome-

based partitioning.Theseschemesradeoff hardwarecom-
plexity for a balancedload among the engines and
improvedperformance.

3.1 Dynamic Partitioning

Dynamicpartitioninghasbeenpreviously studiedin the
contet of DSMswith multiple softwarecoherenceontrol-
lers[4]. In this study we evaluatedynamicpartitioningin
thecontet of hardwiredmulti-enginecontrollersandcom-
pareit asapartitioningschemegninstotherlesshardware-
intensiveschemes.

In dynamicpartitioning (Figure2), protocoleventsare
dispatchedo ary availableFSM usingin-queuesynchroni-
zation. Protocolrequestsfor memoryaddressefrom the
samecacheblock are handledserially by the sameFSM,
whereagrotocolrequestgor memoryaddressegom dif-
ferentcacheblocksarehandledn parallel.An address syn-
chronizer [4] performsa fully-associatve searchon the
protocolevent queueandfinds independengeventsto dis-
patch,muchasinstructionissuelogic searchegheinstruc-
tion window in superscalaprocessoro issueandexecute
independenihstructions.

Thesynchronizes searctspeedlepend®nthenumber
of queueentriesthelogic mustsearchThenumberof mes-
sagesin a DSM coherencequeuefor a single memory
blockis typically low andoftendoesnotexceedthenumber
of processorin thesystemAs such,in practicethe queue
depthneededo find a smallnumber(e.g.,2 to 4) of inde-
pendentoherenceventsis quitesmallandwell within the
maximumdepththat canbe searchedn a singlecycle in
hardware[2].
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FIGURE 3. Static interleave partitioning scheme.

The address bits are used to assign protocol eventsto the engines.
For example, in the case of two FSMs using block interleaving, all
odd block addresses are assigned to one FSM and all even
addresses assigned to the other.

While dynamicpartitioningcanbestbalanceheload,it
requireghedirectoryandtheremotecacheto allow simul-
taneousiccesdrom all the FSMs.To reducethelikelihood
of high protocol occupang and contentionamongthe
FSMs, the directory and the remotecachecan be multi-
portedat the costof higherhardware compleity. In this
paperwe assumehesharedesourced all theschemeso
be multiported and contentionlessand only focus on the
loadbalancingamongheFSMs.

3.2 Satic Interleave Partitioning

In interleave partitioning (Figure3), addressnterlear-
ing is usedto synchronizeparallel event dispatch[11].
Here,addres®itsareusedio determinenvhichFSMshould
handle the protocol events for a memory address.The
effectivenesof theschemeoulddependntheactualbits
usedto partitionaddressediVe studytwo interleave parti-
tioning schemesblock-interleaved partitioningand page-
interleaved partitioning.In block-interleaed partitioning,
thelower orderbits of the block addresareusedto deter-
mine the partition. Page-interleaed partitioning usesthe
higherorderbits of amemoryaddresso determinghepar-
tition.

In interleaved partitioning,FSM utilization dependn
both the memoryaccessstride and sharingpatternsin the
application. Block-interleared partitioning optimizesthe
protocolevent dispatchto favor fine-grainsharingamong
processoranultiple FSMscanhandleprotocoleventsfrom
processoractively sharingthesamepage Block interlear-
ing, however, mayleadto aloadimbalancdor applications
with regularmemoryaccesstrides;e.g.,array-styleappli-
cationswhich accessnly even or odd memoryblocksin
alternatingphasespr applicationswhich pad datastruc-
turesin multiplesof cacheblocks[13]. Conversely page-



| Memory Bus |

Remote Cache

v v v
Home Remote |l Remote
FSM FSM FSM

f

| Address Demultiplexor
Home miss f Incoming Message t Remote miss

Network Interface |

Outgoing Message
ag
—p %} % P

sk

Outgoing Message

FIGURE 4. Home-based partitioning scheme.

FMsare grouped into those responsible for home addresses (| ft)
and remote addresses (right).

interleaved partitioning favors applicationswith coarse
(i.e., page-basedyharinggranularitywhile allowing ary
memoryblock (evenor odd)acrosgpagedo behandledby
multiple FSMs.

Interleave partitioning eliminates the sophisticated
addressynchronizatiorhardwarein dynamicpartitioning
and usesa simple demultiplexer which selectsa protocol
event basedon the addressbits. A flexible designmay
allow configuringthedemultiplexor atboottime or thestart
of application execution using simple addressmasksto
selectthe specific addressbits identifying the partition.
Much like dynamicpartitioning,in interleave partitioning
the FSMssharethe protocolresourcege.g.,the directory
andremotecacheandmayrequiremulti-portedresources.

Interleave partitioning is also attractve from a design
perspectie becausdt allows implementingmulti-engine
DSMs using multiple device boards.Upon demandfor
higher communicationbandwidthand performancecus-
tomerscanplug in additionalDSM boardsinto eachSMP
nodeusing interleare partitioning— e.g.,a single DSM
boardpernodedesigncanbe upgradedo two boardsper
nodewhereeachboardis in chageof differentaddrespar-
titions. A simpledevice configurationat boottime will be
requiredto (statically) partition the addressspaceamong
multiple boards. Such a plug-and-playstyle of multi-
enginedesignis not sosimpleto implementwith dynamic
partitioningbecausef the requiremento searchandsyn-
chronizeaddresse asingleeventqueue.

3.3 Static Home-Based Partitioning

In home-basegbartitioning (Figure4), protocol events
for (local) homememoryaddressearehandledby oneset
of FSMs and the protocol events for remote memory
addressearehandledby anotherset[8]. Within aset,static
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FIGURE 5. Address partitioning example in a
system with four FSMs.

block-interle@edpartitioningis usedto partitiontheproto-
col eventsamongthe FSMs.DSM clustergypically imple-
menta global physical addressspacein which the upper
addresditsincludea homeidentifier An addresslemulti-
plexor usesthe homeidentifier bits to dispatcha protocol
event.

Becausepnly the homeFSMsaccesshe directoryand
only the remote FSMs accessthe remote cache,home-
basedpartitioning reducesthe sharingand contentionin
resourcedy a factorof two. As such,home-basegbarti-
tioning reducegshe hardware complexity of the resources
(e.g., obviating the needfor multiporting for two-engine
designs)andthe FSMsmanagingaccesgo the resources,
making this partitioning schemethe least expensve in
hardwarecompleity andcost.

3.4 AddressPartitioning Example

Figure5 illustratesthedispatchof anexamplesequence
of protocoleventsunderthe differentaddresgartitioning
schemedor coherencecontrollerswith four FSMs. The
figure illustrates global physical addressencodingfor a
systemwith 256-byte blocks, 4-Kbyte pages,and 1.6
Mbyte of addressableharedmemory The dynamicparti-
tioning schemedispatchesevents for memory addresses
0x0000200and0x2001300n parallel.A secondaventfor
the memoryaddres€9x0000200cannotbe dispatchediue
to aprevious eventfor the samememoryblock andhasto
wait. But theeventsfor 0x100030Gand0x000040Qredis-
patchedo theremaining=SMs.

The examplein the figure alsoindicatestheincreasan
load imbalancein static schemesas comparedto the
dynamic scheme. Block-interleared partitioning dis-
patchesventsbasedon the block addressits. The events
for memoryaddresse®x0000200and0x2001300aredis-



patchedn parallelto FSMs2 and3 respectrely. A second
event for 0x0000200hasto wait becauseof the previous

eventfor thataddressTheeventfor 0x100030Galsohasto

wait dueto thepreviouseventfor 0x2001300becaus¢hey

have the sameblock addresits. The event for memory
addres€9x0000400s dispatchedo FSMO.

Page-interleged partitioning dispatchesevents based
on the page addressbits. The events for addresses
0x0000200and 0x2001300are dispatchedn parallel. All
othereventswill have to wait becausehey have the same
pageaddressits as 0x0000200which is currently being
handled.

In home-basegartitioning,homeeventsarehandlecby
FSMs0 and1 while remoteeventsarehandledoy FSMs2
and3. BetweerFSMsof thesameset,blockbitsareusedo
partitionthememoryaddresses-or instanceahomeevent
for anevenblock addresss handledby FSM 0 andahome
eventfrom anoddblock addresss handlecby FSM 1. The
currentnodeidentifieris assumedo beO. In this example,
eventsfor addresse§x0000200and 0x2001300are dis-
patchedin parallelto FSMs 0 and 3 respectrely. Other
home events for even block addressespx0000200and
0x0000400have to wait for FSM 0 to finish handlingthe
current event while the event for 0x1000300,a remote
eventfor anoddmemoryaddresshasto wait for FSM 3.

4 Performance Results

4.1 Methodology

We useWisconsinwind Tunnelll [10] to simulateDSM
clustersinterconnectedisingmulti-enginecoherenceon-
trollers. Our basesystemis a 64-processomachinecon-
sisting of eight nodes.Eachnodeis an 8-way SMP with
600 MHz dual-issugprocessorsvith 1-Mbyte datacaches
interconnectedby a 100-Mhz split-transactionbus. We
modela highly-interleawed memorysystem characteristic
of high-performanceSMP seners. A snooy MOESI
coherencgrotocolkeepghecacheswithin eachnodecon-
sistent. The DSM hardware extendsthe shared-memory
abstractionacrossthe nodes. WWT-II assumesperfect
instructioncaches$ut modelsdatacachesndtheir conten-
tion at the memory bus accurately WWT-II further
assumeasa point-to-pointnetwork with aconstantateng of
80cyclesbut modelscontentioratthenetwork interfaces.

In this paperwe areinterestedn evaluatingDSM clus-
terswith aggressie remotecachingandassumea remote
cachdargeenoughto fit theentireremoteworking setof an
application9,3]. In theseexperimentcommunicatioronly
consistof truememorysharingamongtheprocessorsand
thereforeour resultsindicatingperformanceémprovement
using multi-engineprotocolsare conserative. Evaluating
addresgartitioning in the context of DSMs with remote
capacity/conflictraffic is beyondthescopeof thispaper
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FIGURE 6. Event latency on a remote read miss.
Thelatencies are given in terms of 600-MHz processor cycles.

4.2 Microbenchmark Experiments

Communicationin parallel applicationsrunning on a
DSM cluster can be either lateng/-bound or bandwidth-
bound.Lateng-boundapplicationsdo not experienceary
queueingdelaysat the FSMsandwould only benefitfrom
reducedprotocoloccupang andnot from multiple coher-
enceengines.Bandwidth-boundapplicationshave bursty
protocolevents,andassuchexperiencesignificantqueue-
ing delaysandwould benefitfrom multi-enginecoherence
controllers.

To find the lateny andbandwidthcharacteristicef the
differentaddresgpartitioningschemesye usea setof sim-
ple remotereadmicrobenchmarks€achmicrobenchmark,
consistof atightloop,in which processorgeraterequest-
ing memoryblocks(by taking remotereadmisses)from a
physically contiguousset of sharedpages.In the first
microbenchmarkwe evaluatethe round-trip lateny and
the breakdevn of protocoleventoccupancieasmeasured
by a singleprocessorequestingemotedatafrom another
DSM node.Figureé illustratesthe breakdaevn of protocol
eventsandtheir associatedatencies.Thereare threedis-
tinct phasesn the eventsfollowing a readmiss:a request
phaseonthecachingnode(requestinghode),areply phase
onthehomenode(replyingnode),followedby aresponse
phaseonthecachingnode.

Therequestateny is a singlecycle from the time the
requests latchedin the protocolqueug(Figurel) until the
requesimessagés sentout. Thereplylateng is 199cycles
for the replying FSM to dispatchthe event, accessthe
directory reada 64-byteblock from memory andinject it
into thenetwork. Theresponséateng variesdependingpn
whethertheremotecaches empty incurringasinglecycle
to placetheblock, or if adirty blockmustbereplacedrom
theremotecachejncurringextralateng of upto 64 cycles.
The total minimum round-trip lateng for a remoteread
variesbetween365to 425 cycles.Giventhe occupancies,
themaximumachiezablerequest/responsndreply band-
width will be 581 Mbytes/seand193 Mbytes/seadespec-
tively with a single FSM per node. Therefore,the reply
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(bottom) bandwidth of two-FSM (left) and
four-FSM (right) systems.
bandwidth can saturatemuch faster than the request/

responséandwidth.

We usetwo microbenchmarkto evaluatethebandwidth
characteristicef the systemslin onebenchmarkywe mea-
surethe peakreply bandwidthof the varioussystemsby
forcingall nodegto requesshareddatafrom asinglenode.
In another benchmark,we evaluate the peak request/
responséandwidthby forcingeachSMPprocessofrom a
single nodeto requestshareddatafrom a distinct remote
node. In both cases,all memory blocks in a pageare
accessedn ordet While not similar to mary real-world
applications,thesemicrobenchmarksill help us deter-
mine the maximumnumberof requestershat canbe han-
dledefficiently underthedifferentpartitioningschemes.

Figure7 compareghereply (top) andrequest/response
(bottom)bandwidthcharacteristicef the differentaddress
partitioning schemesn systemswith two (left) and four
(right) FSMs.Thereply bandwidthsaturatesisthenumber
of requestericreasesThesaturatiorbandwidthfor asin-
gle-FSM systemis 192 Mbytes/secas expected. The
request/responsdandwidth for a single-FSM system
reache$61 Mbytes/secyery closeto the expectedsatura-
tion bandwidth.

Figure? (topleft) illustratesthereply bandwidthresults
for two-FSM systems. Home-basedpartitioning only
allows a single FSM to handleeventsfor homeaddresses,
resultingin atwo-FSM systemthatbehaesexactly like a
single-FSMsystem.Becauseall processorsnarchdown
physically-contiguougpagesstartingat an even-numbered
pagein bothmicrobenchmarkgyage-interleaed partition-

ing is alsounableto exploit parallelismresultingin band-
widthscloseto thesingle-FSMsystemWith anincreasen
the numberof requestorshowever, queueingdelaysat the
replierintroduceatime drift in therequeststesultingin an
interleaving of requestsfor odd-/ezen-numberedpages.
Therequiredtime drift in request$or odd-/even-numbered
blocksis muchsmallerresultingin a uniforminterleaving.
As such, block-interleaed partitioning performson par
with dynamic partitioning achievzing a saturationband-
width thatis twice thatof asingle-FSMsystem.

Figure7(top right) shows the reply-bandwidthin sys-
temswith four FSMs per node. Home-basecdand page-
interleased partitioning utilize only half of the FSMsand
achieve abouttwicethebandwidthof asingle-FSMsystem.
Block-interleared and dynamic partitioning perform the
bestachiezing nearlyfour timesthe bandwidthof a single-
FSMsystem.

Figure7 (bottom) shavs the request/responsband-
width in systemswith two andfour FSMs.Much asin the
casefor reply bandwidth,the request/respondeandwidth
for home-basegartitioningwith two FSMsbehaesiden-
tical to a single-FSMsystem.The request/respondeand-
width doesnotentirelysaturaten ary of theotherschemes
with eithertwo or four FSMs. This resultindicatesthat
request/respondeandwidthis not likely to saturateeven
with asmary as16 processorpernode.

4.3 Macrobenchmark Experiments

The microbenchmarkresults helpedidentify the key
lateny and bandwidth characteristicsof the different
addresspartitioning schemesfor a simple remote read
miss.In realapplicationshowever, morecomple interac-
tionsbetweerthememorysystemandtheprotocolresultin
increased protocol occupancies.As such, our simple
request/reply/responsaodel breaksdown. Real applica-
tionsalsohave irregularmemoryaccesstrideandsharing
patternsresultingin more comples variationsin perfor-
mance gaps among the different address partitioning
schemesin this section,we evaluate performanceusing
shared-memorgpplications.

We expectthe dynamicpartitioningschemeto perform
best by distributing the protocol handling load evenly
amongheFSMs.Thestaticpartitioningschemegrimarily
rely on afew addresdits in the memoryaddresgo do the
partition. The performanceof eachstaticschemedepends
on how evenly the valuesof the choserbits aredistributed
amongheprotocolevents.

In the caseof interleare partitioning, the performance
primarily depend®nthedatalayoutin memory themem-
ory accesstrides the sharinggranularityof thealgorithm,
and the selectedinterleaving bits. In caseof the home-
basedpartitioning, the performancedependson both the
applications sharingpatternsandthe systempagealloca-



Benchmark || Description Input Set

barnes N-body simulation 16K particles

cholesky Sparsedctorization tk29.0

em3d 3-D wave propagtion 76K nodes,
15% remote

fft Comple radix-+/n FFT | 1M points

ocean Ocean simulation 514x514 ocean

radix Integer radix sort 4M integers

TABLE 1. Applications and input sets

tion and placementpolicy. In this study we usea round-
robin pageallocationpolicy. However, we measuredhe
distribution of remotemissesfor our applicationson the
basesystemconfigurationand found that with a remote
cachdargeenougho hold theentireremoteworking setof
everynode ourallocationpolicy resultsin anevendistribu-
tion of coherencenisses.

Tablel presentghe applicationswe usein this study
andthe input parametersBarnes, cholesky, fft, ocean and
radix arefrom the SPLASH-2[13] benchmarlsuite.Em3d
is a shared-memorymplementatiorof the Split-C bench-
mark[1]. Barnes is primarily lateng/-boundanddoesnot
gain from multi-enginecontrollers.Cholesky, fft andradix
arecommunication-boundndexhibit poor speedupsver
a uniprocessorEm3d hasa moderatecommunication-to-
computatiorratioandachieres50%efficiency with 64 pro-
cessorsln therestof the section,we presenperformance
resultsnormalizedo asystenwith asingleFSMpernode

4.3.1 Base Results

Figure8 compareshe performancef theaddresparti-
tioning schemesgor thebasecasesystemOur basesystem
is a cluster of 8 8-way SMPs. The graph shows that
dynamicpartitioningachievesa performancémprovement
of 37% for a two-FSM systemand 62% for a four-FSM
systemascomparedo a single-FSMsystem.Not surpris-
ingly, dynamicpartitioningperformsbetterthanary of the
static partitioning schemesand achieves balancedutiliza-
tion of theFSMs.

Thegraphshaows thattherearethreeclasse®f applica-
tions. Thefirst classis barnes, which is primarily latengy-
boundanddoesnot benefitfrom the presencef multiple
FSMs.The partitioningschemeénhasno effect on this appli-
cation. Lateng-bound applicationsrather would benefit
from a lower protocoloccupang which would reducethe
round-triptime of acoherencenessagbetweemodes.

The secondclassis em3d, whichis characterizedy an
irregular accesgatternanda balancedsharingpattern.in

2.2+ [] Dynamic
8 | [ Block -
2 [l Page
2t ] Home
0
8

2 FSMs 1

Speedup

barnes cholesky em3d fit  ocean radix
2'2 29(||2.6

4 FSMs 1

Speedup
O = a2 a aa

barnes cholesky em3d fit  ocean radix

FIGURE 8. Base performance results.
The graphs compare the relative performance of the address par-
titioning schemes on a cluster of 8 8-way SMPswith two (top) and
four (bottom) FSMIs per SVIP. The graphs plot speedups normal-
izedto asingle-FSM system
em3d, computationiteratesover a bipartite graph[1] and
exhibits a repetitve but irregular sequenceof memory
addressed hefigureshownsthatall staticschemegerform
almostidentically for em3d. The performancef the static
schemesannever be on parwith the dynamicschemdor
irregular accessstrides. This is because,aliasing of
addressei bit-basedstaticschemesesultsin falsedepen-
denciesvhichreducethe availablenumberof independent
protocolevents.This resultsuggestghat for irregular but
repetitve accesspatterns,a static schemebasedon bit
hashingnayperformcloserto theidealdynamicscheme.

Thethird classconsistof cholesky, fft, ocean andradix,
whichareprimarily bandwidthbound.In theseapplications
block-interleaed partitioning performsbetterthan page-
interleavedpartitioning.This is expectedbecaus¢heseare
fine-grainsharedmemoryapplicationsand actively share
datawithin a page,reducingthe chancef finding inde-
pendenprotocoleventsin thecaseof page-interleaedpar-
titioning.

Home-basegartitioninggenerallydoesnot performas
well asinterleave partitioningin a systemwith two FSMs
becausef the inherentload imbalanceproblem.In a sys-
tem with four FSMs, home-basegbartitioningis really a
composite schemeas it uses block-basedinterleaving
within the homeor remoteFSM set and performsbetter
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FIGURE 9. Impact of clustering degree on the
performance of systems with two FSMs.

The graphs compare performance of the address partitioning
schemes for a clustering degree of 4 (top) and 16 (bottom). The
speedups are normalized a single-FSM system.

than page-interleged but falls short of block-interleaed
partitioning.

On average,block-interle@ed partitioning achievzes a
performancethat is 93% of the dynamic scheme Page-
interleaved and home-basedpartitioning achieve about
85%o0f dynamicpartitioningsperformance.

4.3.2 Clustering Degree

Clusteringdegreerefersto the numberof processorin
every SMP node.While increasingthe clusteringdegree
doesnot affect the memoryaccesstridesandsharingpat-
ternsin applicationsjt oftenincreaseshe total amountof
traffic pernodeandresultsin higherqueueingatthe DSM
boardq12]. Previousresearcthasshavn thathigherclus-
tering increaseghe performanceimprovementof multi-
enginecontrollersover single-enginecontrollersfor soft-
ware protocol handlers[4]. In this section,we study the
impact of clustering degree on the performanceof the
addresspartitioning schemesin systemswith multiple
FSMswhile maintainingthe numberof processorandthe
totalamountof memoryin thesystenconstant.

Figure9 comparesthe performanceof our different
addresspartitioning schemedfor a cluster of 16 4-way
SMPs(top) anda clusterof 4 16-way SMPs(bottom).The
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FIGURE 10. Impact of clustering degree on the
performance of systems with four FSMs.

The graphs compare performance of the address partitioning
schemes for a clustering degree of 4 (top) and 16 (bottom). The
speedups are normalized to a single-FSM system.

increasedcoherencdraffic increaseshe benefitsof using
multi-enginecontrollers For asystenusingdynamicparti-
tioning, the performancémprovementfrom a single-FSM
systemrisesfrom 29%to 51% asthe clusteringdegreeis
increasedfrom 4 to 16. With an increasein clustering
degree thepressur@ntheFSMsis increasediueto higher
protocolactivity. An increasean protocoleventarrival rate
intensifiesqueueingat a higherratein multi-sener/multi-
gqueuesystems— suchasour staticpartitioningsystems—
ascomparedo multi-sener/single-queusystems— such
asour dynamicpartitioning system[6]. As such,the gap
betweerbothinterleaving systemsanddynamicpartition-
ing growswith anincreasén clusteringdegree.
Home-based partitionings performance, however,
improves with an increasein clustering degree. Home-
basedpartitioning performsbestwhenthereis a balanced
distribution of protocol events for home and remote
addressesA higherclusteringdegreereduceshe number
of nodesin the systemyesultingin amorebalancedlistri-
bution of protocoleventsper node.Due to this balancing
effect, home-basegbartitioning performsrelatively better
with higher clusteringdegree.For two-FSM systemsthe
performanceof home-basedartitioning improves from
86%to 87%of dynamic,while theaverageperformancef
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FIGURE 11. Impact of block size on the
performance of systems with two FSMs.

The graphs compare performance of the address partitioning
schemes for a block size of 32 bytes (top) and 128 bytes (bottom).
The speedups are normalized to a ingle-FSV system.

the other static partitioning schemegdrops from 93% to
90%of dynamic.

Figure10 shows the impactof clusteringdegreeon a
systemwith four FSMs.For a systemusingdynamicparti-
tioning, the performancémprovementfrom a single-FSM
systemmorethandoublesdrom 46%to 94%asthe cluster-
ing degreeis increasedrom 4 to 16. For four FSMs,home-
basedpartitioningdropsin performancdrom 89%to 88%
of dynamicwhile theperformancef page-interleging and
block-interleaing drop significantly from 90% to 78%
and96%to 92%of dynamicrespectiely.

4.3.3 CacheBlock Size

An increasén theprotocolblock sizeincreaseshepro-
tocol occupang due to increaseddata transfer time
betweenmemory and the network. It also increaseghe
overallprotocolbandwidthoutof anode Dependingnthe
applications sharing patterns,large blocks may either
resultin false sharing,therebyincreasingthe numberof
protocol events, or enable exploiting spatial locality in
memoryaccessegherebyreducingprotocol activity. An
increasein protocol activity benefitsmore from multiple
FSMsbecaus¢helatterreducegqueueing.
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FIGURE 12. Impact of block size on the
performance of systems with four FSMs.

The graphs compare performance of the address partitioning
schemes for a block size of 32 bytes (top) and 128 bytes (bottom).
The speedups are normalized to a single-FSM system.

Figurell and Figure1? illustrate the impact of block
sizeontheperformancef addrespartitioningschemesgor
a systemwith two and four FSMs respectiely. The
speedupusingdynamicpartitioningof a two-FSM system
increasedrom 26%to 51%while thatof a four-FSM sys-
tem increasedrom 45% to 92% when the block size is
increasedrom 32bytesto 128bytes.

Block sizeaffectsboththeaccesstrideandthe sharing
pattern, thereby affecting the interleaving schemes.A
lower block size reducesspacial locality and splits up
accessefrom a processoto memoryaddressesvithin a
singleblock,to spanover successie blocks.A lowerblock
sizeremovesfalsesharingandsplitsup accessefom two
differentprocessor$o distinct memorylocationswithin a
blockinto accesset successie blocks.Theresultingsplit
enablessimultaneousdispatch of multiple events using
block-interleaed partitioning. Therefore block-interlea-
ing performsbetterfor alower block size.Fromthegraph,
theperformancef block-interleaedpartitioningis 97%of
dynamicfor 32-byteblocksandfallsto 90%of dynamicfor
128-byteblocks.

An increasen protocoloccupang dueto alargerblock
sizealsoimpliesareducedservicerate.Fromqueueinghe-
ory, a reductionin servicerate, increaseshe queueing



delaysexponentially So even thoughthe speedupgom-
paredto a single-FSMsystemincreasetherelative perfor-
manceof the static schemescomparedto the dynamic
schemedecreasesThe performanceof page-interleged
partitioning falls from 91% to 85% of dynamicfor two-
FSM systemsandfrom 89%to 78% of dynamicfor four-
FSMsystemsstheblocksizeis increasedrom 32 bytesto
128 bytes. The performanceof home-basedartitioning
alsofalls from 88%to 81% of dynamicfor two-FSM sys-
temsandfrom 92%to 83% of dynamicfor four-FSM sys-
tems.

5 Conclusions

In this paper we evaluatedfour addresspartitioning
schemedor multi-enginecoherencecontrollersin DSM
clusters. Dynamic partitioning best balancesthe load
amongnultiple coherencenginedy synchronizingroto-
col eventsdirectly in hardware at runtime. Block-inter-
leavedpartitioningusedow-orderbitsin thememoryblock
numberto selecta coherencengine Similarly, page-inter-
leaved partitioningusesthe low-orderbits in the memory
pagenumberto selectanengine Home-basegartitioning
reduceshardware compleity most and partitions the
addressedetweenaddressesor (local) home pagesand
those for remote pages. Home-basedpartitioning also
reducescontentionon the directory andthe remotecache
by groupingenginednto thoseaccessinghe directoryand
thoseaccessinghe remotecache,obviating the needfor
multi-portingtheresources.

We studiedthe addresgartitioningschemedby execut-
ing shared-memorgpplicationon simulated>SM clusters
with multi-enginecontrollers Ourresultsindicatedthat: (i)
dynamic partitioning performsbest eliminating the load
imbalanceamongengines;on averagea two-FSM system
improved performancéy 37%anda four-FSM systemby
62% ascomparedo a single-FSMsystemin an 8 8-way
cluster (ii) block-interleaed partitioning is an attractive
alternatve and performscloseto dynamicwhen protocol
occupanciearelow or thereis little queueingplock-inter-
leavedpartitioningin a8 8-way clusterachieres97%of the
performancef dynamicpartitioningusing32-byteblocks,
and (iii) home-basedand page-interle@aed partitioning
result in the highest load imbalance among multiple
enginesand a lower performanceachiezing only about
85% of the performanceof dynamic partitioning for the
basecasesystem.
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