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Abstract

DistributedGarbageCollectorscanbedividedinto severalgroups accordingo theirway of collecting.
this thesisproposesomeextensionsandoptimizationsto one of theseDGCs, the Indirect Reference
ListedDGC. Oneof theproblemswith IRL is thatthediffusiontreecanbebadlyshapedvhich makes
faulttolerancemoredifficult. This thesisproposegwo algorithmsto improve the overall shapeof the
diffusiontreesuchthatafailure of anodehaslessimpactonthetree.

Orthogonalon thesetreeflatteningtechniquesa new way of managingthe diffusiontreewhenper
forming a migrationis proposedinsteadof alteringthe diffusiontree,it will remainthesame.Thisis
betterwhencombinedwith treeflatteningtechniques.
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Chapter 1

Intr oduction

The applicationdomainsin computersciencehave changeda lot in the last 10-20years. In the
earlyyears thefirst computersvereusedin thearmyto calculateballistics,later their domainswere
broughtenedo generalcalculationg(numbercrunching)to help the work of mathematiciangstill in
thearmyor governments) Whencomputerdecamesmaller cheapeandeasierto use,they became
availablefor generaburpose.

Sincethe bgginning, the processingcapacitieof thesecomputersggrow larger andlarger every day.
Accordingto the law of Moore,the speedof the computergprocessorsyill doubleeach18 months.
Until now, this law still hold.

Many "revolutions” happenedh this field. Not on hardware-lerel, but on software-andhigherlevels.

The taskswherethe computersare usedfor, have changednary timesin the past. In the beginning,

hugemainframesare usedin companiego do the hardwork andthin clientsare usedto collectthe

informationandinstructthe mainframe.

Thefirst revolution happenedvhencomputerdecamesmallerandmorepowerful. Thenmary com-

puterswereplacedin differentplaceswherethey wereneeded Now everybodywho needeca com-

putercouldhave accesdo it.

Sincethen,thework is distributedamongthe differentcomputersthis creategproblemsf datahasto

be sharedbetweencomputers.The secondevolution happenedvhennetworks wereusedto connect
severalcomputersThis enabledsharingof dataandlatersharingof processingower.

Currently this sharingof computermpower becomesnoreandmore general. This enableghe possi-
bility to combinethe processingpowersof mary computersgo do computationson a level thatwas
impossibleto beachievedby onecomputer Onthe otherhand,it alsoallows youto specializecertain
computersfor specificapplications(webserers, applicationseners, databaseseners...) and make

themaccessibldy all othercomputers.

Althoughresource®n thesecomputeraregrowing fasterthanwe readthis text, they arestill limited.
Whenresourcesre usedon othermachinesthey mustbe releasedn a similar way ason the local
machine.One of theseresourcegsubjectof this thesis)is memory Similarly to local management,
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therearetwo stratgjiesto do thework:

e freemanually

e automatiagarbagecollection

This thesiswill only discussthe secondoption becauset the first optionit is completelyup to the
programmeto dothecleaning.

To do this automaticdistributed garbagecollection (also called Distributed GarbageCollection or
DGCO), several algorithmsare thoughtof. One of themis Indirect Referencelisting, which is an
extensionof referencecountingin normallocal garbagecollectors.Eachtime anremotepointerto an
objectis sentto anotherprocessarthe original processoaddsthat processoto thelist of processors
that containthis pointer This list preventsthe original objectto be garbagecollected. The algorithm
is calledindirectbecausehis managemendoesnot only happenn the processowherethe objectis
located but alsoin otherprocessorghatknow theobject. This distributesthe managemenf keeping
track which processorsontainreferencedo the object. The whole setof processorgontaininga
referencesetfor anobjectis calledthediffusion-tree.

The adwantageon theseindirect algorithmsis thatthey canreducethe numberof messageseeded
for the DGC (seesection3.2.3). The mostimportantdisadantagess the creationof third-party-
dependenciesin somecasesthe diffusion tree containsnodeswhere the objectis not referenced
anymore,but thenodeis retainedto keepthetreeconsistentln othercaseshetreeconstructedy the
computatiorcanbevery unbalancedmakingit morevulnerableto failures.
Treeflatteningalgorithmshave astheir goalto reoiganizethe treeto improve their global state. This
canbe by removing third-party-dependencies generallyreshapehetreeto be morebalanced.

Severalauthorshave proposediifferentsolutionsto this problem: Moreauproposesnalgorithmthat
movesall nodeslocatedat deeplevels up to thefirst level. This createghe ideal tree,but on a cost
of mary messagesDickmanproposes numberof differentalgorithmsthatwill reshapehetreein

differentways. The first is while performinga RemoteProcedureCall, it will move the nodewho

invokedthe call to becomea directchild of the root-processorThe seconddeais to choosethe best
fatherwhena secondatherfor this processoappearsBoth algorithmswill be explainedin depthin

chapter.

This thesiswill proposewo differentapproacheso solve the sameproblem. Thefirst will deleteso-
calledZombies processorshatarekeptin thetreewhile they do not containreferenceso the object.
Thiswill shrinkthetreein adrasticway, but dependingf thecomputationwhethertherearezombies
or not). Thesecondalgorithmwill try to eliminatedeepdiffusiontrees.Whenthediffusiontreedepth
goesbeyonda certaindepth,it will triggerthealgorithmandreroota nodeto shrinkthetree.Theidea
is thesameasMoreaus, but lessdrastic.

This thesiswill startwith somegenerainformationaboutthe context in which all following chapters
will behandled(Chapter2). Chapter3 will explain generalprinciplesof garbagecollectionandmore
specificdistributedgarbagesollection. At theendseveralcommonDGC-techniqueareexplainedwith
their advantagesanddisadwantagesThe next chapte{Chapter4) explainesthe problemof the diffu-
siontrees,andthe treeflatteningtechniquego solve theseproblems.Both Moreaus and Dickman's
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ideaswill be explainedhere. In Chapter5 the new ideasof this thesisare exposed: Minimize-by-

Insertion(first treeflatteningtechnique) Zombie Deletion (secondtechnique)anda nev migration-

technique.In the next chapter(Chapter6) differentargumentsare shovn to compareMoreaus algo-

rithm with the new algorithmsof this thesis.Firsta modelis explainedthatsimulatesothalgorithms,
next two differentimplementationsreexplained.Finally differentbenchmarksireshaovn to compare
theperformancef plain IRL, Moreaus algorithmandthetwo new algorithms.Chapter7 goesdeeper
into implementationdetailsof the DGC and both tree flatteningalgorithms. Chapter8 gives some
otherideas,which arenot capturedn this thesis but areinterestingfor future works. Finally Chapter
9 will give a generalconclusionfor this thesis. In appendix,several source-codexamplescan be

foundfor the RMI-clone.



Chapter 2

Context

Many differentgarbagecollectingtechniqueshave beenproposedn the last 20-25years. Someof
thesealgorithmsare speciallydesignedor specificervironments(e.a. functionallanguagesuni- or
multi- processorsspecificlanguages...).

To be ableto reasonaboutthesedifferent algorithms,and more specificaboutdistributed garbage
collectingalgorithms,it is necessaryo describehe globalmodelin whichthey will beused.
Themodeldescribedelov will beusedto describehedifferentalgorithmsfoundin literatureandthe
new ideasproposedn thisthesis.

2.1 Model

The modelusedthroughoutthis documentwill be composedf a setof logical differentspacesor
processorgfurther denotedas P), with direct, reliable communicationdetweenthem. Physically
somelogical spacesanbe locatedon onesingle processaqrbut this doesnot changethe behaior of
thespacesThey keepcommunicatinghroughthe samemechanism.

The model consistsof a setof objects(further denotedas O). Eachobjecto residesin exactly one
spacep € P. Thisspacep is calledthe ownerof o.

To allow accesse® remoteobjects,’remotereferencesareintroducedalsocalledremotepointers).
A remotereferenceas alogical pointerpointingto anobjectthatis ownedby anotherspace A remote
referenceto an objecto is calledan o-reference.The completesetof all remotereferenceso one
specificobjecto is denotedRP(0). Local pointersto this objectwill notbeincludedin RP(0)because
theseareof nointerestfor the model.

Becauséhis modelallows migrationof objects,the ownerof anobjectcanchangeat runtime. RP(0)
includesall currentexisting o-referencesncludingin-transitremotereferencegtheseareremoteref-
erenceswvhich are sentto a space,but not yet arrived). The modelassumeghat thesepointersare
alwaysaccessible.

An additionalrequirements thateachprocessocanhave at mostoneo-referencdo a certainremote
object. This is not a necessaryequirementbut it simplifies the implementationwithout ary big
additionalcost. Usually, remotereferencego throughalocal indirectionthatenforceghis uniqueo-
referencesAs a consequence, local objectcontaininga (logical) remotereferenceactuallycontains

9
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a (physical)pointerto ano-referencdalsocalledstub).
Themodelincorporategour differentoperationsvith respecto o-references:

e creation
Theownerof anobjecto, sendsano-referencedo anotherprocessop. For examplea parameter
in amessage.

e duplication
Anotherprocessofotherthanthe owner)sendgshe o-referenceo athird processar

e deletion
A processodoesnot needthe o-referenceary moreanddiscardst.

e migration
A processohich alreadyhasan o-referencedo anobjecto, will becomethe nenv owner of o.
This operationwill consistof anumberof subtasks:
— realmovementof the objectitself
— old ownerchange®ld objectinto ano-reference
— new ownerchangests o-referencento therealobject

possiblymary duplicationsby adjustingall internalpointersof the objectitself

inform all spacesvhereo-referencesxist thatthe objecthasmoved

To keepthe model simple and consistentpointerredirectionswill not be allowed. An o-reference
alwayspointsdirectly to theobject,notthroughanindirectionat anotherspace.

Althoughthis modelcontainsonly four primitive operationsit hasbeenusedby mary researcherand
is consideredo be powerful enoughfor mostexisting distributedsystemsThis modelonly shovs the
generaldea,buttheimplementatiowill bemorecomple< andpossiblysystenor languagelependent.
Thelastrequirements thatthe communicatiorbetweerprocessorsnustbereliableandpresere the
order All messagesentmust arrive, andin thesameorder asthey weresent.*

2.2 DGC Messages

Thedistributedgarbagecollectorusessereralkinds of messagewo inform othernodesof changesn
theglobalstate.For exampleif a new spaceecevesaremotepointerfor thefirst time. Dependingon
the usedalgorithm,thesemessageareusedor not usedandpossiblysentto differentspaces.
ThemostimportantmessagearelncrementandDecrementnessages:

1This model,includingtheo-referenceéerminology is adoptedrom LermenandMaurer(1986),Piquer(1991)andTel
andMattern(1993)
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2.2.1 IncrementMessage

An incrementmessagéalsocalledINC-messager dirty call) is sentby a spacewhenit recevesan
o-referencdor thefirst time. Theincrementmessagés sentto the ownerspaceof theo-referenceand
is usedto let the ownerknow thatthis spacecontainsareferenceo this object. Thismessagés usedn
DistributedReferenceCountingalgorithms.Later DGCshave techniquego do not needthe sending
of theseincrementmessageée.a.IndirectReferenceCounting).

2.2.2 DecrementMessage

Theinverseof the incrementmessagess the decrementnessagéalsocalledDEC-messager clean
call). It is sentwhenthatspaceno longerusesthato-referenceandinformsanotherspace ln normal
referencecountingalgorithmsit will inform theownerspacgseesection3.2.3), butindirectreference
countingalgorithmswill sentit to their fatherin the diffusiontree(seesection3.2.3).

2.3 Conclusion

Now we have a generaldefinition of the modelthatwill be usedthroughoutthis thesis. All DGC-

algorithmsandoptimizationswill be explainedbasedn this model.

Only two messageareexplainedbecaus¢éhesearethemostgeneralisedn differentDGC-algorithms.
Thereexists lots of othermessagedyut eachone of theseis targetedat a specificalDGC, therefore
they will beexplainedtogethemwith theDGC.

In the next chaptera generalntroductionto GarbageCollectionis written, followed by morespecific
detailsaboutDGC. Finally the mostcommonDGC-algorithmsareexplained.



Chapter 3

GarbageCollection

In the beginning of the programming-eraprogrammergommunicatedvith the machineon a bit-
level by switching simple switches. Shortly after, this wasimprovedto a simple input-systenthat
acceptedhexadecimalvalues.The next stepwastheinventionof mnemonicdo helpthe programmer
to understandis own program. Neverthelessuntil thenthe programmemasin chage of arranging
every detail of his program(e.a.calculatingoffsetsandabsoluteaddressesf instructions).

Later, high-level languagestartto appear They containcompilersthattransformuserprogramsnto
low-level programsreadyto be usedby a computer The biggestadvantageof compilersis thatthis
bookkeepingof offsets,variableaddresseandotherthingsis donein anautomatiovay without help
from the programmer

Thesecompilers(which arestill usednowadays)canallocatevariablesn threedifferentways:

Static Allocation A variableis boundto a specificaddressat compile-time. The mayor problems
with staticallocationis thatthe sizeof the datastructuremustbe known at compiletime andno
procedurecanberecursve becausealueswould be overwritten.

Stack Allocation The problemof recursvenesswas solved by the invention of stacks. Eachtime
a function was called, its variableswere put in a new stack-frameon top of the stack. After
finishing the function, that frame wasdiscarded.Although now recursvenesss introduced,it
still hassomelimitationssuchasthatthe sizeof thereturnvaluemustbeknown at compiletime
andno objectscanoutlive their stack-frame.

Heap Allocation To solwe this last problem, the heapwas invented. Here datastructurescan be
allocatecanddeallocatedtary placein theprogram.Thisheapallowstheprogrammeto create
andmaintaindatastructuresn amorenaturalandeasiemway. Now thesizeof datastructuress
no longerfixedandit cangive programminganguagesnoreflexibility (like allowing to return
functionsasresultof afunction)

Eachof thesethreeallocationsmanageheir memoryin a differentway.

Staticallocationdeterminesheaddresstcompiletime andnever releaseshatspecificaddressit will
be keptuntil the programterminates.

12
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Stackallocationcreates new stackeachtime afunctionis called.Whenthis functionreachests end,
its stack-frames poppedrom the stackandall variablesn it arelost.

Heapallocationcanhave two differentmanagement®ll languagesieedaspecificcall to claimanew
pieceof memory In languagesike C or C++ the programmemustexplicit inform the management
that it doesnot needthis piece of memoryanymore. This can have two incorrectconsequences:
Memory is releasedoo early (other data structuresstill have a pointerto it) or is never released
(memoryleak). Both problemsare very hardto track down becausdahey do not always generate
immediateerrorson execution. Alternative languagesik e Java, Lisp or Smalltalkhave anautomatic
managemenmnodulethattakescareof memorypieceshatareno longerusefulfor the program.This
moduleis the local garbagecollector (from now on denotedgc). An objectis no longerusefulif it
is no longerreachabldrom anothemreachableobject. Local reachabilityis definedby a setof roots.
Whenanobjectis nolongerreferencedrom theseroots, it is candidatdor local garbagecollection(=
notreachable)Thelgc cannow safelyfreethe memoryoccupiedby this object.

3.1 Distributed Garbage Collection

Theuseof networksandmoreespeciallyof theinternetin applicationdbecomegnorecommonevery
daybecauset cangive alot of power andfreedomto the programmemnduser: informationcanbe
spreadut over multiple machinescalculationccanbemadeon specializedcomputers..Thisis called
distributedcomputing[Tan88].

Whenobjectsare distributed over several computersunchangedormal garbagecollection can not
be appliedany more. The problemis that a remotereferencecanreferencean objecto in a certain
process Evenif this objecto is nolongerreferencedocally, it may not be freedbecauséhereexists
aremotepointerto this objectin anotherprocessar

The purposeof a DistributedGarbageCollector (from now on denotedDGC) is to free theseobjects
only if thereareno local and no remotereferenceso the object. Local garbagecollectorscheckthe
local memoryandfree the memorythatis no longerused. A Distributed GarbageCollectorusually
workstheotherway: it preventscertainobjectgwhichareremotelyreferencedjo begarbageollected
prematurelyOnceit findsoutthatthey arenotreferencedemotelyary more, it givestheresponsibility
of collectingthe objectto the local garbagecollector If it is alsonot locally referencedjt will be
collected(eventually).

3.1.1 Reachability

To beableto know whenanobjectcanbefreedor not, we needa slightly moreformal way of defining
reachabilityin distributedsystems.

Luc Moreaudefinesglobal reachabilityfor an objecto, if one of the following threeconditionsis
true[Mor0J:

e if oislocally reachable

e if thereis aglobally reachablebjectthatlocally reference®
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e if thereis aglobally reachablebjectthatcontainsano-reference

3.1.2 Similarities and differ encesbetweenlgc and dgc

Althoughthe goal of both garbagecollectorsis the same(collectinggarbage)their way of solving it
is different. If onewould apply lgc-techniquesinchangedo distributedgarbagecollection,it would
causeerrors,undesiredielaysor evendeadlock§LSB92)].

Becausat is agarbagecollector it mustfulfill theserequirements:

comprehensve Collectgarbagglifeness)

correct Collectonly realgarbaggsafety)

expedient Memoryshouldbefreedat a speedhigh enoughto fulfill theneedsor memory
efficient time andspaceoverheadshouldbe minimized

Distribution addsanotherrequiremento this list:

concurrency To allow differentprocessorso do thingssimultaneously

local and global objects

To beableto garbagecollectan object,the collectorhasto know whetherit is still referencedr not.
Most dgcsthereforedivide the whole setof objectsin two subsets:local and global. An objectis
globalif it is still referencedrom anotherprocessqrotherwiseit is local. During executionan object
canswitchbetweerthesesets.This changeof statuss handledby thedgc,which decidesvhetherthis
objectwill beprotectedcannotbefreed)or whetherthelgc canfreeit safely

Cycles

In somecasesgyclic structuresof garbagecanexists. Especiallywhenthesecyclesare distributed
over a numberof computersthey canpresenta problemfor a dgc, becauseeachpartof the cycle is
still remotelyreferencedby anotherpartof thecyclic garbage)thereforepreventingthis partof being
collected.Thesecyclesarecalledglobal cycles

Most dgcsdo not reclaimglobal cyclesbecauséhe costof collectingtheseis consideredigherthan
the profit of claimingarelatively smallnumberof objects.Otherdgcssolve the problemby migrating
the partsof the cyclesto the sameprocessqrwherethe Igc cantake careof them. A few dgcscan
collectthemthemseles.

Reactive vs. Tracing algorithms

An algorithmis calledreactve if achangen the stateof an objecttriggersthe dgcto freethe same
and/orotherobjects. Tracingalgorithmsare only ran at certaintime intervals or if extra memaoryis
needed.
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Figure3.1: Cyclic Garbage

In generaltracingalgorithmsare more expensve on communicatioroverhead pecausehey needa
lot of node-traersalgo decidewhetheranobjectis globally reachabler not. On the otherhand,they
canbe morepowerful (e.a.by claimingcycles).

A third kind of DGC exists: hybrid. This usesa reactve algorithmto claim mostof the garbageput
also,infrequently startsa tracingalgorithmto claim cycles.

Synchronization

Becausdocal informationis not enoughto decidewhetheran object can be reclaimedor not, the
DGC hasto communicatewith other processorgo get the necessarynformation. Becausen this

distributedervironmentmultiple eventscanhapperat the sametime, the DGC mustsynchronizewith

other processesit a certainpoint to decide. The easiestway is the stop-the-vorld-protocol,where
all computationis block until the DGC hasdecided. For reactve or real-timeapplicationsis this

unacceptable.More sophisticatecalgorithmsonly dery certainoperationsto happenconcurrently
with thegarbagecollection. This allow moreconcurreny, by blockinglessprocesses.

Robustness

Distribution addsanotheraspecto garbagecollection. On a single processarall messagearrive in
the sameorderthey weresent,but this is not alwaysthe casein networks. Somemessagesanarrive
twice, in anotherorderor notatall.

In eachof thesecasesthe DGC mustpreventthatnon-garbagés collectedandthatgarbages notkept
forever.

Anotherproblemis thata certainprocessocanstoprespondingor a certaintime or it cancrash.The
differencebetweenthesetwo statesis very hard (if not impossible)to detectby anotherprocessar
This makesit much harderfor the DGC to know which objectsthat processoreferencedor still
references)andto decidewhatto do with them.
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3.2 DGC Strategies

To solve the problem of collecting global garbage mary differenttechniquesare proposed. This
sectionwill give ashort,generaintroductionto thethreemostcommonusedtechniquesandthenwiill
dig furtherinto optimizedor extendedversionsof DistributedReferenceCounting.

3.2.1 Distributed Mark And Sweep

In this catayory, two differentsubdvisionscanbe made:DGCswhich useadistributedversionof the
local Mark And SweepandDGCsthatarebasedn Dijkstra’s on-the-flyMark And Sweepalgorithm
[DLM +78, DS80].

Both DGCsworks by maintaininga mark-treeto which the DGC addsbranches.This canbe best
comparedvith themarking-phasef alocal mark-and-swee@C. Initially all nodesarecoloredwhite.
The DGC startsat the root andtraversesn parallelall its children. Thesearecoloredgrey. Whena
nodehasno childrenor they arealreadyvisited (= coloredgrey) or whenthey all have acknavledged,
it is coloredblackandsendsanacknavledgeto its father Whentherootis coloredblack,themarking
phasds finishedandall white nodescanbe deletedsafely

disadwantage:

e createdot of network traffic eachtimetheDGC s ran
e needdgo know all nodes(canbealot)

e difficult to implementsynchronizatiorbetweerphases

3.2.2 GarbageCollecting Actors

Eachactor[Hev77] hasby definitionits own threadof control, memoryassociatedavith it andacom-
municationmechanismmailboxes). Root actorsare consideredo be alwaysrunningandare con-
nectedwith I/O devicesto communicatevith the outsideworld. An actorcanbe consideredjarbage
if its presenceannotbe detectedy the outsideworld. Theideais thatgarbageactorscannotbecome
nongarbageéecauseheir mail addressearenot know by anothemongarbageactor

Most DGCsfor Actorslook very similarto Mark andSweepor ReferenceCounting.

3.2.3 ReferenceCounting

This algorithmis basedon the conceptof referencecountersasin earlylgcs. The mainideais that
eachremoteaccessiblebjectcontainsa counter This counterrepresentfhiow mary processorsre
currentlyreferencinghis object. Whena processorecevesa newv remotereferenceijt sendsa dirty-
call to theowner. Thisdirty-call (alsocalleddecremeniessag®r DEC-messageyill incrementhe
counter Whenthis processodoesnot needthe referenceany more,it sendsa decremenmessagé¢o
the objectto decrementhe counter
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Whenan objectis not locally referencedary more and the counterequalszero, this objectmay be
collectedsafelyby thelgc.

disadwantage:

e generatetots of network traffic

e no fault tolerance:if a processocontainingan o-referencecrashesthe objecto will never be
freed

e if causalityis not preseredby the messagasystemthealgorithmis not safe

A lot of optimizationsandextensionsareaddedto "normal” referencecounting. The mostimportant
areshortlydescribedelow:

Weighted ReferenceCounting

This is an improvementon the normal ReferenceCountingto avoid sendingdirty-calls. Insteadof
having a counter anobjecthasaweight. Initially it containsa certainvalue X. Eachtime areference
to this objectis transferredo anew processaqrthis weightis split anddividedover thetwo processors.
Whentheo-references nolongerneededit will returnits local weightbackto the original object.
Theideais thatan objectcanonly be collectedif thereexist no local referencesand the weightis X
again(no o-references).

advantage:

e generateessnetwork traffic

e needxmo causalityin thenetwork
disadwantage:

e problemswhentheweightcannotbedividedary more

e no fault tolerance:if a processocontainingan o-referencecrashesthe objecto will never be
freed

Indir ect ReferenceCounting

This new techniqueis very closeto the original referencecounting,but now the stubsalso contain
countergPiq91]. Eachstubcontainsareferencdo its father(from which it recevedfor thefirst time
the o-referencepanda counter

Now, eachtime an o-references duplicatedto anotherprocessarthe local counteris increased
(therebyavoiding network traffic).

Thestubscanbecleanednly if therearenolocal referenceso it, and thecounterequalszero.Before
destrging itself, it sendsa cleancall to its father The objectitself canonly be collectedif thereexist
no local referencesnd the counteris 0 (no o-references).

adwantage:
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e generatetessnetwork traffic (avoiding dirty calls)

noweightdivision - problem

supportsobjectmigration

needso causalityin thenetwork

simpleto implement

disadwantage:

e no fault tolerance:if a processocontainingan o-referencecrashesthe objecto will never be
freed

e cancreatezombie-referencestubswhich arenotlocally referencedbut only exist to presere
thetree(becausehey have children)

Indir ect ReferenceSets

Indirect ReferenceSetsarecloselyrelatedto IRC, but insteadof countinghow mary childrena node
has,it keepsa setof the spaceof its children[PV98]. The sizeof this setis equalto the reference
countin IRC.

Eachtime thereferencds sentto anotherspacethis spaceas addedto theset. It is evenaddedif that
spacewasalreadyin theset. Thisis necessaryo ensuresafety(seesection3.1.2).

Similarto IRL, stubscanonly be collectedif their referencesetsareempty(samefor therealobject).
The biggestadwantageis that eachstub now knows exactly which spacesreits children. In IRL it
only knows how mary their arebut if one of themfails to senda decrementnessagethe stubwill
never bereclaimed.The DGC cannow usethisinformationto determinewhetherits childrenarestill
alive or notanddo somecleanupif it knowsthata spacebecameaunreachable.

advantage:

¢ all advantage®f IRL
e betterfor faulttoleranceput not perfectbecausehildrenof acrashedodecannotberecovered
disadwantage:

e cancreatezombie-referencestubswhich arenotlocally referencedbut only exist to presere
thetree
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3.3 Conclusion

This chapterexplainedthe basicdetailsof local garbagecollectionanddistributedgarbagecollection.
After explainingall the necessaryletailsof DGC andespeciallythe encounteregroblems different
DGC-algorithmswnereexplainedwith theiradvantagesanddisadwantages.

Therestof this thesiswill focusonthe IRL andIRC-algorithms.Next chaptemwill go morein depth
in the problemscreatedby thesealgorithmsandwill explain two differentsolutionsproposedy two
researcher@oreauandDickman).



Chapter 4

TreeFlattening Techniques

This thesiswill primarily dealwith optimisationsandextensiondo IndirectReference.isting. Some
of thesetechniquesanalsobe appliedto IndirectReferenceCountingor maybeevento otherDGC-
algorithms.

This chaptemwill first explainthe basicproblemsencountereavhenusingindirectreferencdisting. In
the next sectiondifferentdiffusiontreeflatteningtechniquesreexplained.

4.1 BasicProblems

Indirect algorithmswere inventedto reducecommunicationinteractionbecauseno incrementmes-
sagesieedto be sent. This new ideaworksfine, but still hassomeminor negative points.

4.1.1 Partial failure

Whenalargenumberof computersreinvolvedin acomputatiorandespeciallywhenthiscomputation
take along time, someof thesecomputersancrashor becomeemporarilyunavailable. Whenusing
indirectalgorithms thediffusiontreeis spreadll overthe computersnvolvedin thecommunication.
Whena computerfailsin this systemthis diffusiontreecanbe corrupted.

WhenspaceC now fails for somereasonit breakghediffusiontreein threedifferentsubtreesndit is
impossibleto reattactthe lower subtreeso the original treebecauseao nodein the uppertreeknows
thatthe nodesof thelower subtreewverepartof theoriginaltree.

Differenttechniquesanbe usedto solve this problemthe bestway possible.Sometechniquesend
redundaninformationto othernodeswhichwill reclaimthe nodewhenits fatherhasdied. Another
techniques thatwhennodesdetectthattheir fatheris dead,they will askto be adoptedby theroot.
Many solutionsexist, but until now, noneis consideredsbeingthe bestin all cases.
Diffusiontreeflatteningtechniquesreusedio minimizethenumberof critical nodeswvhich maycause
problemswvhenthey crash.Thisis particularlyimportantin long-livedsystemswhereit is crucialthat
realgarbages alsoreclaimed.Otherwisethesesystemsould run out of memoryat somepoint.

20
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Figure4.1: DiffusionTree

4.1.2 Migration

Migration is the ability of objectsto move from onespaceto another Consideringhe GC, thisis an
interestingchallengebecauseven whenthe objectmovesaround,the informationneededo collect
theobjectattheright time (nottoo early, nottoo late) hasto beadaptedo the movementof the object.
Indirect ReferenceCounting,asit wasfirst proposedoy Piquer introducesthe ability to let objects
migratein avery easyway.

Before After

Figure4.2: Migration

Whenthe objectmovesfrom spaceA to spacek, E becomegheroot of the new diffusiontree. Now
E is thefatherof the old root andit will senda cleancallto his old father Sowith only two messages
thetreeis restructuredo make nodeE theroot of thediffusiontree.

Although this soundsvery exciting at first sight, thereare someproblemswith this technique.This
migrationthatchangeghetree,canchangethetreeis a negative way, makingit moredeep,whichis
badfor faulttolerance(seeprevious section).Whena computatiomeedsa lot of migrations this can
reshapehetreein avery badway, annihilatingall treeflatteningactions.
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4.1.3 Zombie-references

Anothernegative point arethe so calledZombie-referencesTheseare stubsin spacesvhich arenot
locally referencedbut still have childrenin thediffusiontree. It is unsafeto deletethembecausehey
areneededo keepthetreeconsisten{their childrenneedto stayin thetree).

Zombie-referenceare not favorablebecausehey createunnecessargependenciesn thesespaces.
Whena space,containinga zombie-referencéails, the treewill becomeinconsistentas explained
in previous sections). Sometree flattening techniquesare targetedon not allowing thesezombie-
reference®r cleaningthemassoonasthey occur

4.2 TreeRerooting, by Dr. Luc Mor eau

The problemwith diffusiontreesis thatthey canbe very deep whichis badfor faulttolerancgmary
zombieo-referencesand prohibitsa fastbreakdevn of the treewhenthe lastreferencehasbecame
garbageMoreausolvesthis problemby applyinganalgorithmthatputsall nodesn thediffusiontree
onthefirstlevel. If anodeis createdata secondr deepetevel, it will bemoved(rerooted}o become
adirectchild of theroot. Onceall thesererootshave finished,thetreeonly containsonelevel with all
thenodesn it.

Originally, Moreauproposedhis algorithmto work with IRC. He successfullymplementechis algo-
rithm in adistributedschemeandstatisticsareavailablein his paperdMor98, Mor01]. Nevertheless,
this algorithm can easily be adaptedto work for IRL. The algorithm-sectiorwill explain the plain
IRC-algorithm,but thereadercaneasilyadoptit to IRL.

4.2.1 BasicAlgorithm

Thealgorithmconsistof asequencef two messaget besentfor eachrerooting. Thefirstis initiated
by the new nodeC (which is at minimum at level 2), andis sentto the root of the diffusiontree(A).
Herethe new noderequestsheroot to becomehis father If therootacceptgshis, it will sendanother
messag¢o the original father(B) to decremenhis counter

request for
rerooting

Before After

Figure4.3: Moreaus Algorithm
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The key ideathat holds the correctnesof the algorithmis that the decremenimessagas always
sentafter the counterat the root wasincremented this way the original objectcan never be freed
incorrectly

4.2.2 Detailed Algorithm

This sectionwill go deepelin the neededtonstructiongo let thealgorithmwork correctly
Thealgorithmassumes receve-tablecontainingall the remotepointersknown by this process.This
tableis usedto lookupnewly recevedremotepointersto know whetherthey arealreadyknown or are
new at this space.This tableis not usedasa root of thelocal garbagecollectorto avoid interference
with the definition of globalreachability

To have a clearview onthealgorithm,figure4.3 shovs anexample.In this caseA createdcanobjecto
andsentits remotepointerto B who forwardedit to C.

Eachtime aremotepointeris sent,its local counteris incrementedWhenaremotepointeris receved,
it is putin therecevetable.If it wasalreadythere(soit wasalreadyknown), a cleancall is sentto the
lastsender

Now, if aremotepointeris recevedfrom a processotherthantherootandit wasnot alreadyknown,
treererootingis initiated. Thisis the caseof C receving the pointerof B. Now aINC_DEC - message
is sentto theroot (A). This messageontainsalsoa referenceo B which is the currentfatherof this
pointerin C.

WhentheINC_DEC arrivesattheroot, it increase#s counterandcreatesasecond DEC) messagé¢o
theoriginal father(whichis known by theINC_DEC - message).

At last,the DEC messagarrivesattheoriginal father(B), which now safelydecrementsis counter

4.2.3 Remarks

Thekey ideais to safelypropagateeferencecountsto theroot. Thisis accomplishedby only sending
adecremenéfterthe counteris incrementedttheroot.

This algorithmdoesnot changethe sumof referencecounterdan a stableconfiguration.Althoughthe
sumcanbe slightly higherthanit shouldbe, this is only a temporaryproblemandwill be solved by
futurearrivalsof DEC-messages.

Not representeth the tables,but necessaryor the algorithmare send-tablesEachtime a pointeris

sentto anothermprocessthe pointeris enteredn thistable. Becauseéhis tableis aroot for the LGC, it

protectghepointerfrom beinggarbagecollectedf thereareotherprocessewith this processsfather
for this pointer Whena counterfor a remotepointerreachesero,the pointeris removed from this
send-tableOnly if it is alsonotlocally referencediny more,it canbe garbagecollected(= sendinga
DEC o its father).This send-tabl&eepspointersalive, evenwhile they arein transit.

Importantis alsothatthe sendingof theselNC_DEC-messageis asynchronousvith the actualcom-
putation. This meanghatthey canbe delayedor evencompletelyneglected. This way, the algorithm
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canbeturnedinto awide variety of algorithms,goingfrom very aggressie rerootingup to plain IRC
(if they areneglected).

Moreaualsostresseshe potentialof parallelexecutionof the DGC-messagedf bothextramessages
areprocessedavhile thatprocessois doingnothingelse,it hardlymeansanextra costto procesghem.

4.2.4 Critical View

Although the algorithmis simplein its basicform, thingsbecomemore complicatedwhen multiple
messagearecreatedn parallel. For exampleif aremotepointerinitiatesarerootingandis deletedat
thesametime, causinga decremeninessagéo its father If thisis handledncorrectly it cancausehe
real objectto be freedprematurely Althoughthis canbe solved, it createsnorecompleity thanthe
original algorithmindicatesat first sight.

More importantis that eachrerooting-actiomeedsa sequencef two messagesln somesituations
the costof sendingthesetwo messagesan be higherthanthe gain obtained. In this caseit is not
appropriateo sendthem. Unfortunatelyit is very difficult to predictexactly whento sendthemand
whento not sendthem.

The tree-rerootingalgorithm consumegesourcen differentareas. First of all two messagesre
sent. This requiresbandwidthon the communicatiorchannelsetweenthe threeprocessesin case
of a simpleethernetocal-areanetwork, this meansclaiming the whole network-segmentto sendthe
messageanddelayingthe sendingof othermessagedf switchesareused,only thelink betweerthe
two correspondingbjectsis claimed,but thisis anexpensve solution.

Secondlyalso processingpower is consumed.This hasan effect on other processesunningon the
sameprocessarlf thesemessagesanbe handledwhile the processors idle, nothingis lost, but oth-
erwiseit meangdelayingthe otherprocesses.

4.3 Diffusion TreeRestructuring, by Dr. Peter Dickman

Dickmanusesanothempproacho flattenthediffusiontree. His ideasareformulatednto two different,
but coherentalgorithmswhich try to lower the depthof the diffusiontree[Dic00]. His algorithmsare
primarily basedn alreadypresentommunicatiorbetweemrocesses.

4.3.1 BasicAlgorithm

Thebasicideabehindall thesealgorithmsis thatthe original father(obtainedoby thefirst arrival of the
remotepointerat that process)doesnot have to remainthe father For instancewhile performinga
remotemethodinvocationon therealobject,it canusethis communicatiorto rerootitself.
Theideaconsistof two basicalgorithmsandtwo additionalextensiondo it:
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sub-treere-rooting during RPC Eachtime a processnvokesa remotemethodon the object,it cre-
atesa communication.The original objectcandetectthat the originator of the methodcall is
not locatedas a direct child of the root. Before returningthe RPC, the referencecounteris
incrementedo ensurethe safetyof the algorithm. Whenthe resultarrivesbackat the original
processit cansenda DEC-messag#o its original father

Depth-reducing parent selection If aremotepointeris recevedfor asecondime, plainIRC sendsa
DEC backto thatprocess.This algorithmchooseghe bestfatherandsendsa DEC to the other
father possiblychangingit. It is assumedhateachnodeknows his depthin the diffusiontree.
Thenodewith the lower depthis the bestfatherfor anode.

4.3.2 Detailed Algorithm
Sub-treere-rooting during 'RPC’

The resultof this algorithmlooks very similar to Moreaus algorithm becauset rerootsa sub-tree.
Although, this rerootingis encapsulateith a RPC-call,causingno extra messageo be generated.
The messagaétself is extendedwith one bit, which indicateswhetherthe original processasksfor a
rerootingor not. Whenan RPC arrives at the root andthe bit is set, the local referencecounteris
incremented.Only afterthis incrementthe RPCis allowedto returnthe result. Encapsulated the
result,thereis a bit telling if the rerootinghasfailedor not. If it did notfail, the original processwill
senda DEC to his original fatherandchangets father

Depth-reducing Parent Selection

Eachtime a pointeris transmittedo anotherspacethe local counteris incrementedIf thereceving
spacealreadyknew this pointer, it cannow choosebetweents two fathers(the original andthe new).
This decisionis madeaccordingto their depthin thetree. This ideaneedshateachnodeknows his
depthin thetree. After switchingfrom father a DEC is sentto the otherfatherandthelocal depthis
adjusted.

Near-leaf Parent Avoidance

An incorveniencéhappensf anodechangedts fatherby theParentSelection-algorithnandif thenew
fatherwasa child of the diffusiontreebefore. Although completelycorrect,this causeshe diffusion
treeto have oneleafless.With respecto failuresandfaulttolerancethe numberof crash-problematic
nodeshasincreased.

To solve this problem,the procesghatsendsa remotepointer addsa bit telling whetherit is aleafin
thetreeor not. Dependingon this bit, thereceving processandeterminewvhethernt will considerthe
new fatherasafatheror not.
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Simple WeightedProxies

In two similar situations, DEC-messagesanbe eliminatedor at leastpostponedy usinga system
similar to weightedreferencecounting.

Whena procesgecevesaremotepointerfor asecondime, it sendsa DEC to oneof thetwo fathers
(seealgorithmsabove). If the pointerwassentby the sameprocessdeingits currentfather it will not

sendthe DEC immediately but keepa counterof DECsto that processIn caseof a fatherchangeor

deletionof the proxy; it will senda DEC representingnultiple DECs.

The sameidea can be usedwhen a processsendsmultiple RPC-callsto the root and all of them
successfullyreroot the node. This causesmultiple incrementsat the root and will causemultiple

DEC-message® be sentby theoriginal processHerethey canbecombinedoo by a similar system.

4.3.3 Remarks

The extra bit neededn the RPC-callandin the proxy, is usedby the proxy to avoid askingfor a
secondrerootingwhena previousrerootingfailed for somereason.It canbe a design-decisiomr an
implementation-decisioto re-requesterootingseachtime, or only thefirst time.
Thesub-treererootingusesan RPC-callto transmittherequesfor rerooting,but it cancauseanextra
DEC-messag# rerootingis done.This extramessageould otherwisehave occurredn thefarfuture
or evenneveratall.

Becausaow eachproxy containsa depth-indicatarthis field cansuffer from overflow-problems.To
keepthe spaceoccupiedby thisfield small,it canbe a smallinteger. The highestvaluewill represent
asticky infinite: all nodesbelow have the same’highest” value.

4.3.4 Critical View

Whena treeis constructedeachnodeknows its depthin the tree. Unfortunatelywhentime elapses
different tree flattening techniquesare usedto lower the depthof the tree. Eachtime this action
happensnot only the depthof a nodechangesbut alsothe depthof all its children. Thesechildren
arenot informed of the depth-changéecauseat would causetoo mary messagesAfter sometime,
andmary flatteningsthe actualdepthsof nodesandthe depthsat which they think they arecandiffer
alot, causingthe secondalgorithmto behae reversely

Unlike Moreaus algorithm, thesealgorithmsare only thoughtof, no actualimplementationexists.
When performingdifferenttree flattening algorithmsat the sametime, one mustalso considerthe
problemswhich arecausedy applyingthem. For instancea DEC canbe sentto theold father while
anotheralgorithmis changingthe father Or two algorithmscancreatea raceconditionto changehe
father causingDECsto be sentto wrongfathers.

4.4 Conclusion

Becauséoth network-configurationand the actualdistributed computationcauseglifferentimpacts
onthefinal resultof theflatteningtechniquethisis difficult to test. For eachdifferentsetup,a number
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of benchmarkganbe generateavhich showvs thata certainalgorithmis betterthananother
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Chapter 5

ProposedTreeFlattening Techniques

As statedin chapter4, the problemis thatwhenusing Indirect ReferenceListing in its normalway,
thediffusion-treemaybecomevery deep.This cancausdlifferentproblems:

e zombie-references
e moredifficult to managdault-tolerance

In ary case minimizing the depthof this invertedtreeis recommendedAt leastif the overheado
minimizeit, remainswithin acceptabléoundaries.
This chaptemwill proposesomenew techniquego minimize thedepthof this diffusiontree.

5.1 Intr oduction

As describedn chapter2, therearefour differentoperationsvhich mayalterthediffusion-tree:
e creationof anew node(sendingareferencdrom therootto anothemode)
¢ duplicationof a node(sameascreationbut notinvokedby theroot)
e deletionof anew node
e migrationof therealobject

Thecreationandduplicationof nodesarehandledn a similar way. Thiswill be describedn the next
section.

Deletionof nodesandmigrationcancauseifferentkind of actionsonthediffusiontree.Eachwill be
explainedin a differentsection.

28
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5.2 Adding or duplicating nodes

A new nodein thetreecanbecreatedn threedifferentways. Thefirstis by invoking aremotemethod
and sendingan objectas parameter Dependingon the object, it is sentasa copy, or asa remote
reference.The secondway is by invoking a remotemethodthat returnsa result. This resultcanbe a
remotereferenceThelastway s by calling alookupontheregistry. Thiswill alwaysreturnaremote
reference.

Eitherway, a remotereferencds transferredrom onespaceto another If this remotereferencevas
notknow in the secondspacethis new spacds addedo thediffusiontree.

In normalindirectReference.isting, thenew nodeis addedasa child of thenodewhereit camefrom.
Thereis no differencewhetherthis wastheroot or not.

In IRL thenew nodeis addedasa child of thenodewhereit camefrom, but alsoanothemechanisnis
invokedto minimizethedepthof thediffusion-tree . Thisnew mechanisnwill becalled’Minimize-by-
Insertion”,becausd is only invokedwhenanew nodeis addedo (or insertednto) thediffusion-tree.

5.2.1 Minimize-by-insertion

Thegoalof this algorithmis to keepthe depthof thediffusion-treewithin alimit (unlike in thedefault
algorithmof IRL). Most of the time this limit will be four levels, but for shorttimes, five levelsare
alsoallowed. Eachtime the depthof five is reachedatreeflatteningtechniques invoked.

New nodescanbeaddedo thetreeatfour differentlevelsin thetree.Dependingonthelevel, the new
nodewill createa numberof additionalmessaget minimizethetree.

In all caseq= all levels),it will be atthe original node(= future parent)wherethe actionstarts. The

firstthingto dois to addthenew nodeto its list of children. Thenew nodewill addthefirst nodeasits

father This behaior is the standardehaior in IRL-algorithms,andwill bethefirst thing bothnodes
doateachlevel.

The fatherwill alwaysaddthe nev nodeasits child, althoughit doesnot know whetherthis new
nodewasalreadyin the diffusion-treesomeavhereor not. If thisis the case the new nodewill senda
decrementmessagéo its secondfather This will deletethe new nodefrom the referencdist of the
fatherandmake thetreeconsistentagain.

Level 1

This caseis wherethe root is the fatherof the newv node. It is alsocalled”creationof a new node”,
conformingto thelist of chapter2.
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Becausat is therootwhich createghe new node,no extramessagewill be needecandthenew node
staysatthislevel.

Levell Level 2 Level 3

Figure5.1: Levels1,2and3

Level 2

Now thecreatorof thenew nodeis nottheroot, butit is adirectchild of theroot. it knowsthis,because
its fatheris theroot.

In this case this informationis transmittedto the new node,which knows it is at level 3. No extra
messagearegeneratediFromlevel 2 to all next levels, thisis alsocalled"duplicationof anew node”.

Level 3

Again, the creatoris not the root, andit knows that its fatheris neither In this case we needmore
informationto decidethatwe areon level 3 andnot deeper Thereforeextra informationis addedto
awire-representationa grandather If its grandhtheris theroot, it meanghatit is onlevel 3. Only
from level 3, the grandhthermakessensepn higherlevelsthe nodesdo not have grandhthers.The
informationin thewire-representations updateceachtime they aretransmittedo anothemode.

Importantis that when a wire-representatiois sentfrom a level 3 node, it containsan extra bit to
inform the new nodethatit is onlevel 4. The samebit will be usedatthe next level to inform the new
nodethatit is atlevel 5. The grandhtherinformationonly is insufficient to determinethe difference
betweerlevels4 and5.

Now we know thatwe areon level 3, no extra messagearegeneratec@ndthe diffusiontreeremains
thesame.

Level 4

Whena wire-representatiofeavesa level 4 node,it knows thatits grandatheris not the root. This
informationis representeth the samebit asusedin level 3 (but a differentvalue).
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Whenthe wire-representatioarrives at the nev nodeandit wasnot alreadyin the tree (this would
generate decrementessag®ack),atreeflatteningalgorithmis started.

Thealgorithmconsistof acombinationof threeextramessagedut thesecanbe sentasynchronously
with the computation.Theseextra messagewill notcreatea large overheadbecausehey canbe sent
in parallelwith the computation.

¢ the new nodesendsa messagéo theroot to inform it thatit hasto adoptthe fatherof the new
node

e Therootwill sendamessagéeo thefatherto saythatit is its fatherfrom now on. Whentheold
fatheragreestherootwill addthefatherto his referencdist.

e Thefatherwill sendacleancallto its original fatherto keepthetreeconsistent.

Level 4

Figure5.2: Level 4

Thus, the overheadon level 4 equalsthe sendingof 3 messageshut noneof them includesa big
amountof processinglt is justto keepthetreeconsistent.

5.2.2 Arguments

Theideabehindthisflatteningalgorithmis thatthedepthof thetreecannotexceed4, unlessn specific
cases.Eachtime a depthof 4 is reachedanda new nodeis added(creatinga fifth level), thetreeis
flattened.

As in mostalgorithms,specificcasearediscoveredwherethetreecanbe deepetthan4, but theseare
only temporalstages.
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New nodeon Level 4

Whenanew nodeis createdonlevel 4, it will beaddedaschild of thislevel. Thisway it is temporary
onlevel 5, but it will we moved up whenthe messageeceve the root. This flatteningwill move the
nodebackto level 3.

New nodeof a newnodeon Level 4

Becauseéhe propagatiorof thesemessagethatflattenthe treearepropagatecésynchronousvith the
actualcalculationsin the new node,it can happenthat this node createsnev nodesbelov himself
beforeit hasbeenrerootedto another(higher)level. Thefirst nev nodewasalreadyon level 5 (but
will bemovedsoon),but thelastnewn nodeis evenon level 6!!

Fortunately this is alsojust a matterof time. Becauseghe new nodeon level 6 alsostartsa flattening
algorithmandwill we movedto a higherpositionin the treetoo. The samehappensvhenthis last
nodecreatesanothemewn nodeandsoon...

aftersometime, thetreewill alwayshave a depthof 4 (or less).

5.2.3 Newinvariant: Grandfather

The correctnes®f this flatteningalgorithmnow alsorelieson a new invariantof the diffusiontree:
Eachnodeknowsits grandather

Whenonly creatingnew nodesthiscanbedonein averyefficientway. Eachtime awire-representation
is sentto anew node thefatherandgrandhtherfieldsareupdated.The new nodenow directly knows
its fatherandgrandather

Deletingnodescreatesnoreproblems pecauséhis canchangethe grandatherof anothemode.

Level1and 4

Bothlevelsdo notcauseary problems.Thefirst becausé canonly bedeletedf therearenochildren,
meaningno remotereferencegthe treeis completelycollapsed). Level 4 normally doesnot have
children,soit is grandatherof noone.In thevery exceptionalcasethata level 6 nodeis createdthis
will be only a temporalstage, wherebyits grandatherwill be changedvhenits flatteningmessage
arrivesattheroot.

Level 2

A level 2 nodecanhave grandchildrenwhich will have a nenv grandather(the root) if this nodeis
deleted. Heretwo differentapproachesanbe taken. Thefirst is sendinga messageo eachof the
grandchildrer(throughthelist of children)to saythatthey have anew grandhther

Becauseéhis cancreatea large amountof messagesnothemossibilityis moreuseful: do notinform
them, but let themstill think thatthey are 1 level too deep. This hasno catastrophieffect on the
diffusiontree,nor onthecorrectbehaior of thealgorithm. Althoughit cancreateextra (unnecessary
but still correct)tree flatteningactionsbecausesomenodesthink they are deeperthanthey actually
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are.After suchaflatteningaction,all theinformation(father grandfther..) in thatnodeis backup to
date.

Level 3

Althoughalevel 3 nodenormallydoesnot have grandchildrenthegrandtherof its childrenchanges.
Independenof the algorithmusedto dealwith deletionof intermediatenodes,no nev messageare

generated:

If the childrenof a deletedhodeareadoptedoy the fatherof thatnode this new fathersendsts name
andits grandatherto the adoptedchildren. If they areadoptedby the root, the grandatherfield is

erasedy adoption.

In neithercase messagearesent.

5.3 Deletingnodes

A side-efect of usingindirectreferencdisting is thata nodewhich is no longerlocally referenced,
may not be deletedif it still haschildren. The reasorfor this is thatthis nodeprotectsthe root from
beingfreed,while therearestill remotereferencesrom nodes pelow this node.

Example:If thetreecontains4 nodes:2 children,1 fatherand1 grandfther(root); andthefatheris no
longerlocally referenced An incorrectimplementatiorwould deletethe fatherandsenda clean-call
to its father(root). If therootis nolongerreferencedit maybe deleted pecausdie cannotknow that
aryoneelseis still referringto him. Thiswrongbehaior shouldbe avoidedatary time.

Most algorithmssolve this problemby simply not deletingnodesif they areno morelocally refer
enced,but still have children. Thesekind of nodesare called zombie-referencesOncethey have
recevedall clean-call§rom all their children,they maybedeleted.The problemis thatthis algorithm
cancreatea chainof zombie-referencewith at the endonenode. Whenthis final nodeis no more
used,t will createalot of clean-calldo cleanthechain.

Before After

Figure5.3: ZombieDeletion
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Thesolutionproposedn thisthesisis to deletethesezombie-referencesut still preventtherootfrom
freeingitself incorrectly

Beforethe nodewill be deletedall its childrenwill be adoptedby theroot. Now all the childrenare
movedin thetreeto bechildrenof theroot, therebyalsoflatteningthetree. Oncethenodehasnomore
children,it canbe freedwithoutary problem(no morereferenceso it locally nor remotely).A chain
of zombie-referencesannotbe formedbecauseachzombie-references immediatelyremovedfrom
thetree.

5.4 Migration

Migrationis theactof moving thereal objectfrom its currentnodeto anothemodein thetree. Thisis
alwaysavery costlyoperation(comparedo theotheroperations)becausé¢he objecthasto bemoved
andthetreehasto bereoganizedsuchthatit remainsconsistent.

In classicallndirect ReferenceListing (and Counting)this meansthat oncethe objectis moved, the
new nodebecomeghe root of the diffusion-tree.The original root is adoptedaschild of of the new
root.

Before After

Figure5.4: Migration

After this movement,all nodesmustbe informedthat the objecthaschangedo anothemodein the
tree,suchthatthey cansendremotemethodcallsto theright object.

5.4.1 Treeis growing

Unfortunately this good algorithm doesnot cooperatevery well with the tree flatteningapproach
proposedn this thesisor ary other Eachtime the objectmovesto anothemode,the depthof thetree

canbeincrementedy 1. After 10 migrationsthetreecanhave atheoreticadepthof 14, violatingthe

invariantmaximumdepthof 4.
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5.4.2 Solution

Until now all IRL algorithmsreliedonthefactthattheobjectis locatedattherootof thediffusion-tree.
This preventstherealobjectto be garbagecollectedprematurely

This thesisproposesa radicalchangeto this approachpy not holding the real objectin theroot, but
letting it move aroundin thetree.

The algorithmworks very similar to the original one, but just keepsthe treeasit wasbefore(no tree
rerooting). This changemposessomenew algorithmsto preventthe objectto be garbagecollected
prematureandto actuallyreclaimit whenit is nolongerreferenced.

Object at the root

Whenthe objectstaysat the root, the algorithmbehaes exactly the sameasbefore. The objectcan
only bereclaimedf nolocal or remotereferencesareknownto theroot (= if it is notlocally referenced
andit hasno children).

Protection

Whenthe objecthasmovedto anothemode,the nodecontainingthe objectmustbe protectedrom
beinggarbagecollected.If this nodehasno morelocal referencesandit hasno children,it couldbe
reclaimed(accordingto the original algorithm)

But becausehis nodeknows thatit containsthe real objectlocally, it will preventitself from being
garbagecollected.

Termination

Whenthe root doesnot containthe objectany more,the root will alwayshave at leastonechild be-
causethe nodewherethe real objectis located,cannever bereclaimed.This preventsthe nodewith
theobjectto begarbagecollected but it alsopreventstherootfrom beingfreed.If thisis nothandled,
asmalltree,containingonly theroot andthe nodewith therealobject,will alwaysremainalive.
Fortunately this problemcan be solved. If the nodecontainingthe real objectis no longer refer
encedlocally or remotely it canmigratebackto theroot. After this migrationthe lastnodecanbe
collectedandtheroottoo, sincewe arein thenormallRL-algorithmnow (therootcontaingheobject).

Before After

Figure5.5: Termination
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Impr oved Termination algorithm

The algorithmabove alwayscausesan objectmigration,evenif therearestill othernodesin thetree
(otherthantheroot andthe nodecontainingthe real object). This operationis costly, soavoiding it is
preferred.

Avoiding it canbe done,by a simple ping-pong-algorithmnvoked by the root: Whenthe root is no
longerlocally referencecgnddetectghatits only child is the nodewith thereal object,it senda mes-
sageto this node.If this nodehasno childrenandis notlocally referencedbothnodescanbecleared
immediately becauseéhereexist no referenceso themarnywherein thetree. If it is still referenced
(locally or remote),both nodesarekeptalive. Whenthis nodedetectghatit is no longerreferenced
(locally or remote)aftera while, it will contactthe root. Becauseahe root canhave new childrenby
now, it checksagain.This ping-pong-protocokeepsgoinguntil bothnodesarenot referencedocally
nor remotely(excepttheroot by the seconchode).Now bothnodescansafelybefreed.

5.5 Conclusion

This chapterdescribedn detail the two new algorithmsproposedn this thesis. First Minimize-by-
Insertionis explained:eachtime a new nodeis addeddeepin thediffusion-treg(fifth level), its parent
will bererootedandreshapdhetreeto a maximumof four nodesdeep.The secondalgorithmworks
on anotherbasis:Zombie Deletiondeletesa nodeassoonasit becomesa zombie(no longerlocally
referencedut still haschildren).By deletingthesezombiesthetreewill belessvulnerablefor node-
failuresandthe depthcanbereduced.

Orthogonabn thesetreeflatteningtechniquesnothemway of managingmigrationsis proposedOrig-
inally the treeis adaptedo make the new spacewherethe objectis located,theroot. Thisis badin
combinationwith treeflatteningalgorithmsbecausé canincreasehedepthof thetree. Thealgorithm
proposederedoesnot changethetreemakingit easycompatiblewith treeflatteningtechniques.
The next chapterwill give several differentviews why new flatteningtechniquesare proposedand
whetherthereis a differencen their execution.



Chapter 6

Validation

6.1 Intr oduction

The new optimizationsproposedn this thesisandthe tree flatteningtechniquesf Moreauare val-
idatedin two differentways. First a simulation modelis madewhich simulatesthe grow of the
diffusion-treein combinationwith differenttree flattening-techniques.The secondvalidationis a
proof-by-implementation.An Object-Orientedorototypedlanguageis extendedwith remoterefer
encesanda DGC. The sametechniquego implementthe DGC for the prototypebasedanguagevere
usedto constructa java RMI-clone. Ontop of this RMI-clonedifferentbenchmarksreconstructedo
seethe effect of the differenttree-flatteningalgorithms.

6.2 Simulation Model

This simulationmodelis implementedn javaandsimulateghediffusiontreeof asingleobjectthatis
remotelyreferencedAll standardperationghatcanoccuronanodearesupportedy themodel:

e createnew nodeaschild of this node(creationor duplication)
e deleteanode(deletion)
e migratethe objectfrom onenodeto another(migration)
But alsothe new operationglefinedby the new dgc-techniquearesupported:
e rerootanodeto becomeachild of root (Moreaus algorithm)

e Mmaintaina maximumdepth(Minimize-by-Insertion)

6.2.1 Adding a newnode

As explainedbefore,addinga new nodeto the tree can generatea numberof messageslepending
wherein thetreeit is addedandalsodependingn theflattening-algorithnused.

37
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This modelcanbe usedto seethe differencein the numberof generateanessageandthe difference
in the final diffusion-treeby usingdifferentflattening-algorithms.Threedifferenttechniquesanbe
chosen:

e Original IndirectReferencd.isting
e Luc Moreausrerooting
e Minimize-by-Insertion

At asmallnumberof nodesn thetree,theresultin thediffusiontreeis negligible. Only whenthetree
containsafew hundredgo athousandcodesthedifferencesanbeclearlyseenn figures6.1,6.2and
6.3.

[ Graphical Simulation of a DGE =131 x|

Figure6.1: 500 nodeswithoutflattening

Whennodesareaddedn arandomlyfashion(asin all threeexamples)hormallRL will createawful
diffusion trees. When Luc Moreaus algorithmis applied, the diffusion tree is reshapedn a very
drasticway, wherebyall nodesbecomea child of theroot. This hasseveralimplications:

e it is expensve becauséwo messagearesenteachcreationof anewv node
e it is betterfor faulttolerancepecauseo nodegbesidegheroot) containchildren.

e it haslessparallelismbecauseall nodeshave to communicatewith the root (e.adeletion,cre-
ation),becausdt is their father
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Eg_gﬁraphical Simulation of a DGC ] ]

Figure6.2: 500 nodeswith flatteningby Moreau

Eg_gﬁraphical Simulation of a DGC = i ] 4|

Figure6.3: 500nodeswith Flattening-by-Insertion

39
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6.2.2 Migration

Migration, asperformedin normallRL, cancreateundesireceffectson the diffusiontree. Normally
thenodewherethe objectis migratingto becomeshenew rootandtheold rootbecomesdirectchild
of thenew root. Thisis avery safeway of migratinganobject,but in mostcasest increaseshedepth
of thetree. Thisis especiallybadin our case becauseave apply differentalgorithmsto minimizethe
depthof the diffusiontree. Most treeflatteningtechniqueslo not work well with migrationsfor this
reasonalthoughthey canbe usedwhenapplyingmigrationsasproposedn thisthesis.

Whenthe old migrationis performedin combinationwith oneof the two treeflatteningalgorithms,
theresultis negligible. All the effort to compacthetreeis lost by the migrationactions.

The applicationof the new migrationalgorithmis thereforevital for the effectivenesf all treeflat-
teningalgorithms. After a migration,the treeremainsthe sameasbefore. Both flatteningalgorithms
have implicit requirementshatthetreeis notextendedwithouttheir knowledge.

Moreaus algorithmplacesall nodesasdirectchildsof theroot. After amigration,this invariantis no
longersatisfied.

Flattening-by-Insertiorkeepsthe tree lesscompact,but if nodesare addedto deeplyin the tree,a
subtreeis rerootedto shrinkthe tree. The old migrationbreaksthis invariant,by possiblyextending
the depthof thetreeeachtime the objectis migrated.

Flattening-by-Insertiortan copewith this invariant-breakr a little betterthan Moreaus algorithm,
becausef new nodesare addedat a very deeplevel, their fatherswill be rerooted. If theseevents
occurattheright placesthetreewill shrinkto a normal,acceptablalepth. Moreaus algorithmonly
rerootsnew nodesJeaving everythingelseuntouched.

6.2.3 Statistics

Togethewith thecreationof the visualmodel,alot of statisticsaregatheredFor differentsetupsthe
differencesn thetreeandthe numberof messagesendcanbe measured.
Thesedifferentstatisticscanbe usedto seethe costsof applyingtreeflatteningtechniquesbut they
alsomeasurgarametersf the diffusiontree. Whendifferenttreeflatteningtechniquesreappliedto
the samediffusiontree(construction)we cancompareboth costandbenefitsof thealgorithms.

Available statistics

To make adecenttomparisonit mustbe assuredhatbothalgorithmsareappliedon exactly the same
diffusiontree. This is accomplishedy initiating the RandomNumberGeneratoito a certainseed
beforestartingthe simulations.

Thevarietyof differentstatisticsgatheredabouta flatteningtechniquedefinesheaccurag of thetest.

e numberof nodescreated
e numberof nodesdeleted

e numberof final nodes
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e numberof cleancallssend

e numberof flatteningmessagesend

e numberof actualflatteningsperformed
e numberof migrationsperformed

e numberof adoptiongoerformed

e numberof childrenof theroot

e averagedepthof thediffusiontree

¢ highestdepthof thediffusiontree

Comparing tr eeflattening techniques

Both treeflatteningalgorithmsaretestedin a numberof differentconfigurations.Importantis how
mary nodesareaddedo thetree.By increasinghis parameterthe effect on the numberof generated
flatteningmessageandactualflatteningscanbe measured.

Both algorithmsaretestedwith only creationof nodes(no deletionsnor migrations):

nodes| generategnessages actualflattenings| % messages % flattenings
100 188 94 188 94
200 388 194 194 97
300 588 294 196 98
400 788 394 196 98
500 984 492 197 98
600 1188 594 198 99
700 1386 693 198 99
800 1586 793 198 99
900 1782 891 198 99
1000 1986 993 199 99

Table6.1: Moreausflattening

Thestatisticsshav thatfor eachnew nodethatis notadirectchild of root, exactly two new flattening
messagesare createdn Moreaus algorithm. This resultsin an averageof nearlytwo messageper
new node.

With Flattening-by-Insertionthe numberof generatednessageslependson wherethat nodeis in-
sertedon thetree. Only if it is at the forth level, threemessageare created otherwisenone. When
nodesareaddedn arandomlyfashion this createsanaverageof 0.75extra messagefor eachnewly
addednhode.Thisis substantialljessthatthe 2 extramessagesotedat Moreaus algorithm.Moreaus
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nodes| generateanessages actualflattenings| % messages % flattenings
100 65 21 65 21
200 138 46 69 23
300 209 69 70 23
400 272 90 68 23
500 353 117 71 23
600 432 144 72 24
700 505 168 72 24
800 581 193 73 24
900 647 215 72 24
1000 741 247 74 25

Table6.2: Flattening-by-Insertion

algorithmenforcesalmosteachtime a rerootingof the new node,while Flattening-by-Insertiomloes
this only onceevery four new nodeg(in average).

6.3 Implementation

Statisticsarebeautifulto look at, but areonly usefulif they arerelevant. The problemof this simula-

tionsis thatthey only simulatethe modelthatis programmed Eachsimulationis carefully designed
anddoesalwaysthesame.

Reallife programsare usually not that clean. Accordingto the problemthey are solving, different

diffusiontreesareconstructedeachtime looking different.

Neverthelesshow beautiful somestatisticsmay be, somepersonswill only acceptnewv ideasand

theoriesafterthey areprovedto work correct. This proof canbetheoreticallik e amathematicaproof

of correctnessThe otherpossibility, usednhere,is a proof-by-implementation.

6.3.1 PicObj

Picois atiny, academigprogramminganguagedevelopedby TheoD’Hondt atthe VUB (Vrije Uni-
versiteitBrussel).It's primary goal wasto teachprogrammingconceptdo personghatdo not know
arything of programming.Most otherlanguagesretoo complicatedfor this purpose potheringthe
programmewvith alot of syntaxanddifficult semanticsPicois keptassimpleaspossible(it's gram-
mar canfit on onepage)to let the programmethink aboutwhathe is doing insteadof thinking how
he shouldwrite it syntacticallycorrect.

Pic% (readasadoubleo), is a Object-Orienteaxtensionof the original pico. Insteadof a class-based
languagdlik e almostall currentOO languages}his Pic%is prototype-basedObjectsarerepresented
by dictionaries:mappingof namesgo otherconstructgnumbey string, dictionary; ...).

PicObjis a distributed extensionto Pic% which allows the programmerto export dictionariesto a
registry andto look otherdictionariesup. Next, methodscanbe calledin thesedictionaries. These
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methodswill notbeexecutedocally, butin themachinewherethedictionaryis physicallylocated.For
the programmerthis is almostcompletelytransparentin mostcaseghe programmewvill not seethe
difference.Only if native functionsarecalledwith aremotedictionaryasparameterthiswill generate
anerror, becausét expectsalocal dictionary

RemoteDictionaries

The mostimportantdifferencebetweenPicObj andthe normal Pic% is the possibility of accessing
dictionarieson remotemachines.Internally this references a sort of genericstubh BecausePicois
dynamicallytyped,therearenotyping-problemsThis genericstublocally actsasa normaldictionary
As with all dictionariesyou canaskvaluesof variablesor call methods.Thelocal stubknows where
the actualdictionaryis locatedand opensa connectiorto that machine.Thenit will marshallall the
parameterandsendthemto theremotemachine.Therethelookupand/ofcalculationis doneandthe
resultis marshalledandsentbackto the original machine.

Marshalingof parametersindreturntypesaredonein avery simpleway. If thevalueis a dictionary
it will be transformednto a remotereference.All othervaluesarejust copied. BecausePicObjis
implementedn java, the objectmarshallingfrom java is usedfor all objectsexceptdictionaries.If a
remotereferencas marshalledit is alwayscopied.Of coursewhenremotereference®r dictionaries
aresentto or recevedby otherspacestheir referencdists areupdatedandall normalDGC-actvities
aretriggered.

6.3.2 Java RMlI-clone

Although the PicObj-implementations very clean, not mary programmerswill actually usethis.

Nowadaysjava s standarcaccompanieavith aremotecommunicatiorpackagecalledRMI (Remote
MethodInvocation). Theimplementatiorof standardRMI[Cor] usesa DGC thatis basedon Birrel's
Network Objects[BEN 93]. A referencesetis keptin the spacevherethe actualobjectresides Each
time aremotereferencas sentto anotherspacethis spacehasto communicateandsynchronizewith

the objectspace.This synchronizatiortanbe quite costly.

Unfortunately the standardRMI is not adaptablen any way. The DGC-algorithmbehindRMI can-
not be changedor optimized. Thereforea RMI-clone is proposedn this thesis. Exactly the same
functionalityasRMI is offered,but now with a differentDGC-algorithmbehindit.

6.3.3 Original Java RMI

Thereexist mary papersandwebsiteson how to useRMI, sothis sectionwill notbeatutorial, it will
only point out the differentconstuctsneededandhow they interactwith a userprogram. To explain
this aseasyaspossible we will usea smallexampleof a calendersener, wherea clientusesRMI to
askthecurrentdateor time to the sener. Thesourcecodeanbefoundin AppendixA.

e RMICalenderSemrinterfice: The methodghatcanbe calledon the sener mustbedeclaredn
a seperatenterfacethatinheritsfrom Remote.
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Eachmethodmustthrov RemoteException

RMICalenderSermer mustimplementtheinterfaceandmustextendfrom UnicastRemoteObject

Thesenermustbe boundin aregistry by using: Naming.bind

Theclientmustlookupthe sener by using: Naming.lookup

Thesenerrecevedontheclientis castedo it’sinterface

After all sourcecodés compiled,the stubandseletonmustbe generatedby calling ”rmic RMI-
CalenderSemrr”. This createglirectly the compiledversionsof bothstubandskeleton.

6.3.4 RMI-clone

TheRMI-clonedescibedn this paperonly changesomeof therequirementsnentionedabove. Only
thechangewill beexplained:

RMICalenderSerer alsoimplementghe sameinterface,but now extendsJavaRemoteObject

Theseneris boundin theregistry by using: ManagemgetLocalRegistry().rebind

Theclientlooksupthesener by using: ManagemgetLocalRegistry().lookup

To createthe stubs,the following programhasto be run: ”java dgc.Generat&kMICalender
Sener”. This createthe sourcefiledor stubandskeleton.Afterwardsthesemustbe compiled.

This meansthat all currentprogramswritten for java RMI can be easily adaptedto usethis RMI-
clone.Thechangediles canbeviewedin AppendixB. Theautomatiayenerategtubandskeletonare
availablein AppendixC.

6.4 Benchmarks

As statedn chapter, theaim of treeflatteningtechniquess to make thediffusiontreemorecompact,
andtherebylessvulnerableto failuresof nodes.Becauseheseflatteningalgorithmscreatea number
of extra message®n top of the messageseededfor computationand normal distributed garbage
collection,this extra costmustbekeptinto reasonabl®oundaries.

Usuallybenchmarksreusedto statistically’proof” thata new algorithmworksfasterthanthe previ-
ousone. Executiontimesof the new algorithmarethencomparedwith thoseof the old one. In this
casethe sameexecutiontimesaremeasuredbut the comparisons slightly different.

The primary goal of treeflatteningalgorithmsis not to speedup the computationnor the distributed
garbagecollection, but to compactthe diffusion tree. Therefore,the benchmarksare usedto mea-
surehow muchextra time is spenton theseextra messagesl!f this time remainswithin acceptable
boundariesthesealgorithmscanbe usedin specificcasesvherefaulttolerancds important.
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In somecasesireeflatteningalgorithmswill shortenthe overall time to collectall the garbage.The
reasorfor thisis in generalthatcomputationsanbe donein parallel,while beforethey would have
beenblockingeachother Althoughthisis nottheprimarygoal,it is still nice.

6.4.1 Benchmark Programs

For mary languagesgven parallellanguagesthere exist differentmary differentbenchmarksput
until now, no benchmarks especiallytargetedto the distributedgarbagecollector Hopefully, these
will becomeavailablein the nearfuture,to make anobjective comparisorbetweerdifferentDGCs.
Luc Moreau proposedtwo benchmarkswhich are especiallytamgetedto his tree flattening algo-
rithm andto anotherimprovementof IRC (accumulatingDGC messagesnd sendingthemin one
time)[Mor01]. Both benchmarksrerewritten into java to be usedwith the RMI-clone describedn
thisthesis.

Additionally, two otherprogramsare addedto the list of benchmarksThefirst is a distributed bub-
blesort,which createsa large numberof remotereferencesendings.The seconds a distributedim-
plementatiorof the shortestpath calculation. Thesetwo benchmarksre morereal-life programsto
checkthe effect of flatteningalgorithmson realprograms.

Benchmark 1: Cycle

The Cycle benchmarkfirst createsa cycle of masterobjects. Each masterknows its next object,
therebyforming a cycle. Thelastmasterstartsthe benchmarkoy creatinga remoteaccessiblebject
(CycleObject)and sendingthe referenceo it to its next master Eachmasterwill receve the object
and sendit to its next until the referencealmostmadethe full circle. The last master(beforethe
masterwherethe objectis really located)will createa new CycleObjectthat referenceghe original
CycleObject.This way the original cannot be regycled beforethe new onehasbeencollected.After
preformingsomecycles(whichis a parameter)thelastobjectis notusedanymoreandwill causehe
breakdaevn of the diffusiontreesandrecgycling of the otherCycleObjects.

Cycle

Figure6.4: Benchmarkl : Cycle
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Benchmark 2 : Diffuse

Eachmasterin the difftusebenchmarkknows all othermasterandcansendmessaget them. Execu-
tion startsin thelastmastemwhowill createanew remoteaccessibl®bject.He will sendthis objectto
anumber(thigs thefirst parameterpf othermastersMastershatreceve anobjectwill sendit to the
samenumberof othermasters.Thesemastersare choserrandomlyfrom thelist of all masters.The
numberof levelstheseobjectsareresendo othermasterss a secondparameteof the benchmark.
Theideabehindthis benchmarks thatmary masterswill receve the sameobjectmary times(gener
atingcleancalls)andthediffusiontreeis notdeepor mal-formed(in general).

Diffuse
Figure6.5: Benchmark : Diffuse

Benchmark 3 : Bubble

Bubbleis a distributed versionof the bubblesort. Eachmastercontainsa remoteaccessiblebject,
which representanintegervalue. All masterknow their previousandnext masterandwill commu-
nicatewith themalternatvely. Eachpasswill not move the object,but may swapthe differentremote
pointersin the mastersThe benchmarlendswhenall objectsaresorted displayedandcollected.

To creatdong chainsin the diffusiontrees theoriginal objectsarenot choserrandomly Eachmaster
atindex i hasan objectwith valuenrofmasters-i Thisway, the objectsat the edgeof the bubblesort
mustpassall othermasterdo getto theirfinal position.

00 0L0s0n®

Bubble

Figure6.6: Benchmark3 : Bubble
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Benchmark 4 : ShortestPath

Here a configurationfile is usedto definethe edges,startingvertex, end vertex and weightsof the

edges. Enoughmastersare created,suchthat eachvertex is locatedat one masterand eachmaster
knows his neighboursn the graph6.7.Computatiorstartsin the startvertex, whereit propagateshe

currentpath-lengthto all his neighbours.Thesemasterswill checkthe path-lengththey receve with

the globally shortestpath. This is anobject,which is accessibldrom every masterand containsthe
shortespathlengthcurrentlyfound. Eachtime the pathreacheshe endvertex andthe pathlengthis

shorterthanthe currentpathlength,it will updatetheglobalvalue.

This benchmarkvasadded not becausef somespecialcharacteristior to stressa certaintreeflat-

teningalgorithm,but to seetheimpactof thesealgorithmson a morecommondistributedapplication.

Shortest Path from Sto E

Figure6.7: Benchmarkd : ShortesPathfrom Startto End

6.4.2 Uni-processorResults

In this sectionwe will shav the resultsof the differentbenchmarksgombinedwith the differenttree
flatteningalgorithms.All spacegprocessesarephysicallylocatedonthe samemachine All thetests
in this sectionwere performedon a Pentiumll 333Mhzwith 192Mbram, runninga Windows 2000
operatingsystem.

Benchmark 1: Cycle

Thefirst benchmarks a Cyclewith 10 mastefrobjectsin the cycle. This cycle will becycled5 times.
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Normal | Moreau| Insertion| Zombie
startup 14 22 14 17
complete| 37 120 68 150
cleanup | 100 130 95 177
calls 54 54 54 54
registry 20 20 20 20
clean 46 54 61 97
extra - 114 30 91

e startup: numberof secondgrom startuntil all mastersareinitialized
e complete numberof secondrom startuntil computatiorhasfinished
e cleanup:. numberof secondgrom startuntil all objectsarecollected
e calls: numberof remotemethodcalls (computation)

e registry : numberof remotemethodcalls (to theregistry)

e clean: numberof cleancalls(DGC)

e extra: numberof extramessage@reeflatteningalgorithms)
Explanation:

Firstimportantissueis thatin all casestreeflatteningalgorithmswill postponeghe completionof the
computation.Thisis explainedby thefactthatall of themgenerateanumberof extra messagewhich
will consumeprocessingime.

The normal IRL-algorithm needsa long time to cleanup his objects,becauseét createddeepand
unbalancedliffusiontrees.All cleancallsaretriggeredby the previous cleancall, thereforetakinga
longtimeto cleanupthefirst object.

All threetreeflatteningalgorithmshave asa side-efect a fastercleanupat theend(up to 84%faster).
On the other handthey needextra messageso breakdown thesediffusion trees. This breakdevn
happengiuring the actualcomputation,andthus slows dowvn the computation.Both in the casesof
MoreauandZombie-Deletionthis slovdownis higherthanthefinal gainwhile cleaningup. Therefore
their final cleanup-times higherthanin normal IRL. At the Insertion-algorithnthe gainis higher
resultingin afastercleanup-time.

The reasonfor the slow performanceof both Moreauand Zombie deletionon a uniprocessorccan
be foundin the numberof messagesent. Both the numberof calls andregistry staythe samefor all
algorithms but especiallythe numberof extramessagess algorithm-dependenMoreauwill generate
for almosteachnew nodein thediffusiontreetwo new messagesgesultingin afinal countof 114 extra
messagesThe samehappenswith Zombie deletion,becausall intermediatenodesin the diffusion
tree (exceptthe root andthe lastnode)areno longerlocally referenced Eachof themgenerateswo
extramessageplusanextra cleancall.
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Insertionhowever generates far lower amountof extra messages only in 15 timestwo extra mes-
sagesandanextra cleancall aregeneratedin this casethetime spenton executingthesemessages
lessthanthegainin the cleanupmakingthe algorithmfasterthanIRL.

Benchmark 2 : Diffuse

This benchmarkwill be constructedwith five mastersand eachmasterwill sendan objectto three
othermastersThe maximumlevel of indirectionswill bethree.

Normal | Moreau| Insertion| Zombie
startup 8 12 7 7
cleanup| 25 31 24 28
calls 37 37 37 37
registry 10 10 10 10
clean 38 38 38 41
extra - 38 - 6

Explanation:

Theline "complete” is missingin this tablebecauset doesnot make sensdan this benchmark.The
differencebetweenthe endingof the computationandthe endingof the cleaningis minimal andis
hardto compute.

The mostimportantremarkis that Insertionis never triggeredin this benchmarkthereforethe result
is almostidenticalasNormalIRL. Thedifferencecanbe statisticallyexplained.

Similar to the previous benchmarkMoreauandZombie-Deletiorncreatea numberof extra messages
(38 and 6), but the gainis minimal in this benchmark. Thereforethey produceonly overheadand
slowdown theterminationof the benchmark.

Minimize-by-Insertionis nottriggeredbecauseéhe computatioritself createda diffusiontreewhichis
nottoobad.As long asthediffusiontreeremainswithin someboundariesMinimize-by-Insertionwill
leave thetreeasit is, becausét is notworth optimizingthetree(the profit is smallerthanthe cost).

Benchmark 3 : Bubble

This benchmarkwill be constructedvith ten masterswhereeachmasteri will have anobjectin his
spacerepresentinghe valuetextbfnrofmasters-i.

Normal | Moreau| Insertion| Zombie
startup 15 30 15 25
complete| 250 500 330 555
cleanup | 398 607 430 640
calls 282 282 282 282
registry 35 35 35 35
clean 148 148 168 236
extra - 230 40 178
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Explanation:

Hereall treeflatteningtechniquesieedmoretime to finish the cleaningup. Insertionneedsthe less
extratime becausé generatesheleastamountof extra messages.
MoreauandZombie-Deletiorbothgenerate lot of extramessage@30and178respectrely) thereby
consumingdots of processotime. On a uniprocessotheseextra timesaredirectly addedto thefinal
endtime.

Benchmark 4 : ShortestPath

In this benchmarka graphis constructedvith 7 mastergseefig 6.7).

Normal | Moreau| Insertion| Zombie

startup 17 34 18 18

complete| 33 66 34 35

cleanup 57 96 56 57

calls 55 55 55 55

registry 50 50 50 50

clean 63 63 63 63
extra - 72 - -

Explanation:

This benchmarks anexamplewhereremotepointersarelookedup by theindividual processefmas-
ters). Thereforeall thediffusiontreesarewide, but not deep(maximumtwo deep).This characteristic
doesnottriggerthelnsertionor Zombiedeletion-algorithm$ecausehetreeis in afairly goodshape.
Thereforeboththesealgorithmshave similar timesandnumberof messageasthe original IRL.
Moreauhowever, will alwaysbe invokedwhenthe depthof thetreeis higherthanone,whichis the
casehere.This createsa large number(72) of extra messagewhich arefairly undesirecbecausehey
only consumeextra processingower, but do not gainarnything.

6.4.3 Multi-pr ocessorResults

Benchmark-resultbecomemore interestingwhen the benchmarksare performedon a network of

computers.This way the computatiorand DGC-actvities aresharedamongthesecomputers.These
testsareall performedon a network of 6 UltraSparc-5stationsrunning Solaris. Five stationswill be
runningthe benchmark-masteendonewill runtheregistry.

Benchmark 1: Cycle

Thefirst benchmarks a Cyclewith five masterobjectsin the cycle andit will cycle fivetimesaround
beforestartingto breakit down again.
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Normal | Moreau| Insertion| Zombie
complete 2 2.5-3 3-3.5 2.5
cleanup| 4.5 3.5 4.5 3.5
calls 24 24 24 24
registry 8 8 8 8
clean 21 21 26 42
extra - 44 10 36

Explanation:

The ideaof this benchmarkis that the completelyunbalancedliffusion-treeis reshapediuring the
computatiorsuchthatit canbe brokendown fasterafterwards.

The mostinterestingresultsof the benchmarkis that both Moreaus techniqueas Zombie deletion
createa large numberof extra messagedyut their total times are fasterthanthe original IRL. The
benchmarks designedn suchaway thatatmostonly oneprocessoris actuallyworking ontheactual
computationat a certaintime. All the otherprocessorsareidle or doing DGC-actvities. This leaves
alot of spacefor parallelexecutionof theseextramessagesspeciallypecausehey aredirectedinto
the reversedirectionof the computationtheseprocessorsre probablycurrentlynot involvedin the
computation.Thereforebothalgorithmsachieve a desirablespeedup.
Minimize-by-Insertiondoesnot achieve this speedugor differentreasonsin this caseonly five pro-
cessorarein thecycle, creatinga diffusiontreeof exactly five levels. Thisfifth level is theminimum
requirementor the insertion-algorithnto startchangingthe tree. Becausehis five levelsarejust on
theboundariesthe gainof applyingthemis notbig. If longerchainswould be constructedn the dif-
fusiontree,moreinsertionswould occut but the gainattheendwould be biggerandcreatea speedup.
In the currentsetup the costhasthe sameorderasthe gain,resultingin a similar end-resulasIRL. It
mustbe notedhowever thatthe final resultis not slower thanthe original IRL, but the diffusiontree
hasbeenimprovedat the sametime.

Benchmark 2 : Diffuse

Thesecondenchmarks a Diffusewith five masterobjectsandtheremotereferenceas senteachtime
to threeotherprocesseandsentthreelevelsdeep.

Explanation:

Normal | Moreau| Insertion| Zombie
cleanup| 21-25 | 27-28.5| 21-25 25-26
calls 36 36 36 36
registry 10 10 10 10
clean 35 35 35 40
extra - 38 - 5

The ideaof this benchmarks that the samereferences sentto processorshat alreadyknow that
reference(after a while). Differenttree flatteningtechniqueswill createdifferentoverheadsput in
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all casegheir gainis very limited (if any) becausehefinal diffusiontreewill maximally containfive

nodegthefive masters).

Moreaus algorithmcreateghe largestnumberof extra messageandthuscreateshe mostoverhead
andbecomesghe slowest. Zombiedeletiononly creates extra messageandis only slightly slower

thanIRL. Minimize-by-Insertiondoesnot evengeneratextra messagebecauset considerghe cur

rentdiffusiontreenot in a badshape(its depthdoesnot exceedfive levels). Thereforeits execution
timesareequialentwith the onesfrom normallRL.

6.5 Conclusion

The new tree flattening algorithmsproposedin this thesisare validatedin differentways. First a
simulationmodelhasbeenconstructedo simulatethe differentalgorithms.It is shavn thatMoreau’s
techniquecreatesa large numberof extra messagesomparedo Minimize-by-Insertion.

Thenext validationis animplementatiorof thesetechniquesn two java-programgPicObjandRMI-
clone)usingthe sameDGC-algorithms.On top of the RMI-clone severalbenchmarksreconstructed
to shaw the differencein executiontime whenapplyingdifferentalgorithms.

The multi-processoresultsfor the first benchmarkshav that both Moreaus algorithmand Zombie-
Deletionhave aspeedupThelargenumberof extramessageareprocesseth parallelandreshapehe
diffusiontreein suchaway thatcleaningis donefaster Minimize-by-Insertiondoesnot createa large
numberof messages)eitherdoesit modify thediffusiontreealot. This resultsin the sameexecution
time asIRL (thegainof thealgorithmequalgthe cost).

The secondbenchmarkshows that Moreaus algorithm and Zombie-Deletionperform slower than
standardiRL. The reasonis that both createa large numberof messageshut do not improve the
diffusiontreeenoughto createa speedupMinimize-by-Insertiorhowever, "thinks” thatthe diffusion
treeis notin atoo badshapgnot exceedingour levels)andwill not createextramessageslherefore
it’ s executiontime is similarto plain IRL.

The next chaptemwill go morein depthin implementatiordetailsandspecificproblemsencountered
while implementinglRL andthetreeflatteningalgorithms.
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Implementation Details

7.1 Intr oduction

In the last chaptey both implementationgor PicObjanda java RMI-clone wereintroducedto prove
the differentalgorithmsproposedn this thesisandto allow somecomparisorbetweenrdifferenttree
flatteningtechniquesThis chaptemwill godeepein thedesignissuesncountereavhile implementing
bothprogramsThereforehechaptemwill besplitinto threedifferentparts:firstthegeneraframenork
usedby bothprogramswill be explained,theneachprogramin moredepth.

7.2 General Framework

This sectionwill explainthedifferentsubsystemsf the coreof the DistributedGarbageCollectot

7.2.1 Manager

The manageiis the very deepesmiddlepointof the DGC. All actionspasssomeavherethroughthis
class.lt is responsibldor receving messagesendingcleancallsmanagingheobjecttableandmary
otherthings.

In eachdifferentspacetherewill be exactly oneinstanceof this class. This is enforcedby a simple
implementatiorof the Singleton-patternvhich usesa cachingstatic methodreturningthe singleton.
Thefirsttimethis singletonis requestedi is createdandreturned.On creation|t performesanumber
of initializationslik e settingvariablesyeadingconfiguratiorfiles andstartinga senersoclet.

Two threadsarecreatedn startup:thefirst runsthelocal garbagecollectorevery secondthis timeout
canbe adjusted). At the sametime, it canbe configuredto sendlocal information (like numberof
generatednessagesnemoryconsumption.) to the spacecontainingthe registry. The registry will
collectall this informationand print somestatisticsto the outputon regulartimes. The secondmore
interestingthreadlaunchesa senersoclet. This senersoclet acceptsall kinds of messagefom all
spacesEachtime amessagearrives,it createsa differentthreadandexecuteshe messagén it. This
way, the receptionof messagess never blocked. The messagétself however canbe blocked dueto
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somesynchronizatiorwith othermessagesr local threads.The executionandsendingof messages
will beexplainedin a sectionbelow.

Themanageis alsoin chage of handlingincomingandoutgoingobjects.Eachtime aremoteacces-
sible objectis sentto anotherspacejt will be putin the objecttable(if it wasnot alreadythere).The
samehappensf suchanobjectis recevedfrom anotherspacelf notknown before,it is putin theob-
jecttable,otherwisehemanagewill startaprocedurdo senda cleancallbackto thespacewvhereit is
recevedfrom. Internallythis objecttabledoesnot containnormalpointersto theseremoteaccessible
objects,insteadit keepsa pointerto a WeakReferencéhat pointsto the object. This WeakReference
is negelectedby the local garbagecollector soif anobjectis only referencedy WeakReference,
is consideredasnot referencecandcanbe collected. This is necessarpecauséhe objecttableis no
root of thelocal garbagecollectorasstatedn chapter3.

7.2.2 Protector

The secondmportantmoduleof the DGC is the Protector DGCswork, in contradictionto LGCs,

by preventingobjectsfrom beinggarbagecollected. Basicallythis is alwaysdoneby holding extra,

artificial referencego them by the Protector The secondtask of the Protectoris to preventrace
conditions by synchronizingdifferentconcurrenticcesseto the samevariable.

Referencedo objectscanbe hold by five differentcollections. Four of them use extendedversion
of HashMapandHashSet. Theseextensionsare SynchronizedHashMaand SynchronizedHashSet
which encapsulatethe normalHashMapandHashSeandprovidesmostof the normaloperationon

it, but all operationsaaresynchronizedvith eachother The sixth collectionis morespecial:Finaliza-

tion is constructedo minimize the time waiting for the next availableobjectfor finalization.

Object Table

As explainedbefore,this table containsreferencego all remoteaccessibleobjectsfrom this space
which arereferencedrom anotherspaceandremoteaccessiblebjectsfrom otherspacesvhich are
referencedrom this space Thistableis the mostwidely usedtableto lookupremotereferences.

Local Objects

The LocalObjectsalsocalledOwnSetin someliterature,containsall objectsthatare ownedby this

spaceand are referencedrom anotherspace. Becausehe objecttableis not a root for the LGC,

it could reclaimtheseobjects. To preventthat, they areputin the LocalObjectsaslong asthey are

remotelyreferenced.In normallRL stubsarealsoputin this setif they have children. Whenusing

ZombieDeletion,thisis notthe case:whena stubis nolongerreferencedocally, it will be scheduled
for finalization(therethe childrenaresentfor adoptionto theroot).

Informs

Whena migrationis requesteda messagés sentto theroot to startinforming all otherspacesn the
treethatthe objecthasmoved. Eachtime a nodesendghis informationto a child, it putsthis spacen
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thelnforms-set Whenthatspacehasinformedall his children,it will sendanacknavledgeback.This
acknavledgewill remove the spacerom thelist andwhenall acknavledgesarereceved (Informsis
empty),it will sendhis acknavledgeto his father

Blocking

Whena root of a diffusion-treerecevesa requestto adoptsomechildren, it will block this object
locally. this meanghatwhile heis adoptingchildren,the objectwill neverbe garbagecollected.Each
objecthasaninternalblocking-counter Eachrequestfor anadoptionwill increasehis counter The
first adoptionwill addthe objectto the Blocking-set. Whenan adoptionis finished, the counteris
decrementedndwhenit reachezero,theobjectis removedfrom the Blocking-set.

Finalization

Eachtime anobjectis detectedhon-reachablby theLGC, it is putin this Finalization.A speciakthread
(explainedat the Manager)is in chage of taking an objectfrom this setandperformall finalization
actions(sendingcleancall,sendchildrenfor adoption...). Whenfinished, it asksthe next available
objectto befinalized. This setis designedn suchaway thatthefinalization-threads sleepingaslong
asthereareno objectsto befinalizedto improve overall performance.

7.2.3 Space

Eachlogical virtual machinewill beidentifiedby a Space. This spaceconsistsof the combination
of the IP of thatmachineanda portnumber On this port the socletsenrer of the managemill listen
to incoming messages.By combiningboth IP and porthumber a maximumflexibility is obtained
which allows multiple space®n a singlemachine.lt is howeverimpossibleto createmultiple spaces
insideonejavavirtual machinebecausesomepartsof the systemdependon staticvariablesandstatic
methodswhich would interferewith eachother The sameeffect however canbe obtainedby using
the Interleared Virtual Machine,which loadsthe sameclassedy differentclassloaderandcreating
virtual spacesnsideonejavaVM (see7.5.1).

7.2.4 WireRep

Whentransferringa remoteaccessibl®bjector a stubto anotherspacea wire- representatiors sent
insteadof thecompleteobjector stub Thishasseveralbenefits. Thiswire-representatioanly contains
the basicinformationneededy the otherprocesgso communicatavith the object.In standardRL, it
only containghe spaceof theroot (wheretherealobjectis) andthe spacewhereit recevedthe object
from (its father). More complex implementationsill addfieldsto it (e.a. to provide flatteningsor
migration).



CHAPTER7. IMPLEMENTATION DETAILS 56

7.2.5 Registry

Theregistry is avital partof adistributedernvironment,creatinga bridgebetweerdifferentspaceshat
do not know eachother Insteadof directly askinga spacefor a specificobject, it is more general
that that spacesendsthe objectto a registry andary otherspacecannow requestthat object. The
functionalitydeliveredby theregistryis exactly thesameasary otherregistry, following the Registry-
interfaceof java. Internally on that processtheregistry is anordinaryprogram,conformto the spec-
ificationsof this distributedervironment. It consistof a managera protectorandall othernecessary
constructsneededy ary spaceln additionto that,it alsoreactson specificmessageto performthe
registry- operationdik e bind or unbind. The processingf thesemessagesandalsothe processingf
thereceptionandsendingof objectshappensdenticalasin ary otherspace.

7.2.6 Messages

All processe the distributed systemare ableto senda numberof differentmessagesThe most
obviousis to invoke a methodon aremoteobject,but alsoalot of othermessagewill besentto keep
the DGC consistentandrunning. Thesemessagearedesignedn a hierarchy wherebyall messages
somevhereinherit from Message.This classcontainsall knowledgeto connectto the remotespace,
sendtself andgettheresultback. Therealcomputatiorandextrafieldswill bespecifiedoy subclasses.
This makesthe sendingandreceptionof messagesery easyandconsistent.

7.2.7 Serialization

While communicatingpetweernremotespacespbjectsneedto be serialized.Standardava serializa-
tion is usedfor all of the objects however sometimesxtra calculationsareperformed All arguments
passe@sargumentor returnvalueof aremotemethodinvocationmustbeserializable Also WireRep
andSpaceareserializablebecausehey areinvisibly sent. Remoteaccessibl®bjectsandstubshow-
ever arenever serialized.Instead their wire-representationare serialized. This is sufficient because
thesewire-representationsontainall therelevantinformationfor the otherspace.

7.3 PicObj

As explainedin section6.3.1, the prototypebasedlanguages extendedwith remotereferencego
dictionaries.Thereforethelanguagegrammarhadto be extendedwith two extra constructs.

Firstly, an abstractclassGrammarRemoté addedwhich dealswith everythingconcerningremote
accessibl®bjects:

e containghereferencdist
e containsawire representation

e knowshow to write itself to a stream(Serialization)
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e cansendits childrenfor adoptionto theroot

e putsitself in thefinalization-queue

The mostimportantsubclasf GrammarRemotéor PicObjis GrammarDictionary In the original
Pic%, this classwas on the samelevel asall othergrammarconstructsput now dictionariesarere-
motelyaccessiblandneedto inheritthe extrainformationfrom GrammarRemote.

Becausaow PicObjbecomesnulti-threadedit is unsuficientto have two globaldictionariesn static
fields. To solve this problem,thetwo dictionariescanbekeptin two differentplaces:

e in staticfieldsfor theoriginal threadstartedoy thecommandline

¢ in thethread-objecthatrecevesaremotecall

Thelookupof thesedlictionarieswill dependon thetype of the currentthread.

To allow migrationsin PicObj,the original objectmustblock the arrival of nev messageantil it has
arrivedonits final space.This migrationhappensn differentstages:

e dictionaryin original spacestartblockingnen messages
e dictionaryis copiedto new space
e originaldictionarywill redirectall message® new space

e in thelocal spaceall referencedo the original spacearereplacedoy remotereferencego the
copy

e in thenew spaceall remotereferenceso the original dictionaryarereplacedoy local pointers
to thelocal copy

e original dictionary start sendingupdatedo all his childrento inform themthatthe objecthas
beenmoved

e whenall updatesave finished,the objectis discarded

The secondsubclasof GrammarRemotés GrammarRemoteReferenc&his classrepresents re-
mote pointerto a remoteaccessiblebject(a dictionaryin PicObj). This classis extendedwith two
importantmethods to reacton migrationrequestand remotemethodinvocationsissuedby the lan-
guage. BecausePicObj is not typed, no differentstubsand skeletonsare neededor eachdifferent
type. The skeletonbehaior is incorporatedn the GrammarDictionaryandthe stubbehaior in the
GrammarRemoteReference.

To allow a programmein PicObjto useremotedictionaries severalextra natveshave beenadded:

e registry natives:bind, rebind,unbind,lookup, list
e totriggerthelocal garbagecollector:gc

e to migratearemotedictionaryto this spacemigrate
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7.4 Java RMI-clone

This RMI-clone hasbeenconstructedafter the PicObjimplementationwvasfinished. Originally the
ideawasto only implementthe DGC for PicObj. This deliversa cleanand easylanguage but not
a large amountof personsknow this languageandit is moredifficult to createthe benchmarksn it
(extra primitivesneededik e threadsandtime).

The original framework usedby PicObjwas adaptedo be usedfor Java RMI with a minimum of
changesFirstly ageneralclassis constructedvhich will be usedassuperclassf all remoteaccessi-
ble objectsn java: JasaRemoteObjectThis classnheritsfrom GrammarRemotésee7.3)andinherits
all methodsandfields neededor the DGC. In additiononeextra methodis addedto getthe skeleton
for this remoteaccessibl®bject.

Becausgava is a typedlanguagegachclasshasto have it’s own skeletonsandstubs. Theseare au-

tomatically generatedy the "Generator”. This classwill reada classthroughreflectionandcreate
the stubandskeletonfor it. The stubswill inherit from JaszaRemoteObjectStu@vhich inheritsfrom

GrammarRemoteReferena@@)dcontainsoneimportantmethod:call. This methodsendg¢he method-
numberandthe agumentsto the right spacewherethe objectis located. The stubitself consistsof

the samemethodsasthe original class,but with differentbodies.Eachbodywill collectall parame-
tersin anarrayandcall the method”call”. Theresultis thenreturnedif necessaryPrimitive values
arewrappedandunwrappedt the skeleton(inversefor the returnvalue). The skeletoninheritsfrom

JavaRemoteObject& andcontainsa pointerto the real objectandoneimportantmethod:dispatch.
This dispatchwill unwrapthe parametersndcall theright methodon therealobject.

However the framewnork supportsmigration, this is not possiblein java. In PicObjthis waspossible
becauseherewe hadfull control over the language. When an object migrates,all pointersto the
original objectmustbechangednto pointersto aremotereferenceThisis possiblebecausdicObjis
build ontop of java andall referencegsanbelooked up (althoughit is costly).

In java however, this approachs not possiblebecausgava is not build on top of anotherlanguage
andwe don't have accesgo theseinternalpointers. Thereforewe cannever know which objectsstill
referencea certainobject,sothesepointerscant be changed.

A possiblesolutionsis to constructthe remoteaccessiblebjectsin sucha way thatthey canactas
local objects(the normalcase) but canchangeanto remotereference# the objectmigrates. However
this blursthe conceptuatifferencebetweerthe normalobjectandtheremotereference.

7.5 Additional Detalls

7.5.1 Interleaved Virtual Machine

To easethe dehuggingandtestingof this distributed program,the Interleasred Virtual Machinewas
used. This software,developedby Marc Seégura-Deillechaise,allows the userto startdifferentpro-
gramsin differentnamespaceslhis simulatesa numberof differentjava virtual machinesnsideone



CHAPTER7. IMPLEMENTATION DETAILS 59

real VM. It wasusedprimarily becaus@ormalthreadsverenotsufficient. Vital informationwaskept
in staticvariableswhichwould have beensharedoy thesethreadsin this InterleavedVirtual Machine,
thedifferentVMs arecreatedoy loadingclassesn differentclassloaders;reatingcompletedifferent
namespaces.

7.5.2 Local Garbage Collector of Java

Java hasa standard_GC incorporateddeepin the language more preciselyin the Virtual Machine.
Thejava VM-specificationsaysthatthe completeimplementatior(alsothe algorithmsused)to do the
garbagecollectionarefree for theimplementerof the VM. This meanghat eachdifferentVM from
a differentcompary or even from the samecompaiy but differentversion,canhave differentlocal
garbagecollectors.

The DGC relies on this local GC to cleancertain crucial objects,which will trigger someDGC-
actiities (sendingcleancalls or adoptions).ldeally, an LGC will cleanall local objectsthatare not
usedanymore. Normally, mostgarbagecollectorswill recuperat@almostevery unusedobject,but in
mary casegherewill besomeleakstoo. Thesdeaksarevery difficult to detectandarenot extremely
importantin normalapplications.If 99.99%of the garbagas collected,everybodywill be happy and
nobodywill seethatoneor afew objectsarenot collected.

In the DGC, thingsbecomemore complicated. What happensf oneof the objectsthat are not col-
lected,shouldtriggerthe DGC andsenda cleancall to his father Now this call is never sentandthe
fatherandtherestof the diffusiontree(up to theroot) will never befreed.

One exampleis when a subclassof Threadis constructedwvhich has extra instancevariablesthat
can hold remoteaccessibleobjects. The constructorwill initialize thesefields and the valueswiill
be unchangedintil the threadends. After endingthe thread,one could think that the thread-object
(containingthe remoteaccessibl@bjects)would be collected. This is notthe casein SUN’s VM and
the objectswerenever becollected.

7.5.3 Configuration

To configurethe DGC andespeciallythe differentbenchmarksseveral configuratiorfiles areused.

Config.txt

This is by far the mostimportantone. It specifiesvhetherthe DGC will work for PicObjor for java.
Thisis necessaryo specifybecause¢herearesomesmallchangesn theDGC (e.a.java RMI needdo
loadthe correctstubs but PicObjneeddo loada genericstub).

Next, thisfile alsoindicateswhich treeflatteningalgorithmwill beused(if any). Possiblechoicesare
Moreaus algorithm,Flattening-by-Insertiolor ZombieDeletion.

Processors.txt

Thisfile lists a numberof urls. Theseurls will be usedto bind the differentRemoteErcutesnto the
registry of standardRMI. Thisis usedfor easytesting: Ondifferentphysicalmachinesa RemoteEx-
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cuteis started.This objectwill bind himself(with oneof thesenamedrom thefile) into the (realjava)
RMI-registry. Thelastprogramexecuteds a ControlCentemwhich takesasagumentsenchmarlar
guments.This ControlCentewill communicatevith all the differentspacesndthey startperforming
the benchmark.After finishing, the ControlCentemill stop,but all RemoteErcuteswill keepalive
for futuretests.This way multiple testscanbe startedfrom onecommandine. The RemoteErcutes
andthe ControlCentemwill communicateghroughstandardRMI, to keepa clearseperatiorbetween
thedifferentDGCsandto do notinfluencethe benchmarks.

Shortestpath.txt

Thisfile containghe graphandthe startandendpoint for the ShortesPathBenchmark Thefirst line
containsthe startpoint, a takulation andthe endpoint. Pointsare representedby integers. The next
lineswill represenedgesstartpointof theedge atatulation,theendpointatakulationandtheweight

(Integer).

7.6 Conclusion

This chapterwentdeepelinto specificdetailsof theimplementation.Thesedetailshave beensplit up
into threedistinctparts.Thefirst delswith detailsof the generaframeawork; the partof thereal DGC.
The secondandthird partaremore specificaboutthe PicObj- and java RMI-clone-implementations.
Herethedetailsof thesamplementationtave beenexposedogethemith thelink with theframework.
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Futur e Work

8.1 Benchmark suite

DistributedGarbageCollectionis a very specificdomainwhich is ideally not noticedby the program-
mer. All algorithmshavein commonthatthey wantto minimizethe producedoverheadEspeciallyin
runtime-systemst is unacceptabl¢éhata processnustwait for sometime because¢he DGC is doing
somecleaning.AlthoughIRL behaesgenerallybetterthanmostotherDGCs(e.a.tracingalgorithms)
becausd is interleavedwith themutation,it still createsomeoverheadFurtherresearclis necessary
to minimizethis overheado anabsoluteminimum.

To be ableto morereliably evaluatethe overheadof a DGC, it is necessaryo constructa number
of benchmarks.Eachbenchmarkshouldstressone specificpoint of a DGC, e.a. reactveness.lIt is
impossibleto determinethe overheadof a DGC only by doingoneor a few benchmark.Only when
all differentsidesof the DGC arestressedpnecanmake a morereliableconclusion.

8.2 Applicable to other DGCs

Many of the ideasstatedin this papercould be appliedto other DGC-algorithmstoo. Especially
theZombie-DeletionFlattening-by-Insertiomndkeepingthe treeintactwhile migratingcould easily
be incorporatedn a Indirect ReferenceCountingDGC. For example, keepingthe tree intact while

migratingcouldsolve someproblemsn IRC whencombinedwith Dickman's secondalgorithm. That
algorithmchoosests parentaccordingto its depthin thetree. By not changingthe tree,the depths
keepthe sametherebyimproving the correctnessf the choosingof the father

8.3 Delayingor not sendingDEC-messages

In somecases,a certainreferenceis sentmary timesfrom SpaceA to SpaceB. If this reference
was alreadyknown by that space,it hasto sendbacka DEC-message.TheseDEC-messagesan
be delayed. In caseof a IRL, just one DEC-messagenustbe sent. In caseof a IRC, a multi-DEC
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canbe sent. This multi-DEC decrementshe counternot by 1, but by mary accordingto how mary
DEC-messageis simulates.

Another promising alternatve is the delayingof DEC-messagewith zombie-deletion. No DEC-
messagearesentif thatpointerwasalreadyknown in this processinsteadthe new fatheris addedo
hislist of fathers.Whenthe pointeris nolongerlocally referencedit movesall its children(if ary) to
therootandsendDEC-message® all its fathers.This hasthe samebenefitasthealgorithmabove to
reducethe numberof DEC-messages.

8.4 Combining LGC and DGC

The future for Distributed GarbageCollectorsis by tightly couplinglocal anddistributedcollectors.

This cansignificantlyreducethe time spentin the local garbagecollector If a stubis only reachable
by oneobjectthatis only reachabldy oneotherspacejt cantake sometime beforebotharecleared.
FirstaDEC-messages sentto this spacego decrementhe counterof theobject. If thecounteris zero,

it mustwait until the systemschedulesa nev LGC beforeit canbe claimed. Whenboth LGC and

DGC arebettercoupled this delaycould be minimized.

8.5 Fault-Tolerance

Fault-Tolerances importantfor long-living systems.In thesesystemst is importantthatall garbage
is collectedevenif somepartsof the systemfail or aretemporarilyunavailable,otherwisesomesub-

systemsmay run out of memory Tree flatteningtechniquesare one steptowardsa more reliable

diffusion-treesput this is not enough.Whena nodefalils, its fathercandeterminethis, but it cannot

know how mary andwhich childrenthis nodehadbeforeit failed. An interestingpathis distributing

fault-tolerance-informatiotogethemwith the communicatiomeededy thetreeflatteningalgorithms.
This way the extracommunicatiomeededor fault tolerances minimized.

8.6 Conclusion

Thenew ideasproposedn this thesisarejust a pieceof a larger amountof generaloptimizationsfor
Indirect ReferencedListed DGCs. It is importantto be ableto createanindependenbenchmarksuite
to evaluateandcompardifferentDGC-algorithmsandtheir optimizationsn anindependentvay.
Importantto exploreis alsothe applicability of thesenew algorithmswith differentDGC-algorithms,
mostlik ely IRC-basedalgorithms.

Finally thesetreeflatteningalgorithmsreshapehe diffusion treeto make it lessvulnerableto node-
failures.In this optic, a combinationwith fault-tolerance-techniqueshiouldbe explored.
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Conclusion

Theinventionof AutomaticGarbageCollectiondividedthe programmernto two differentgroupsof
people.Thefirst groupbelievesthatautomaticcollectionwill alwaysstayslowerthanmanualfreeing.
In their eyes,the programmehasenoughknowledgeto decidewhento freea certainpieceof memory
andthis way will createthe leastoverhead.Especiallyin reactve systemsandreal-timesystemst
is unacceptabléo delaythe actualcomputationtoo long to do it in an automaticway. The second
groupbelievesthatprogrammersnake too muchmistakeswhile freeingpiecesof memory In certain
casesit is evennot possibleto decidealwayscorrectly More especiallyin distributedapplicationsijt
becomesnoreandmoredifficult to decidewhethera pieceof memoryis still neededr not.

LGCs and DGCssolve theseproblemsby managingthe memoryin an automaticway. In all cases
however, the overheadnustbereducedo a minimum. LGCsareoptimizedduringthelastdecadeso
freememorysofastthatit is difficult to detecwhena LGC is working or not. For DGCs,theimpacton
thecomputatiorwill be higherbecausenter-processecommunicationsreneededo decidewhether
a certainpieceof memoryis still needed.Also here,several optimizationsandnew techniqueave
beenproposedo minimizethis overheadespeciallythe needeccommunications).

IRL is oneof theseoptimizedalgorithmsthatonly sendsonekind of messages/henaremotepointer
is no longerusedin a space(a DEC-message) Although one messages probablythe lowestone
cango, therearesomenegative pointsaboutthis technique:zombie-referenceandunbalancedleep
diffusiontrees.Differentresearcherproposediifferenttechniquedo reshapehesetrees.
Moreaurerootsall nodesrom deepin thetreeto thefirst level, this createsaanidealtree,with theleast
third-party-dependenciebyt on a costof alot of message@wo for eachnode).This thesisproposed
two otherdifferenttechniquego solve the sameproblem.Thefirst will betriggeredwhenanew node
is addedon afifth level (deepin thetree). Thefatherof this nev nodewill now bererootedo become
a child of theroot. This lowersthe depthof the treewith oneor two levels andre-placegpossibly)
mary nodesat once. Moreaualwaysreroootseachnodeby itself. The secondalgorithmwill delete
zombie-referencefodesthat are not locally referencedout keptto keepthe tree consistent). The
zombie-referencwill asktherootto adoptits childrenandthenfreesitself. This minimizesthethird-
party-dependencieseededo keepthetreeconsistentandasside-efect lowersthe depthof thetree
canbelowered.

Thesefour techniquegplain IRL, Moreaus, Minimize-by-InsertionrandZombie-Deletionhave been
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implementedn a java-frameavork andtwo instantiationsof this framewvork were constructedPicObj
andjava-RMI clone.

To make somekind of comparisonbetweenthesefour techniquesseveral benchmarkshave been
implementedusingthejava-RMI clone. Thefirst conclusionthatshouldbe madeis thatthe resultsof
all thesebenchmarksrehighly dependenof the usedbenchmark.The benchmarksliscussedn this
thesisarenotdesignedo highlight specificpartsof certainalgorithms but they areconstructedo give
anideaof the performancef all algorithmsin different(every day)applications.
TheMulti-Processoresultsfor thefirst benchmarkCycle)showv thatMinimize-by-Insertiorcreatesa
smallnumberof extramessagedut thereis nospeedugcost= gain). Both otheralgorithms(Moreaus
andZombie-Deletion)createa lot of extra message§respectiely 44 and 36) but theseare executed
in parallelwith the computationanddo not causemary extra delaysfor the real computation. The
resultis thatthe diffusiontreeis in a muchbettershapewhenheis goingto be brokendown. This
breakdevn now performsfaster resultingin anoverall speedup.

The Multi-Processorresultsfor the secondbenchmark(Diffuse) shov how the differentalgorithms
behae whenreferenceare sentto the samespacesnary times. The diffusiontreeitself is neverin
a very bad shape thereforeMinimize-by-Insertiondid not do anything (and thereforehasthe same
time). Moreaus andZombie-Deletiorhowever keeptrying to optimizethe diffusiontreeandcreate
extra messagesMoreaus algorithmcreates38 extra messagewithout optimizing the treein sucha
way thatthe breakdaevn of thediffusiontreehappensnuchfaster Theresultis a slower performance
thanplain IRL. Zombie-Deletiorsuffersthe sameproblembut lessbad(only 5 extra messageskuch
thatits performancas betweerplain IRL andMoreaus.

In generaltree-flattening-techniqueare appropriatef the extra overheadthey createis minimized.
They reshapeahe diffusiontreeinto a bettertree,but it is unacceptablé¢o let the applicationwait for
thistoo long. However, the extra overheaccreatedoy the differenttechniqueslependsot only of the
usedtechniqueput moreof the applicationandthe generatediiffusiontree. Theredoesnot exist one
specificalgorithmthatis the best,but for eachalgorithma bestbenchmarkcanbe generatedndfor
eachapplicationabesttree-flattening-algorithroanbechosen Howeverin generathetreealgorithms
areequallyacceptableMinimize-by-Insertiontriesto minimizethe numberof extramessageseeded
to dothejob. In combinationwith Zombie-Deletiorit might bethe bestoptionin general.
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AppendixA

Appendix A: RMI-CalenderServer

/**

* Cal ender Serverlinterface by Kristof De Vos 2001
*/

inport java.rm.*;

inport java.util.*;

interface Cal enderServerlnterface extends Renote
{

Date getDate() throws RenoteException;

|l ong getTinme() throws RenoteException;

}

/**

* RM Calenderdient by Kristof De Vos 2001
*/

inport java.util.*;

i nport java.net.*;

inport java.io.*;

inport java.rm.*;

public class RM Cal enderClient inplenents Cal ender
{

protected Cal ender Serverinterface server = null;

public RM Cal enderCient()

{

try {
server = (Cal ender Serverlnterface)Nam ng. | ookup("Cal ender Server");

} catch (RenoteException ex)

{
Systemout. println(ex);
Systemout.printin("couldn't |ookup server");

}
}

public Date getDate()

{

try {
if (server==null) return null;

return server.getDate();
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}

/

}

} catch (RenoteException ex) {Systemout.println(ex);}
return null;

public Iong getTime()

{

}

try {
if (server==null) return 0;

return server.getTine();
} catch (RenoteException ex) {Systemout.println(ex);}
return 0,

public static void main(String[] args)

{

}

* %

*

*|

RM Cal enderClient ¢l = new RM Cal enderdient();
Systemout.printin(cl.getDate());
Systemout.printin(cl.getTime());

RM Cal ender Server by Kristof De Vos 2001

i nport java.util.*;

i nport java.net.*;

inport java.io.*;

inport java.rm.*;

inport java.rm.registry.*;
i nport java.rm.server.*;

cl ass RM Cal ender Server extends Uni cast Renot eChj ect

{

i npl ements Cal ender Server|nterface

public RM Cal ender Server() throws RenoteException

{

}

try {
Nami ng. rebi nd(" Cal ender Server", this);

} catch (RenoteException ex) {Systemout.printlin(ex); }
Systemout.printIn("RM-Server up and running");
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public Date getDate(Date test) throws RenpteException
{

}

public long getTime(long test) throws RenoteException

{

}
}

return new Date();

return new Date().getTime();
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Appendix B: Clone-CalenderSever

/**

* (O oneCalenderCient by Kristof De Vos 2001
*/

inport java.util.*;

i nport java.net.*;

inport java.io.*;

inport java.rm.*;

i nport dgc. *;

public class C oneCal enderClient inplenents Cal ender

{

protected Cal ender Serverlinterface server = null

public RM Cal enderCient()

{

try {
server = (Cal ender Serverlnterface)

Manager . get Local Regi stry(). | ookup("Cal ender Server");
} catch (Exception ex)
{
Systemout. println(ex);
Systemout.printin("couldn't |ookup server");

}
}

public Date getDate()

{

try {
if (server==null) return null;

return server.getDate();
} catch (RenoteException ex) {Systemout.println(ex);}

return nul
}
public Iong getTime()
{

try {

if (server==null) return 0;
return server.getTinme();
} catch (RenoteException ex) {Systemout.println(ex);}
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return O;

}

public static void main(String[] args)

{
Cl oneCal enderClient cl = new Cl oneCal enderClient();
Systemout.printin(cl.getDate());
Systemout.printin(cl.getTime());

}
}

/**

* (O oneCal ender Server by Kristof De Vos 2001
*/

inport java.util.*;

i nport java.net.*;

inport java.io.*;

inport java.rm.*;

I nport dgc. *;

cl ass C oneCal ender Server extends JavaRenot e(oj ect
i npl ements Cal ender Server|nterface
{
public RM Cal ender Server() throws RenoteException
{

try {
Manager . get Local Regi stry(). rebi nd( " Cal ender Server", this);

} catch (RenoteException ex) {Systemout.printin(ex); }
Systemout. printIn("RM-Server up and running");

}

public Date getDate(Date test) throws RenoteException
{

}

return new Date();

public long getTime(long test) throws RenoteException

{

}
}

return new Date().getTime();
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é plendix C: Clone-CalenderSeverStub and -
e

/'l stub automatically generated

i nport dgc. *;
I nport dgc. messages. *;
import java.rm.*;

publ ic class Cal ender Server Stub extends JavaRenot e(hj ect St ub
i npl ements Cal ender Serverlnterface
{
static final int nethod getDate 0 = O;
static final int nethod getTime 1 = 1,
public java.util.Date getDate(java.util.Date arg0) throws RenoteException
{
oject[] args = new oject[1];
args[0] = argQ0;
(bj ect 0 = MessageFactory. get Local MessageFact ory(). sendRenot eJavaCal | (
Manager . sel f Space(), get WreRep() . get Owner Space(), thi s, method _getDate 0, args);
return (java.util.Date)o
}
public long getTime(long arg0) throws RenoteException
{
(bj ect[] args = new oject[1];
args[0] = new Long(arg0);
bj ect o = MessageFactory. get Local MessageFactory(). sendRenot eJavaCal | (
Manager . sel f Space(), get WreRep() . get Ower Space(), this, nethod get Time 1, args);
return ((Long)o).longVal ue();
}
}

/'l skel automatically generated
i nport dgc. *;

public class C oneCal ender Server Skel extends JavaRenot eChj ect Ske

{
static final int nethod _getDate 0

static final int nmethod _getTime_1

0;
1

public Cbject dispatch(int nessage, Cbject[] argunents)
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throws java.rm.RenoteException
{
swi t ch(message)
{
case(nethod getDate 0) :
{
oject 0 = null;
java.util.Date arg0 = (java.util.Date)argunents[0];
0 = ((d oneCal ender Server)obj ). get Dat e(arg0);
return o;
}
case(nethod getTine 1) :
{
oject 0 = null;
l ong arg0 = ((Long)arguments[0]).|ongVal ue();
0 = new Long(((C oneCal ender Server)obj).get Time(arg0));
return o;
}
}
return null;
}
}



