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Abstract

DistributedGarbageCollectorscanbedividedinto severalgroups,accordingto theirwayof collecting.
this thesisproposessomeextensionsandoptimizationsto oneof theseDGCs,theIndirectReference
ListedDGC.Oneof theproblemswith IRL is thatthediffusiontreecanbebadlyshapedwhichmakes
fault tolerancemoredifficult. This thesisproposestwo algorithmsto improve theoverall shapeof the
diffusiontreesuchthata failureof anodehaslessimpacton thetree.
Orthogonalon thesetreeflatteningtechniques,a new way of managingthe diffusion treewhenper-
formingamigrationis proposed.insteadof alteringthediffusiontree,it will remainthesame.This is
betterwhencombinedwith treeflatteningtechniques.
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Chapter 1

Intr oduction

The applicationdomainsin computersciencehave changeda lot in the last 10–20years. In the
earlyyears,thefirst computerswereusedin thearmyto calculateballistics,later their domainswere
broughtenedto generalcalculations(numbercrunching)to help thework of mathematicians(still in
thearmyor governments).Whencomputersbecamesmaller, cheaperandeasierto use,they became
availablefor generalpurpose.

Sincethe beginning, the processingcapacitiesof thesecomputersgrow larger andlarger every day.
Accordingto thelaw of Moore,thespeedof thecomputers(processors)will doubleeach18 months.
Until now, this law still hold.

Many ”revolutions” happenedin this field. Not on hardware-level, but on software-andhigherlevels.
The taskswherethecomputersareusedfor, have changedmany timesin thepast. In thebeginning,
hugemainframesareusedin companiesto do the hardwork andthin clientsareusedto collect the
informationandinstructthemainframe.
Thefirst revolution happenedwhencomputersbecamesmallerandmorepowerful. Thenmany com-
puterswereplacedin differentplaces,wherethey wereneeded.Now everybodywho neededa com-
putercouldhaveaccessto it.
Sincethen,thework is distributedamongthedifferentcomputers,this createsproblemsif datahasto
besharedbetweencomputers.Thesecondrevolution happenedwhennetworkswereusedto connect
severalcomputers.Thisenabledsharingof dataandlatersharingof processingpower.
Currently, this sharingof computerpower becomesmoreandmoregeneral.This enablesthe possi-
bility to combinethe processingpowersof many computersto do computationson a level that was
impossibleto beachievedby onecomputer. On theotherhand,it alsoallowsyou to specializecertain
computersfor specificapplications(webservers,applicationservers,databaseservers...) andmake
themaccessibleby all othercomputers.

Althoughresourceson thesecomputeraregrowing fasterthanwe readthis text, they arestill limited.
Whenresourcesareusedon othermachines,they mustbe releasedin a similar way ason the local
machine.Oneof theseresources(subjectof this thesis)is memory. Similarly to local management,
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CHAPTER1. INTRODUCTION 7

therearetwo strategiesto do thework:
� freemanually

� automaticgarbagecollection

This thesiswill only discussthe secondoption becauseat the first option it is completelyup to the
programmerto do thecleaning.
To do this automaticdistributed garbagecollection (also called Distributed GarbageCollection or
DGC), several algorithmsare thoughtof. One of them is Indirect ReferenceListing, which is an
extensionof referencecountingin normallocal garbagecollectors.Eachtimeanremotepointerto an
objectis sentto anotherprocessor, theoriginal processoraddsthatprocessorto the list of processors
thatcontainthis pointer. This list preventstheoriginal objectto begarbagecollected.Thealgorithm
is calledindirectbecausethis managementdoesnot only happenin theprocessorwheretheobjectis
located,but alsoin otherprocessorsthatknow theobject.Thisdistributesthemanagementof keeping
track which processorscontainreferencesto the object. The whole set of processorscontaininga
referencesetfor anobjectis calledthediffusion-tree.
The advantageon theseindirect algorithmsis that they canreducethe numberof messagesneeded
for the DGC (seesection3.2.3). The most importantdisadvantagesis the creationof third-party-
dependencies:In somecasesthe diffusion tree containsnodeswherethe object is not referenced
anymore,but thenodeis retainedto keepthetreeconsistent.In othercasesthetreeconstructedby the
computationcanbeveryunbalanced,makingit morevulnerableto failures.
Treeflatteningalgorithmshave astheir goal to reorganizethetreeto improve their globalstate.This
canbeby removing third-party-dependenciesor generallyreshapethetreeto bemorebalanced.

Severalauthorshaveproposeddifferentsolutionsto this problem:Moreauproposesanalgorithmthat
movesall nodeslocatedat deeplevelsup to the first level. This createsthe ideal tree,but on a cost
of many messages.Dickmanproposesa numberof differentalgorithmsthatwill reshapethe treein
differentways. The first is while performinga RemoteProcedureCall, it will move the nodewho
invokedthecall to becomea directchild of theroot-processor. Thesecondideais to choosethebest
fatherwhena secondfatherfor this processorappears.Both algorithmswill beexplainedin depthin
chapter4.
This thesiswill proposetwo differentapproachesto solve thesameproblem.Thefirst will deleteso-
calledZombies,processorsthatarekept in thetreewhile they do not containreferencesto theobject.
Thiswill shrinkthetreein adrasticway, but dependingof thecomputation(whethertherearezombies
or not). Thesecondalgorithmwill try to eliminatedeepdiffusiontrees.Whenthediffusiontreedepth
goesbeyondacertaindepth,it will triggerthealgorithmandrerootanodeto shrinkthetree.Theidea
is thesameasMoreau’s,but lessdrastic.

This thesiswill startwith somegeneralinformationaboutthecontext in which all following chapters
will behandled(Chapter2). Chapter3 will explain generalprinciplesof garbagecollectionandmore
specificdistributedgarbagecollection.At theendseveralcommonDGC-techniquesareexplainedwith
their advantagesanddisadvantages.Thenext chapter(Chapter4) explainestheproblemof thediffu-
sion trees,andthe treeflatteningtechniquesto solve theseproblems.Both Moreau’s andDickman’s
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ideaswill be explainedhere. In Chapter5 the new ideasof this thesisareexposed:Minimize-by-
Insertion(first treeflatteningtechnique),ZombieDeletion(secondtechnique)anda new migration-
technique.In thenext chapter(Chapter6) differentargumentsareshown to compareMoreau’s algo-
rithm with thenew algorithmsof this thesis.Firstamodelis explainedthatsimulatesbothalgorithms,
next two differentimplementationsareexplained.Finally differentbenchmarksareshown to compare
theperformanceof plain IRL, Moreau’salgorithmandthetwo new algorithms.Chapter7 goesdeeper
into implementationdetailsof the DGC andboth treeflatteningalgorithms. Chapter8 givessome
otherideas,which arenot capturedin this thesis,but areinterestingfor futureworks. Finally Chapter
9 will give a generalconclusionfor this thesis. In appendix,several source-code-examplescanbe
foundfor theRMI-clone.



Chapter 2

Context

Many differentgarbagecollectingtechniqueshave beenproposedin the last 20–25years. Someof
thesealgorithmsarespeciallydesignedfor specificenvironments(e.a. functionallanguages,uni- or
multi- processors,specificlanguages...).
To be able to reasonaboutthesedifferent algorithms,and more specificaboutdistributedgarbage
collectingalgorithms,it is necessaryto describetheglobalmodelin which they will beused.
Themodeldescribedbelow will beusedto describethedifferentalgorithmsfoundin literatureandthe
new ideasproposedin this thesis.

2.1 Model

The modelusedthroughoutthis documentwill be composedof a setof logical differentspacesor
processors(further denotedasP), with direct, reliable communicationsbetweenthem. Physically,
somelogical spacescanbe locatedon onesingleprocessor, but this doesnot changethebehavior of
thespaces.They keepcommunicatingthroughthesamemechanism.
The modelconsistsof a setof objects(further denotedasO). Eachobjecto residesin exactly one
spacep ε P. Thisspacep is calledtheownerof o.
To allow accessesto remoteobjects,”remotereferences”areintroduced(alsocalledremotepointers).
A remotereferenceis a logicalpointerpointingto anobjectthatis ownedby anotherspace.A remote
referenceto an objecto is calledan o-reference.The completesetof all remotereferencesto one
specificobjecto is denotedRP(o).Local pointersto this objectwill not beincludedin RP(o)because
theseareof no interestfor themodel.
Becausethis modelallows migrationof objects,theownerof anobjectcanchangeat runtime.RP(o)
includesall currentexistingo-references,includingin-transitremotereferences(theseareremoteref-
erenceswhich aresentto a space,but not yet arrived). The modelassumesthat thesepointersare
alwaysaccessible.
An additionalrequirementis thateachprocessorcanhave at mostoneo-referenceto a certainremote
object. This is not a necessaryrequirement,but it simplifies the implementationwithout any big
additionalcost.Usually, remotereferencesgo througha local indirectionthatenforcesthis uniqueo-
references.As aconsequence,a localobjectcontaininga(logical) remotereference,actuallycontains

9



CHAPTER2. CONTEXT 10

a (physical)pointerto ano-reference(alsocalledstub).
Themodelincorporatesfour differentoperationswith respectto o-references:

� creation
Theownerof anobjecto, sendsano-referenceto anotherprocessorp. For exampleaparameter
in amessage.

� duplication
Anotherprocessor(otherthantheowner)sendstheo-referenceto a third processor.

� deletion
A processordoesnotneedtheo-referenceany moreanddiscardsit.

� migration
A processorwhich alreadyhasano-referenceto anobjecto, will becomethenew ownerof o.
Thisoperationwill consistof anumberof subtasks:

– realmovementof theobjectitself

– old ownerchangesold objectinto ano-reference

– new ownerchangesits o-referenceinto therealobject

– possiblymany duplicationsby adjustingall internalpointersof theobjectitself

– inform all spaceswhereo-referencesexist thattheobjecthasmoved

To keepthe modelsimpleandconsistent,pointer redirectionswill not be allowed. An o-reference
alwayspointsdirectly to theobject,not throughanindirectionat anotherspace.
Althoughthismodelcontainsonly four primitiveoperations,it hasbeenusedby many researchersand
is consideredto bepowerful enoughfor mostexistingdistributedsystems.Thismodelonly showsthe
generalidea,but theimplementationwill bemorecomplex andpossiblysystemor languagedependent.
Thelastrequirementis thatthecommunicationbetweenprocessorsmustbereliableandpreserve the
order. All messagessentmust arrive,andin thesameorder asthey weresent.1

2.2 DGC Messages

Thedistributedgarbagecollectorusesseveralkindsof messagesto inform othernodesof changesin
theglobalstate.For exampleif anew spacereceivesaremotepointerfor thefirst time. Dependingon
theusedalgorithm,thesemessagesareusedor notusedandpossiblysentto differentspaces.
ThemostimportantmessagesareIncrementandDecrementmessages:

1Thismodel,includingtheo-referenceterminology, is adoptedfrom LermenandMaurer(1986),Piquer(1991)andTel
andMattern(1993)
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2.2.1 Incr ementMessage

An incrementmessage(alsocalledINC-messageor dirty call) is sentby a spacewhenit receivesan
o-referencefor thefirst time. Theincrementmessageis sentto theownerspaceof theo-referenceand
is usedto let theownerknow thatthisspacecontainsareferenceto thisobject.Thismessageis usedin
DistributedReferenceCountingalgorithms.LaterDGCshave techniquesto do not needthesending
of theseincrementmessages(e.a.IndirectReferenceCounting).

2.2.2 DecrementMessage

Theinverseof the incrementmessagesis thedecrementmessage(alsocalledDEC-messageor clean
call). It is sentwhenthatspaceno longerusesthato-reference,andinformsanotherspace.In normal
referencecountingalgorithmsit will inform theownerspace(seesection3.2.3), but indirectreference
countingalgorithmswill sentit to their fatherin thediffusiontree(seesection3.2.3).

2.3 Conclusion

Now we have a generaldefinition of the model that will be usedthroughoutthis thesis. All DGC-
algorithmsandoptimizationswill beexplainedbasedon this model.
Only twomessagesareexplainedbecausethesearethemostgeneralusedin differentDGC-algorithms.
Thereexists lots of othermessages,but eachoneof theseis targetedat a specificalDGC, therefore
they will beexplainedtogetherwith theDGC.
In thenext chapter, ageneralintroductionto GarbageCollectionis written, followedby morespecific
detailsaboutDGC.Finally themostcommonDGC-algorithmsareexplained.



Chapter 3

GarbageCollection

In the beginning of the programming-era,programmerscommunicatedwith the machineon a bit-
level by switchingsimpleswitches. Shortly after, this was improved to a simple input-systemthat
acceptedhexadecimalvalues.Thenext stepwastheinventionof mnemonicsto helptheprogrammer
to understandhis own program.Nevertheless,until thentheprogrammerwasin chargeof arranging
everydetailof his program(e.a.calculatingoffsetsandabsoluteaddressesof instructions).
Later, high-level languagesstartto appear. They containcompilersthat transformuser-programsinto
low-level programsreadyto beusedby a computer. The biggestadvantageof compilersis that this
bookkeepingof offsets,variableaddressesandotherthingsis donein anautomaticway without help
from theprogrammer.
Thesecompilers(whicharestill usednowadays)canallocatevariablesin threedifferentways:

Static Allocation A variableis boundto a specificaddressat compile-time. The mayorproblems
with staticallocationis thatthesizeof thedatastructuremustbeknown atcompiletimeandno
procedurecanberecursivebecausevalueswouldbeoverwritten.

StackAllocation The problemof recursivenesswas solved by the inventionof stacks. Eachtime
a function wascalled, its variableswereput in a new stack-frameon top of the stack. After
finishing the function, that framewasdiscarded.Althoughnow recursivenessis introduced,it
still hassomelimitationssuchasthatthesizeof thereturnvaluemustbeknown atcompiletime
andnoobjectscanoutlivetheir stack-frame.

HeapAllocation To solve this last problem, the heapwas invented. Here datastructurescan be
allocatedanddeallocatedatany placein theprogram.Thisheapallowstheprogrammerto create
andmaintaindatastructuresin amorenaturalandeasierway. Now thesizeof datastructuresis
no longerfixedandit cangiveprogramminglanguagesmoreflexibility (like allowing to return
functionsasresultof a function)

Eachof thesethreeallocationsmanagetheirmemoryin adifferentway.
Staticallocationdeterminestheaddressatcompiletimeandneverreleasesthatspecificaddress,it will
bekeptuntil theprogramterminates.

12



CHAPTER3. GARBAGE COLLECTION 13

Stackallocationcreatesanew stackeachtimeafunctionis called.Whenthis functionreachesits end,
its stack-frameis poppedfrom thestackandall variablesin it arelost.
Heapallocationcanhavetwo differentmanagements.All languagesneedaspecificcall to claimanew
pieceof memory. In languageslike C or C++ theprogrammermustexplicit inform themanagement
that it doesnot needthis pieceof memoryanymore. This can have two incorrectconsequences:
Memory is releasedtoo early (other datastructuresstill have a pointer to it) or is never released
(memoryleak). Both problemsare very hard to track down becausethey do not always generate
immediateerrorson execution.Alternative languageslike Java, Lisp or Smalltalkhave anautomatic
managementmodulethattakescareof memorypiecesthatareno longerusefulfor theprogram.This
moduleis the local garbagecollector(from now on denotedlgc). An objectis no longerusefulif it
is no longerreachablefrom anotherreachableobject. Local reachabilityis definedby a setof roots.
Whenanobjectis no longerreferencedfrom theseroots,it is candidatefor localgarbagecollection(=
not reachable).Thelgc cannow safelyfreethememoryoccupiedby this object.

3.1 Distrib uted GarbageCollection

Theuseof networksandmoreespeciallyof theinternetin applicationsbecomesmorecommonevery
daybecauseit cangive a lot of power andfreedomto theprogrammeranduser: informationcanbe
spreadoutovermultiplemachines,calculationscanbemadeonspecializedcomputers...This is called
distributedcomputing[Tan88].
Whenobjectsaredistributedover several computers,unchangednormalgarbagecollectioncannot
be appliedany more. The problemis that a remotereferencecanreferencean objecto in a certain
process.Evenif this objecto is no longerreferencedlocally, it maynot befreedbecausethereexists
a remotepointerto this objectin anotherprocessor.
Thepurposeof a DistributedGarbageCollector(from now on denotedDGC) is to freetheseobjects
only if thereareno local and no remotereferencesto theobject. Local garbagecollectorscheckthe
local memoryandfree thememorythat is no longerused.A DistributedGarbageCollectorusually
workstheotherway: it preventscertainobjects(whichareremotelyreferenced)tobegarbagecollected
prematurely. Onceit findsoutthatthey arenotreferencedremotelyany more,it givestheresponsibility
of collecting the object to the local garbagecollector. If it is alsonot locally referenced,it will be
collected(eventually).

3.1.1 Reachability

To beableto know whenanobjectcanbefreedor not,weneedaslightly moreformalwayof defining
reachabilityin distributedsystems.
Luc Moreaudefinesglobal reachabilityfor an object o, if oneof the following threeconditionsis
true[Mor01]:

� if o is locally reachable

� if thereis aglobally reachableobjectthatlocally referenceso
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� if thereis aglobally reachableobjectthatcontainsano-reference

3.1.2 Similarities and differ encesbetweenlgc and dgc

Althoughthegoalof bothgarbagecollectorsis thesame(collectinggarbage),their way of solving it
is different. If onewould apply lgc-techniquesunchangedto distributedgarbagecollection,it would
causeerrors,undesireddelaysor evendeadlocks[LSB92].
Becauseit is agarbagecollector, it mustfulfill theserequirements:

comprehensive Collectgarbage(lifeness)

correct Collectonly realgarbage(safety)

expedient Memoryshouldbefreedat aspeedhighenoughto fulfill theneedsfor memory

efficient timeandspaceoverheadsshouldbeminimized

Distributionaddsanotherrequirementto this list:

concurrency To allow differentprocessorsto do thingssimultaneously

local and global objects

To beableto garbagecollectanobject,thecollectorhasto know whetherit is still referencedor not.
Most dgcsthereforedivide the whole setof objectsin two subsets:local andglobal. An object is
global if it is still referencedfrom anotherprocessor, otherwiseit is local. During executionanobject
canswitchbetweenthesesets.Thischangeof statusis handledby thedgc,whichdecideswhetherthis
objectwill beprotected(cannotbefreed)or whetherthelgc canfreeit safely.

Cycles

In somecases,cyclic structuresof garbagecanexists. Especiallywhenthesecyclesaredistributed
over a numberof computers,they canpresenta problemfor a dgc,becauseeachpartof thecycle is
still remotelyreferenced(by anotherpartof thecyclic garbage),thereforepreventingthispartof being
collected.Thesecyclesarecalledglobal cycles.
Most dgcsdo not reclaimglobalcyclesbecausethecostof collectingtheseis consideredhigherthan
theprofit of claiminga relatively smallnumberof objects.Otherdgcssolve theproblemby migrating
the partsof the cyclesto the sameprocessor, wherethe lgc cantake careof them. A few dgcscan
collectthemthemselves.

Reactivevs. Tracing algorithms

An algorithmis calledreactive if a changein thestateof anobjecttriggersthedgc to free thesame
and/orotherobjects. Tracingalgorithmsareonly ran at certaintime intervalsor if extra memoryis
needed.
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Figure3.1: Cyclic Garbage

In general,tracingalgorithmsaremoreexpensive on communicationoverhead,becausethey needa
lot of node-traversalsto decidewhetheranobjectis globally reachableor not. On theotherhand,they
canbemorepowerful (e.a.by claimingcycles).
A third kind of DGC exists: hybrid. This usesa reactive algorithmto claim mostof thegarbage,but
also,infrequently, startsa tracingalgorithmto claim cycles.

Synchronization

Becauselocal information is not enoughto decidewhetheran object can be reclaimedor not, the
DGC hasto communicatewith other processorsto get the necessaryinformation. Becausein this
distributedenvironmentmultipleeventscanhappenat thesametime,theDGCmustsynchronizewith
otherprocessesat a certainpoint to decide. The easiestway is the stop-the-world-protocol,where
all computationis block until the DGC hasdecided. For reactive or real-timeapplicationsis this
unacceptable.More sophisticatedalgorithmsonly deny certainoperationsto happenconcurrently
with thegarbagecollection.Thisallow moreconcurrency, by blockinglessprocesses.

Robustness

Distribution addsanotheraspectto garbagecollection. On a singleprocessor, all messagesarrive in
thesameorderthey weresent,but this is not alwaysthecasein networks. Somemessagescanarrive
twice, in anotherorderor notat all.
In eachof thesecases,theDGCmustpreventthatnon-garbageis collectedandthatgarbageis notkept
forever.
Anotherproblemis thata certainprocessorcanstoprespondingfor acertaintimeor it cancrash.The
differencebetweenthesetwo statesis very hard (if not impossible)to detectby anotherprocessor.
This makes it much harderfor the DGC to know which objectsthat processorreferenced(or still
references),andto decidewhatto do with them.
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3.2 DGC Strategies

To solve the problemof collecting global garbage,many different techniquesare proposed. This
sectionwill giveashort,generalintroductionto thethreemostcommonusedtechniquesandthenwill
dig furtherinto optimizedor extendedversionsof DistributedReferenceCounting.

3.2.1 Distrib uted Mark And Sweep

In this category, two differentsubdivisionscanbemade:DGCswhichuseadistributedversionof the
localMark And Sweep,andDGCsthatarebasedonDijkstra’son-the-flyMark And Sweepalgorithm
[DLM

�

78, DS80].
Both DGCsworks by maintaininga mark-treeto which the DGC addsbranches.This canbe best
comparedwith themarking-phaseof a localmark-and-sweepGC.Initially all nodesarecoloredwhite.
TheDGC startsat the root andtraversesin parallelall its children. Thesearecoloredgrey. Whena
nodehasno childrenor they arealreadyvisited(= coloredgrey) or whenthey all haveacknowledged,
it is coloredblackandsendsanacknowledgeto its father. Whentheroot is coloredblack,themarking
phaseis finishedandall whitenodescanbedeletedsafely.
disadvantage:

� createslot of network traffic eachtime theDGCis ran

� needsto know all nodes(canbea lot)

� difficult to implementsynchronizationbetweenphases

3.2.2 GarbageCollecting Actors

Eachactor[Hew77] hasby definitionits own threadof control,memoryassociatedwith it anda com-
municationmechanism(mailboxes). Root actorsareconsideredto be alwaysrunningandarecon-
nectedwith I/O devicesto communicatewith theoutsideworld. An actorcanbeconsideredgarbage
if its presencecannotbedetectedby theoutsideworld. Theideais thatgarbageactorscannotbecome
nongarbagebecausetheir mail addressesarenotknow by anothernongarbageactor.
Most DGCsfor Actorslook verysimilar to Mark andSweepor ReferenceCounting.

3.2.3 ReferenceCounting

This algorithmis basedon the conceptof referencecountersasin early lgcs. The main ideais that
eachremoteaccessibleobjectcontainsa counter. This counterrepresentshow many processorsare
currentlyreferencingthis object.Whena processorreceivesa new remotereference,it sendsa dirty-
call to theowner. Thisdirty-call (alsocalleddecrementmessageor DEC-message)will incrementthe
counter. Whenthis processordoesnot needthereferenceany more,it sendsa decrementmessageto
theobjectto decrementthecounter.
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Whenan object is not locally referencedany moreand the counterequalszero,this objectmay be
collectedsafelyby thelgc.

disadvantage:
� generateslots of network traffic

� no fault tolerance:if a processorcontainingan o-referencecrashes,the objecto will never be
freed

� if causalityis notpreservedby themessagesystem,thealgorithmis notsafe

A lot of optimizationsandextensionsareaddedto ”normal” referencecounting.Themostimportant
areshortlydescribedbelow:

WeightedReferenceCounting

This is an improvementon the normalReferenceCountingto avoid sendingdirty-calls. Insteadof
having a counter, anobjecthasa weight. Initially it containsa certainvalueX. Eachtime a reference
to thisobjectis transferredto anew processor, thisweightis split anddividedoverthetwo processors.
Whentheo-referenceis no longerneeded,it will returnits local weightbackto theoriginal object.
The ideais thatanobjectcanonly becollectedif thereexist no local referencesand theweight is X
again(no o-references).
advantage:

� generateslessnetwork traffic

� needsnocausalityin thenetwork

disadvantage:
� problemswhentheweightcannotbedividedany more

� no fault tolerance:if a processorcontainingan o-referencecrashes,the objecto will never be
freed

Indir ect ReferenceCounting

This new techniqueis very closeto the original referencecounting,but now the stubsalsocontain
counters[Piq91]. Eachstubcontainsa referenceto its father(from which it receivedfor thefirst time
theo-reference)andacounter.
Now, eachtime an o-referenceis duplicatedto anotherprocessor, the local counteris increased
(therebyavoidingnetwork traffic).
Thestubscanbecleanedonly if therearenolocal referencesto it, and thecounterequalszero.Before
destroying itself, it sendsa cleancall to its father. Theobjectitself canonly becollectedif thereexist
no local referencesand thecounteris 0 (no o-references).
advantage:
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� generateslessnetwork traffic (avoiding dirty calls)

� noweightdivision - problem

� supportsobjectmigration

� needsnocausalityin thenetwork

� simpleto implement

disadvantage:

� no fault tolerance:if a processorcontainingan o-referencecrashes,the objecto will never be
freed

� cancreatezombie-references:stubswhich arenot locally referenced,but only exist to preserve
thetree(becausethey havechildren)

Indir ect ReferenceSets

IndirectReferenceSetsarecloselyrelatedto IRC, but insteadof countinghow many childrena node
has,it keepsa setof the spacesof its children[PV98]. The sizeof this setis equalto the reference
countin IRC.
Eachtime thereferenceis sentto anotherspace,this spaceis addedto theset. It is evenaddedif that
spacewasalreadyin theset.This is necessaryto ensuresafety(seesection3.1.2).
Similar to IRL, stubscanonly becollectedif their referencesetsareempty(samefor therealobject).
The biggestadvantageis that eachstubnow knows exactly which spacesareits children. In IRL it
only knows how many their arebut if oneof themfails to senda decrementmessage,the stubwill
neverbereclaimed.TheDGC cannow usethis informationto determinewhetherits childrenarestill
aliveor not anddo somecleanup if it knowsthataspacebecameunreachable.
advantage:

� all advantagesof IRL

� betterfor fault tolerance,but notperfectbecausechildrenof acrashednodecannotberecovered

disadvantage:

� cancreatezombie-references:stubswhich arenot locally referenced,but only exist to preserve
thetree
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3.3 Conclusion

Thischapterexplainedthebasicdetailsof local garbagecollectionanddistributedgarbagecollection.
After explainingall thenecessarydetailsof DGC andespeciallytheencounteredproblems,different
DGC-algorithmswereexplainedwith theiradvantagesanddisadvantages.
Therestof this thesiswill focuson theIRL andIRC-algorithms.Next chapterwill go morein depth
in theproblemscreatedby thesealgorithmsandwill explain two differentsolutionsproposedby two
researchers(MoreauandDickman).



Chapter 4

TreeFlattening Techniques

This thesiswill primarily dealwith optimisationsandextensionsto IndirectReferenceListing. Some
of thesetechniquescanalsobeappliedto IndirectReferenceCountingor maybeevento otherDGC-
algorithms.
Thischapterwill first explainthebasicproblemsencounteredwhenusingindirectreferencelisting. In
thenext sectionsdifferentdiffusiontreeflatteningtechniquesareexplained.

4.1 BasicProblems

Indirect algorithmswere inventedto reducecommunicationinteractionbecauseno incrementmes-
sagesneedto besent.Thisnew ideaworksfine,but still hassomeminor negativepoints.

4.1.1 Partial failur e

Whenalargenumberof computersareinvolvedin acomputationandespeciallywhenthiscomputation
take a long time,someof thesecomputerscancrashor becometemporarilyunavailable.Whenusing
indirectalgorithms,thediffusiontreeis spreadall over thecomputersinvolvedin thecommunication.
Whenacomputerfails in this system,this diffusiontreecanbecorrupted.
WhenspaceC now fails for somereason,it breaksthediffusiontreein threedifferentsubtreesandit is
impossibleto reattachthelower subtreesto theoriginal treebecauseno nodein theuppertreeknows
thatthenodesof thelowersubtreewerepartof theoriginal tree.
Dif ferenttechniquescanbeusedto solve this problemthebestway possible.Sometechniquessend
redundantinformationto othernodes,which will reclaimthenodewhenits fatherhasdied. Another
techniqueis thatwhennodesdetectthat their fatheris dead,they will askto beadoptedby the root.
Many solutionsexist, but until now, noneis consideredasbeingthebestin all cases.
Dif fusiontreeflatteningtechniquesareusedto minimizethenumberof critical nodeswhichmaycause
problemswhenthey crash.This is particularlyimportantin long-livedsystemswhereit is crucialthat
realgarbageis alsoreclaimed.Otherwisethesesystemscouldrun outof memoryat somepoint.

20
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Figure4.1: Dif fusionTree

4.1.2 Migration

Migration is theability of objectsto move from onespaceto another. ConsideringtheGC, this is an
interestingchallengebecauseevenwhentheobjectmovesaround,the informationneededto collect
theobjectat theright time(not tooearly, not too late)hasto beadaptedto themovementof theobject.
Indirect ReferenceCounting,as it wasfirst proposedby Piquer, introducesthe ability to let objects
migratein averyeasyway.

A A

B BC C

D DE EF F

Before After

Figure4.2: Migration

Whentheobjectmovesfrom spaceA to spaceE, E becomestheroot of thenew diffusiontree.Now
E is thefatherof theold root andit will senda cleancallto his old father. Sowith only two messages
thetreeis restructuredto makenodeE therootof thediffusiontree.
Although this soundsvery exciting at first sight, therearesomeproblemswith this technique.This
migrationthatchangesthetree,canchangethetreeis a negativeway, makingit moredeep,which is
badfor fault tolerance(seeprevioussection).Whena computationneedsa lot of migrations,this can
reshapethetreein a verybadway, annihilatingall treeflatteningactions.
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4.1.3 Zombie-references

Anothernegative point arethesocalledZombie-references.Thesearestubsin spaceswhich arenot
locally referenced,but still havechildrenin thediffusiontree.It is unsafeto deletethembecausethey
areneededto keepthetreeconsistent(their childrenneedto stayin thetree).
Zombie-referencesarenot favorablebecausethey createunnecessarydependencieson thesespaces.
Whena space,containinga zombie-referencefails, the treewill becomeinconsistent(asexplained
in previous sections). Sometree flatteningtechniquesare targetedon not allowing thesezombie-
referencesor cleaningthemassoonasthey occur.

4.2 TreeRerooting, by Dr. Luc Mor eau

Theproblemwith diffusiontreesis thatthey canbevery deep,which is badfor fault tolerance(many
zombieo-references)andprohibitsa fastbreakdown of the treewhenthe last referencehasbecame
garbage.Moreausolvesthisproblemby applyinganalgorithmthatputsall nodesin thediffusiontree
onthefirst level. If anodeis createdatasecondor deeperlevel, it will bemoved(rerooted)to become
adirectchild of theroot. Onceall thesererootshavefinished,thetreeonly containsonelevel with all
thenodesin it.
Originally, Moreauproposedthis algorithmto work with IRC. Hesuccessfullyimplementedhisalgo-
rithm in a distributedschemeandstatisticsareavailablein his papers[Mor98, Mor01]. Nevertheless,
this algorithmcaneasilybe adaptedto work for IRL. The algorithm-sectionwill explain the plain
IRC-algorithm,but thereadercaneasilyadoptit to IRL.

4.2.1 BasicAlgorithm

Thealgorithmconsistsof asequenceof twomessagesto besentfor eachrerooting.Thefirst is initiated
by thenew nodeC (which is at minimumat level 2), andis sentto theroot of thediffusiontree(A).
Herethenew noderequeststheroot to becomehis father. If theroot acceptsthis, it will sendanother
messageto theoriginal father(B) to decrementhiscounter.

A

B

C

Before

B

A
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DEC

request for

rerooting

Figure4.3: Moreau’sAlgorithm
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The key idea that holds the correctnessof the algorithm is that the decrementmessageis always
sentafter the counterat the root was incremented, this way the original objectcannever be freed
incorrectly.

4.2.2 DetailedAlgorithm

Thissectionwill go deeperin theneededconstructionsto let thealgorithmwork correctly.
Thealgorithmassumesa receive-tablecontainingall theremotepointersknown by this process.This
tableis usedto lookupnewly receivedremotepointersto know whetherthey arealreadyknown or are
new at this space.This tableis not usedasa root of the local garbagecollectorto avoid interference
with thedefinitionof globalreachability.
To haveaclearview on thealgorithm,figure4.3showsanexample.In thiscaseA createdanobjecto
andsentits remotepointerto B who forwardedit to C.
Eachtimearemotepointeris sent,its localcounteris incremented.Whenaremotepointeris received,
it is put in thereceive table.If it wasalreadythere(soit wasalreadyknown), acleancall is sentto the
lastsender.
Now, if a remotepointeris receivedfrom a processotherthantheroot andit wasnot alreadyknown,
treererootingis initiated.This is thecaseof C receiving thepointerof B. Now a INC DEC- message
is sentto theroot (A). This messagecontainsalsoa referenceto B which is thecurrentfatherof this
pointerin C.
WhentheINC DECarrivesat theroot, it increasesits counterandcreatesasecond(DEC)messageto
theoriginal father(which is known by theINC DEC- message).
At last,theDEC messagearrivesat theoriginal father(B), which now safelydecrementshiscounter.

4.2.3 Remarks

Thekey ideais to safelypropagatereferencecountsto theroot. This is accomplishedby only sending
adecrementafterthecounteris incrementedat theroot.

This algorithmdoesnot changethesumof referencecountersin a stableconfiguration.Althoughthe
sumcanbeslightly higherthanit shouldbe, this is only a temporaryproblemandwill besolvedby
futurearrivalsof DEC-messages.

Not representedin the tables,but necessaryfor thealgorithmaresend-tables.Eachtime a pointeris
sentto anotherprocess,thepointeris enteredin this table.Becausethis tableis a root for theLGC, it
protectsthepointerfrom beinggarbagecollectedif thereareotherprocesseswith thisprocessasfather
for this pointer. Whena counterfor a remotepointerreacheszero,the pointeris removedfrom this
send-table.Only if it is alsonot locally referencedany more,it canbegarbagecollected(= sendinga
DECto its father).Thissend-tablekeepspointersalive,evenwhile they arein transit.

Importantis alsothat thesendingof theseINC DEC-messagesis asynchronouswith theactualcom-
putation.This meansthatthey canbedelayedor evencompletelyneglected.This way, thealgorithm
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canbeturnedinto a wide varietyof algorithms,goingfrom very aggressive rerootingup to plain IRC
(if they areneglected).
Moreaualsostressesthepotentialof parallelexecutionof theDGC-messages.If bothextra messages
areprocessedwhile thatprocessoris doingnothingelse,it hardlymeansanextracostto processthem.

4.2.4 Critical View

Although the algorithmis simplein its basicform, thingsbecomemorecomplicatedwhenmultiple
messagesarecreatedin parallel.For exampleif a remotepointerinitiatesa rerootingandis deletedat
thesametime,causingadecrementmessageto its father. If this is handledincorrectly, it cancausethe
realobjectto befreedprematurely. Althoughthis canbesolved,it createsmorecomplexity thanthe
original algorithmindicatesat first sight.

More importantis that eachrerooting-actionneedsa sequenceof two messages.In somesituations
the costof sendingthesetwo messagescanbe higher than the gain obtained. In this caseit is not
appropriateto sendthem. Unfortunatelyit is very difficult to predictexactly whento sendthemand
whento notsendthem.

The tree-rerootingalgorithm consumesresourceson different areas. First of all two messagesare
sent. This requiresbandwidthon the communicationchannelsbetweenthe threeprocesses.In case
of a simpleethernetlocal-areanetwork, this meansclaiming thewholenetwork-segmentto sendthe
message,anddelayingthesendingof othermessages.If switchesareused,only thelink betweenthe
two correspondingobjectsis claimed,but this is anexpensivesolution.
Secondly, alsoprocessingpower is consumed.This hasan effect on otherprocessesrunningon the
sameprocessor. If thesemessagescanbehandledwhile theprocessoris idle, nothingis lost, but oth-
erwiseit meansdelayingtheotherprocesses.

4.3 Diffusion TreeRestructuring, by Dr. Peter Dickman

Dickmanusesanotherapproachto flattenthediffusiontree.His ideasareformulatedinto twodifferent,
but coherentalgorithmswhich try to lower thedepthof thediffusiontree[Dic00]. His algorithmsare
primarily basedon alreadypresentcommunicationbetweenprocesses.

4.3.1 BasicAlgorithm

Thebasicideabehindall thesealgorithmsis thattheoriginal father(obtainedby thefirst arrival of the
remotepointerat thatprocess),doesnot have to remainthe father. For instance,while performinga
remotemethodinvocationon therealobject,it canusethis communicationto rerootitself.
Theideaconsistsof two basicalgorithmsandtwo additionalextensionsto it:
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sub-treere-rooting during RPC Eachtime a processinvokesa remotemethodon theobject,it cre-
atesa communication.The original objectcandetectthat the originatorof the methodcall is
not locatedasa direct child of the root. Before returningthe RPC, the referencecounteris
incrementedto ensurethesafetyof thealgorithm. Whenthe resultarrivesbackat theoriginal
process,it cansenda DEC-messageto its original father.

Depth-reducingparent selection If a remotepointeris receivedfor asecondtime,plain IRC sendsa
DEC backto thatprocess.This algorithmchoosesthebestfatherandsendsa DEC to theother
father, possiblychangingit. It is assumedthateachnodeknows his depthin thediffusiontree.
Thenodewith thelowerdepthis thebestfatherfor anode.

4.3.2 DetailedAlgorithm

Sub-treere-rooting during ’RPC’

The resultof this algorithmlooks very similar to Moreau’s algorithmbecauseit rerootsa sub-tree.
Although, this rerootingis encapsulatedin a RPC-call,causingno extra messagesto be generated.
The messageitself is extendedwith onebit, which indicateswhetherthe original processasksfor a
rerootingor not. Whenan RPCarrivesat the root andthe bit is set, the local referencecounteris
incremented.Only after this increment,theRPCis allowedto returnthe result. Encapsulatedin the
result,thereis a bit telling if thererootinghasfailedor not. If it did not fail, theoriginal processwill
sendaDECto hisoriginal fatherandchangeits father.

Depth-reducingParent Selection

Eachtime a pointeris transmittedto anotherspace,the local counteris incremented.If thereceiving
spacealreadyknew this pointer, it cannow choosebetweenits two fathers(theoriginal andthenew).
This decisionis madeaccordingto their depthin the tree. This ideaneedsthateachnodeknows his
depthin thetree.After switchingfrom father, a DEC is sentto theotherfatherandthelocal depthis
adjusted.

Near-leaf Parent Avoidance

An inconveniencehappensif anodechangesits fatherby theParentSelection-algorithmandif thenew
fatherwasa child of thediffusiontreebefore.Althoughcompletelycorrect,this causesthediffusion
treeto haveoneleaf less.With respectto failuresandfault tolerance,thenumberof crash-problematic
nodeshasincreased.
To solve this problem,theprocessthatsendsa remotepointer, addsa bit telling whetherit is a leaf in
thetreeor not. Dependingonthisbit, thereceiving processcandeterminewhetherit will considerthe
new fatherasa fatheror not.
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SimpleWeightedProxies

In two similar situations,DEC-messagescanbe eliminatedor at leastpostponedby usinga system
similar to weightedreferencecounting.
Whena processreceivesa remotepointerfor a secondtime, it sendsa DEC to oneof thetwo fathers
(seealgorithmsabove). If thepointerwassentby thesameprocessbeingits currentfather, it will not
sendtheDEC immediately, but keepa counterof DECsto thatprocess.In caseof a fatherchangeor
deletionof theproxy, it will sendaDECrepresentingmultipleDECs.
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-messagesto besentby theoriginalprocess.Herethey canbecombinedtooby asimilarsystem.

4.3.3 Remarks

The extra bit neededin the RPC-calland in the proxy, is usedby the proxy to avoid askingfor a
secondrerootingwhena previousrerootingfailed for somereason.It canbea design-decisionor an
implementation-decisionto re-requestrerootingseachtime,or only thefirst time.
Thesub-treererootingusesanRPC-callto transmittherequestfor rerooting,but it cancauseanextra
DEC-messageif rerootingis done.Thisextramessagecouldotherwisehaveoccurredin thefar future
or evenneverat all.
Becausenow eachproxy containsa depth-indicator, this field cansuffer from overflow-problems.To
keepthespaceoccupiedby this field small,it canbea small integer. Thehighestvaluewill represent
asticky infinite: all nodesbelow have thesame”highest” value.

4.3.4 Critical View

Whena treeis constructed,eachnodeknows its depthin the tree. Unfortunatelywhentime elapses
different tree flatteningtechniquesare usedto lower the depthof the tree. Eachtime this action
happens,not only thedepthof a nodechanges,but alsothedepthof all its children. Thesechildren
arenot informedof the depth-changebecauseit would causetoo many messages.After sometime,
andmany flattenings,theactualdepthsof nodesandthedepthsat which they think they arecandiffer
a lot, causingthesecondalgorithmto behave reversely.
Unlike Moreau’s algorithm, thesealgorithmsareonly thoughtof, no actualimplementationexists.
Whenperformingdifferent tree flatteningalgorithmsat the sametime, onemust also considerthe
problemswhich arecausedby applyingthem.For instancea DEC canbesentto theold father, while
anotheralgorithmis changingthefather. Or two algorithmscancreatea raceconditionto changethe
father, causingDECsto besentto wrongfathers.

4.4 Conclusion

Becauseboth network-configurationandthe actualdistributedcomputationcausesdifferentimpacts
on thefinal resultof theflatteningtechnique,this is difficult to test.For eachdifferentsetup,anumber
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of benchmarkscanbegeneratedwhich showsthatacertainalgorithmis betterthananother



Chapter 5

ProposedTreeFlattening Techniques

As statedin chapter4, theproblemis thatwhenusingIndirect ReferenceListing in its normalway,
thediffusion-treemaybecomeverydeep.Thiscancausedifferentproblems:

� zombie-references

� moredifficult to managefault-tolerance

In any case,minimizing the depthof this invertedtreeis recommended.At leastif the overheadto
minimizeit, remainswithin acceptableboundaries.
Thischapterwill proposesomenew techniquesto minimizethedepthof thisdiffusiontree.

5.1 Intr oduction

As describedin chapter2, therearefour differentoperationswhich mayalterthediffusion-tree:

� creationof anew node(sendinga referencefrom theroot to anothernode)

� duplicationof anode(sameascreation,but not invokedby theroot)

� deletionof anew node

� migrationof therealobject

Thecreationandduplicationof nodesarehandledin a similar way. This will bedescribedin thenext
section.
Deletionof nodesandmigrationcancausedifferentkind of actionsonthediffusiontree.Eachwill be
explainedin adifferentsection.

28
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5.2 Adding or duplicating nodes

A new nodein thetreecanbecreatedin threedifferentways.Thefirst is by invokingaremotemethod
andsendingan objectas parameter. Dependingon the object, it is sentas a copy, or asa remote
reference.Thesecondway is by invoking a remotemethodthat returnsa result. This resultcanbea
remotereference.Thelastway is by callinga lookupon theregistry. Thiswill alwaysreturnaremote
reference.

Eitherway, a remotereferenceis transferredfrom onespaceto another. If this remotereferencewas
notknow in thesecondspace,this new spaceis addedto thediffusiontree.

In normalIndirectReferenceListing, thenew nodeis addedasachild of thenodewhereit camefrom.
Thereis nodifferencewhetherthis wastheroot or not.

In IRL thenew nodeis addedasachild of thenodewhereit camefrom, but alsoanothermechanismis
invokedto minimizethedepthof thediffusion-tree.Thisnew mechanismwill becalled”Minimize-by-
Insertion”,becauseit is only invokedwhenanew nodeis addedto (or insertedinto) thediffusion-tree.

5.2.1 Minimize-by-insertion

Thegoalof thisalgorithmis to keepthedepthof thediffusion-treewithin a limit (unlike in thedefault
algorithmof IRL). Most of the time this limit will be four levels,but for shorttimes,five levelsare
alsoallowed.Eachtime thedepthof five is reached,a treeflatteningtechniqueis invoked.

New nodescanbeaddedto thetreeat four differentlevelsin thetree.Dependingonthelevel, thenew
nodewill createanumberof additionalmessagesto minimizethetree.

In all cases(= all levels),it will beat theoriginal node(= futureparent)wheretheactionstarts.The
first thing to do is to addthenew nodeto its list of children.Thenew nodewill addthefirst nodeasits
father. Thisbehavior is thestandardbehavior in IRL-algorithms,andwill bethefirst thingbothnodes
do ateachlevel.

The fatherwill alwaysadd the new nodeas its child, althoughit doesnot know whetherthis new
nodewasalreadyin thediffusion-treesomewhereor not. If this is thecase,thenew nodewill senda
decrementmessageto its secondfather. This will deletethenew nodefrom the referencelist of the
fatherandmake thetreeconsistentagain.

Level 1

This caseis wherethe root is the fatherof thenew node. It is alsocalled”creationof a new node”,
conformingto thelist of chapter2.
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Becauseit is therootwhichcreatesthenew node,noextramessageswill beneededandthenew node
staysat this level.

new

new

new

Level 3Level1 Level 2

A A

B B B

A

C C

D

Figure5.1: Levels1,2and3

Level 2

Now thecreatorof thenew nodeis nottheroot,but it 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
messagesaregenerated.Fromlevel 2 to all next levels,this is 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
a wire-representation:a grandfather. If its grandfatheris theroot, it meansthat it is on level 3. Only
from level 3, thegrandfathermakessense,on higherlevels thenodesdo not have grandfathers.The
informationin thewire-representationsis updatedeachtime they aretransmittedto anothernode.

Importantis that whena wire-representationis sentfrom a level 3 node,it containsan extra bit to
inform thenew nodethatit is on level 4. Thesamebit will beusedat thenext level to inform thenew
nodethat it is at level 5. Thegrandfather-informationonly is insufficient to determinethedifference
betweenlevels4 and5.
Now we know thatwe areon level 3, no extra messagesaregeneratedandthediffusiontreeremains
thesame.

Level 4

Whena wire-representationleavesa level 4 node,it knows that its grandfatheris not the root. This
informationis representedin thesamebit asusedin level 3 (but adifferentvalue).
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Whenthe wire-representationarrivesat the new nodeandit wasnot alreadyin the tree(this would
generateadecrementmessageback),a treeflatteningalgorithmis started.

Thealgorithmconsistsof acombinationof threeextramessages,but thesecanbesentasynchronously
with thecomputation.Theseextra messageswill not createa largeoverheadbecausethey canbesent
in parallelwith thecomputation.

� thenew nodesendsa messageto theroot to inform it that it hasto adoptthefatherof thenew
node

� Theroot will senda messageto thefatherto saythat it is its fatherfrom now on. Whentheold
fatheragrees,therootwill addthefatherto his referencelist.

� Thefatherwill senda cleancallto its original fatherto keepthetreeconsistent.
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father changed

Figure5.2: Level 4

Thus, the overheadon level 4 equalsthe sendingof 3 messages,but noneof them includesa big
amountof processing.It is just to keepthetreeconsistent.

5.2.2 Ar guments

Theideabehindthisflatteningalgorithmis thatthedepthof thetreecannotexceed4,unlessin specific
cases.Eachtime a depthof 4 is reachedanda new nodeis added(creatinga fifth level), the treeis
flattened.
As in mostalgorithms,specificcasearediscoveredwherethetreecanbedeeperthan4, but theseare
only temporalstages.
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Newnodeon Level 4

Whenanew nodeis createdon level 4, it will beaddedaschild of this level. Thisway it is temporary
on level 5, but it will we movedup whenthemessagereceive theroot. This flatteningwill move the
nodebackto level 3.

Newnodeof a new nodeon Level 4

Becausethepropagationof thesemessagesthatflattenthetreearepropagatedasynchronouswith the
actualcalculationsin the new node,it canhappenthat this nodecreatesnew nodesbelow himself
beforeit hasbeenrerootedto another(higher)level. Thefirst new nodewasalreadyon level 5 (but
will bemovedsoon),but thelastnew nodeis evenon level 6!!
Fortunately, this is alsojust a matterof time. Becausethenew nodeon level 6 alsostartsa flattening
algorithmandwill we moved to a higherpositionin the treetoo. The samehappenswhenthis last
nodecreatesanothernew nodeandsoon...
aftersometime, thetreewill alwayshavea depthof 4 (or less).

5.2.3 New invariant: Grandfather

The correctnessof this flatteningalgorithmnow alsorelieson a new invariantof the diffusion tree:
Eachnodeknows its grandfather.
Whenonlycreatingnew nodes,thiscanbedonein averyefficientway. Eachtimeawire-representation
is sentto anew node,thefatherandgrandfatherfieldsareupdated.Thenew nodenow directlyknows
its fatherandgrandfather.
Deletingnodescreatesmoreproblems,becausethis canchangethegrandfatherof anothernode.

Level 1 and 4

Both levelsdonotcauseany problems.Thefirst becauseit canonly bedeletedif therearenochildren,
meaningno remotereferences(the tree is completelycollapsed). Level 4 normally doesnot have
children,soit is grandfatherof noone.In thevery exceptionalcasethata level 6 nodeis created,this
will be only a temporalstage,wherebyits grandfatherwill be changedwhenits flatteningmessage
arrivesat theroot.

Level 2

A level 2 nodecanhave grandchildren,which will have a new grandfather(the root) if this nodeis
deleted.Heretwo differentapproachescanbe taken. The first is sendinga messageto eachof the
grandchildren(throughthelist of children)to saythatthey haveanew grandfather.
Becausethis cancreatea largeamountof messages,anotherpossibility is moreuseful:do not inform
them,but let themstill think that they are1 level too deep. This hasno catastrophiceffect on the
diffusiontree,nor on thecorrectbehavior of thealgorithm.Althoughit cancreateextra (unnecessary,
but still correct)treeflatteningactionsbecausesomenodesthink they aredeeperthanthey actually
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are.After suchaflatteningaction,all theinformation(father, grandfather...) in thatnodeis backup to
date.

Level 3

Althoughalevel 3 nodenormallydoesnothavegrandchildren,thegrandfatherof its childrenchanges.
Independentof thealgorithmusedto dealwith deletionof intermediatenodes,no new messagesare
generated:
If thechildrenof a deletednodeareadoptedby thefatherof thatnode,this new fathersendsits name
andits grandfatherto the adoptedchildren. If they areadoptedby the root, the grandfatherfield is
erasedby adoption.
In neithercase,messagesaresent.

5.3 Deletingnodes

A side-effect of usingindirect referencelisting is that a nodewhich is no longerlocally referenced,
maynot bedeletedif it still haschildren. The reasonfor this is that this nodeprotectstheroot from
beingfreed,while therearestill remotereferencesfrom nodes,below this node.
Example:If thetreecontains4 nodes:2 children,1 fatherand1 grandfather(root);andthefatheris no
longerlocally referenced.An incorrectimplementationwould deletethefatherandsenda clean-call
to its father(root). If theroot is no longerreferenced,it maybedeleted,becausehecannotknow that
anyoneelseis still referringto him. Thiswrongbehavior shouldbeavoidedat any time.
Most algorithmssolve this problemby simply not deletingnodesif they areno morelocally refer-
enced,but still have children. Thesekind of nodesarecalledzombie-references.Oncethey have
receivedall clean-callsfrom all theirchildren,they maybedeleted.Theproblemis thatthisalgorithm
cancreatea chainof zombie-referenceswith at the endonenode. Whenthis final nodeis no more
used,it will createa lot of clean-callsto cleanthechain.
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Figure5.3: ZombieDeletion
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Thesolutionproposedin this thesisis to deletethesezombie-references,but still preventtheroot from
freeingitself incorrectly.

Beforethenodewill bedeleted,all its childrenwill beadoptedby theroot. Now all thechildrenare
movedin thetreeto bechildrenof theroot,therebyalsoflatteningthetree.Oncethenodehasnomore
children,it canbefreedwithout any problem(no morereferencesto it locally nor remotely).A chain
of zombie-referencescannotbeformedbecauseeachzombie-referenceis immediatelyremovedfrom
thetree.

5.4 Migration

Migration is theactof moving therealobjectfrom its currentnodeto anothernodein thetree.This is
alwaysaverycostlyoperation(comparedto theotheroperations),becausetheobjecthasto bemoved
andthetreehasto bereorganizedsuchthatit remainsconsistent.
In classicalIndirect ReferenceListing (andCounting)this meansthat oncethe object is moved, the
new nodebecomesthe root of thediffusion-tree.Theoriginal root is adoptedaschild of of thenew
root.

A A

B BC C

D DE EF F

Before After

Figure5.4: Migration

After this movement,all nodesmustbe informedthat theobjecthaschangedto anothernodein the
tree,suchthatthey cansendremotemethodcallsto theright object.

5.4.1 Treeis growing

Unfortunately, this good algorithm doesnot cooperatevery well with the tree flatteningapproach
proposedin this thesisor any other. Eachtime theobjectmovesto anothernode,thedepthof thetree
canbeincrementedby 1. After 10migrations,thetreecanhavea theoreticaldepthof 14,violatingthe
invariantmaximumdepthof 4.
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5.4.2 Solution

Until now all IRL algorithmsreliedonthefactthattheobjectis locatedattherootof thediffusion-tree.
Thispreventstherealobjectto begarbagecollectedprematurely.
This thesisproposesa radicalchangeto this approach,by not holding therealobjectin theroot, but
letting it movearoundin thetree.
Thealgorithmworksvery similar to theoriginal one,but just keepsthe treeasit wasbefore(no tree
rerooting). This changeimposessomenew algorithmsto prevent the objectto be garbagecollected
prematureandto actuallyreclaimit whenit is no longerreferenced.

Object at the root

Whentheobjectstaysat the root, thealgorithmbehavesexactly thesameasbefore. Theobjectcan
only bereclaimedif nolocalor remotereferencesareknown to theroot(= if it is not locally referenced
andit hasnochildren).

Protection

Whenthe objecthasmovedto anothernode,thenodecontainingtheobjectmustbe protectedfrom
beinggarbagecollected.If this nodehasno morelocal referencesandit hasno children,it couldbe
reclaimed(accordingto theoriginal algorithm)
But becausethis nodeknows that it containsthe real object locally, it will prevent itself from being
garbagecollected.

Termination

Whentheroot doesnot containtheobjectany more,the root will alwayshave at leastonechild be-
causethenodewheretherealobjectis located,cannever bereclaimed.This preventsthenodewith
theobjectto begarbagecollected,but it alsopreventstheroot from beingfreed.If this is nothandled,
asmalltree,containingonly theroot andthenodewith therealobject,will alwaysremainalive.
Fortunately, this problemcan be solved. If the nodecontainingthe real object is no longer refer-
encedlocally or remotely, it canmigratebackto the root. After this migrationthe last nodecanbe
collectedandtheroot too,sincewearein thenormalIRL-algorithmnow (therootcontainstheobject).
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Figure5.5: Termination
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Impr oved Termination algorithm

Thealgorithmabove alwayscausesanobjectmigration,evenif therearestill othernodesin the tree
(otherthantheroot andthenodecontainingtherealobject).This operationis costly, soavoiding it is
preferred.
Avoiding it canbe done,by a simpleping-pong-algorithminvokedby the root: Whenthe root is no
longerlocally referencedanddetectsthatits only child is thenodewith therealobject,it senda mes-
sageto this node.If this nodehasnochildrenandis not locally referenced,bothnodescanbecleared
immediately, becausethereexist no referencesto themanywherein the tree. If it is still referenced
(locally or remote),bothnodesarekeptalive. Whenthis nodedetectsthat it is no longerreferenced
(locally or remote)aftera while, it will contactthe root. Becausetheroot canhave new childrenby
now, it checksagain.Thisping-pong-protocolkeepsgoinguntil bothnodesarenot referencedlocally
nor remotely(excepttherootby thesecondnode).Now bothnodescansafelybefreed.

5.5 Conclusion

This chapterdescribedin detail the two new algorithmsproposedin this thesis. First Minimize-by-
Insertionis explained:eachtime anew nodeis addeddeepin thediffusion-tree(fifth level), its parent
will bererootedandreshapethetreeto a maximumof four nodesdeep.Thesecondalgorithmworks
on anotherbasis:ZombieDeletiondeletesa nodeassoonasit becomesa zombie(no longerlocally
referencedbut still haschildren).By deletingthesezombies,thetreewill belessvulnerablefor node-
failuresandthedepthcanbereduced.
Orthogonalon thesetreeflatteningtechniquesanotherwayof managingmigrationsis proposed.Orig-
inally the treeis adaptedto make thenew spacewheretheobjectis located,the root. This is badin
combinationwith treeflatteningalgorithmsbecauseit canincreasethedepthof thetree.Thealgorithm
proposedheredoesnotchangethetreemakingit easycompatiblewith treeflatteningtechniques.
The next chapterwill give several differentviews why new flatteningtechniquesareproposedand
whetherthereis adifferencein theirexecution.



Chapter 6

Validation

6.1 Intr oduction

The new optimizationsproposedin this thesisandthe treeflatteningtechniquesof Moreauareval-
idated in two different ways. First a simulationmodel is madewhich simulatesthe grow of the
diffusion-treein combinationwith different tree flattening-techniques.The secondvalidation is a
proof-by-implementation.An Object-Orientedprototypedlanguageis extendedwith remoterefer-
encesandaDGC.Thesametechniquesto implementtheDGCfor theprototypebasedlanguagewere
usedto constructa javaRMI-clone.Ontopof thisRMI-clonedifferentbenchmarksareconstructedto
seetheeffectof thedifferenttree-flatteningalgorithms.

6.2 Simulation Model

Thissimulationmodelis implementedin javaandsimulatesthediffusiontreeof asingleobjectthatis
remotelyreferenced.All standardoperationsthatcanoccuron anodearesupportedby themodel:

� createnew nodeaschild of thisnode(creationor duplication)

� deleteanode(deletion)

� migratetheobjectfrom onenodeto another(migration)

But alsothenew operationsdefinedby thenew dgc-techniquesaresupported:

� rerootanodeto becomeachild of root (Moreau’s algorithm)

� maintaina maximumdepth(Minimize-by-Insertion)

6.2.1 Adding a new node

As explainedbefore,addinga new nodeto the treecangeneratea numberof messagesdepending
wherein thetreeit is addedandalsodependingon theflattening-algorithmused.

37
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This modelcanbeusedto seethedifferencein thenumberof generatedmessagesandthedifference
in the final diffusion-treeby usingdifferentflattening-algorithms.Threedifferenttechniquescanbe
chosen:

� Original IndirectReferenceListing

� Luc Moreau’s rerooting

� Minimize-by-Insertion

At asmallnumberof nodesin thetree,theresultin thediffusiontreeis negligible. Only whenthetree
containsafew hundredsto athousandnodes,thedifferencescanbeclearlyseenin figures6.1,6.2and
6.3.

Figure6.1: 500nodeswithoutflattening

Whennodesareaddedin a randomlyfashion(asin all threeexamples),normalIRL will createawful
diffusion trees. When Luc Moreau’s algorithm is applied,the diffusion tree is reshapedin a very
drasticway, wherebyall nodesbecomeachild of theroot. This hasseveralimplications:

� it is expensivebecausetwo messagesaresenteachcreationof anew node

� it is betterfor fault tolerance,becauseno nodes(besidestheroot) containchildren.

� it haslessparallelismbecauseall nodeshave to communicatewith the root (e.adeletion,cre-
ation),becauseit is their father.
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Figure6.2: 500nodeswith flatteningby Moreau

Figure6.3: 500nodeswith Flattening-by-Insertion



CHAPTER6. VALIDATION 40

6.2.2 Migration

Migration, asperformedin normalIRL, cancreateundesiredeffectson thediffusion tree. Normally
thenodewheretheobjectis migratingto becomesthenew rootandtheold rootbecomesadirectchild
of thenew root. This is averysafewayof migratinganobject,but in mostcasesit increasesthedepth
of thetree. This is especiallybadin our case,becausewe applydifferentalgorithmsto minimizethe
depthof thediffusiontree. Most treeflatteningtechniquesdo not work well with migrationsfor this
reason,althoughthey canbeusedwhenapplyingmigrationsasproposedin this thesis.
Whenthe old migrationis performedin combinationwith oneof the two treeflatteningalgorithms,
theresultis negligible. All theeffort to compactthetreeis lost by themigrationactions.
Theapplicationof thenew migrationalgorithmis thereforevital for theeffectivenessof all treeflat-
teningalgorithms.After a migration,thetreeremainsthesameasbefore.Both flatteningalgorithms
have implicit requirementsthatthetreeis notextendedwithout their knowledge.
Moreau’s algorithmplacesall nodesasdirectchildsof theroot. After amigration,this invariantis no
longersatisfied.
Flattening-by-Insertionkeepsthe tree lesscompact,but if nodesare addedto deeplyin the tree,a
subtreeis rerootedto shrink the tree. Theold migrationbreaksthis invariant,by possiblyextending
thedepthof thetreeeachtime theobjectis migrated.
Flattening-by-Insertioncancopewith this invariant-breaker a little betterthanMoreau’s algorithm,
becauseif new nodesareaddedat a very deeplevel, their fatherswill be rerooted. If theseevents
occurat theright places,thetreewill shrink to a normal,acceptabledepth.Moreau’s algorithmonly
rerootsnew nodes,leaving everythingelseuntouched.

6.2.3 Statistics

Togetherwith thecreationof thevisualmodel,a lot of statisticsaregathered.For differentsetups,the
differencesin thetreeandthenumberof messagessendcanbemeasured.
Thesedifferentstatisticscanbeusedto seethecostsof applyingtreeflatteningtechniques,but they
alsomeasureparametersof thediffusiontree.Whendifferenttreeflatteningtechniquesareappliedto
thesamediffusiontree(construction),wecancomparebothcostandbenefitsof thealgorithms.

Available statistics

To makeadecentcomparison,it mustbeassuredthatbothalgorithmsareappliedonexactly thesame
diffusion tree. This is accomplishedby initiating the RandomNumberGeneratorto a certainseed
beforestartingthesimulations.
Thevarietyof differentstatisticsgatheredaboutaflatteningtechniquedefinestheaccuracy of thetest.

� numberof nodescreated

� numberof nodesdeleted

� numberof final nodes
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� numberof cleancallssend

� numberof flatteningmessagessend

� numberof actualflatteningsperformed

� numberof migrationsperformed

� numberof adoptionsperformed

� numberof childrenof theroot

� averagedepthof thediffusiontree

� highestdepthof thediffusiontree

Comparing tr eeflattening techniques

Both treeflatteningalgorithmsaretestedin a numberof differentconfigurations.Importantis how
many nodesareaddedto thetree.By increasingthis parameter, theeffect on thenumberof generated
flatteningmessagesandactualflatteningscanbemeasured.
Both algorithmsaretestedwith only creationof nodes(nodeletionsnor migrations):

nodes generatedmessages 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: Moreau’sflattening

Thestatisticsshow thatfor eachnew nodethatis notadirectchild of root , exactly two new flattening
messagesarecreatedin Moreau’s algorithm. This resultsin an averageof nearlytwo messagesper
new node.
With Flattening-by-Insertion,the numberof generatedmessagesdependson wherethat nodeis in-
sertedon the tree. Only if it is at the forth level, threemessagesarecreated,otherwisenone. When
nodesareaddedin a randomlyfashion,this createsanaverageof 0.75extra messagesfor eachnewly
addednode.This is substantiallylessthatthe2 extramessagesnotedatMoreau’salgorithm.Moreau’s
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nodes generatedmessages 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 thenew node,while Flattening-by-Insertiondoes
this only onceevery four new nodes(in average).

6.3 Implementation

Statisticsarebeautifulto look at,but areonly usefulif they arerelevant. Theproblemof this simula-
tions is that they only simulatethemodelthat is programmed.Eachsimulationis carefullydesigned
anddoesalwaysthesame.
Real life programsareusuallynot that clean. According to the problemthey aresolving, different
diffusiontreesareconstructed,eachtime looking different.
Neverthelesshow beautiful somestatisticsmay be, somepersonswill only acceptnew ideasand
theoriesafterthey areprovedto work correct.Thisproofcanbetheoretical,likeamathematicalproof
of correctness.Theotherpossibility, usedhere,is aproof-by-implementation.

6.3.1 PicObj

Pico is a tiny, academicprogramminglanguagedevelopedby TheoD’Hondt at theVUB (Vrije Uni-
versiteitBrussel).It’ s primarygoalwasto teachprogrammingconceptsto personsthatdo not know
anything of programming.Most otherlanguagesaretoo complicatedfor this purpose,botheringthe
programmerwith a lot of syntaxanddifficult semantics.Picois keptassimpleaspossible(it’ s gram-
marcanfit on onepage)to let theprogrammerthink aboutwhathe is doing insteadof thinking how
heshouldwrite it syntacticallycorrect.
Pic%(readasadoubleo), is aObject-Orientedextensionof theoriginalpico. Insteadof aclass-based
language(likealmostall currentOOlanguages),thisPic%is prototype-based.Objectsarerepresented
by dictionaries:mappingof namesto otherconstructs(number, string,dictionary, ...).
PicObj is a distributedextensionto Pic% which allows the programmerto export dictionariesto a
registry andto look otherdictionariesup. Next, methodscanbe calledin thesedictionaries.These
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methodswill notbeexecutedlocally, but in themachinewherethedictionaryis physicallylocated.For
theprogrammer, this is almostcompletelytransparent;in mostcasestheprogrammerwill not seethe
difference.Only if nativefunctionsarecalledwith aremotedictionaryasparameter, thiswill generate
anerror, becauseit expectsa local dictionary.

RemoteDictionaries

The most importantdifferencebetweenPicObj andthe normalPic% is the possibility of accessing
dictionarieson remotemachines.Internally this referenceis a sort of genericstub. BecausePico is
dynamicallytyped,therearenotyping-problems.Thisgenericstublocally actsasanormaldictionary.
As with all dictionariesyou canaskvaluesof variablesor call methods.Thelocal stubknows where
theactualdictionaryis locatedandopensa connectionto thatmachine.Thenit will marshallall the
parametersandsendthemto theremotemachine.Therethelookupand/ofcalculationis doneandthe
resultis marshalledandsentbackto theoriginalmachine.
Marshalingof parametersandreturntypesaredonein a very simpleway. If thevalueis a dictionary,
it will be transformedinto a remotereference.All othervaluesare just copied. BecausePicObj is
implementedin java, theobjectmarshallingfrom java is usedfor all objectsexceptdictionaries.If a
remotereferenceis marshalled,it is alwayscopied.Of coursewhenremotereferencesor dictionaries
aresentto or receivedby otherspaces,their referencelists areupdatedandall normalDGC-activities
aretriggered.

6.3.2 Java RMI-clone

Although the PicObj-implementationis very clean,not many programmerswill actually use this.
Nowadays,java is standardaccompaniedwith a remotecommunicationpackagecalledRMI (Remote
MethodInvocation).Theimplementationof standardRMI[Cor] usesa DGC that is basedon Birrel’s
Network Objects[BEN

�

93]. A referencesetis keptin thespacewheretheactualobjectresides.Each
time a remotereferenceis sentto anotherspace,this spacehasto communicateandsynchronizewith
theobjectspace.Thissynchronizationcanbequitecostly.
Unfortunately, thestandardRMI is not adaptablein any way. TheDGC-algorithmbehindRMI can-
not be changedor optimized. Thereforea RMI-clone is proposedin this thesis. Exactly the same
functionalityasRMI is offered,but now with adifferentDGC-algorithmbehindit.

6.3.3 Original Java RMI

Thereexist many papersandwebsiteson how to useRMI, sothis sectionwill not bea tutorial, it will
only point out thedifferentconstuctsneededandhow they interactwith a user-program.To explain
this aseasyaspossible,we will usea smallexampleof a calender-server, wherea client usesRMI to
askthecurrentdateor time to theserver. Thesourcecodecanbefoundin AppendixA.

� RMICalenderServerInterface:Themethodsthatcanbecalledon theservermustbedeclaredin
aseperateinterfacethatinheritsfrom Remote.
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� Eachmethodmustthrow RemoteException

� RMICalenderServer mustimplementtheinterfaceandmustextendfrom UnicastRemoteObject

� Theservermustbeboundin a registryby using:Naming.bind

� Theclientmustlookuptheserverby using:Naming.lookup

� Theserver receivedon theclient is castedto it’ s interface

� After all sourcecodeis compiled,thestubandseletonmustbegeneratedby calling ”rmic RMI-
CalenderServer”. Thiscreatesdirectly thecompiledversionsof bothstubandskeleton.

6.3.4 RMI-clone

TheRMI-clonedescibedin thispaper, only changessomeof therequirementsmentionedabove. Only
thechangeswill beexplained:

� RMICalenderServer alsoimplementsthesameinterface,but now extendsJavaRemoteObject

� Theserver is boundin theregistry by using:Manager.getLocalRegistry().rebind

� Theclient looksup theserverby using:Manager.getLocalRegistry().lookup

� To createthe stubs,the following programhasto be run: ”java dgc.GenerateRMICalender-
Server”. Thiscreatethesourcefilesfor stubandskeleton.Afterwardsthesemustbecompiled.

This meansthat all currentprogramswritten for java RMI canbe easilyadaptedto usethis RMI-
clone.Thechangedfilescanbeviewedin AppendixB. Theautomaticgeneratedstubandskeletonare
availablein AppendixC.

6.4 Benchmarks

As statedin chapter4, theaimof treeflatteningtechniquesis to makethediffusiontreemorecompact,
andtherebylessvulnerableto failuresof nodes.Becausetheseflatteningalgorithmscreatea number
of extra messageson top of the messagesneededfor computationand normal distributedgarbage
collection,this extracostmustbekeptinto reasonableboundaries.
Usuallybenchmarksareusedto statistically”proof” thata new algorithmworksfasterthantheprevi-
ousone. Executiontimesof thenew algorithmarethencomparedwith thoseof theold one. In this
case,thesameexecutiontimesaremeasured,but thecomparisonis slightly different.
Theprimarygoalof treeflatteningalgorithmsis not to speedup thecomputation,nor thedistributed
garbagecollection,but to compactthe diffusion tree. Therefore,the benchmarksareusedto mea-
surehow muchextra time is spenton theseextra messages.If this time remainswithin acceptable
boundaries,thesealgorithmscanbeusedin specificcaseswherefault toleranceis important.



CHAPTER6. VALIDATION 45

In somecases,treeflatteningalgorithmswill shortentheoverall time to collectall thegarbage.The
reasonfor this is in generalthatcomputationscanbedonein parallel,while beforethey would have
beenblockingeachother. Althoughthis is not theprimarygoal,it is still nice.

6.4.1 Benchmark Programs

For many languages,even parallel languages,thereexist differentmany differentbenchmarks,but
until now, no benchmarkis especiallytargetedto the distributedgarbagecollector. Hopefully, these
will becomeavailablein thenearfuture,to makeanobjectivecomparisonbetweendifferentDGCs.
Luc Moreau proposedtwo benchmarks,which are especiallytargetedto his tree flattening algo-
rithm and to anotherimprovementof IRC (accumulatingDGC messagesandsendingthem in one
time)[Mor01]. Both benchmarksarerewritten into java to be usedwith the RMI-clone describedin
this thesis.
Additionally, two otherprogramsareaddedto the list of benchmarks.Thefirst is a distributedbub-
blesort,which createsa large numberof remotereferencesendings.Thesecondis a distributedim-
plementationof theshortestpathcalculation.Thesetwo benchmarksaremorereal-life programsto
checktheeffectof flatteningalgorithmson realprograms.

Benchmark 1 : Cycle

The Cycle benchmarkfirst createsa cycle of master-objects. Eachmasterknows its next object,
therebyforming a cycle. Thelastmasterstartsthebenchmarkby creatinga remoteaccessibleobject
(CycleObject)andsendingthe referenceto it to its next master. Eachmasterwill receive the object
and sendit to its next until the referencealmostmadethe full circle. The last master(beforethe
masterwherethe object is really located)will createa new CycleObjectthat referencesthe original
CycleObject.This way theoriginal cannot berecycledbeforethenew onehasbeencollected.After
preformingsomecycles(which is a parameter),thelastobjectis not usedanymoreandwill causethe
breakdown of thediffusiontreesandrecycling of theotherCycleObjects.

Cycle

Figure6.4: Benchmark1 : Cycle
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Benchmark 2 : Diffuse

Eachmasterin thediffusebenchmarkknowsall othermasterandcansendmessagesto them.Execu-
tion startsin thelastmasterwhowill createanew remoteaccessibleobject.Hewill sendthisobjectto
anumber(thisis thefirst parameter)of othermasters.Mastersthatreceiveanobjectwill sendit to the
samenumberof othermasters.Thesemastersarechosenrandomlyfrom the list of all masters.The
numberof levelstheseobjectsareresendto othermastersis a secondparameterof thebenchmark.
Theideabehindthis benchmarkis thatmany masterswill receive thesameobjectmany times(gener-
atingcleancalls)andthediffusiontreeis notdeepor mal-formed(in general).

Diffuse

Figure6.5: Benchmark2 : Dif fuse

Benchmark 3 : Bubble

Bubble is a distributedversionof the bubblesort. Eachmastercontainsa remoteaccessibleobject,
which representsaninteger-value.All mastersknow their previousandnext masterandwill commu-
nicatewith themalternatively. Eachpasswill not move theobject,but mayswapthedifferentremote
pointersin themasters.Thebenchmarkendswhenall objectsaresorted,displayedandcollected.
To createlongchainsin thediffusiontrees,theoriginal objectsarenotchosenrandomly. Eachmaster
at index i hasanobjectwith valuenrofmasters-i. This way, theobjectsat theedgeof thebubblesort
mustpassall othermastersto getto their final position.

Bubble

Figure6.6: Benchmark3 : Bubble
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Benchmark 4 : ShortestPath

Herea configurationfile is usedto definethe edges,startingvertex, endvertex andweightsof the
edges.Enoughmastersarecreated,suchthat eachvertex is locatedat onemasterandeachmaster
knows his neighboursin thegraph6.7.Computationstartsin thestartvertex, whereit propagatesthe
currentpath-lengthto all his neighbours.Thesemasterswill checkthepath-lengththey receive with
theglobally shortestpath. This is anobject,which is accessiblefrom every masterandcontainsthe
shortestpathlengthcurrentlyfound. Eachtime thepathreachestheendvertex andthepathlengthis
shorterthanthecurrentpathlength,it will updatetheglobalvalue.
This benchmarkwasadded,not becauseof somespecialcharacteristicor to stressa certaintreeflat-
teningalgorithm,but to seetheimpactof thesealgorithmsonamorecommondistributedapplication.
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Figure6.7: Benchmark4 : ShortestPathfrom Startto End

6.4.2 Uni-processorResults

In this sectionwe will show theresultsof thedifferentbenchmarks,combinedwith thedifferenttree
flatteningalgorithms.All spaces(processes)arephysicallylocatedon thesamemachine.All thetests
in this sectionwereperformedon a PentiumII 333Mhzwith 192Mbram, runninga Windows 2000
operatingsystem.

Benchmark 1 : Cycle

Thefirst benchmarkis aCyclewith 10 master-objectsin thecycle. Thiscyclewill 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

� startup: numberof secondsfrom startuntil all mastersareinitialized

� complete: numberof secondfrom startuntil computationhasfinished

� cleanup: numberof secondsfrom startuntil all objectsarecollected

� calls: numberof remotemethodcalls(computation)

� registry : numberof remotemethodcalls(to theregistry)

� clean: numberof cleancalls(DGC)

� extra : numberof extra messages(treeflatteningalgorithms)

Explanation:

First importantissueis thatin all cases,treeflatteningalgorithmswill postponethecompletionof the
computation.This is explainedby thefactthatall of themgenerateanumberof extramessageswhich
will consumeprocessingtime.
The normal IRL-algorithm needsa long time to cleanup his objects,becauseit createddeepand
unbalanceddiffusiontrees.All cleancallsaretriggeredby thepreviouscleancall, thereforetakinga
long time to cleanupthefirst object.
All threetreeflatteningalgorithmshaveasa side-effecta fastercleanupat theend(up to 84%faster).
On the other handthey needextra messagesto breakdown thesediffusion trees. This breakdown
happensduring the actualcomputation,andthusslows down the computation.Both in the casesof
MoreauandZombie-Deletion,thisslowdown is higherthanthefinal gainwhile cleaningup. Therefore
their final cleanup-timeis higher thanin normal IRL. At the Insertion-algorithmthe gain is higher,
resultingin a fastercleanup-time.
The reasonfor the slow performanceof both Moreauand Zombie deletionon a uniprocessorcan
befoundin thenumberof messagessent.Both thenumberof callsandregistry staythesamefor all
algorithms,but especiallythenumberof extramessagesis algorithm-dependent.Moreauwill generate
for almosteachnew nodein thediffusiontreetwo new messages,resultingin afinal countof 114extra
messages.The samehappenswith Zombiedeletion,becauseall intermediatenodesin the diffusion
tree(excepttheroot andthe lastnode)areno longerlocally referenced.Eachof themgeneratestwo
extra messagesplusanextracleancall.
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Insertionhowever generatesa far lower amountof extra messages: only in 15 timestwo extra mes-
sagesandanextra cleancall aregenerated.In this casethetime spenton executingthesemessagesis
lessthanthegainin thecleanup,makingthealgorithmfasterthanIRL.

Benchmark 2 : Diffuse

This benchmarkwill be constructedwith five mastersandeachmasterwill sendan object to three
othermasters.Themaximumlevel 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:

The line ”complete” is missingin this tablebecauseit doesnot make sensein this benchmark.The
differencebetweenthe endingof the computationandthe endingof the cleaningis minimal and is
hardto compute.
Themostimportantremarkis that Insertionis never triggeredin this benchmark.thereforetheresult
is almostidenticalasNormalIRL. Thedifferencecanbestatisticallyexplained.
Similar to thepreviousbenchmark,MoreauandZombie-Deletioncreatea numberof extra messages
(38 and6), but the gain is minimal in this benchmark.Thereforethey produceonly overheadand
slowdown theterminationof thebenchmark.
Minimize-by-Insertionis not triggeredbecausethecomputationitself createdadiffusiontreewhich is
not toobad.As longasthediffusiontreeremainswithin someboundaries,Minimize-by-Insertionwill
leave thetreeasit is, becauseit is notworthoptimizingthetree(theprofit is smallerthanthecost).

Benchmark 3 : Bubble

This benchmarkwill beconstructedwith tenmasters,whereeachmasteri will have anobjectin his
space,representingthevaluetextbfnrofmasters-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 treeflatteningtechniquesneedmoretime to finish thecleaningup. Insertionneedsthe less
extra timebecauseit generatestheleastamountof extra messages.
MoreauandZombie-Deletionbothgeneratealot of extramessages(230and178respectively) thereby
consuminglots of processortime. On a uniprocessortheseextra timesaredirectly addedto thefinal
endtime.

Benchmark 4 : ShortestPath

In this benchmark,agraphis constructedwith 7 masters(seefig 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:

Thisbenchmarkis anexamplewhereremotepointersarelookedupby theindividualprocesses(mas-
ters).Thereforeall thediffusiontreesarewide,but notdeep(maximumtwo deep).Thischaracteristic
doesnot triggertheInsertionor Zombiedeletion-algorithmsbecausethetreeis in a fairly goodshape.
Thereforeboththesealgorithmshavesimilar timesandnumberof messagesastheoriginal IRL.
Moreauhowever, will alwaysbe invokedwhenthedepthof the treeis higherthanone,which is the
casehere.Thiscreatesa largenumber(72)of extra messageswhich arefairly undesiredbecausethey
only consumeextra processingpower, but do notgainanything.

6.4.3 Multi-pr ocessorResults

Benchmark-resultsbecomemore interestingwhen the benchmarksare performedon a network of
computers.This way thecomputationandDGC-activities aresharedamongthesecomputers.These
testsareall performedon a network of 6 UltraSparc-5stationsrunningSolaris.Five stationswill be
runningthebenchmark-mastersandonewill run theregistry.

Benchmark 1 : Cycle

Thefirst benchmarkis aCyclewith fivemaster-objectsin thecycleandit will cyclefive timesaround
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 completelyunbalanceddiffusion-treeis reshapedduring the
computationsuchthatit canbebrokendown fasterafterwards.
The most interestingresultsof the benchmarkis that both Moreau’s techniqueasZombiedeletion
createa large numberof extra messages,but their total timesare fasterthan the original IRL. The
benchmarkis designedin suchaway thatatmostonly oneprocessoris actuallyworkingon theactual
computationat a certaintime. All theotherprocessorsareidle or doingDGC-activities. This leaves
a lot of spacefor parallelexecutionof theseextra messages.Especiallybecausethey aredirectedinto
the reversedirectionof the computation,theseprocessorsareprobablycurrentlynot involved in the
computation.Thereforebothalgorithmsachieveadesirablespeedup.
Minimize-by-Insertiondoesnot achieve this speedupfor differentreasons.In this caseonly five pro-
cessorsarein thecycle,creatinga diffusiontreeof exactlyfive levels.Thisfifth level is theminimum
requirementfor the insertion-algorithmto startchangingthetree. Becausethis five levelsarejust on
theboundaries,thegainof applyingthemis not big. If longerchainswould beconstructedin thedif-
fusiontree,moreinsertionswouldoccur, but thegainat theendwouldbebiggerandcreateaspeedup.
In thecurrentsetup,thecosthasthesameorderasthegain,resultingin asimilar end-resultasIRL. It
mustbenotedhowever that thefinal resultis not slower thantheoriginal IRL, but thediffusion tree
hasbeenimprovedat thesametime.

Benchmark 2 : Diffuse

Thesecondbenchmarkis aDiffusewith fivemaster-objectsandtheremotereferenceis senteachtime
to threeotherprocessesandsentthreelevelsdeep.

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

Explanation:

The ideaof this benchmarkis that the samereferenceis sentto processorsthat alreadyknow that
reference(after a while). Dif ferent treeflatteningtechniqueswill createdifferentoverheads,but in
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all casestheir gainis very limited (if any) becausethefinal diffusiontreewill maximallycontainfive
nodes(thefivemasters).
Moreau’s algorithmcreatesthe largestnumberof extra messagesandthuscreatesthemostoverhead
andbecomestheslowest. Zombiedeletiononly creates5 extra messagesandis only slightly slower
thanIRL. Minimize-by-Insertiondoesnot evengenerateextra messagesbecauseit considersthecur-
rentdiffusion treenot in a badshape(its depthdoesnot exceedfive levels). Thereforeits execution
timesareequivalentwith theonesfrom normalIRL.

6.5 Conclusion

The new tree flatteningalgorithmsproposedin this thesisare validatedin different ways. First a
simulationmodelhasbeenconstructedto simulatethedifferentalgorithms.It is shown thatMoreau’s
techniquecreatesa largenumberof extra messagescomparedto Minimize-by-Insertion.
Thenext validationis animplementationof thesetechniquesin two java-programs(PicObjandRMI-
clone)usingthesameDGC-algorithms.On topof theRMI-cloneseveralbenchmarksareconstructed
to show thedifferencein executiontimewhenapplyingdifferentalgorithms.
Themulti-processor-resultsfor thefirst benchmarkshow thatbothMoreau’s algorithmandZombie-
Deletionhaveaspeedup.Thelargenumberof extramessagesareprocessedin parallelandreshapethe
diffusiontreein suchaway thatcleaningis donefaster. Minimize-by-Insertiondoesnotcreatea large
numberof messages,neitherdoesit modify thediffusiontreea lot. This resultsin thesameexecution
timeasIRL (thegainof thealgorithmequalsthecost).
The secondbenchmarkshows that Moreau’s algorithm and Zombie-Deletionperform slower than
standardIRL. The reasonis that both createa large numberof messages,but do not improve the
diffusiontreeenoughto createa speedup.Minimize-by-Insertionhowever, ”thinks” thatthediffusion
treeis not in a toobadshape(notexceedingfour levels)andwill not createextramessages.Therefore
it’ sexecutiontime is similar to plain IRL.
Thenext chapterwill go morein depthin implementationdetailsandspecificproblemsencountered
while implementingIRL andthetreeflatteningalgorithms.



Chapter 7

Implementation Details

7.1 Intr oduction

In the lastchapter, both implementationsfor PicObjanda java RMI-clonewereintroducedto prove
thedifferentalgorithmsproposedin this thesisandto allow somecomparisonbetweendifferenttree
flatteningtechniques.Thischapterwill godeeperin thedesignissuesencounteredwhile implementing
bothprograms.Thereforethechapterwill besplit into threedifferentparts:first thegeneralframework
usedby bothprogramswill beexplained,theneachprogramin moredepth.

7.2 GeneralFramework

Thissectionwill explain thedifferentsubsystemsof thecoreof theDistributedGarbageCollector.

7.2.1 Manager

The manageris the very deepestmiddlepointof the DGC. All actionspasssomewherethroughthis
class.It is responsiblefor receiving messages,sendingcleancalls,managingtheobjecttableandmany
otherthings.
In eachdifferentspacetherewill be exactly oneinstanceof this class.This is enforcedby a simple
implementationof theSingleton-patternwhich usesa cachingstaticmethodreturningthe singleton.
Thefirst timethissingletonis requested,it is createdandreturned.Oncreation,it performesanumber
of initializationslikesettingvariables,readingconfigurationfilesandstartingaserversocket.
Two threadsarecreatedonstartup:thefirst runsthelocalgarbagecollectoreverysecond(this timeout
canbe adjusted).At the sametime, it canbe configuredto sendlocal information(like numberof
generatedmessages,memoryconsumption...) to the spacecontainingthe registry. The registry will
collectall this informationandprint somestatisticsto theoutputon regular times. Thesecondmore
interestingthreadlaunchesa serversocket. This serversocket acceptsall kinds of messagesfrom all
spaces.Eachtimeamessagesarrives,it createsadifferentthreadandexecutesthemessagein it. This
way, the receptionof messagesis never blocked. Themessageitself however canbeblockeddueto

53
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somesynchronizationwith othermessagesor local threads.Theexecutionandsendingof messages
will beexplainedin asectionbelow.
Themanageris alsoin chargeof handlingincomingandoutgoingobjects.Eachtime a remoteacces-
sibleobjectis sentto anotherspace,it will beput in theobjecttable(if it wasnot alreadythere).The
samehappensif suchanobjectis receivedfrom anotherspace.If notknown before,it is put in theob-
ject table,otherwisethemanagerwill startaprocedureto sendacleancallbackto thespacewhereit is
receivedfrom. Internallythis objecttabledoesnotcontainnormalpointersto theseremoteaccessible
objects,insteadit keepsa pointerto a WeakReferencethatpointsto theobject. This WeakReference
is negelectedby the local garbagecollector, so if anobjectis only referencedby WeakReferences,it
is consideredasnot referencedandcanbecollected.This is necessarybecausetheobjecttableis no
rootof thelocal garbagecollectorasstatedin chapter3.

7.2.2 Protector

The secondimportantmoduleof the DGC is the Protector. DGCswork, in contradictionto LGCs,
by preventingobjectsfrom beinggarbagecollected.Basicallythis is alwaysdoneby holdingextra,
artificial referencesto them by the Protector. The secondtask of the Protectoris to prevent race
conditions,by synchronizingdifferentconcurrentaccessesto thesamevariable.
Referencesto objectscanbe hold by five differentcollections. Four of themuseextendedversion
of HashMapandHashSet.TheseextensionsareSynchronizedHashMapandSynchronizedHashSet
which encapsulatesthenormalHashMapandHashSetandprovidesmostof thenormaloperationson
it, but all operationsaresynchronizedwith eachother. Thesixth collectionis morespecial:Finaliza-
tion is constructedto minimizethetimewaiting for thenext availableobjectfor finalization.

Object Table

As explainedbefore,this tablecontainsreferencesto all remoteaccessibleobjectsfrom this space
which arereferencedfrom anotherspaceandremoteaccessibleobjectsfrom otherspaceswhich are
referencedfrom this space.This tableis themostwidely usedtableto lookupremotereferences.

Local Objects

TheLocalObjects,alsocalledOwnSetin someliterature,containsall objectsthatareownedby this
spaceandare referencedfrom anotherspace. Becausethe object table is not a root for the LGC,
it could reclaimtheseobjects. To prevent that, they areput in the LocalObjectsaslong asthey are
remotelyreferenced.In normalIRL stubsarealsoput in this setif they have children. Whenusing
ZombieDeletion,this is not thecase:whena stubis no longerreferencedlocally, it will bescheduled
for finalization(therethechildrenaresentfor adoptionto theroot).

Inf orms

Whena migrationis requested,a messageis sentto theroot to startinforming all otherspacesin the
treethattheobjecthasmoved.Eachtimeanodesendsthis informationto achild, it putsthis spacein
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theInforms-set.Whenthatspacehasinformedall hischildren,it will sendanacknowledgeback.This
acknowledgewill remove thespacefrom thelist andwhenall acknowledgesarereceived(Informsis
empty),it will sendhisacknowledgeto his father.

Blocking

Whena root of a diffusion-treereceivesa requestto adoptsomechildren, it will block this object
locally. thismeansthatwhile heis adoptingchildren,theobjectwill neverbegarbagecollected.Each
objecthasan internalblocking-counter. Eachrequestfor anadoptionwill increasethis counter. The
first adoptionwill addthe object to the Blocking-set. Whenan adoptionis finished,the counteris
decrementedandwhenit reacheszero,theobjectis removedfrom theBlocking-set.

Finalization

Eachtimeanobjectis detectednon-reachableby theLGC, it is putin thisFinalization.A specialthread
(explainedat theManager)is in chargeof taking anobjectfrom this setandperformall finalization
actions(sendingcleancall,sendchildren for adoption...). Whenfinished,it asksthe next available
objectto befinalized.Thissetis designedin suchawaythatthefinalization-threadis sleepingaslong
asthereareno objectsto befinalizedto improveoverall performance.

7.2.3 Space

Eachlogical virtual machinewill be identifiedby a Space.This spaceconsistsof the combination
of the IP of thatmachineanda portnumber. On this port thesocketserver of themanagerwill listen
to incoming messages.By combiningboth IP and portnumber, a maximumflexibility is obtained
which allows multiple spaceson a singlemachine.It is however impossibleto createmultiple spaces
insideonejavavirtual machinebecausesomepartsof thesystemdependon staticvariablesandstatic
methodswhich would interferewith eachother. The sameeffect however canbe obtainedby using
the InterleavedVirtual Machine,which loadsthesameclassesby differentclassloadersandcreating
virtual spacesinsideonejavaVM (see7.5.1).

7.2.4 Wir eRep

Whentransferringa remoteaccessibleobjector a stubto anotherspace,a wire- representationis sent
insteadof thecompleteobjector stub. Thishasseveralbenefits.Thiswire-representationonly contains
thebasicinformationneededby theotherprocessto communicatewith theobject.In standardIRL, it
only containsthespaceof theroot (wheretherealobjectis) andthespacewhereit receivedtheobject
from (its father). More complex implementationswill addfields to it (e.a. to provide flatteningsor
migration).
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7.2.5 Registry

Theregistry is avital partof adistributedenvironment,creatingabridgebetweendifferentspacesthat
do not know eachother. Insteadof directly askinga spacefor a specificobject, it is moregeneral
that that spacesendsthe object to a registry andany otherspacecannow requestthat object. The
functionalitydeliveredby theregistry is exactly thesameasany otherregistry, following theRegistry-
interfaceof java. Internallyon thatprocess,theregistry is anordinaryprogram,conformto thespec-
ificationsof this distributedenvironment.It consistsof a manager, a protectorandall othernecessary
constructs,neededby any space.In additionto that,it alsoreactson specificmessagesto performthe
registry-operationslikebindor unbind.Theprocessingof thesemessages,andalsotheprocessingof
thereceptionandsendingof objectshappensidenticalasin any otherspace.

7.2.6 Messages

All processesin the distributedsystemareable to senda numberof differentmessages.The most
obviousis to invokeamethodona remoteobject,but alsoa lot of othermessageswill besentto keep
theDGC consistentandrunning. Thesemessagesaredesignedin a hierarchy, wherebyall messages
somewhereinherit from Message.This classcontainsall knowledgeto connectto theremotespace,
senditself andgettheresultback.Therealcomputationandextrafieldswill bespecifiedbysubclasses.
Thismakesthesendingandreceptionof messagesveryeasyandconsistent.

7.2.7 Serialization

While communicatingbetweenremotespaces,objectsneedto beserialized.Standardjava serializa-
tion is usedfor all of theobjects,howeversometimesextracalculationsareperformed.All arguments
passedasargumentsor returnvalueof aremotemethodinvocationmustbeserializable.Also WireRep
andSpaceareserializablebecausethey areinvisibly sent.Remoteaccessibleobjectsandstubshow-
ever arenever serialized.Instead,their wire-representationsareserialized.This is sufficient because
thesewire-representationscontainall therelevantinformationfor theotherspace.

7.3 PicObj

As explainedin section6.3.1, the prototypebasedlanguageis extendedwith remotereferencesto
dictionaries.Thereforethelanguagegrammarhadto beextendedwith two extraconstructs.
Firstly, an abstractclassGrammarRemoteis addedwhich dealswith everythingconcerningremote
accessibleobjects:

� containsthereferencelist

� containsawire representation

� knowshow to write itself to astream(Serialization)
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� cansendits childrenfor adoptionto theroot

� putsitself in thefinalization-queue

The most importantsubclassof GrammarRemotefor PicObj is GrammarDictionary. In the original
Pic%, this classwason the samelevel asall othergrammarconstructs,but now dictionariesarere-
motelyaccessibleandneedto inherit theextra informationfrom GrammarRemote.

Becausenow PicObjbecomesmulti-threaded,it is unsufficientto havetwo globaldictionariesin static
fields.To solve this problem,thetwo dictionariescanbekeptin two differentplaces:

� in staticfieldsfor theoriginal threadstartedby thecommandline

� in thethread-objectthatreceivesa remotecall

Thelookupof thesesdictionarieswill dependon thetypeof thecurrentthread.

To allow migrationsin PicObj,theoriginal objectmustblock thearrival of new messagesuntil it has
arrivedon its final space.Thismigrationhappensin differentstages:

� dictionaryin original spacestartblockingnew messages

� dictionaryis copiedto new space

� original dictionarywill redirectall messagesto new space

� in the local space,all referencesto theoriginal spacearereplacedby remotereferencesto the
copy

� in thenew space,all remotereferencesto theoriginal dictionaryarereplacedby local pointers
to thelocal copy

� original dictionarystartsendingupdatesto all his childrento inform themthat the objecthas
beenmoved

� whenall updateshavefinished,theobjectis discarded

The secondsubclassof GrammarRemoteis GrammarRemoteReference.This classrepresentsa re-
motepointerto a remoteaccessibleobject(a dictionaryin PicObj). This classis extendedwith two
importantmethods,to reacton migrationrequestandremotemethodinvocationsissuedby the lan-
guage. BecausePicObj is not typed,no differentstubsandskeletonsareneededfor eachdifferent
type. The skeletonbehavior is incorporatedin the GrammarDictionaryandthe stubbehavior in the
GrammarRemoteReference.
To allow a programmerin PicObjto useremotedictionaries,severalextra nativeshavebeenadded:

� registry natives:bind, rebind,unbind,lookup,list

� to triggerthelocal garbagecollector:gc

� to migratea remotedictionaryto thisspace:migrate
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7.4 Java RMI-clone

This RMI-clone hasbeenconstructedafter the PicObj implementationwasfinished. Originally the
ideawasto only implementthe DGC for PicObj. This deliversa cleanandeasylanguage,but not
a large amountof personsknow this languageandit is moredifficult to createthe benchmarksin it
(extra primitivesneededlike threadsandtime).

The original framework usedby PicObj wasadaptedto be usedfor Java RMI with a minimum of
changes.Firstly a generalclassis constructedwhich will beusedassuperclassof all remoteaccessi-
bleobjectsin java: JavaRemoteObject.Thisclassinheritsfrom GrammarRemote(see7.3)andinherits
all methodsandfieldsneededfor theDGC. In additiononeextra methodis addedto get theskeleton
for this remoteaccessibleobject.

Becausejava is a typedlanguage,eachclasshasto have it’ s own skeletonsandstubs.Theseareau-
tomaticallygeneratedby the ”Generator”. This classwill reada classthroughreflectionandcreate
thestubandskeletonfor it. Thestubswill inherit from JavaRemoteObjectStub(which inheritsfrom
GrammarRemoteReference)andcontainsoneimportantmethod:call. Thismethodsendsthemethod-
numberandthe argumentsto the right spacewherethe object is located. The stubitself consistsof
thesamemethodsastheoriginal class,but with differentbodies.Eachbodywill collectall parame-
tersin anarrayandcall themethod”call”. Theresultis thenreturnedif necessary. Primitive values
arewrappedandunwrappedat theskeleton(inversefor thereturnvalue).Theskeletoninheritsfrom
JavaRemoteObjectSkel andcontainsa pointerto therealobjectandoneimportantmethod:dispatch.
Thisdispatchwill unwraptheparametersandcall theright methodon therealobject.

However the framework supportsmigration,this is not possiblein java. In PicObj this waspossible
becausetherewe had full control over the language.Whenan objectmigrates,all pointersto the
originalobjectmustbechangedinto pointersto a remotereference.This is possiblebecausePicObjis
build on top of javaandall referencescanbelookedup (althoughit is costly).
In java however, this approachis not possiblebecausejava is not build on top of anotherlanguage
andwe don’t have accessto theseinternalpointers.Thereforewe cannever know which objectsstill
referencea certainobject,sothesepointerscan’t bechanged.
A possiblesolutionsis to constructthe remoteaccessibleobjectsin sucha way that they canact as
localobjects(thenormalcase),but canchangeinto remotereferencesif theobjectmigrates.However
this blurstheconceptualdifferencebetweenthenormalobjectandtheremotereference.

7.5 Additional Details

7.5.1 InterleavedVirtual Machine

To easethe debuggingandtestingof this distributedprogram,the Interleaved Virtual Machinewas
used.This software,developedby Marc Ségura-Devillechaise,allows theuserto startdifferentpro-
gramsin differentnamespaces.This simulatesa numberof differentjava virtual machinesinsideone
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realVM. It wasusedprimarily becausenormalthreadswerenotsufficient. Vital informationwaskept
in staticvariableswhichwouldhavebeensharedby thesethreads.In this InterleavedVirtual Machine,
thedifferentVMs arecreatedby loadingclassesin differentclassloaders,creatingcompletedifferent
namespaces.

7.5.2 Local GarbageCollector of Java

Java hasa standardLGC incorporateddeepin the language,morepreciselyin the Virtual Machine.
ThejavaVM-specificationsaysthatthecompleteimplementation(alsothealgorithmsused)to do the
garbagecollectionarefree for the implementerof theVM. This meansthateachdifferentVM from
a differentcompany or even from the samecompany but differentversion,canhave different local
garbagecollectors.
The DGC relies on this local GC to cleancertaincrucial objects,which will trigger someDGC-
activities (sendingcleancallsor adoptions).Ideally, anLGC will cleanall local objectsthatarenot
usedanymore. Normally, mostgarbagecollectorswill recuperatealmostevery unusedobject,but in
many casestherewill besomeleakstoo. Theseleaksareverydifficult to detect,andarenotextremely
importantin normalapplications.If 99.99%of thegarbageis collected,everybodywill behappy and
nobodywill seethatoneor a few objectsarenot collected.
In the DGC, thingsbecomemorecomplicated.What happensif oneof the objectsthat arenot col-
lected,shouldtrigger theDGC andsenda cleancall to his father. Now this call is never sentandthe
fatherandtherestof thediffusiontree(up to theroot) will neverbefreed.
One example is when a subclassof Threadis constructedwhich hasextra instancevariablesthat
can hold remoteaccessibleobjects. The constructorwill initialize thesefields and the valueswill
be unchangeduntil the threadends. After endingthe thread,onecould think that the thread-object
(containingtheremoteaccessibleobjects)would becollected.This is not thecasein SUN’s VM and
theobjectswereneverbecollected.

7.5.3 Configuration

To configuretheDGC andespeciallythedifferentbenchmarks,severalconfigurationfilesareused.

Config.txt

This is by far themostimportantone. It specifieswhethertheDGC will work for PicObjor for java.
This is necessaryto specifybecausetherearesomesmallchangesin theDGC(e.a.javaRMI needsto
loadthecorrectstubs,but PicObjneedsto loadagenericstub).
Next, this file alsoindicateswhich treeflatteningalgorithmwill beused(if any). Possiblechoicesare
Moreau’salgorithm,Flattening-by-Insertionor ZombieDeletion.

Processors.txt

This file lists a numberof urls. Theseurls will beusedto bind thedifferentRemoteExecutesinto the
registryof standardRMI. This is usedfor easytesting:Ondifferentphysicalmachines,aRemoteExe-



CHAPTER7. IMPLEMENTATION DETAILS 60

cuteis started.Thisobjectwill bindhimself(with oneof thesenamesfrom thefile) into the(realjava)
RMI-registry. Thelastprogramexecutedis a ControlCenterwhich takesasargumentsbenchmarkar-
guments.ThisControlCenterwill communicatewith all thedifferentspacesandthey startperforming
thebenchmark.After finishing, theControlCenterwill stop,but all RemoteExecuteswill keepalive
for futuretests.This way multiple testscanbestartedfrom onecommandline. TheRemoteExecutes
andthe ControlCenterwill communicatethroughstandardRMI, to keepa clearseperationbetween
thedifferentDGCsandto do not influencethebenchmarks.

Shortestpath.txt

Thisfile containsthegraphandthestartandendpoint for theShortestPathBenchmark.Thefirst line
containsthe startpoint, a tabulation andthe endpoint. Pointsarerepresentedby integers. The next
lineswill representedges:startpointof theedge,atabulation,theendpoint,atabulationandtheweight
(Integer).

7.6 Conclusion

This chapterwentdeeperinto specificdetailsof theimplementation.Thesedetailshave beensplit up
into threedistinctparts.Thefirst delswith detailsof thegeneralframework; thepartof therealDGC.
Thesecondandthird partaremorespecificaboutthePicObj-andjava RMI-clone-implementations.
Herethedetailsof theseimplementationshavebeenexposedtogetherwith thelink with theframework.
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Futur eWork

8.1 Benchmark suite

DistributedGarbageCollectionis averyspecificdomainwhich is ideallynotnoticedby theprogram-
mer. All algorithmshave in commonthatthey wantto minimizetheproducedoverhead.Especiallyin
runtime-systems,it is unacceptablethata processmustwait for sometime becausetheDGC is doing
somecleaning.AlthoughIRL behavesgenerallybetterthanmostotherDGCs(e.a.tracingalgorithms)
becauseit is interleavedwith themutation,it still createssomeoverhead.Furtherresearchis necessary
to minimizethis overheadto anabsoluteminimum.
To be able to morereliably evaluatethe overheadof a DGC, it is necessaryto constructa number
of benchmarks.Eachbenchmarkshouldstressonespecificpoint of a DGC, e.a. reactiveness.It is
impossibleto determinetheoverheadof a DGC only by doingoneor a few benchmark.Only when
all differentsidesof theDGCarestressed,onecanmakeamorereliableconclusion.

8.2 Applicable to other DGCs

Many of the ideasstatedin this papercould be appliedto other DGC-algorithmstoo. Especially
theZombie-Deletion,Flattening-by-Insertionandkeepingthetreeintactwhile migratingcouldeasily
be incorporatedin a Indirect ReferenceCountingDGC. For example,keepingthe tree intact while
migratingcouldsolvesomeproblemsin IRC whencombinedwith Dickman’ssecondalgorithm.That
algorithmchoosesits parentaccordingto its depthin the tree. By not changingthe tree,the depths
keepthesame,therebyimproving thecorrectnessof thechoosingof thefather.

8.3 Delayingor not sendingDEC-messages

In somecases,a certainreferenceis sentmany times from SpaceA to SpaceB. If this reference
wasalreadyknown by that space,it hasto sendbacka DEC-message.TheseDEC-messagescan
be delayed. In caseof a IRL, just oneDEC-messagemustbe sent. In caseof a IRC, a multi-DEC
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canbesent. This multi-DEC decrementsthecounternot by 1, but by many accordingto how many
DEC-messagesit simulates.
Another promisingalternative is the delayingof DEC-messageswith zombie-deletion. No DEC-
messagesaresentif thatpointerwasalreadyknown in this process.Insteadthenew fatheris addedto
his list of fathers.Whenthepointeris no longerlocally referenced,it movesall its children(if any) to
therootandsendDEC-messagesto all its fathers.Thishasthesamebenefitasthealgorithmaboveto
reducethenumberof DEC-messages.

8.4 Combining LGC and DGC

The future for DistributedGarbageCollectorsis by tightly couplinglocal anddistributedcollectors.
This cansignificantlyreducethetime spentin the local garbagecollector. If a stubis only reachable
by oneobjectthatis only reachableby oneotherspace,it cantakesometimebeforebotharecleared.
FirstaDEC-messageis sentto thisspaceto decrementthecounterof theobject.If thecounteris zero,
it mustwait until the systemschedulesa new LGC beforeit canbe claimed. Whenboth LGC and
DGCarebettercoupled,this delaycouldbeminimized.

8.5 Fault-Tolerance

Fault-Toleranceis importantfor long-living systems.In thesesystemsit is importantthatall garbage
is collectedevenif somepartsof thesystemfail or aretemporarilyunavailable,otherwisesomesub-
systemsmay run out of memory. Tree flatteningtechniquesare one steptowardsa more reliable
diffusion-trees,but this is not enough.Whena nodefails, its fathercandeterminethis, but it cannot
know how many andwhich childrenthis nodehadbeforeit failed. An interestingpathis distributing
fault-tolerance-informationtogetherwith thecommunicationneededby thetreeflatteningalgorithms.
Thisway theextracommunicationneededfor fault toleranceis minimized.

8.6 Conclusion

Thenew ideasproposedin this thesisarejust a pieceof a largeramountof generaloptimizationsfor
IndirectReferenceListedDGCs. It is importantto beableto createanindependentbenchmarksuite
to evaluateandcomparedifferentDGC-algorithmsandtheiroptimizationsin anindependentway.
Importantto exploreis alsotheapplicabilityof thesenew algorithmswith differentDGC-algorithms,
mostlikely IRC-basedalgorithms.
Finally thesetreeflatteningalgorithmsreshapethediffusion treeto make it lessvulnerableto node-
failures.In this optic,a combinationwith fault-tolerance-techniquesshouldbeexplored.
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Conclusion

Theinventionof AutomaticGarbageCollectiondividedtheprogrammersinto two differentgroupsof
people.Thefirst groupbelievesthatautomaticcollectionwill alwaysstayslowerthanmanualfreeing.
In theireyes,theprogrammerhasenoughknowledgeto decidewhento freeacertainpieceof memory
andthis way will createthe leastoverhead.Especiallyin reactive systemsandreal-timesystemsit
is unacceptableto delaythe actualcomputationtoo long to do it in an automaticway. The second
groupbelievesthatprogrammersmake toomuchmistakeswhile freeingpiecesof memory. In certain
cases,it is evennot possibleto decidealwayscorrectly. More especiallyin distributedapplications,it
becomesmoreandmoredifficult to decidewhetherapieceof memoryis still neededor not.
LGCs andDGCssolve theseproblemsby managingthe memoryin an automaticway. In all cases
however, theoverheadmustbereducedto aminimum.LGCsareoptimizedduringthelastdecadesto
freememorysofastthatit is difficult to detectwhenaLGC is workingor not. For DGCs,theimpacton
thecomputationwill behigherbecauseinter-processor-communicationsareneededto decidewhether
a certainpieceof memoryis still needed.Also here,severaloptimizationsandnew techniqueshave
beenproposedto minimizethis overhead(especiallytheneededcommunications).
IRL is oneof theseoptimizedalgorithmsthatonly sendsonekind of messageswhena remotepointer
is no longerusedin a space(a DEC-message). Although onemessageis probablythe lowestone
cango, therearesomenegative pointsaboutthis technique:zombie-referencesandunbalanceddeep
diffusiontrees.Dif ferentresearchersproposeddifferenttechniquesto reshapethesetrees.
Moreaurerootsall nodesfrom deepin thetreeto thefirst level, thiscreatesanidealtree,with theleast
third-party-dependencies,but on acostof a lot of messages(two for eachnode).This thesisproposed
two otherdifferenttechniquesto solve thesameproblem.Thefirst will betriggeredwhenanew node
is addedonafifth level (deepin thetree).Thefatherof thisnew nodewill now bererootedto become
a child of the root. This lowersthe depthof the treewith oneor two levelsandre-places(possibly)
many nodesat once. Moreaualwaysreroootseachnodeby itself. The secondalgorithmwill delete
zombie-references(nodesthat arenot locally referencedbut kept to keepthe treeconsistent).The
zombie-referencewill asktheroot to adoptits childrenandthenfreesitself. Thisminimizesthethird-
party-dependenciesneededto keepthetreeconsistent,andasside-effect lowersthedepthof the tree
canbelowered.
Thesefour techniques(plain IRL, Moreau’s,Minimize-by-InsertionandZombie-Deletion)havebeen
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implementedin a java-framework andtwo instantiationsof this framework wereconstructed:PicObj
andjava-RMI clone.
To make somekind of comparisonbetweenthesefour techniques,several benchmarkshave been
implemented,usingthejava-RMI clone.Thefirst conclusionthatshouldbemadeis thattheresultsof
all thesebenchmarksarehighly dependentof theusedbenchmark.Thebenchmarksdiscussedin this
thesisarenotdesignedto highlightspecificpartsof certainalgorithms,but they areconstructedto give
anideaof theperformanceof all algorithmsin different(everyday)applications.
TheMulti-Processorresultsfor thefirst benchmark(Cycle)show thatMinimize-by-Insertioncreatesa
smallnumberof extramessages,but thereis nospeedup(cost= gain).Bothotheralgorithms(Moreau’s
andZombie-Deletion)createa lot of extra messages(respectively 44 and36) but theseareexecuted
in parallelwith the computationanddo not causemany extra delaysfor the real computation.The
result is that the diffusion treeis in a muchbettershapewhenhe is going to be broken down. This
breakdown now performsfaster, resultingin anoverallspeedup.
The Multi-Processorresultsfor the secondbenchmark(Diffuse)show how the differentalgorithms
behave whenreferencesaresentto thesamespacesmany times. Thediffusion treeitself is never in
a very badshape,thereforeMinimize-by-Insertiondid not do anything (andthereforehasthe same
time). Moreau’s andZombie-Deletionhowever keeptrying to optimizethediffusion treeandcreate
extra messages.Moreau’s algorithmcreates38 extra messageswithout optimizing the treein sucha
way thatthebreakdown of thediffusiontreehappensmuchfaster. Theresultis a slowerperformance
thanplain IRL. Zombie-Deletionsuffersthesameproblembut lessbad(only 5 extra messages),such
thatits performanceis betweenplain IRL andMoreau’s.
In generaltree-flattening-techniquesareappropriateif the extra overheadthey createis minimized.
They reshapethediffusiontreeinto a bettertree,but it is unacceptableto let theapplicationwait for
this too long. However, theextra overheadcreatedby thedifferenttechniquesdependsnotonly of the
usedtechnique,but moreof theapplicationandthegenerateddiffusiontree.Theredoesnot exist one
specificalgorithmthat is thebest,but for eachalgorithma bestbenchmarkcanbegeneratedandfor
eachapplicationabesttree-flattening-algorithmcanbechosen.Howeverin generalthetreealgorithms
areequallyacceptable.Minimize-by-Insertiontriesto minimizethenumberof extramessagesneeded
to do thejob. In combinationwith Zombie-Deletionit might bethebestoptionin general.
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Appendix A: RMI-CalenderServer
/**
* CalenderServerInterface by Kristof De Vos 2001
*/

import java.rmi.*;
import java.util.*;

interface CalenderServerInterface extends Remote
{

Date getDate() throws RemoteException;
long getTime() throws RemoteException;

}

/**
* RMICalenderClient by Kristof De Vos 2001
*/

import java.util.*;
import java.net.*;
import java.io.*;
import java.rmi.*;

public class RMICalenderClient implements Calender
{

protected CalenderServerInterface server = null;

public RMICalenderClient()
{
try {

server = (CalenderServerInterface)Naming.lookup("CalenderServer");
} catch (RemoteException ex)
{

System.out.println(ex);
System.out.println("couldn’t lookup server");

}
}

public Date getDate()
{
try {

if (server==null) return null;
return server.getDate();
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} catch (RemoteException ex) {System.out.println(ex);}
return null;

}

public long getTime()
{
try {

if (server==null) return 0;
return server.getTime();

} catch (RemoteException ex) {System.out.println(ex);}
return 0;

}

public static void main(String[] args)
{
RMICalenderClient cl = new RMICalenderClient();
System.out.println(cl.getDate());
System.out.println(cl.getTime());

}
}

/**
* RMICalenderServer by Kristof De Vos 2001
*/

import java.util.*;
import java.net.*;
import java.io.*;
import java.rmi.*;
import java.rmi.registry.*;
import java.rmi.server.*;

class RMICalenderServer extends UnicastRemoteObject
implements CalenderServerInterface

{
public RMICalenderServer() throws RemoteException
{
try {

Naming.rebind("CalenderServer",this);
} catch (RemoteException ex) {System.out.println(ex); }
System.out.println("RMI-Server up and running");

}
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public Date getDate(Date test) throws RemoteException
{
return new Date();

}

public long getTime(long test) throws RemoteException
{
return new Date().getTime();

}
}
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Appendix B: Clone-CalenderServer
/**
* CloneCalenderClient by Kristof De Vos 2001
*/

import java.util.*;
import java.net.*;
import java.io.*;
import java.rmi.*;
import dgc.*;

public class CloneCalenderClient implements Calender
{

protected CalenderServerInterface server = null;

public RMICalenderClient()
{
try {

server = (CalenderServerInterface)
Manager.getLocalRegistry().lookup("CalenderServer");

} catch (Exception ex)
{

System.out.println(ex);
System.out.println("couldn’t lookup server");

}
}

public Date getDate()
{
try {

if (server==null) return null;
return server.getDate();

} catch (RemoteException ex) {System.out.println(ex);}
return null;

}

public long getTime()
{
try {

if (server==null) return 0;
return server.getTime();

} catch (RemoteException ex) {System.out.println(ex);}
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return 0;
}

public static void main(String[] args)
{
CloneCalenderClient cl = new CloneCalenderClient();
System.out.println(cl.getDate());
System.out.println(cl.getTime());

}
}

/**
* CloneCalenderServer by Kristof De Vos 2001
*/

import java.util.*;
import java.net.*;
import java.io.*;
import java.rmi.*;
import dgc.*;

class CloneCalenderServer extends JavaRemoteObject
implements CalenderServerInterface

{
public RMICalenderServer() throws RemoteException
{
try {

Manager.getLocalRegistry().rebind("CalenderServer",this);
} catch (RemoteException ex) {System.out.println(ex); }
System.out.println("RMI-Server up and running");

}

public Date getDate(Date test) throws RemoteException
{
return new Date();

}

public long getTime(long test) throws RemoteException
{
return new Date().getTime();

}
}
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Appendix C: Clone-CalenderServerStub and -
Skel
// stub automatically generated

import dgc.*;
import dgc.messages.*;
import java.rmi.*;

public class CalenderServerStub extends JavaRemoteObjectStub
implements CalenderServerInterface

{
static final int method_getDate_0 = 0;
static final int method_getTime_1 = 1;
public java.util.Date getDate(java.util.Date arg0) throws RemoteException
{
Object[] args = new Object[1];
args[0] = arg0;
Object o = MessageFactory.getLocalMessageFactory().sendRemoteJavaCall(

Manager.selfSpace(),getWireRep().getOwnerSpace(),this,method_getDate_0,args);
return (java.util.Date)o;

}
public long getTime(long arg0) throws RemoteException
{
Object[] args = new Object[1];
args[0] = new Long(arg0);
Object o = MessageFactory.getLocalMessageFactory().sendRemoteJavaCall(

Manager.selfSpace(),getWireRep().getOwnerSpace(),this,method_getTime_1,args);
return ((Long)o).longValue();

}
}

// skel automatically generated

import dgc.*;

public class CloneCalenderServerSkel extends JavaRemoteObjectSkel
{

static final int method_getDate_0 = 0;
static final int method_getTime_1 = 1;

public Object dispatch(int message, Object[] arguments)
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throws java.rmi.RemoteException
{
switch(message)
{

case(method_getDate_0) :
{
Object o = null;
java.util.Date arg0 = (java.util.Date)arguments[0];
o = ((CloneCalenderServer)obj).getDate(arg0);
return o;

}
case(method_getTime_1) :
{
Object o = null;
long arg0 = ((Long)arguments[0]).longValue();
o = new Long(((CloneCalenderServer)obj).getTime(arg0));
return o;

}
}
return null;

}
}


