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ABSTRACT

Jackalis afine-grainedlistributedsharednemoryimplemen-
tation of the Java programminganguage.Jackalimplements
Jara’smemorymodelandallows multithreadedlaza programs
to run unmodifiedon distributed-memonsystems.

This paperfocuseson Jackals runtime system,which im-
plementsa multiple-writer, home-basedonsisteng protocol.
Protocolactionsaretriggeredby software acceshecksthat
Jackals compilerinsertsbefore objectand array references.
We describeoptimizationsfor Jackals runtimesystemwhich
mainly consistof discovering opportunitiesto dispensewith
flushingof cacheddata. We give performanceesultsfor dif-
ferentruntime optimizations,and comparetheir impactwith
theimpactof onecompileroptimization.We find thatour run-
time optimizationsarenecessarfor goodJackalperformance,
but only in conjunctionwith the Jackalcompileroptimizations
describedn [24]. As ayardstick,we compargheperformance
of Java applicationsrun on Jackalwith the performanceof
equivalentapplicationghatuseafastimplementatiorof Java’s
RemoteMethodInvocation(RMI) insteadof sharedmemory

1. INTRODUCTION

Jackais acompilersupportedfine-grainediistributedshared
memory(DSM) systenfor Java. The systemcanrun unmodi-
fied, multithreadedlava programsn a clusterof workstations.
TogetherJackals compilerandruntimesystem(RTS) hidethe
distributed natureof the cluster: Jackalprogramsusethreads
andsharedvariablesinsteadof message-passirapstractions
like RemoteMethod Invocation[19]. This paperfocuseson
the implementationof the RTS andits optimizations,which
mainly consistof discovering opportunitiesto dispensewith
flushingof cacheddatato mainmemory

Jackaresemblefine-grainedSM systemdik e Shastd22]
andSirocco[13] in thatit usesasmallunit of coherencé¢hatis
managecntirelyby software.In Jackal theunit of coherence
is calledaregion. Eachregion containseitheracompleteJaza
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objector a sectionof aJavaarray In contrastwith page-based
DSMs, Jackalusessoftware accesschecksto determineif a
region is presenin local memoryandup-to-datelf anaccess
checkdetectghataregion is absenor out-of-date,it invokes
Jackals runtime systemwhich implementsa multiple-writer
cachecoherencerotocolthatresohesreadandwrite misses.
A region is managedy its homenode which is the proces-
sor that createdthe associatedbject. Jackaldoesnot usea
single-writer protocol, becausehat would require the com-
pilerto inform theruntimesystemwhenaread/writeoperation
hasfinished;thatwould increasecodesizeandprotocolover
head,and posecomplicationsfor the compilerin (re)maving
acceschecks.

Jackalconformsto the Jara memorymodel, which allows
cachingof objectsin (thread)local memoryandlogically re-
quirescompleteflushingof localmemoryuponeachentryand
exit of a synchronizedlock. In our system,main memory
equatedo an objects homenode, and local memoryto the
requestingmachines memory Flushingregions and subse-
quentlyrequestinghemagainmay causea largeoverheadin-
deranaive implementatior{especiallyusingtheclasdibraries
which perform mary unnecessargynchronizationgl]). To
reducethis overhead,we investigatepossibilitiesoffered by
theJaszamemorymodelto cacheregionsacrossaasynchroniza-
tion operation.Thisis possiblefor regionsthatareread-shared
andregionsthatareaccessetly a singlemachine.

Jackalusesan optimizing Java compilerto generateaccess
checks. In the optimization passesof the compiler access
checksmay be removed, lifted or combined. For example,
array accessemay be combinedand lifted from a loop that
(partially) traversesthe array or accessemay be aggregated
whenthe compilerdetermineghatan objectis usedtogether
with its referencedubobjectsThe compileropimizationsare
describedn detailin [24].

The contributionsof this paperareasfollows:

e WedescribevariousRTS optimizationgo reducehenum-
berof regionflushes.

¢ We measurgheimpactof the RTS optimizationsfor sev-
eral Jasa applicationsand comparethemto the impactof
compileroptimizations.

The paperis structuredasfollows. Section2 treatsJava’s
memorymodel. Section3 describeslackalandits implemen-
tation. Section4 summarizegdackals compileroptimizations
anddescribe®urnew RTS optimizations.Section3 andanex-
tendedversionof Subsectiont.1 appearectarlierin [24], but
we repeattheseintroductorysectionshereto male this paper



self-contained.Section5 studiesthe impactof the RTS opti-
mizationson Jackals performancen a Myrinet-basedtluster
computer Section6 discusseselatedwork. Finally, Section?
concludes.

2. JAVA'S MEMORY MODEL

We briefly summarizelava’s memorymodel;for a detailed
descriptionwe refer to the languagespecification[10] and
Pughs critique of thememorymodel[21].

Java’s memorymodelspecifieghateachthreadhasawork-
ing memory which canbe considereda thread-pnvate cache.
Theentireprogramhasamainmemorywhichis usedfor com-
municationbetweerthreads The datamodifiedby athreadis
flushedto mainmemoryuponencountering synchronization
point. (In this respect,the model resemblegeleaseconsis-
teng [8, 16].) Synchronizatiorpointsin Java correspondo
the entry and exit of synchronizedlocks. Theseareimple-
mentedascallsthatlock andunlock anobject. A lock opera-
tion conceptuallycopiesall of a threads working memoryto
main memoryandinvalidatesthe working memory For each
storagdocation,thefirst accesso thatlocationafteralock op-
erationwill copy thestoragdocations valuefrom mainmem-
ory into working memory

Bothlock andunlockoperationsnustflushathreads work-
ing memory but animplementatioris allowedto flushearliet
even after every write operation. If a threadupdatesan ob-
ject from outsidea synchronizedlock, Java doesnot specify
whenotherthreadswill seetheupdate.

In contraswith entryconsisteng [3], Jasa’'smemorymodel
doesnot couplelocksto specificobjectsor fields. In particu-
lar, differentfieldsof oneobjectmaybe protectedoy different
locks,sothatthosefields canbe updatectoncurrentlywithout
introducingraceconditions.

3. IMPLEMENT ATION

Jackalconsistsof an optimizing Java compileranda run-
time system. The compiler translatesJava sourcesdirectly
into executablecoderatherthan Java bytecode. (The Jackal
runtime system,however, containsa dynamicbytecodecom-
piler [19] to supportdynamicclassloading.) The compiler
also generatesoftware accesschecksand performsseveral
optimizationsto reducethe numberandcostof thesechecks.
Theruntimesystemmplementslackals multiple-writercache-
coherencerotocol. Thefollowing sectionsdescribethe main
componentsf theimplementationOptimizationsaredescribed
separatelyn Section4.

3.1 Regions

A region is Jackals unit of coherence A region is a con-
tiguouschunkof virtual memorythatcontainsone Java object
or a contiguoussectionof a Java array Jackalpartitionsar-
raysinto fixed-size 256-byteregions(to reducefalsesharing
insidelargearrays).

Every region hasa region headerthat containsa pointerto
the startof the Java datastoredin the region, a pointerto the
region’s twin (seeSection3.3), and DSM statusinformation.
Eachobjector array hasa Java object headerthat contains
a pointerto a virtual-function table and object statusflags.
To keeparray datacontiguous regions andtheir headersare
storedseparatelyseeFig. 1).
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Figurel: Array layout.
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The processothat allocatesa region is calledthe region’s
homenode The homenodealways provides storagefor the
region andplaysanimportantrole in Jackals coherencero-
tocol (seeSection3.3). Non-homenodescancachetheregion
andmay discardtheir copy andits memorywhenthey seefit
(e.g.,duringgarbagecollection).

3.2 Address-SpacéManagement

Jackalstoresall regionsin a single, sharedvirtual address
space. Eachregion occupiesthe samevirtual-addresgange
on all processorshatstorea copy of theregion. Regionsare
namedandaccessethroughtheirvirtual addressthis scheme
avoidstranslationof objectpointers.

Fig. 2 shavs aprocessos address-spadayout. Theshared
virtual addresspacds splitinto P equalparts,whereP is the
numberof processorsEachprocessoowns oneof theseparts
andcreatesobjectsandarraysin its own part. This way, each
processocanallocateobjectswithoutsynchronizingwith other
processors.

Whena processowishesto accessa region createdby an-
othermachine,it must(1) potentiallyallocatephysicalmem-
ory for thevirtual memorypagesn which theobjectis stored,
and(2) retrieve anup-to-datecopy of theregionfromits home
node. Region retrieval is describedin Section3.3. Physi-
cal memoryis allocatedusing the mmap()systemcall. Un-
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mappedpagesare detectedhroughMMU trapswhich result
in anoperating-systersignalthatis processedly Jackals run-
time system.If a processorunsout of free physicalmemory
it initiatesa global garbagecollectionthatfreesboth Java ob-
jectsandphysicalmemorypages.

3.3 CoherenceProtocoland Acceshecks
Jackalemplgys an invalidation-basedmultiple-writer pro-

tocolthatcombinedeaturef HLRC[26] andTreadMarkg15].

As in HLRC, modificationsareflushedto a homenode;asin
TreadMarkstwinning anddiffing is usedto allow concurrent
writes to shareddata. Unlike TreadMarks Jackalusessoft-
wareacceschecksinsertedbeforeeachobject/arrayusageto
detectnon-localandstaledata. The run-time datastructures
relatedto the coherencerotocolareshowvn in Fig. 3.

Thecoherence@rotocolallows processorso cachearegion
createdon anotherprocessof(i.e., the region’s homenode).
All threadson one processoshareonecopy of a cachedre-
gion. Thehomenodeandthe cachingprocessorsall storethis
copy atthesamevirtual address.

Although all threadson a processoiaccesghe samecopy
of a given region, eachthreadmaintainsits own cache-state
vectorfor thatregion. This is requiredbecauselackalallows
multiple threadperprocessoandthe JMM is definedwith re-
spectto threadsnot processorskor this purposegachthread
maintainsapresentandadirty bitmap,eachof which contains
one bit per 64 bytesof heap. Objectsare 64-bytealignedto
map a single objectto a single bit in the bitmap. To reduce
memoryusage pagedor thesebitmapsareallocatedazily.

Thepresenbit in threadT’sbhitmapindicatesvhetherthread
T retrieved an up-to-datecopy of region R from R's home
node.A dirty bit in threadT’s bitmapindicatesvhetherthread
T wrote to region R sinceit fetchedR from its homenode.
If the presentit is not set,the access-checkodeinvokesthe
runtimesystento retrieve anup-to-datecopy fromtheregion’s
homenode.Whenthe copy arrives,the runtimesystemstores
theregion atits virtual addresandsetsthe accessinghreads
presentoit for this region. This cachedregion copy is called
a processos working copy of a region. The runtime system

storesa pointerto the region in the accessinghreads flush
list. In the caseof a write miss,the runtime systemalsosets
theregion’s dirty bit andcreatesa twin, a copy of the region
justretrieved,unlesssuchatwin alreadyexists.

A cachedregion copy remainsvalid for a particularthread
until thatthreadreaches synchronizatiomoint. At asynchro-
nizationpoint, the threademptiesits flushlist. All regionson
the threads flush list areinvalidatedfor thatthreadby clear
ing their presentits for thatthread. Regionsthat have their
dirty bits setarewritten backto their homenodesin the form
of diffs, andthe dirty bits arecleared.A diff containsthe dif-
ferencebetweena region’s working copy andits twin. The
homenodeusestheincomingdiff to updateits own copy. To
speedup flushing, region flushesto the samehomenodeare
combinednto asinglemessage.

Whentwo threadson a single processomisson the same
region, boththreadsnustrequesi freshcopy from thehome
node, becauseaegion stateis maintainedper thread,not per
processor The dataaccessedby the secondthreadmay have
beenmodified on anotherprocessomfter the first threadre-
questedts copy. (As explainedin Section2, thisis notarace
conditionif thesepartsare protectedby differentlocks.) To
seethe modification,the secondthreadmustfetch an up-to-
datecopy from the homenode. The secondcopy is storedat
thesamevirtual addressthenewly arriveddatais memgedinto
thetwin andinto theworking copy.

4. OPTIMIZA TIONS

To improve performance Jackalremoves superfluousac-
cesxhecksprefetchesegions,flushesegionslazily, andem-
ploys computationmigration to improve locality. The com-
piler optimizationsaredescribedn detailin [24] andarebriefly
summarizedhere.The RTS optimizationsaredescribedn de-
tail below.

4.1 Compiler Optimizations

Jackals front-endinsertsaccesshecksbeforeall heapac-
cesses.Sincetheseaccesschecksadd considerableuntime
overheadthe baclends optimizationpassedry to remove as
mary checksaspossible.

The compilerperformsinterproceduraprogramanalysisto
discover opportunitiesto lift accesshecks.The front-endof
Jackals compiler can determinesetsof virtual-function call
targetsandmaintainlabellists for switch statementsThis in-
formationis passecdn to the compilerback-endwhich uses
it to remove acceschecks.An accessheckfor addressa at
programpoint p canberemovedif a hasalreadybeenchecled
on all pathsthatreachp, but only if no pathcontainsa syn-
chronizationstatement.

Accesschecksto arrayelementghatareaccesseth aloop
may belifted into oneaggragatarraycheckbeforetheloop.

The compiler also performsheapanalysis[9] to discover
whensubobjectgeferencedy anobjectarealwaysaccessed
throughthat outerobject. If thisis the case,anaggrgateac-
cesscheckis generatedo faultin the outerobjectandall its
referencedsubobjects.This may greatlyincreasegranularity
andmay save a numberof network round-trips. The applica-
bility of this optimizationstronglydepend®n interprocedural
analysis.Escapeanalysig6] in combinationwith heapanaly-
sisis usedto remove checkson objectsthatremainlocalto the
creatingthread.
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The compiler may generatecode for computationmigra-
tion [12]: partor all of a methodinvocationis movedto the
machinewherethe dataresides.This maybeespeciallyeffec-
tive for synchronizedlocksandthreadobjectconstructors.

In Jackal thehomenodeof thelock objectactsasthe man-
agerof thelock. Lock, unlock,wait andnotify callsareimple-
mentedas control messageto the lock’s homenode. When
the dataprotecteddy thelock resideson the samenodeasthe
lock, it is often moreefficient to shipthe whole synchronized
computatiorto its home:only two messageareinvolved.

A comparableoptimizationis appliedto callsto threadob-
ject constructors. Theseconstructorcalls are shippedto the
machinewherethe new threadwill run. Theresultis thatthe
threadobjectand datacreatedfrom the constructorhave the
machinewherethethreadwill run astheirhomenode.

4.2 Runtime Optimizations: AdaptivelLazy
Flushing

Thecoherencgrotocoldescribedn Section3.3invalidates
and possibly flushesall datain a threads working memory
at eachsynchronizatiorpoint. Thatis, the protocol exactly
follows the specificationof Jasa’s memorymodel, which po-
tentially leadsto much interprocessocommunication. The
implementationhowever, canrelaxthis protocolwithout vio-
lating the memorymodel. In particular it is not necessaryo
invalidateor flusharegion thatis accessetly a singleproces-
sor, or thatis only readby ary accessinghreads.This covers
severalimportantcases:

e home-onlyregions that are accessednly at their home
node,

e read-onlyregionsthatareaccesseth readmodeonly,

e exclusiveregionsthathave beencreatedandinitialized by
onenode,but arecurrentlyaccessetly oneothernode.

Eachof thesecasesorrespondto aregionstate In general,
aregion is in shaed state;if aregion is in ary of the other
statesthethread(sholdingtheregionapplylazyflushing the
region is not flushedon a synchronizatioroperation. Home-
only is a specialcaseof exclusive It is profitableto male this
distinction,however, sincethe protocolto supporthome-only
is muchsimplerthanthe protocolfor exclusive

A processois saidto shae aregion if theregion occursin
the flushlist of one or more of the threadson that processor
In its optimizedversion,the RTS trackswhich machineshare
a region; moreawer, it distinguishesbetweenread and write
sharers.

The optimizedversionbrings a performancerade-of. In
the unoptimizedversion,regions are always mappedat their

home node; they are never faulted or flushedby the home
node.To detectary of the otherstatesthe RTS mustbe aware
whetherthe homenodealsoshareshe region (for read-only

it must monitor whetherthe homenodeis a writer). Now,

threadsmustalsoflush andfault regions at their homenode:
presentor dirty bits must be setand clearedin home node
threadbitmaps,anda pointerto the region mustbe addedto

thethreadsflushlist. However, lazy flushingmaybe capable
of removing mostof theflushesandfaultsatthe homenode.

A secondenaltyfor theoptimizedversionis thatnon-home
machinesnusttrackthe numberof threadghatsharearegion;
if this numberdropsto zero,the homenodemustbe notified,
even whenthe region hasbeenmappedfor readaccessnly.
We alleviate this penaltyby combiningreleasenoticesduring
aflushinto asinglemessag@erhomenode like we did with
diff messages.

A regionstatecanbechangedy its homenodeonly whena
new sharerequestsheregion, or whenamachinegivesnotice
thatit nolongersharegheregion. Thenew stateis computed
basedon the numberof reador write sharerswith the home
nodeasa specialcase.Somestatechange$ave only local ef-
fect(to andfrom home-only, for somestatechangesheinfor-
mationcanbe piggy-bacled on the datareply (to read-only.

Two statetransitionsbring extracommunicatiorwith them.
First, for a region that goesfrom read-onlystateto shaed
state,all sharersmust be notified; the region is restoredon
theflushlists of all threadshataccessheregiononall sharer
machines.Secondransitionsto andfrom exclusivestateare
rathercomplicated(seeFig. 4). If aregion is sharedby zero
nodesandsomenoderequests copy for write accesgl), then
thehomenodemalkesthe requestingnodethe region’s owner
andgivesit anexclusive copy (2). Theregion remainsin ex-
clusivestateuntil anothemoderequestsnothercopy from the
homenode(3). In thatcase the homenodefirst sendsa mes-
sageto the owner, informing it to move the region to shaed
state(4). The owner replieswith an acknavledgementor a
diff (5). Thehomenodemegesthediff into its own copy and
sendgtheresultingcopy to therequestinghode(6). Sincethe
regionis now in shaed state,modificationswill beflushedto
the homenodeat synchronizatiorpoints (7). The region re-
mainsin shaed stateuntil thereis only onesharingnode,or
thereareonly readsharerdeft. If ary nodeno longershares
theregion, the nodeinforms the homenodethatthereis one
sharerless(8). If thelastthreadon this nodehadwrite access
to the region, this information is piggybacled onto the diff
thatis senthome. When only one write sharerremains,the
homenodeputsthe region in exclusivestateandinforms the



remainingsharerthatit is now theregion’s owner (9). Since
thenew ownerwill notinvalidatethe region from now on, its
copy mustbe broughtup to date,sothe homenodeincludes
theregiondatain messagé€9). Whenonly readsharergsemain
aftera releasenotice,the homenodeputsthe region in read-
only state;sharerarenotexplicitly notified,andthey will find
outthenext time theregionis accessed.

Frequentransitionsto andfrom exclusivestatemay cause
thrashing. We arbitrarily limit the numberof timesa region
is allowedto go to exclusivestateto 5. Fromthenon, such
aregion is allowedto go to all region statesexceptexclusive
state.

5. PERFORMANCE

In this sectionwe studytheimpactof RTS optimizationson
Jackals performance.All testswere performedon a cluster
of 200MHz PentiumProstunningLinux, andconnectedy a
Myrinet [5] network. We useLFC [4], anefficient usetrlevel
communicatiorsystem.Onourhardware,LFC achiezesanull
roundtriplateng of 20.8us andathroughpuiof 27.6 Mbyte/s
(for a256 byte messageincludingarecever-sidecopy).

Jackalwas configuredso that eachprocessohasa maxi-
mum of 32 Mbyte of local heapand32 Mbyte of cacheavail-
ablefor mappingpagesrom otherprocessors.

We quoteresultson Jackals basicperformancedrom [24].
Thetime to fault andretrieve a region thatcontainsonly one
pointerasdatais 35 ps. Throughputfor a streamof arrayre-
gionsis 24 MByte/s (768 userbytesper 1K paclet). Jackals
compilergenerategioodsequentiatode;sequentiabpeedof
codewithout accesschecksis at leastasgood asthe perfor
manceof IBM’ s JIT versionl.3for Linux, whichis thefastest
JIT compiler systemcurrently available [7, 23]. Generation
of accesscheckswithout optimizationcreatesa large perfor
mancepenalty: up to a factorof 5.5 for the applicationsde-
scribedbelon. The compileroptimizationpasseseducethe
overheador accesshecksto 9 % on averagefor theseappli-
cations.

5.1 Application Suite

Our applicationsuite consistsof four multithreadedJava
programs: ASP, SOR, TSP and Water Besidesthe multi-
threadedshared-memoryersionsof theseprogramswe also
wroteequivalentRMI (message-passinggrsionsof thesepro-
grams.Thedatasetfor eachapplicationis small. Fine-grained
applicationsshav protocoloverheadmuchmoreclearly than
coarse-grainedpplicationswhich communicaténfrequently
Thedifferencedor thevariousoptimizationsccomeoutmarkedly;
also,the comparisorwith the RMI implementationdbecomes
extremely competitize, since RMI has substantiallysmaller
protocoloverhead.

5.2 Parallel Performance

Thissectioncomparesfor eachapplicationtheperformance
of variousJackalconfigurationsandpresentsheperformance
of anequialent,hand-optimizedRMI programasa yardstick.
The RMI programsusea highly optimizedRMI implementa-
tion [19] and run on the samehardware and communication
platform (LFC) as Jackal. On this platform, an empty RMI
costs38 us. Boththe Jackalandthe RMI programswverecom-
piled usingJackals Jasa compiler

RMI hasits own source®f overheadparameterandreturn
valuesmustbe marshalecandunmarshaleéndat the sener
sideathreadis createdto executethe methodinvoked by the
client. NeverthelessRMI hasseveral importantadwantages
over Jackal:dataandsynchronizatiortraffic canbecombined;
large arrayscan always be transferredas a unit; and object
treescanbetransferedasa singleunit.

In certaincircumstancesjackals compileris alsoableto
identify theseoptimizations[24]; however, the programmer
hasno opportunityto fine-tunethem,sincehe completelyde-
pendsonthe automaticoptimizationpassesf the compiler

Below, we discusghe performancef eachapplication.All
speedupsre relative to the sequentiallackalprogramcom-
piled without accesshecks.

We vary RTS optimizationsby successiely allowing more
casexf lazy flushing:

basic nolazyflushing

home-only
home-onlyandread-only
home-onlyread-onlyandexclusive

Compiler optimizationsare all enabled,exceptfor computa-
tion migration,which is toggledto allow comparisorof RTS
optimizationswith compiler optimizations. We toggle only
oneof thecompileroptimizationsbecausawitchingoff mary
of thecompileroptimizationgaccesghecklifting, escapanal-
ysis,etc)severelyimpairssequentiaperformancewhichmalkes
performancesvaluationuseless. Computationmigration has
no impacton sequentiaperformance.

To accessheimpactof RTSvs.compileroptimizationswe
presentwo sequencesf measurementsn thefirst sequence,
we startwith basig then computationmigrationis enabled,
thenthe seriesof lazy flushingstatess successiely enabled.
In thesecondsequencef measurementsirst all stateof lazy
flushingaresuccessiely enabledandfinally computatiormi-
grationis enabled. If lazy flushing hasa far larger impact
on performancehanthe compileroptimization,thesetwo se-
quenceswill resembleesachotherin their performancedata.
If, however, compiler optimizationsare more important, the
sequencewill differin their performancelata.

Fig. 5 shavs therelative datamessageounts,controlmes-
sagecounts(which includeslock and unlock messagesand
network datavolumesfor all applicationvariantson 16 pro-
cessorsTheRMI datais usedto normalizethe statistics.

ASP. TheAll-pairs ShortesPaths(ASP) programcomputes
theshortespathbetweerary two nodesin a 500-nodegraph.
Eachprocessoiis the homenodefor a contiguousblock of
rows of the graphs shareddistancematrix. In iterationk, all
threadqoneperprocessorjeadrow k of thematrixanduseit
to updatetheir own rows.

Thecommunicatiorpatternof ASPis aseriesof broadcasts
from eachprocessoin turn. Boththe RMI andthe Jackalpro-
gramimplementthe broadcastith a spanningree. A span-
ning treeis usedfor the shared-memoryJackal)implementa-
tion to avoid contentionon the dataof the broadcassource.
The RMI implementatiorintegratessynchronizatiorwith the
datamessageand usesonly one messagéandan emptyre-
ply) to forwardarow to achild in thetree. Thismessagés sent
asynchronouslyy a specialforwarderthreadon eachnodeto
avoid latencieon thecritical path.



0
= 1N \ B
8 10 N \
- : N : basic
2 I'N : \; - +comp-migration
e 4
S 5 : N\ :/ - [l -home-only
©
b I\ :; :; - B +read-only
> 4 |
g ] :’ :/ —I \‘ = [ ] +exclusive
@ 0 - | P N / - N -
ASP SOR TSP Water
15060 msgs 2252 msgs 4492 msgs 15500 msgs
Applications
g 5
3 B
o 4
= basic
[}
é 3 +comp-migration
e [l +home-only
c
S E +read-only
o1
2 [ ] +exclusive
[J)
x O
ASP SOR TSP Water
15060 msgs 2252 msgs 4492 msgs 15500 msgs
Applications
) J
£ N\ , .
1 rmi
3 104 N :’ -
s 7 : \y basic
< |
S 1N :/ +comp-migration
2 51 N \‘ Bl +home-only
8 J \ \/
e : \y/ ® +read-only
= 1 : N\ +exclusive
g, IaNZma VA Vi o U
ASP SOR TSP Water
14.424 MB 2.356 MB 0.178 MB 4.650 MB
Applications

Figure 5: Messagecountsand data volume for Jackal, relative to RMI. In the top graph, data messagesre counted. The
numbers under the X axis are the messagecountsfor RMI. In the middle graph, control messagesre counted; theseare
normalized with respectto RMI data messagessince control messageslo not occur for RMI. In the bottom graph, data
volumeis presented;only the Java application data is counted,messagéeadersareignored. The numbersunder the X axis
arethe RMI datavolumes.



- -0— - Basic ASP
. P— +
15 -{ —*— + Comp. Migration -
1 —&— + Home-Only _~
{ —»— + Read-Only, ~
10 — +Exclusivé

] -+ RrRMI #
Ve

Speedup

0 5 10 15
Processors

- -0— - Basic ASP
15 ] —&— + Home-Only //"'
1 —%— +Read-Only _~
] —o— + Exclusive .~
10] —*— + Comp. Migration

] -+ RrRMI #
Ve

Speedup

" 17 "1

0 5 10 15
Processors

Figure 6: Speedupfor ASP. Optimizations are enabledcumulatively, in the legendafr om top to bottom. Left, the compiler
optimization (computation migration) is enabledfirst, thenthe RTS optimizations. Right, the RTS optimizations areenabled

first, finally the compiler optimization.

In thecompileroptimizedJackalersion(with computation
migration and array accesschecklifting enabled) transmis-
sionof abroadcastow is reducedo only oneround-trip. The
speedupof the RMI programremainsbetterbecauset uses
asynchronougorwarding of rows in its spanning-tredroad-
cast. An alternatve RMI implementationwith synchronous
forwardinggivesthe samespeedumsthe Jackalversion.

As appeardrom Fig. 6, the performanceof ASP without
optimizationss badindeed.This is becauséSP allocatests
datasetsin its threadconstructorswithout threadconstructor
migration,machine0 is thehomenodefor all data.Evenwith
all runtime optimizationsenabled speedups low (at most2
on 16 processors)sincemachine0 mustserviceall dataand
control messagesseeFig. 5. Performancéoecomeseason-
ableonly whenthe threadconstructoiis migratedandat least
read-onlyflushingis enabled.

SOR. Successie over-relaxation(SOR)is a well-known it-
erative methodfor solvingdiscretized_aplaceequationn a
grid. The programusesonethreadper processorgachthread
operateson a humberof contiguousrows of the matrix. In
eachiteration,the threadthatowns matrix partitiont accesses
(andcaches}helastrow of partitiont — 1 andthefirst row of
partitiont + 1. We ran SORwith a 2050x 2050 (16 Mbyte)
matrix.

The Jackalversionof SOR attainsexcellentspeedup(see
Fig. 7). Thisis entirelydueto thoseJackalcompileroptimiza-
tionswedid notvary: thecompilerdetermineghatit cancom-
bine all accesschecksin SOR's innermostioop into a single
checkfor all of arow’s elements.The entirerow is streamed
to therequestingprocessoafteronerequestln theJackaler-
sionof SOR,the datasetis not allocatedin the constructorof
the worker-threadobjects,but in their run() method,which is
not executeduntil the threadexecuteson its target processor
Datais written only by homenodes;neighborrows are only
read. This makesthe DSM acces9atternsalreadyoptimal
even beforelazy flushingis applied. Sincedatais allocated
from the run() method,computationmigration bringsno im-
provementeither

TSP. TSPsolvesthe well-knowvn Traveling SalesmarProb-
lem (TSP)for a 15-city input set. First, processoeerocreates
a list of partial pathsanda distancetable betweeneachcity.
Next, a worker threadon every processottries to stealand
completepartialpathsfrom the sharedcentralizedjob queue.
The cut-off boundis encapsulateth an objectthat contains
the length of the shortestpath discoveredthusfar. To avoid
non-deterministicomputation(which may give riseto super
linear speedup)the cut-of boundhasbeensetto the actual
minimumfor this dataset.

Communicationin TSP stemsfrom accessinghe central-
ized job queue,from flushing the current partial path, and
from readingthe minimumobject. The RMI programandthe
optimizedJackalprogramstransmitapproximatelythe same
amountof data.

The performancedifferencescausedby the various opti-
mizationsaresmall but telling (seeFig. 8). A leapin perfor
manceoccurswhencomputatiormigrationis switchedon,and
therun-timeoptimizationsadda smallerimprovement. TSPis
the oneapplicationwheresupportof the exclusivestateoffers
discerniblemprovement.Partial pathsarehandecutin write
mode,andthethreadthatevaluateshe partial pathis theonly
sharerof thatpath. After its evaluation,the pathis susceptible
to lazy flushingonly if exclusivestateis enabled.Read-only
modegivesrisetoimprovementbecause¢hedistancdablethat
describeghe city topographyis read-only This alsoappears
clearlyfrom the messagestatisticsin Fig. 5. Whenread-only
lazy flushingis enabled,the datacommunicationvolume is
decreasedly anorderof magnitude.

\Water. Wateris a Java port of the Watern-squaredapplica-
tion from the Splashbenchmarlsuite[25]. The programsim-
ulatesa collection of 343 water molecules. Each processor
is assigneda partition of the moleculesetandcommunicates
with otherprocessorso computeintermoleculeforces.

Most communicationn Water stemsfrom readmisseson
Moleculeobjectsandthe subobjectseferencedy them (po-
sition vectorsof the molecule). A molecules force, acceler
ation, and higher order vectorsare storedin separaterrays,
which arewritten only by their ownerthread.

Unlike the RMI version,theindividual moleculesaretrans-
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ferredoneatatime. Consequentlythe Jackalprogrammales
mary moreroundtripghantheRMI program.In thefuture,we
intendto extendJackals compilerwith analysigo allow fetch-
ing of the entire sub-arrayof moleculesat once;this would
enablebulk communicatiorfor Waters Moleculeobjects.

As in ASP and TSR the major performanceémpraovements
stemfrom the compileroptimizationsagain,the run-timeop-
timizations do add significantly but without compiler opti-
mizationsthe performancds badindeed. Without compiler
optimizations,lazy flushing causes performancedeteriora-
tion comparedo the basicversion. This may be attributedto
the extra overheaddescribedn Section4.2. Enablingof ex-
clusivemodein theright-handgraphof Fig. 9 causes further
performancedecrease.The reasonis that part of the shared
dataareallocatedfrom the threadconstructar Thesedataare
written by their owner thread,but readby all otherthreads.
Without computationmigration, the homenodefor all these
datais processof, which is swampedwith statecontroltraf-
fic, asdepictedn Fig. 4.

5.3 Discussionand futur e work

Fromtheperformancealatapresenteébove, aclearconclu-
sioncanbedravn. Turningoncomputatiommigrationpresents
a major boostin performancgexceptfor SOR,which gives
goodspeedupn all versions).Enablingall lazy flushingopti-
mizations but disablingcomputatiormigration,doesnotyield
evenreasonableerformancdor ASPandWater Thisis mainly
dueto the fact that theseapplicationsallocatedatafrom the
threadconstructor which is a naturalthing to do for a Jaza
program. Disabling of further compiler optimizationswould
male theresultingperformancenuchlessgood,sincesequen-
tial performances impaired.

However, for all applicationsexcept SOR,the runtime op-
timizations on top of the compiler optimizationsyield dis-
cernibleimprovements. The smallestimprovementseemso
be gainedfrom exclusivestate.On the eye, this stateseemsa
sophisticatedptimizationthat covers mary importantcases.
However, its benefitsare alreadyreapedby threadconstruc-
tor migrationandhome-onlystate:nearlyalways, threadcon-
structormigrationcausesa region thatis candidatefor exclu-
sivestateto lie atits homenode.

A factthat cannotbe readdirectly from the graphsis that
the total time spentin twinning, patchingand diffing of ob-
jectsis nagligible in the optimizedapplicationruns. Datathat
is writtenis usuallyonly written by a singleowner, andthread
constructomigrationensureshattheowneris thehomenode.
The exceptionis TSR but therethe partial pathsthatareactu-
ally modifiedby theworkerthreadsarehandedutin exclusive
mode, which olviatesthe needfor flushing and hencetwin
creation diffing andpatching.

One areafor future work is dynamicmigration of an ob-
ject'shomenode. All control messagewould be handledby
the nev homenode,andtwinning is unnecessargt the nev
homenode. Possibly this would make exclusivelazy flush-
ing and threadconstructomigration redundant. The proto-
col requiredfor homenodemigrationseemdesscomplicated
than the exclusivestateprotocol. Currently the application
programmemustbe quite concernedn which machinedata
is allocated,since having it at the wrong homenode brings
large performancegpenalties.This is a valid concernnot only
for DSM machinessincelarge sharednemorymachineslso

have a homenodeconcept. However, homenodemigration
would probablymale allocationconsiderationsuperfluous.

6. RELATED WORK

Most DSM systemsare either page-basedl5, 18, 17] or
object-based?2, 3, 14] while discardingtransparenc Jackal
managepageso implementa sharedaddresspacen which
regionsarestored.This allows sharedlatato benamedby vir-
tualaddresset avoid softwareaddresgranslation.For cache
coherencehowever, Jackalusessmall, software-managede-
gionsratherthanpagesandthereforelargely avoidsthe false-
sharingproblemsof page-basedSM systems. Like page-
basedDSMs supportingreleaseconsisteny, we usetwinning
anddiffing, albeitnot over pagesbut over objects.

TreadmarksaindCVM arebothpage-basedystemghatuse
someform of lazy releaseconsisteng (LRC). LRC, like our
lazy flushingoptimization,postponesvritting updatego their
homenodes. LRC waits until an acquireis made. Thenthe
new accessosynchronizeswith the previous releaserf the
lock associatedavith the data. This allows mary statechanges
tobepiggybacleduponsynchonizatiomessageslackalksyn-
chronouslyupdategegion statesto supportiazy flushing.

CRL [14] is anobjectbasedSM thatrequiregheprogram-
merto annotatehis (C) sourcecodewith start-read/writeand
end-read/writecalls aroundaccesset sharedregions,sothe
region to be accesseds locally available. Unlike Jackal,that
implementsthe Java memorymodel, CRL implementsa sin-
gle writer protocolwith sequentiakonsisteng Regionsare
locally cacheduntil anothemachinerequireshe sameobject,
performingsomelazy flushingat eachend-read/write.

MCRL [11] is an object-baseadystemderived from CRL
thatimplementscomputationmigration. Write operationsare
shippedto the region’s creatingmachine readoperationsare
performediocally. Unlike Jackal,however, it doesso uncon-
ditionally usingsomeheuristics.

Hyperion[20] rewrites Java byte codeto C andinstruments
the codewith accesshecks.Hyperioncachesll sharedJava
objects,includingarrays,n their entiretyandis thereforesen-
sitive to falsesharing. It doesnot employ ary form of lazy
flushing.

Fine-grainedDSM systemdargely avoid false sharingby
using a small unit of cachecoherenceand software access
checks.Shastd22] usesabinaryrewriter to addaccesshecks
to an existing executable. All implementsomeform of lazy
flushingto recordwhena processois exclusively usingare-
gion.

7. CONCLUSION

We have describedptimizationsfor the JackalRTS. Jackal
is a DSM systenfor Java thatconsistof anoptimizing com-
piler anda runtime system;we referto [24] for a description
of thesystemjncludingcompileroptimizations.

We foundthatthe RTS optimizationsdescribedn this paper
arenecessaryo gaingoodperformancebut only in conjunc-
tion with compileroptimizations.If only oneof the compiler
optimizationgcomputatiormigration)is switchedoff, perfor
mancebecomedadfor threeof thefour applications.

Whenbothcompilerandruntimeoptimizationsareenabled,
our four Java applicationsattain reasonabléo good perfor
mancecomparedo well-tunedand equivalent RMI applica-



tions. This is the more significantsincesmall datasetswere
used o betterbring out performancaelifferences.
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