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Abstract[]

O
Several QavalbindingsiolihelMessage[Passi nglnterfacel
(MPIO software] havel beend developedO™ ford high-
performancel] parallelll Java-basedd computingd with
message-passi ngUinCitheCpast. [INoneJof CthemThowever [
addressedthelissuelJof supportingOtransparenttJavall
process migrationd ford achievingdl dynamicll loadO
distribution and[] balancing.[ This paper O presentsd all
middleware,[¢alledM-JavaMPI, [Ghat[tunsConioplofihe]
standard]JVMOtoOsupportOtransparent1Javallprocess]
migrationd andd communication] redirection..] Theld
middlewarel] allows[] Javall processest] toll freely] and[]
transpar entlylimi gratebetweenimachi nes(folachi evelload[
balancing,[1 andJ migrated] processes] canl(] continuel]
communi cationCwithCother CprocessesCusingCIMPI . [TThel]
methodweluisefolachi evelprocessitnigrationlisioldapturel]
execution[¢ontext[And[testoringhel&xecution[tontext[&t[]
the[Javalbytecodellevel [LisingihelJavalVirtual IMachine[]
Debuggerl Interfaced (JVMDI).O0  Post-migration]
inter processLcommunicationlislénabledVialaltestorablel]
Java-MPI[API.[Testsluisingla16-nodeld| uster havelshown
that[dur [hechani smiyii el ds[donsi der abl elper for manceldain[]
throughlmigration.O]

O
Keywords: (processCimigration, IMPI,[0JJVMDI,Omessagel]
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1.Mntroduction0]
O
ThelOM essagelIPassi ngI nterface (M PI) i sCalwidel y [
adoptedidommuni cation(library(forparal l el @nd(di stributed]
computing.[Althoughiheléxisting[M PI [$tandard$pecifies]
languagelindingsfor [only[Fortran, ([C[And[(C++, fherelhas]
been(éffortfolprovideV Pl [@ soffiorlJaval]9,10,11,13,14].00
ExistingCapproaches oM Pl [for[Javal tan[beldyrouped
intoliwolmai n[lypes: [{1) ChativelIM Pl [bindingshivherethe[]
somelInativeIM Pl OlibraryUisCcal led by (JavalJprograms(]
throughOJavallwrappers[][9,10,11],0and(2) OpuredJavall
implementations(] [13,14].00 Theld native[J MPIO binding™

U
U

approachprovideséfficientM Pl Leommuni cationihroughC
callinghativeM Pl iinethods.[Conflictsl¢oul driselonthed
uselof [$ystemesources[suchlassi gnal stbetweenthelM Pl
libraryOandCithelddV M.OT helpureJavallimplementation
approachlonihelother Thand¢anCprovide A portableM Pl 0
implementation(Sincelthelwhol el Pl Ti brary(isewrittenin]
Java, Butthe Pl [ommuni cationWwoul dbeldel ativel yTess[]
efficient(SincelJavaldperatesiat[@higherTevel .00

I nlthi sipaper, ivelproposelalcl uster [iniddleware, [¢alled [
M-JavaMPI (“M” OstandsCfor [ migration”), CtoCsupport
locati on-transparent[3JavalJprocess icommunicationusing]
MPI.[ANM Pl wrapper [isiprovidediblal | owlJavalprograms]
toldinktothe[native[ M Pl ibrary[tosupport[Cefficient [
messagelpassingCamongldistributedCJaval processes.[Our[]
approachlisdifferent OfrompreviousOsol utions, CasCour (]
implementation[] follows[] al client-serverl] messagel]
redirectionCmodel. 0T hi sCapproachCimakesCit[possible[tol]
avoididonflictsioniheltiseldf [Systemlrfesourcesibetweenthel
native Pl TibrarylandtheldvV M.

Anotherimportantfeaturelof M-JavaMPI [isfits[Support
of CpreemptiveJaval process[migration.T ol achievelhigh]
performancelandobustnessiiniparal lel [Javaldomputinglin(]
distributedd environments,[1 processC] migration is[] an[]
attractiveTeature.[BuchCa featurelenabl esCdynamiclload]
di stribution[andbal ancing.[Wnbal ancedloadi ngrhasbeen]
foundolgreatly[&ffectthelperformancelof Capplications.[
ProcessCImigrationdcan[lalso[Thel p(thoselllong-running
applicationsObyrel ocati ngClthemOat Osuitabl el Jtimestol]
preventOinterruptionOduedtoOsystemOactivitiesOorCOthed
execution[of [other[Appli cations.dt[al soltanChel plitel ocatel]
processesldl oser [fbldataltheyfeediblaccess.[]

Inforder ol gratela Javalthreadlor[process,[éssential [
processidontext[@ndlexecutionlstatelinformati onlfieedfobel
copi edfromlthelSourcehodelfbliheldestinationhode.[Javall
supports]codeldmobilitydthroughOplatform-independent
bytecode, (the[Jcustomi zabl e[ Javal class1oader, Candtheld
object[SerializationCmechanism(] 20].T he[Javallanguagell
howeverdoeshot [provide[imechani smsCfor [inspecting, [
savingl@nd(restoringlJavaléxecutionldontext.[]

InCthelpast, Omany Odi fferentCapproachesThavedbeen
studiedCandtevel opedtol capturelandlTestorelexecution]
context.[FFor[&xampl e,[&xecution[tontext[can[belcaptured]



by(insertingCtodelintothelprogram, whichCtan[beltlonel]
manually[17,18,21,22],0 ord viald somelJ pre-processor ]
[3,4,5,6,23].0T heseldmethodstendtolincur Csignificant
overhead[duringUexecution,JevenOwhenOnoOmigrationd
actual lyloccurs.[Executi onldontext[dan(al solbeldapturedby ]
extendingihelJV M [Holmakethreadtatelaccessible(from(]
JavalJprograms.[ButCmodification[of Cthe[33V M CcanCbed
difficult]1,7,8].[Executioncontext[can[al solbeltaptured
by[¢heckpointingfhelwhol elJV M [process,ivhi chiequires]
somelSpecial [Bheckpointfacility[24].00

Unlikeldther[existinglJavalprocessimigrationsol utions,[]
welliselthelJavalbuilt-in[8lebugginglinterface,LIVM DI, [@o
capture[JavalprocessexecutionBtate. L ASUV M DI CsCal]
standardUOinterface, ourDapproachClisOpotentiallyClmored
portabl elfhan(éxi sting(ol utionsandhelimpl ementationlis]
lessJcomplexdsincelInoldmodificationOof Othe[JJVM OisOd
necessary.ld To fullyd supportd theld mobilityD of O thel
communicatingJaval processes, [ the[ M Pl Ccomponent (i s
designedtolallowCcommuni cationCchannel sCitoCbelre-
constructedCautomaticallyCéluringCprogramCéxecution.(Weld
callthis@restorable” M Pl Tayer.[]

Thelrest(af [thelpaper [ilorgani zed(as(fiol | ows. Tin[Section[]
2,0welBhowCanCbverviewbf (the[proposedimiddleware.[]
Section[]30discussesour[JmechanismOJonsavingdand[
restoringlexecutionlstatelof [programs.[$ection4[describes]
the[d restorablel] MPI O layer.[1 Performancel] resul tsC] and [
eval uationClare(givenldin[Csection[5.[0Rel atedCworksCarel]
presentedliin($ection[®. [Finally,ivel¢oncl udelbur ivork G
section(.0]
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Fig.[A.OThelayereddesignof-JavaMPIO
0
Fig.[.CshowslthelayereddesignCof (the[M-JavaM PI ]
middleware.[T he[imiddlewarel[tonsi stsLof [several (ayers,[]
includingCthe[Pre-processinglayer,[the[Java-MPI CAPI O
layer ,[fhelMigrationThayer,[@ndfheRestor ablelVPI Tayer.[]

ThePre-processingUlayer OisOusedOtoO0modifyCthed
bytecodelbf (thelJavalapplicationCbeforethelbytecodelis]
passedfolthelJV M [or [éxecution.[Restorationfunctions’ (I
arelinsertedlintothelapplicati on.[T hesefuncti onsieactfol]
thelini grati on(layer foMestorelihelJavalstacksandiesumel]
executionlduringmigration. Iniorder fb@voi diheldverhead]
duetol]added codellduringddnormal Cexecution, Othesel]
functionslareladded(aslexcepti onhandl erslinhelprogram,
indheformlof [encapsul ated M try-catch” [Statements. [T heseld
“try-catch” OblocksOwill OrunConlyOwhenOalrestor ation(d
exceptionldccursiduringthelfiestorationlof [process.]

Aslveldolhotivant@olmodifydhelIV M, [Somel$pecial I
treatment[6f ThelJavalBytecodelisineeded. T hislihcl udesirie-
arrangementbf ChytecodelduringCpre-processingCandthell
addition[bf [ ocal CvariablestoCavoi dChaving[tol tetrievell
operandistacksromihelJV M, 0vhi chlslonly[possi bl elby(]
modifiyingtheldV M. Detail slareldi scussedliniBection(3.3.0]

TheOJava-M PIOAPI Olayer OprovidesIMPIOcallingd
interfaces to[Uavaprograms.CWelbpted{orCamodul ar,O]
client-server[tlesi gnCof (A essageltedirectionnechanism(]
formigratedJavalprocesses. [T helJava-M Pl [API Tayer(acts[]
as(aldlientlhichlSendsV Pl -rel atedimhessagi ngliequestsiol]
the[IM Pl Cdaemon{alJserver) [in[the[dsamehodelin[the[]
Restor ablelM PI ayer .LThelM Pl [dlaemon(istesponsi ble]
forCdeliveringCmessages_bnbehal f Cof (the[Javal process.[]
Communi cati onl¢hannel siarelfie-constructedlautomatical lyl
afterd migration.C0 This allows Javall processes(] tol]
communi cateCwi thCleachCother Ciafter Cimi grati onClasCif Choll
migrationlhasloccurred.

ThelM igrationlayer [performsiwolmai n[fasks:[{1) o]
captureCandsavethe[execution[state[ bf [thedmigrating]
processlinthel[$ourcelhode,[andioltestoreltheléxecution]
statelof [fhelini grated(processlintheldestinationhode; [{2)
toldooperatelwiththe[Restorabl el Pl Tayerfolieconstruct ]
theldommuni cati onléhannel slaf thelparal el @pplication.

MM -JavaM Pl , [Bhelgranul arity [of migrati onlisCat [fhe[
Javalsourceltodellevel .[dtlmeansThat[inigration[¢anonly [
happen(after [fhel¢compl eteléxecutionlof (&l [Javalbytecodel]
correspondingCtoalsingleJavalsourcellcodelline, Cand]
beforelfheléxecution(of [thelfiext[JavalSourceldodelline. T [A]
migrati on(equest(istecei vedlinthelmi dd e[of [executingla]
Javalsourcel¢odelline, [Thelmigrationiwil | beldel ayeduintil [
the[endCof Cexecuti onCof [thecurrentCsourceltodeline; [
similarlyforCalmigration[fequest[that[is teceivedlinthe[]
mi ddl elaf [thelexecuti on(af [Anati velhethod. [

ThislSource-code-level [granul arity[simplifiesitheldesign[]
of [thelmigrati onCimechani smCby[&liminatingthelCheedtol]
savelbperandHtackshichlarelisual lython-emptyfinthe[]
middl elof [Theléxecuti onlof [ASourcelli ne. Tit[al solavoi dsthe]
need(fblSavelhachi ne-dependent [processistatelinformation]
whi chlis[present[duri ngltheléxecutionlof[dnativelthethod.[]

Onelof [Bur(designidoal sliklfblavoi dimodifyingthelJV M,
solthatfhelfesul tinglSystem(dan(thenbelasportabl e[asiany [
ordinaryJavalprogram.Inlorder [folachi evelthisigoal ,ivel]
need(folmakelliseof [exi stinglJavalfunctionsfor [¢apturing



and(testoringCprocess #tates.[In[M-JavaM Pl , (el liselthel]
Javalbuilt-inCinterface, LIV M DI, oltaptureJavalprocess]
execution[states.[PPotential (i grati ngCpoi ntsCarel$et (&t [The
addressaf [thelfirstBytecodeldf [@ny[JavalSourcellinelwhich]
canlhelbbtai nedfromCanyVaval tlassfile[byusingthel
debugginglinterface.[T olénabl elthisfeature, ivelheedonly[]
tolcompileJavalJprogramsiiwithCthe[ddebuggingCoption
switched[on.(

O
3.[ProcessiStatelCapturingl@andRestoring]

U

JavalThasprovidedCportable[bytecodellandOdynamicl]
classfoadingtolallowl[Javalprogramstolbel&xecutedlin(]
differentd platforms.[ Besides,d Javall of fersCthe[l objectd
serializationOmechani smOwhi chOcanOstoreobj ectsCinCal]
portableformat. T hisCallowsobj ectsCtoChesavedCandO
restored(acrossldifferent(pl atforms.[Javalhoweverdoesinot]
providefunctionsfor [$avingl@ndXestoringlprocessstates.[]
I nlthi s[section, iveldi scusslour [approachfol¢apturingf@ndC
restoringlJavalprocessiStatelinformation.]
O
3.1.0avalYirtual M achineDebugger Mnter facell

O

ThelJavalVirtual I achinellDebugger Interfacel(JVMDI) O
[19] ilamati velinterfacel@vail abl elflor thelJV M [SincelJavall
2,0andi sCusedChypi callyChy Cdebuggers. Ol tCdefinesCtheld
standard(Servicesthat[@LIV M ust{providefordebugging.[]
TherelCarelvays tolinspect[thektateCandtol tontrol [(thel]
executionlCof Capplications.[UsingCIV M DI, OveltanCbbtain[]
thelruntimelinformati onCof [threads, [stack[frames,[ocal [
variables,classes, [obj ects, Jandmethods.OlnCaddition, [
JVM DI OcanObelusedtoOcontrol Cthreads, CtoCset Dl ocal [
variables,[andtolteceivelhotificationsLof [eventsisuchlas[]
methodCexit/entryandframelpop-up.LIV M DI lisl¢al | ed by ]
thelJV M DI [¢lient[dunni nglinthel$amelVirtual (tnachi ne(@s]
thelappli cation(programiei ngldebugged.[Thelapplication
woul dCrunOcontinuously D f CihoCldebuggi ngCrequestsCiarel]
received.[l

O
3.2.[StatelCapturingdsingldVM DI O

O

Welhakelliselof [JV M DI [foldapturelprocessistates.[This
canObeJdoneldmuchCOmoreleasily(thanCOotherOexisting]
approaches.[All (helactionsperformedby LIV M DI [¢lients(]
arelfransparentfolthe@pplication.[]

When(startingldV M, ALV MDI [dlient(isStarted@sivel |.00
Migrati onliklihitiated@nd(darri edOut By thelJV M DI dlient.(]
Whentini grati onlis{ieady foldccur, fheldlient[Suspendsithel]
executionlof (thelapplication.[T henlit[$ends @ essageliol]
thelllocal M PI [dlaemon(fiomoti fy (it [of [thelmi gration.[After[]
that, it{ihspectsi@ndSavesla | thelJavalstackframesldreated]
byCthelmigratingCJavalprocess.[ForCeach(frame,(local (I
variabl es, [feferenced(dbj ects, thelfiamelof theldl assi@ndthe]
classlinethod,(@ndthelprogrami¢ounterheedfolbel$aved]

usingCobject$erialization.[After [fhel$aving, ihel¢capturedd
datalare[Sent(fbltheldestinationldode.[

U
3.3.[StatelRestoringusingException]
U

AlthoughldV M DI [providesfuncti onsfor inspectinglthel
executionstate[Jof (alJprogram, Othere[Jare[InotJenoughl]
functi onslfor [fe-establ i shingthel@xecuti onldontext, [Suchlas[]
the[dramelstack CandihelprogramCeounter.(Weltherefored
resortfblpre-processi nglibladd(restoration(Gapability fbthe
applicationfolinteractWiththeli grati onMayer folperformd
restoration(df [parall el [Javalprocesses.O

DuringCpre-processing, [hytecodelisCimodifieddniwol
ways.[}(1) Chytecodelrearrangement CandCintroductionCof [
special [ local O variables; 0 (2) O insertiond of O restoration
functionslinfthe[florm(of [@xceptionbandl ers.[Asldatalinthe
operandCstackCare[ IV M-dependentCandChofunctionsCarel]
providedby[dV M DI [fblextractlandrebuil didperandistacks, [
it sChardroCcaptureandCrestoreloperandstacks. CTheld
approachCvetakelistoldolawayWith[the[heedtolsavel
operandCstacks.[OurCtlesignCmakessurelthat &l | Coperandd
stackslarelémpty(at [thelfi melof [mi gration. T hislislachi eved[
through(] source-code-level (1 granularity[] and[] bytecode’
rearrangement. [N otelfhat[fheloperandStack[of (Thel¢urrent[
framelisCalwayslemptyimmediatel y[&fter [The[¢compl etion[]
of (theexecuti onCof Cal Uavaldsourcellcodedine. [For (thed
operandstacksCof Call (the[framesCother[thanthelturrent]
frame, (bytecodeldrearrangement i sCperformedCtoCimake
these[JoperandOstacksClal waysOempty OduringCmigration. [
Consider thelfollowing[statement: [

O

é@ [fx)+9(x); U

Whenl(ini grati on[fakespl acelduringtheleéval uati onlof [g(x),
thelintermediatelval ue, [i.e.,[BhelVal uelof (1(x), [is$toredin[]
operandCtack. [T hishzal ueCheedstolbel tapturedduring]
migration, CandCrestoredafterCmigration.TTolhandle[such]
runtimelgeneratedlintermediatelVal ues,[thelbriginal [Javall
codelikfiransformed(Solthat theseal uesiarelSavedihiSome
speciallylCtreatedlocal [Variabl es,[instead[of [thelbperand ]
stack.[For[thisCexampl e, (theloriginal aval todelineld s
transformed(ib]
O

tmplE{(x); 0

tmp2Z[g(x); 0

Y= fmpl+tmp2; [
O
Thelaboveliransformationlinvol vesltearrangement[of [the[]
bytecodelandtheldreati on(of [additional Tbcal \ariabl es. [T

Apartd from bytecode[d rearrangement,[] restoration(]
functi onslarelinserted@s éxceptionlhandl ersiol¢opelwith[]
thelmigrationClayer (toCperformOrestorati on. JException]
handlersdarelinserteddinOeachClof Othedmethods. O ThelD
exception handlers[] catch(] and react tol restoration(]
exceptions.O Inside[] these] exceptiond handlers,( local (]



variabl eslof (Thel¢al | edMethods(arelpre-setlwiththesaved
informati on, [@nd@Mj ump” [dommand islissuedibbranchibo]
thelposition(Saved(duringldapturing.[Tolillustrate, Herelisa]
program(fragmentBeforelpre-processing: [
O

publicldlassiAfD

Miht@; 0

[Bhar ;O

.00

10

]

After[pre-processing,thelprogramiragmentBecomes: [

d

publicldlass/AfD

[rydo

(mo...0

[MJ@atchl(RestorationException(e) {IC]

[MTAE [SavedMal ueldfIbcal Mariableld; [

[MMBE [SavedMal ueldfIbcal Mariabl e; [

([MTPcl= [Savedal ueldfprogramidounter hen(thelprogram(]

isiSuspended
[MMMJumpibihelbcati onwher elfhelprogramlisSuspended
g

i
O

I nfheldlesti nati onhode, (bef orelfecei vingalhotification
indi catingCthe[Tcompl eti onCbf [thecapturingChrocess, Can]
instancelof [fhelprocessiivoul dibelcreated. [A breakpoint s
set[at[thelHtartCof (thelimain() FunctionCsothat(ivhenthe[
instancelis treated, thelbreakpointlis taught[tightCaway.(]
Theliigrationayer[iniheldesti nation[hodelwill vait[{for[]
thelnotificati onlof theldompl eti onlof [theldapturi nglprocess]
from(thelV Pl [daemon. I

When(thelmotificati onlisiiecei vedbyfhe Pl [daemon,
thelM PI Cdlaemonvill (Send[&lhotifi cation(inessagefolthel]
migrationCayer.[TT hen[the[migration[ayerWwill (throwCal]
Restorati onExceptionlfofhefewl y[dreatedlinstancelof (the[]
process. [T he[lexceptionlisClcaught by Cthe[JRestoration]
Exception[Handl erChere[local [variabl esCof [thelmethod
arelfestoredfolthel$aved¥al ues.[A [ branch” [dommand[is]
then(performedibjumpibihellbstléxecutedbeati onlof Tthel
current[¥rame. [T hisCacti on[sltepeatedFor [eachFramelof (]
thelprogramiuntil Thelast[framelisre-established.[Then(the[
programill (executelagai nfromfhelast[éxecutedlposition. [T

O

4.[Restor ablel Pl [Communication]
0
4.1.[Client-Server M essagelRedir ectionM odel [

U

ThellRestorabl eM PI (layer [isbased[on[@ ¢tlient-server]
model.[T hisllayer[¢tonsi stsLof (M Pl [tlaemonsCand @ Java-
M PI Ctommuni cationCA Pl [Ffor[Javalprograms.[ T helJava-
M Pl [@ommuni cation[API [is(thelinterfacelfor[(paral el [Javall
processestolkendFequestsltol M Pl Cdaemons. JANCMPI O
daemonrunsConCeachChodeJof (thelcluster [toOsupport
messagelpassi nghetween(dli stributedJavalprocesses.[Thell

M Pl (daemon(i sCresponsibl e for (sendingCimessagesCand
receivinginessageslonbehal f [of (thelcal ling[Javalprogram
infthelSamelnode.[T helJavalprogram(@ndthe Pl [daemon]
in(the[samehodeltommunicatelthroughCsharedCimemory]
and(Semaphores.(]

InClorder CtoOprovideleffi cient M Pl Ocommuni cation, O
communi cati onChetweenhodesli sLHoneluisingthelhativel
M PI i brary. dnstead[of (i nking@helJavalprogramldiirectly
withCtheChative[M Pl Oibrary, (theChativeCM Pl QibraryCisO
linked Dy [fhe Pl [daemonSuchthat [ Pl @ommunication
i siisedexcl usi vel y By Pl [daemonslin(differentmodes(for ]
theirD communication.d Thisd approachC requiresC] no
modificationlof theleéxisting@ Pl D brary.[]

O
4.2.[ProcessMigrationih[Action[
U
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\ . .
[igrationlihfo.
capture J
process T
date 1
buffered T
captured L messages anihstances [~
C 1 __processdata \ started
- captured
JVM@End L1 processdata
processiquit captured
O processdata
regoration [
starts
LEGENDS  [] Events resoration
completes ﬁ]
_ Messages

Fig.2.[ProcessimigrationStepsihM-JavaMPIO

O

Fig.d2.0OillustratesO the( stepsinvol vedOinC process]
migration.Onitially, (M Pl CaemonsCare$tartedCon(&al | (theld
nodesiof(theldluster.[TheM Pl [daemonlin@hodel¢overed
by thelfunninglparall el [(programiwvill helfesponsi bl eflor @l
thelM Pl [@ommuni cati on(of [itsIM Pl [¢lient. M Pl C[dlaemons]
onthelidleChodesill Cvait(forCimigrationCrequestsfrom]
M PI [daemonsiof [dther Modes. M essagelflorwardingiwil | el
performedhroughle¢ooperati onlof (the[M Pl CdlaemonsLif (a1
JavaldlienthasBeenmigrated. 1]

Whenlalmigration(starts{fboloccur, thelrnigrationlliayer @t
theOsourcellnode[suspendsthelJexecutionCof (ithe[lJavall
process. [Ttthen(Sends@rni grati onrequest folitslocal (M Pl (I
daemon. [T hen, (it [Startsidapturingtheléxecuti on(statelof thel
migratingprocess.[CapturedéxecutionStatelis savedin[a]
“dump(Tile” Onlthelfilelerver.CAfterthat, thelmigrating(]
processiandthelJV M, lihcludingthelmigrationlayer, infhe
sourceld nodel] stop[] running. Onlyd thed M PI 0 daemon(]



conti nuesiolun. [

TheM Pl [daemonQivai tsfor [ini grati onequests, [if (any, [
fromCbther[M Pl Cdaemons, CandCperformsforwardingCof [
messagesiolthelmi gratedprocess. [Sequencelhumbersiarel]
usedfolkeeplmessages(inlorder.[M essageforwardinglwil |
onlyOservelthose[dmessagestthat Owere[Jsent[beforethel]
migrationCbccurredCandChavelhot[heenteceivedCbythe
migrated process.[] After(] migration,d whend ald“old” O
messages_havebeenreceived,CnewlimessagesareJsent
directlyfromhelsource[hodeltothe[destinationChode
accordingodhelmappi ngfiabl elivhi chtecordsthelactual (1
locationsCbf [the[hodes.[No[forwardingCwill (takelplace
afterwards. T hatCmeansCholTesiduetlependency Civill Ched
i ntroducedBy [theldommuni cation. I

O

5.[Perfor mancelEvaluation]

O

ExecutionCof (A parallel Cprogramtanbeldividedlinto
twolJ parts:[0 computation] and] communication.dJ The[d
i ntroducti on(of [@ur fhi ddl ewarelayhiave@nimpactonthelll
performancelof othfhelcomputation@ndl¢ommunication]
parts.[Theldomputationlpart[doul dBelaff ectedDy(Thelstate-
capturingdandUstate-restoringCactionsJandtheuseof O
JV M DI, vhilelfhel¢ommuni cation[part[¢oul dTbelaffected
by[thelTestorabl e[ M Pl Ccommuni cationCimechani sm.CWeld
eval uatedfhelperformancelof Cour[JavalM PICAPI ,[and(fhe]
state-capturinglandliestori ngmechani sm.[(Welal sol¢arried[
outObenchmarkOtestingOusingClseveral [Javallapplication]
programs. DWeldivided[bureval uationCinto[ threeparts: [
eval uation[of (thelperformancelof (thelfiestorabl el Pl Tayer, [
eval uationl[of [the[performancelof [Thel$tate-capturingCand ]
restoringCimechanism, (andCéval uati on[of [thelperformancel]
of thelSystemlas@whole.

Theléxperimentsiwerel¢onductedlon(a16-nodeldluster. [
Eachhodel1s[aBO0OM HzPentium( | IPC[with[128M BLof [
memory,[funning[Linux[2.2.140WithCBun[IDK [1.3.0.[T hed
nodeslareltonnected(by[A100M b/sfast[Ethernet[$witch.OI
AlllJavalprogramsiwereleéxecutediihlinterpretedinode.[]

O
5.1.JavalMPIAPI ]

O

(A0 pingpong test[] wasl] conducted™ tod study ] the[™
communication performanceld of (I the restorabled MPI[]
communicationCayer.[1nthis[test, Cmessages bf Cvariousl]
sizesCwvere[sentCback CandforthChetweenprocesses.[TTo[]
ensurelthat[@nomali eslihihessagelfi mingsierelhinimized, ]
thelpi ngpongilvasirepeated(64fi mesfor [@achessagelsi ze. [

Fig.(B.[showslthe[tommuni cation[bandwidth(&ttai ned
for[differentinessagelsi zesisi ng(dii fferent[éommuni cation]
interfaces. [T helBandwidths[of [si ngthelnati velV Pl Tibrary ]
withCa Clprogram,CandCdirectCJava-M Pl ChindingCithCal
Javalprogramiwverel@ solteasured(fior(@omparison.

bandwidth(Mbyte/s)

messagelS zel(byte)

‘-‘-native[N/IPI == direct[Java-MPIBinding migratablelJava-MPI ‘

Fig.3.0Performancel@domparisonsoflisingd
differentlCommunicationfhechanisms(]

O

AmongtheldifferentCéommuni cationCimechani sms,[the]
performancellof Othe(nativedM PI Ui sOthe(dbest, CwithOald
bandwi dth[of[10.50M bytes/s, [fol lowed by Thelperformancel
of Cdirect(Java-M Pl [hi nding, CwithCiaCbandwi dthCof (9.2
M bytes/s.[T he[peak Cbandwi dthCof Ccommuni cationClisingl
ourtestorablelM Pl Olayer [is[¥.6[M bytes/s,[Whichis[17%[]
lesslthan(theldirectBinding.O]

O

0.0008
0.0007 —
0.0006
0.0005

latency(s)
:

0.0003
0.0002
0.0001

x ® o S O A M SRS
> »%W@qu;%»\/@,,&v@q

message(Size[(byte)

nativePI directJava-MPIbinding migratablelJava-MPI

0

Fig.4.[Comparisons(odfllatenciesforiSmallll
messageslusingdifferenti@ommunication
mechanisms[

O

Fig.(Atomparesthe[atenciesCof Ccommunicationford
small[inessages. [T helini nimumiatency [of [ThelhativelM Pl [
andtheldirect[Java-M Pl [bindingCare[D.2ms[andlD.23ms[]
respectively.[T helininimumllatency[of heliestorablelM Pl [
mechani smiik0.26ms.00

O
5.2.[Rtate-capturingl@nd(Sate-restoring]

0

Thelinigrati on(¢ostlequal solthelsumlaf i mel$pentinC]
capturingstateli nCtheJsourcehode, thetimelspentCinCl
restoring(statelin(theldestinationmode, @ndthelfi mel$pent



inOstartingCthe[JV M Cand Ol oadingCthelprograminCtheD
destination(hode.[T helfi melSpent[in(¢apturinglstatel¢anel]
further [di vided(intowolparts: [{i meSpent[inlcapturinghe
obj ectsland i me$pent[inC¢apturingtheframes.(Similarly,(
thelfimelSpent(ihlrestoringstateldanBefurther [dividedlihto
twolparts: [timespent[inCtestoring[thelbbjectsCandtimel
spent[ih(testoringfhelframes.[T helfimesSpentinldapturing
andOrestoringCbothOobj ectsOJandf ramesCarelishownCin(l
Figuresia@ndBlrespectively.(
1l

10000

1000 | /
100 -
N ./-/./
1+— L T T T
o S N ¥ - N
N
RS

dat alsi ze[(#[0f [Ihtegers)
—e— capturing@ime —m— restoringfime ‘

timelSpent({ims)

Fig.5.[TimelSpentlindapturinglandestoring
objectsl

U

Fig.0050showsOtheltimeldneededdinCcapturingCandC
restoringlobj ectslof[different(Si zes. Inlthi siest, [Bbj ectsthat (]
werellisedCareCarraysof (ntegers. [T he[datal & ze[bf Can]
integer [isC4[bytes. [T heliminimumCbverheadslinl¢apturing
and(testoringlobjectslareb4landC1ms tespectively.[Thell
capturing(fi melis@bout(0.701s/bytes@nd(thelfestoringfimell
is@bout0.5[ligbytes.(]

O

timelSpent[{ms)
N
o
o
o

0 200 400 600
number [0f frames

‘—o—captureEﬂimeEGms) —m— regtoreffimel{ms) ‘

Fig.6.DimelSpentlihldapturing@nd(destoring
framesU

g

Fig.6[shows(thelfi meheeded(in(dapturingl@nd(festoring]
frames. [In(thi slfest, [fiollbcal Mari abl esivereldefinedlihiéach]
frame.d Hence, [ theld measured 1 timeld i sCItheld minimum(]
overheadlinCtapturingCandtestoringCdifferentChumberCof (]
frames.[]

[

5.3.0Application[Perfor mancel]

O

Fourparallel [@ppli cationshiverellisedfor [éval uatingthel
system.[T heselivere[PI [¢al cul ation, (tecursiveltay-tracing, [
NA Slihteger(Sort@ndparallel SOR.[ThelPI [dal cul ation@nd
recursivel] ray-tracingl) programs(] are[] computationally]
intensive.[T helINA Sliinteger[Sort[andhelparal | el (BORArel]
bothldomputational ly[@ndidommuni cationlihtensive.[

O
5.3.1.[0ver head[df M -JavaM P10

O
200
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5, 140 -
g 120
% 100 |
s 80 E\
g 60
5 10 B
20 | \B\U\Q_H_ﬂ
0 I I I I I L L
0 1 2 3 4 5 6 7 8 9
no.6f[Modes
—4&— Pl [{w/oligrationlayer) —l—ray-tracing[(w/otigration(layer)
—— Pl [{w/[igrationlayer) —s— ray-tracing((w/[igration(layer)

Fig.Z.0OimelSpentlihdalculating[Pl@ndRay-

tracingwithfandwithoutheligrationayer(
1

WelfirstOranOthedprogramslinCanCevenlyCloaded™
environmentioléval uatelitheloverhead(of (Thelini ddlewarel
duringlmormal [éxecution({i.e.,[molmigration).[Fig.[Fshows[]
theltimel$pentlinthe[PI Ltal cul ationCandtheltay-tracing]
programusingOdifferentCinumbersCof OnodesOwithCandC
withoutigration(layer. [For [Pl [¢al cul ati on, Ehelfivoldurves]
overlapwithléachldther.[Simil ar[Situati onfwaslobservedinCl
theCtwollcurvesCof Cthelray-tracingCcase. (T heselresul ts[]
indi catelthatlif therelisholri grati on, fheléxecutionfi meldf (I
parallel UavalBppli cationslisChot[affectedCat (Al Chy[theld
presencellof (M -JavaM PI.OOT helmigrationCl ayer CididChot
introducelanyhoti ceabl eldverheadlinheléxecutionof [Thel
testedlJaval@pplications.[]
O

ProblemO
sizelll
(no.[of 0]
integers)O

Timeltsed((sec)ih(] Timelused({sec)ih(]
environmentWithout™ - | environmentidvith1-  |introducedByM-
JavaMPIC] JavaMPIC) JavaM Pl {in[%)0
Total O] CompICommO |Total O] CompHiCommTotald |CommO

Overhead

Class[s:.0
65536[]

0.023[]0.009C]0.0140 |0.026[]0.009C]0.01701{13%0  |21%0]

ClassO 0.393[]0.182[]0.2120
W:1048576[]]

0.424(]0.182[0.24200|7.8%0  |14%0

Class/A:0 |3.2060]1.545C1.660
838860801

3.387[]1.5460]1.84001|5.6%0 |11%[]

Table.Timel8pentinMASprogramlin(differentd
environments[]



Tabl e[1.[$howsThel¢ompari sonlof (Thelperformancelof [
thelNA S[programivith’/-JavaM Pl [énabl ed@nd(di sabled.[]
Twolhodesiwerelusedfor thisliest. [T

Fromhelbreakdownlof [Iheléxecutionltime,[it[¢anbe]
seen(that(therelisiomoticeabl eldverheadlintroducedlinthel
computation[part; CwhileldntheCtommunicationCpart,Can]
overhead(df[@bout10-20%MWaslihduced.]

O
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600 |
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execution(fimel{lsec)

o 1 2 3 4 5 6 7 8 9
no.[of[fodes

‘ —&— SORI[(w/olthigration(layer) ——— SOR({w/higrationlayer) ‘

0
Fig.[8.0imelSpentlinéxecuting[SORMsing

differentumbersdfiodesiwithf@andWithout[
migrationdayer

0

Fig.8shows[theltimelspent[inCexecutingCthe[ISORC
applicationCusi ngdifferentChumbersCof ChodesCvithCandl
without(Ehelmigrationlayer[tespectively.[T heliwolcurves]
showingtheti melkspent[InCSORCwithCandCwithout(theld
migrationClayerChearlyCbverlapCexactly[WwithCeachCbther.(I
Thislshowsthattheligrati onllayerdoesinotintroduce@ny ]
noticeabl eldverhead.[]

O
5.3.2.[Cost0f M igration
O
Applications] Averagelmigrationfime[]
PIO 20
Ray-tracing[] 30
NASO 20
SORO 30
Table2.[MimeSpentlihmigrationfor(different
applications
O

Tabl e2[showslthelfi melSpent(inlrni grati onfor [different
applications.[ATargelpart[of [Hheltni grati onlfi melvasi$pent]
inCistartingCthe[1JV M Cand oadingCtheCprogramCinCtheld
destinationmode.[]

Takedhe[SORbrogramiasi@niexample.[T heléxecution
of Othe(programOwasrepeated Jusi ngCsix(nodesClinClan(]
unevenlyloadedCenvironmentCwithConeof Cthelnodesd
executingCalcomputational ly[intensi velprogram.[With(hol[]
migration, (thel&xecutioniimelof thelprogramvas[B19s.00
Thel&xecutionCbf the[programWasliepeatedthen(inthe[]
samelénvironment. [T his[iime,Chowever,[$hortly(after [Eheld
programChadstarted, (thelprocessCinCthelheavilyoaded

nodelWas[imigratedtolan(idle[hode.[T hel&xecutionimel]
cameJout[Itodbe1180s.00T hisCshowsIthat[lconsiderabl el
performancelgai niéanelachi evedbyWisinghelnigration
facility[of [Our(System.[]
O
6.[RelatedWVor k[
O

TherelarelSystems,[Suchl@aslJESSI CAL],[Aral6],[AndO
amongUothers][5,7],0thatOprovidellstate-capturingCland]
restoringCof (Waval programs, ChuttheselkystemsCheedtol]
modify[the[JV M .[Bomelvork4,23] Chas[beentlone o]
allowl$tate-capturingCandtestoringlVialpre-processinglof (]
bytecode.[Dur@pproachlsldlifferent@romihisinthat M-
JavaM Pl Qlisespre-processinglonlydoladd¢codefor [State-
restori ngbut ot for[dapturingléxecutionlstate. [Besi des, in(]
theirCapproaches, CtodeldsCaddedtol thangeltheloriginal [
program(l owlin(orderfoldolstate-capturinglanddestoring.(]
Thisldouldfrand atelintoldonsi derabl efamount(of [dverhead]
duringUruntime. Ol nClour Capproach, Ccodeli sCinsertedCas ]
exceptionChandlersCivhi chCvil | Conly Chelexecuted Curing]
restoring.[Someltesearchersihiavellisedléxceptionthrowing
facility] 3,8].0T heyDusellexceptionChandl ersCtollcapturel]
processistatesivhereasiweliselthem(fior[State-restoring.[]

SeveralOresearchprojects1[9,10,11,12,13,14] O havell
providedlJavabindingsifor 1 PI.[Al [6f fThemBowever [didC]
notD included any(l restorablel] message-passing]
communi cationfeature. CAmongthem,impiJava] 11] Cand]
JavaM PI [[9] [iseldli rect i ndi ngLof Llavalprograms@ndihe]
MPI Oibrary.[MWeluse[la client-server CredirectionCimodel (I
instead@olavoi d(ihelinstability[of (Such[albindinglduelfo]
conflictsConthelLise[bf [ystemtesources.[IMoreover,[ourl]
Java-M Pl Olayerdis" M PI-implementation-independent,” [
whi chifhakeslour [System(rnorelportable.[]

O

7.[Conclusion]

O

Weluse[1JV M DI CtoCcapturelJexecutionstates, (o bel
restoredisingCexceptionChandlers.[IT he[estorableCM PI T
component(] provides] for[J restorable[] and(] transparent(]
message-passi ngLcommuni cationforCimigratedprocesses.]
As1JVM DI OisOalstandardClinterface, Cour DapproachisC
potentially(fhorelportabl el@and(Suitabl elfor[Aheterogeneous]
environment,CandtherelisCholheed(toCmodifythe[JVM.[O
Pre-processinglilsCdlonefolal | owléxceptionsiolbe lisedfo]
restorelprocessesivithhol$ignificant[(penal ty [inflictedCon
normal [éxecuti onslthatfiequirelfiolri gration.

Futurelvorktemslincl udelSupportsifor (processesivith(
multi pl e(fhreads, [inodifi cationlof [Theldebugginglinterfacel
toCsupportCM-JavaM PI(inCDI T Cmode, CincorporationCof (&[]
clusterCmonitoringsystem, [talledCClusterProbel ] 25],[told
supportCruntimeCworkl oad[Cdetection, [ ntroducti onCof Call
systemirodul elfior [Automati cldynami cllbadbal ancing,[@nd ]
onelfor [post-migrationYOldperations.[]

0
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