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Submittedto theGraduateSchoolof the
Universityof MassachusettsAmherstin partialfulfillment

of therequirementsfor thedegreeof

DOCTOR OFPHILOSOPHY

February1999

Departmentof ComputerScience



c
�

Copyright by Darko Stefanović 1999
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ABSTRACT

PROPERTIES OF AGE-BASED AUTOMATIC MEMOR Y

RECLAMA TION ALGORITHMS

FEBRUARY 1999

DARKO STEFANOVIĆ

Dipl.Ing., UNIVERSITY OF BELGRADE

M.S.,UNIVERSITY OF MASSACHUSETTSAMHERST

Ph.D.,UNIVERSITY OF MASSACHUSETTSAMHERST

Directedby: ProfessorJ.Eliot B. Moss

Dynamic memorymanagementenablesa programmerto allocateobjectsfor arbitrary

preiodsof time. It is an importantfeatureof modernprogramminglanguages,andis funda-

mentalto object-orientedlanguages.Automaticreclamation,alsoknownasgarbagecollection,

automatesthedetectionof thetimewhena dataitemcanno longerbeused.

Theworkdescribedhereinconsidersgarbagecollectionalgorithmsthatbasetheirdecisions

solelyupontherelativeageof data.This age-basedclassof algorithmsgeneralizespreviously

definedgenerationalgarbagecollectionalgorithmsand includespromisingnew algorithms.

Thework identifiesrelevantperformancefactorsandreportsthemfor a setof object-oriented

benchmarkprograms,establishinga fair comparisonby imposinguniform maximumspace

constraints.A precisetracingandgarbagecollectionalgorithmevaluationframework provides

accurateresultsandthusmeaningfulcomparisons.

vii



Theresultsindicate,contraryto assumptionsin theliterature,thatthenew algorithmscopy

lessdatathanthegenerationalalgorithms,eventhoughthey retaina higherpercentageof re-

claimabledata. In agreementwith the assumptionsin the literature,the resultsindicatethat

generationalalgorithmsdo lesspointer-trackingwork. Thus,givensuitablerelative costsof

copying andpointer-tracking,the new algorithmsperformbetter. Estimationsof the relative

costsfor a typicalmodernprocessorsuggestthatthenew algorithmsareusuallysuperior.
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CHAPTER 1

INTRODUCTION

Garbagecollection,theautomaticreclamationof dynamicallyallocatedmemory, is a ma-

turememory-managementtechnique.It hasbeenin usesince1958[McCarthy, 1960]andis

now acceptedasa customaryelementfor dynamicmemorymanagementin run-timesystems

of modernprogramminglanguages,especiallyobject-orientedones,for reasonsof safetyand

for its clearsoftwareengineeringbenefits[Goslingetal., 1996].Theincreasingacceptanceof

object-orientedlanguagesmakesit moreimportantthanever for garbagecollectionto work as

fastaspossible.

Multi-generationalcopying collectorsare the most popular memory reclamationalgo-

rithms in use today. Generationalcollectorshave two real advantagesover original non-

generationalcollectors:pausetimesareshorter(onaverage),andtotal costis lower.

Thereare,however, threetenetsthatarecommonlyheldasexplanationswhy generational

collectorshave theseadvantages,andthathave discouragedexplorationof alternative strate-

gies. Thefirst hasto do with a property, empiricallyconfirmedin object-basedsystems,that

youngobjectsdie fast (moreprecisely, that objectmortality is a decreasingfunction). The

popularwisdomis thatgenerationalcollectorsexploit this propertyby concentratingeffort on

collectingyoungobjects.Furthermore,whenever only a partof theheapis collectedat once,

the remaindermustbeassumedlive for the purposesof the collection,andall pointersfrom

outsidethe region collectedinto it arerootsof the collection. This approximationis conser-

vative,andconsidersmoredatalive thanis actuallythecase,andthuscopying costis greater.

Thesecondtenetis that this excesscopying effort is small in generationalcollectionbecause

pointersfrom outsidethe region into it are,by construction,pointersfrom older objectsto

1



youngerobjects,andsuchpointersarefew. Thethird tenetis thatfor thesamereasonit is easy

to maintainthewrite barrier(actionstakenduringtheexecutionof theprogramwhenapointer

is stored)andrememberedsets(thesetsof pointerscrossinginto a region).

Taken together, thesethreetenetsdo morethanexplain the goodperformanceof gener-

ationalcollection. They have beenunderstoodin the pastto rule out usingany strategy that

mightcollectolderobjectsin preferenceto younger. Any suchstrategy wouldapparentlycon-

centrateeffort on regionsof lower mortality. It would alsocausethecollectedregion to have

many incomingpointersfrom outside,thusfrom youngerobjects,andhave both a high ex-

cesscopying penaltyanda high maintenancecostfor thewrite barrierandrememberedsets.

Our studyshows that, althougheachof the threetenetsis intuitively andplausiblybasedon

truthful observationsof particulargarbagecollectors’behavior, alternativesto youngest-first

generationalcollectionareneverthelessfeasible.Theseveralplausibleinferencesdrawn from

theobservationsdonot in factruleoutgoodincrementalcopying collectorsotherthangenera-

tional: asweshalldiscover, they merelysetthestagefor aperformancetrade-off.
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Figure1.1. Surviving objectsin a newly allocatedarea.
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First, the intuition thateffort shouldgo to regionswith high mortality is counteredby the

intuition thatwithin a givenareathathasbeennewly allocated,its olderhalf haslesslivedata

thanits youngerhalf, so it oughtto bebetterto collect theolderhalf.1 A plot of thesurvivor

functionof thedistributionof objectlifetimes(Figure1.1)graphicallyillustratesthis fact—the

survivor function is alwaysa decreasingfunction,thustheareaunderthecurve, which is the

amountof surviving data,is smallerin thesegment �V � 2 � V � thanin thesegment � 0 � V � 2� . In

fact, it would be bestto collect just the oldestobject in the area. Figure1.2 illustratesthe

point: imaginethat newly allocatedobjectsareplacedin a queue,which plays the role of

theyoungestgenerationin generationalcollectors(alsoknown asthenursery). Whenobjects

emergefrom thequeue,they aretestedfor liveness.Ideally, thelengthof thequeueshouldbe

equalto the lifetime of eachobject,so thatno objectexits thequeuealive. However, objects

have diverselifetimes,which a queueof fixed lengthcannotmatch. Yet if objectsallocated

in closesuccessionhave similar lifetimes,thenthequeuecanmanagethemwell, andif it can

adjustthequeuelengthto theobjects’lifetimes,somuchthebetter. Ourdesignfor thedeferred

older-firstcollectorin Section3.1.1,p.26,canbeseenasanattemptto realizeanapproximation

to a collectionqueue,within therestrictionsof a finite andfixedspaceavailablefor thequeue

andits survivors.
��� 	�
��	 ���������
��	

����� �������������queue� ���! ��� �"�"#�$ �"%�
Figure1.2. A collectionqueue.

With regardto theempiricalobservationson which thefirst tenetwasfounded,we should

point out that,even thougha decreasingmortality hasbeenattestedin all measuredsystems

1This point is subtle. For instance,in discussinggarbagecollectionin the implementationof SML, Appel
statesboththatthelonger onewaitsbeforea collection,themorerecordshaveturnedinto garbage [Appel, 1992,
p. 228], andthat newer cells havea higher proportion of garbage, which is why the garbage collectionefforts
shouldbe concentratedon them[Appel, 1992,p. 208]. Both of thesestatementsaretrue, but not in the same
context. If themeaningof characterizationssuchastheseis improperlyor simplisticallyunderstood,it is easyto
derive incorrectinferences.
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for relatively youngobjects,the behavior for relatively older objects,andcertainly for very

long-livedobjectsin long-runningprograms,remainsunexplored.

Concerningthe secondtenet,excesscopying: we empiricallyexaminedthedifferencein

copying costbetweena collectorthatassumesthat everythingoutsidethecollectedregion is

live,andonethathasanoracleto tell apartthelive from thedead.For thecollectionschemes

we considered,we found that, aslong asthe schemepreservesthe objectsin a logical order

of allocation(thusalwayshaving dataof a contiguousagegroupin theregion collected),the

excesscopying is usuallynot excessive. We thenmeasuredthestatisticsof pointerdirection

andfound that neitherolder-to-youngernor younger-to-olderdirectiondominatesacrossall

studiedtraces(SmalltalkandJava). But, moreimportantly, we found that pointerdistances

(differencesin agebetweenthe objectcontainingthe pointerand the objectpointedto) are

very small indeed,whetherpositiveor negative.2 While this propertyworksin favor of gener-

ationalcollection,it alsoworks in favor of any otherage-order-preservingcollectionscheme,

by reducingthenumberof pointersthatmustbemaintained(Section3.2.2).

Concerningthethird tenet,theimplementationoverheads:it withstoodour validation.In-

deed,the circumstancethat neitherpointerdirectiondominatesis not significant,in light of

anotherempirical fact: mostpointerstoresare into new, or very recentlyallocatedobjects.

Generationalcollectorsdo not needto recordthesestores,regardlessof direction. Theother

age-basedcollectorswe introduceheremustrecordthe younger-to-olderpointerstoresinto

new objects,andpaya significantprice for it. Nevertheless,we shall seethat for many pro-

grams,it is worthpayingthispriceto receivethebenefitof lowercopying cost.

In this study, we exploregenerationalandothercollectionschemesamongthosethatpre-

serve the relative orderof objects,usingsimulationstudiesanda prototypecollectorimple-

2DeTreville reportsthat in Taos,an operatingsystemwritten in Modula-2+, the younger-to-older pointer
storesbarelyoutnumber(by 1 & 96 ' 106 to 1 & 17 ' 106) older-to-youngerpointerstores[DeTreville, 1990b,p. 29].
Thereportedtemporaldistancesarealsoveryshort;sincethey wereobtainedwith respectto aparticulargarbage
collectorexecution,they are not directly comparableto our measurementsof SmalltalkandJava distancesin
Section6.2.
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mentation. We examinethe obvious oppositeof youngest-firstcollection, which is a strict

oldest-first:choosingafixedamountof oldestdata.It sometimesworkswell, but if thechosen

amountis small, thecollectorworkspoorly. Similarly, a strict youngest-firstcollector, which

alwayschoosesafixedamountof youngestdata(i.e., thenursery),workspoorly. Theseobser-

vationsleadusto explorestrategiesin which thecollectorchoosesthecollectedregion more

flexibly, andvisits botholderandyoungerregions. A deferredolder-first collectordoesso in

thesimplestpossiblemanner, by moving a window of collectionacrosstheheap,but looking

at older objectsfirst. It performsremarkablywell, sometimescloseto the performanceof a

locally-optimalcollector. The intuitive reasonfor this goodperformanceis alsoremarkably

simple: asthewindow of collectionmovestowardsyoungerobjects,it finds itself eventually

at a positioncorrespondingto anageby which mostobjectshave died;and,sincefew objects

survive in thewindow, thewindow doesnot move very fast.Thus,this collectorhomesin on

the region whereit is mostprofitableto collect,andstaystherefor a long time. A welcome

propertyis thatthebestconfigurationsobservedin ourexperimentsarethosewith asmallwin-

dow size,and,sincetheamountcopiedpercollectionis limited by window size,thelow total

copying costis accompaniedby predictablyshortpausetimes.Pointer-maintenancecostsare

inevitably higherin this collectorthanthey arein generationalcollection. Nevertheless,the

trade-off betweenthesetwo costcomponentsfavorsthenewly proposedcollectorfor anumber

of programsweexamine.

In Chapter2, wepresentthestateof scholarshipandintroducethetermsusedin thestudy

of garbagecollectionalgorithms.We discussa classificationof age-basedcollectorsandthe

designandimplementationof new algorithmsin Chapter3. We setthe stagefor the exper-

imentalevaluationof differentcollectorsby examiningthe intrinsic propertiesof benchmark

programsin Chapter4. Thecopying costof collectionis thesubjectof Chapter5, while the

pointer-maintenancecostis discussedin Chapter6.
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Noteon organization. Chapters4–6 includelong seriesof figuresandtables. Theseare

printedenmasseat theendof eachchapter, soasnot to disrupttheflow of text, yet keepthem

closeto it.
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CHAPTER 2

BACKGROUND

This chapterintroducesthe conceptsandthe terminologyusedin the subsequentdiscus-

sion while surveying the vastfield of literaturerelatedto memorymanagementandgarbage

collection.

2.1 Dynamic memory management

Undertheappellationof dynamicmemorymanagement,westudytheprovisionin therun-

time systemof a programminglanguageof mechanismsfor allocationof contiguousblocks

of memoryof arbitrarysizeandunrestrictedtemporalextent at the requestof the program.

Theseblocksof memoryareknown asobjects. In object-orientedlanguages,thereis usuallya

one-to-onecorrespondencebetweena linguisticobjectandits representationasa dynamically

allocatedblockof memory. In othercontexts,therepresentationsof aCstruct createdusing

acall to malloc, a Pascalrecordcreatedusingnew, or a LISPcons cell, areall objects.

A significantamountof researchhasgoneinto algorithmsfor managingdynamicallyal-

locateddataunderthe restrictionthat the objectsmustnot be moved, andthat the program

mustexplicitly requestobjectdeallocationfollowing its lastuseof anobject.Thesealgorithms

concentrateon fastallocation,typically usingfreelists,andefficientmemoryusage,avoiding

fragmentation.Wilsonwroteanexcellentsurvey of thefield [Wilsonet al., 1995].

Our focus,however, is onalgorithmsthatautomaticallydetectthatthelastuseof anobject

musthave occurred,by proving thatno furtheruseof theobjectis possible.Thesealgorithms
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arecalledgarbage collectors. They remove the burdenof objectdeallocationfrom the pro-

grammer, andin sodoingeliminateanimportantsourceof programmingerrors.1

The garbagecollectorconsidersan object to be garbage(or dead) if it is not reachable:

theprogramcannotaccessit by any chainof pointertraversals.Any objectthat is potentially

reachableis consideredlive. Althoughthenameimpliesthatgarbageis collected,it is usually

theliveobjectsthatthecollectorworkswith: it preservesthem,while reusingthespaceof the

garbageobjects.

Weshallbriefly introducetheconceptsneededto understandtheargumentsmadelater;for

acomprehensivetreatment,thereadershouldconsultCohen’ssurvey of theearlydevelopment

of garbagecollectiontechniques[Cohen,1981],Wilson’ssurvey, whichconcentratesonnewer

algorithms[Wilson,1992],aswell asJonesandLins’stextbookpresentationof thefield [Jones

andLins, 1996].

2.1.1 Li venessand reachability

Let usfirst look atsimple(non-generational)collection,in which theentireheapis subject

to collection. Ideally, any objectthatwill not beusedby theprogramafterthetime of collec-

tion canbediscardedasgarbage.Unfortunately, this criterion is not effectively computable.

Instead,theconsensusis to usepointerreachability asa conservativeapproximation.Givena

setof rootpointersinto theheap,ownedby theprogramin its dataoutsidetheheap(stack,reg-

isters,etc.),everythingreachablefrom thissetis consideredlive. In otherwords,thetransitive

closureof thepoints-torelation,startingwith theroots,definesthesurvivorsof thecollection.

This approximationis safe,sinceno computationcanuseanobjectunlessit canreferto it by

a pointer, andif it doesnot alreadyhave thatpointerit canonly obtainit by following some

chainof pointersstartingfrom someotherpointerit doeshave. Pointerreachabilityis simple

to computeandis found in thecoreof all garbagecollectors.Betweentheapproximationof

1A studyof softwareerrorsin IBM MVS ascribesalmostonehalf to pointerandarrayaccesserrors[Sullivan
andChillarege,1991].
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livenessby reachabilityandtheunachievableexactlivenessaccordingto futureuse,therecan

be a gradationof techniquesto make the approximationmoreaccurateusingdifferentstatic

analysesof the program(compile-timegarbagecollection, live variableanalysis,etc.). We

do not considerthesehere;hereafterwe equatelivenesswith reachabilityfrom theroot setof

pointers.

We areconcerned,however, with anotherdistinction that arisesonly with region-based

collection,whichdividestheheapH into acollectedregionC andaremainderU . Liveobjects

in the collectedregion arethosereachablefrom the setof root pointers.Thegoalof region-

basedcollectionis to avoid having to look at the(normallylarge)remainder. Instead,a write-

barrierensuresthatall pointerscrossingfromU toC arereadilyavailableat timeof collection.

All suchpointers,calledtherememberedsetfor regionC, areaddedto therootset,andthenthe

transitiveclosureof pointerreachabilityis computedonly within C. Let uscall this resultSr ,

for survivorsbyremembered-setreachability. Theactualsetof livedatais S ( Sr . Calculation

usingremembered-setreachabilitytreatsall objectsin theuncollectedremainderU asif live,

sinceit doesnot examineU , andthuspotentiallyoverestimatesthesetS. In anyregion-based

collector, thereis potentialfor suchexcessretentionor “nepotism”[UngarandJackson,1988]

oneachgarbagecollection.

How muchexcessretentionis there? Clearly, a collectionschemecould have dramati-

cally high amountsof excessretentionif it were the casethat (1) pointerstendedto cross

region boundariespredominantlyinto the collectedregion, thusthereweremany pointersin

the remembered-set,and (2) many of thesepointerswerefrom objectsin the remainderthat

areactuallydead,and (3) thepointerstructurecausedthe transitive closureoperationfalsely

to mark very largeamountsof dataaslive, startingfrom suchfalsepointers.The effectson

performancewould beprofound,sinceboth the costof eachcollectionandthe frequency of

collectionswouldbehigh.

We have assumedin theprecedingthat thesetof externalrootsin thestackandregisters

is accuratelyknown. This is predicatedon theability of thecollectorto examineandinterpret
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the stackandregisters. A systemmay opt for self-descriptive data,which incurs the space

overheadof taggingeachword, or a morecompactform usingstackmapsdescribingstack

contentsat admissiblegarbagecollectionpoints. Additionally, a data-flow livenessanalysis

mayreducethenumberof registersin therootset[Agesenetal., 1998].

Onthecontrary, if thesystemis uncooperative,thenit maybethecasethatneithertheval-

uesin thestackandregisters,northevaluesin theheapcanbeaccuratelyinterpreted:it maybe

impossibleto distinguishsomepointerrepresentationsfrom somenon-pointerrepresentations.

Suchis thesituationwith languagessuchasC andC++,whichweredesignedwithoutgarbage

collectionin mind. Conservativegarbagecollectors(or ambiguous-rootscollectors)havebeen

developedto copewith this problem[BoehmandWeiser, 1988;Demerset al., 1990;Boehm,

1993].Althoughtheanalysesin thisstudyhavebeendesignedandexperimentallytestedwith

accurate-rootscollectionin mind, they maybeadaptedto anambiguous-rootssetting.

2.1.2 Preserving livedata

The collectormustpreserve the live objectsfor future useby the program. However, a

distinctionis madein collectordesignamongtechniquesthatkeepobjectsin place,andthose

thatmove them. Mark/sweepcollectorsdo not move objects[McCarthy, 1960]. Instead,free

lists are usedto managespace,as in manualdynamicstorageallocation. The mark phase

automatesthedetectionof objectsthathave becomegarbage,while thesweepphaseinvokes

the deallocationroutineof the underlyingdynamicstorageallocatorfor eachgarbageobject

in turn. Copying collectors,which are the focusof our study, move the live objectsinto a

new memoryarea,the“to-space,” allowing theentireold area,or “from-space,” to bereused

for allocation[Minsky, 1963;FenichelandYochelson,1969]. The copying is accompanied

by the updateof pointersthat point to the moved objects. The detectionof live objects,by

transitiveclosurefor pointerreachability, andthecopying into to-spaceareusuallyinterleaved

in a Cheney scan [Cheney, 1970] which also eliminatesthe needfor an auxiliary stackto

computethe closure. With the useof two semispacesallocationis from a contiguousarea,
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hencesimpleandfast. The collectorvisits only live objects,which aretypically fewer than

garbageobjects.However, the memoryrequirementof the copying collectoris, in the worst

case,doublethatof themark/sweepcollector.

2.1.3 Incr ementalcollection

Collectorsthatcollectentireheapsatonceincurvery longpausetimes.In applicationstol-

eratingonly shortandpredictablepauses,incrementalcollectionis needed.Thecoordination

betweenthecollectorandtherunningprogramto allow thecollectorto make progresspiece-

meal,or evenconcurrentlywith theprogram,is not simple. It is accomplishedeitherusinga

read-barriermechanism,or a write-barrier mechanism.With a readbarrier, the programis

alertedwhenit triesto follow apointerto anobjectthatthecollectorhasmoved[Baker, 1978].

Becausereadoperationsareextremelyfrequent,readbarriershave usedhardwaresupportfor

efficiency [Zorn, 1989].2 With a write barrier, whentheprogramstoresa pointerinto anob-

ject, thewrite is recorded.Whereashardwaresupportfor thewrite barriercanbeprovidedas

well, asin theSOAR Smalltalksystem[Ungar, 1986],pointerupdateoperationsaretypically

muchfewer in numberthanpointerreads,soa softwarebarrierin the form of in-line codeis

generallythoughtto beacceptable.

2.1.4 Generationalcopyingcollection

Generationalcopying collectiondividestheheapaccordingto theageof objectsinto mul-

tiple areas,or generations,andcollectsyoungergenerationsmorefrequentlythanoldergener-

ations[LiebermanandHewitt, 1983;Moon,1984;Ungar, 1984]. Therearesubtledifferences

amongthesealgorithmsasdescribedin theliterature,becausemostdescriptionscombinethe

organizationof theheapinto generationswith particularpoliciesfor promotionof survivorsof

garbagecollections.Evenwhenthesealgorithmsaredesignedasnon-incremental(“stop-and-

copy”), they canbeeffectively incremental,by virtueof thefactthatmostcollectionsareonly

2Zorn finds thata softwarereadbarriercouldbe implementedwith a CPUoverheadof not morethan20%,
however [Zorn, 1990a].
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of the youngestgeneration,andthusmostpausesareshort. Numerouspracticalimplemen-

tationsandstudiesof predictiveandadaptivemanagementof generationshave reportedgood

performance[Caudill andWirfs-Brock, 1986;Courts,1988;Shaw, 1988;Sobalvarro, 1988;

UngarandJackson,1988;Wilson,1989;WilsonandMoher, 1989;Appel,1989b;Wilsonetal.,

1991;Hudsonetal., 1991;Stefanović,1993b;Stefanović andMoss,1994;Diwanetal., 1995;

BarrettandZorn,1995].

Theperformanceof a collectoris affectedby a numberof factors:thenumberof genera-

tionsin thesystem;thepromotionpolicy, or how longanobjectmustremainin onegeneration

beforeit is advancedinto the next older; when to initiate collection; and how to track the

pointersfrom older to youngergenerations[Wilson, 1992]. This spaceof designchoicesis

immense.Moreover, the allocationcharacteristicsof languagesandindividual programsare

varied,andthey stronglyaffect theperformanceof collectors.Theperformancemetrics—time

overhead,pausetime,andspaceoverhead—areinsidiouslyhardto defineandmeasure.Does

thetime overheadincludethewrite barrier, andhow canthecostof thewrite barrierbeextri-

catedfrom otherrun-timecosts?Is maximumpausetime moreimportantthanaveragepause

time, or somepercentileof the distribution thereof? Shouldonemeasurethe peakmemory

usageor theaveragememoryusage?Shouldpeakusagereflectthespaceneededonly during

copying to hold the to-space?Is it reasonableto let the oldestgenerationbe “tenured” (al-

lowedto grow indefinitelyandnevercollected)or shouldmeasurementsbetakenwith respect

to a constantavailablespace?The answersto thesequestionsmustdependon the intended

application.As a resultof theinherentcomplexity of generationalcollectordesignandof the

methodologicaldifficultiesin evaluation,theunderstandingof generationalgarbagecollectors

hasremainedincomplete.

Aside from remarksin Wilson’s survey [Wilson, 1992]andJonesandLins’ book [Jones

and Lins, 1996,p.151], which admit the possibility of collectingan older generationinde-

pendentlyof a youngerone, generationalcollectorsare youngest-first:when collecting an

oldergeneration,all youngeronesmustalsobecollected.Thenumberof generationsis typ-
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ically small, so the choiceof the size of the collectedregion is limited. Barrett and Zorn

examinedan adaptive schemewhich dynamicallychoseanageboundaryfor eachcollection

[Barrett andZorn, 1995]. Our work insteadproposesto collectamongolder (but not neces-

sarily oldest)objectspreferentially, postponingtheyoungestobjectsuntil they have hadtime

to becomeolder anddie. The work closestto ours in this respectis Clinger andHansen’s

“non-predictive” collector, which organizesobjectsaccordingto the time elapsedsincelast

collectedandperformswell with a hypotheticalexponentialdistribution of lifetimes[Clinger

andHansen,1997].However, asweshallseein ourempiricalstudyin Chapter5, thatparticular

organizationdoesnotwork remarkablywell.

2.1.4.1 Pointer maintenance

In order to collect one region (a setof youngestgenerations)without collecting the re-

mainderof the heap,the setof pointerscrossingthe boundaryfrom the remainderandinto

thecollectedregion mustbeknown. Pointersinstalledin anobjectat the time of its creation

canonly point to olderobjectsandcannever crosstheboundaryin the interestingdirection,

only pointersinstalledby updatescan. Eachupdatingpointerstoremustbe checked: if the

storedpointeris p ) q, andp is in anoldergenerationthanq, thena recordof this storewill

allow thepointerto befoundat thetime of collectionof q. Early generationalcollectorsused

indirectpointersandregionentryandexit tables,mechanismsthatareveryexpensivewithout

hardwaresupportfor pointeroperations,andnot transparentto thelanguage.Ungar’scollector

useda rememberedsetof updatedobjectsin theold (tenured)generation[Ungar, 1984].A set

canalternatively recordthepreciselocationof theupdatedobjectfields(“slots”), tradingextra

spacefor reducedtime to find the updatedfields at garbagecollectiontime [Hosking et al.,

1992].If therearefew repeatedstoresinto thesamelocationbetweencollections,adatastruc-

ture simplerthana setmay bepreferable,suchasa storelist [Appel, 1989b]or a sequential

storebuffer [Hoskingetal., 1992].
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Virtual memorymechanismscanbe usedto recordthe approximatelocationof updated

objectfields to within a page. Pagesarewrite-protected,the first updateof a pagecausesa

pageprotectionfault,andthesoftwarefaulthandlermakesanoteof thepage(in anauxiliarybit

array)andunprotectsit. This schemeis calledpage marking. Unfortunately, virtual memory

primitivesin currentoperatingsystemsarenotwell adaptedto thetask(non-pointerstoresand

null pointerstoresequallycauseprotectionfaults)andareslow (becauseof user/kernelmode

switching)[Zorn, 1990a];moreover, the granularityof pagesis too coarse(the ratio of page

sizeto thetypicalnumberof pointerupdateswithin it is high) [Hoskingetal., 1992].Software

surrogatesof pagemarkingareknown asword marking[Sobalvarro,1988],or moregenerally,

card marking, in which theaddressspaceis conceptuallydividedinto sub-pageunits(cards).

Eachpointerstoreis augmentedwith codeto index into an auxiliary cardtableandset the

bit correspondingto thecardof theupdatedfield. Whereasword markingrecordstheprecise

locationof updatedfields, cardmarkingwith cardslarger thana word savesauxiliary table

spaceat thecostof scanningindividualcardsatgarbagecollectiontime[Hoskingetal., 1992].

Cardtablesasdescribedtendto retainscatteredmarked entriesover time, andit is betterto

summarizethemat collectiontime (into a conciseremembered-setrepresentation)sothat the

cardtablereflectsonly incrementalupdates[HoskingandHudson,1993].

2.1.5 Matur e spaces

Bishop[Bishop, 1977] and later HudsonandMoss[HudsonandMoss,1992] proposed

dividing the heapinto spacesmanagedby differentalgorithms. Bishopallows several inde-

pendentareas,not necessarilyall garbage-collected,anduseslists of incomingandoutgoing

inter-arealinks. HudsonandMossdivide the heapby ageinto a younganda maturespace,

which is in agreementwith the intuition that the patternsof pointerstructurelinking the ob-

jectslosethestrongdirectionalbias(seeSection6.2)afteracertainage,hencethegenerational

algorithms,which exploit this bias,loseefficiency. Thematurespaceis dividedinto areasof

boundedsize(or blocksof fixedsizein an implementationin theBetalanguage[Grarupand
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Seligmann,1993]), which areprocessedoneat a time. It is assumedthat a generationalal-

gorithmmanagestheyoungspaceandengagesthe incrementalmaturespacealgorithmonly

whenpromotingoutof theoldestgenerationof theyoungspace.

2.2 Object survival and mortality

A recentbookongarbagecollectionstates[JonesandLins, 1996,p.144]:

The insight behindgenerational garbage collection is that storage reclamation

canbemademore efficientandlessobtrusiveby concentratingeffort on reclaim-

ing thoseobjectsmostlikely to begarbage, i.e., youngobjects.

Hayesandothersobserve thatyoungestobjectshave thehighestmortality [Hayes,1991;

Baker, 1993;Hayes,1993;Stefanović andMoss,1994],whichis arefinementof thesomewhat

vagueobservation that mostobjectshave a very short lifetime while somelive muchlonger

[LiebermanandHewitt, 1983;Ungar, 1984;Shaw, 1988;DeTreville, 1990a;Zorn, 1990b].

Figure2.1graphsatypicalmortalityfunctionusingTomcatv writtenin Smalltalkasanexample

(seeSection4.2.2.3),with the ageof objectson the horizontalaxis,andfor a givenage,the

rateat which they dieon theverticalaxis.Bothaxesusea logarithmicscale.

Is high mortality thesameasbeingmostlikely to begarbage?No, sincethevery newest

objectsarepatentlynot garbage.In statisticalterms,it is the survivor function, andnot the

mortality, that tells us what is live, andthesurvivor function is always1 at age0. Formally,

the survivor function s* t + is the fraction of original allocationthat is still live at aget. The

mortality m* t +-,/. s0�1 t 2
s1 t 2 is the age-specificdeathrate,or likelihoodthat an objectwill die in

the next instantprovided it hassurvived until aget [Cox andOakes,1984;Elandt-Johnson

andJohnson,1980;Baker, 1993]. Figure2.2 plots a typical survivor function, againusing

Tomcatv. The horizontalaxis is objectageon a logarithmicscale. The vertical axis is the

fractionof originalallocationstill liveata givenage.

Givena region of just-allocateddataof sizeV, is it moreprofitableto collect its younger

half, ages0 to V 3 2, or its olderhalf, agesV 3 2 throughV? Statisticallyspeaking,theanswer
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Figure2.2. A typicalobjectsurvivor function.

mustbeto collecttheolderhalf, whichis clearfrom thesurvivor functiondiagram,Figure1.1,

or thesimplecalculation:5 V
V 6 2s* t + dt 785 V 6 2

0 s* t + dt, becausethesurvivor functions* t + is non-

increasing.

In practice,we have to decidewhereto put the survivors,which complicatesthis simple

analysis.Theanalysissuggests,however, thefollowing revisionof theprecedingquotation:

Generational collectionis efficient,providedits generationsare well configured,

becauseit concentrateson a setof youngobjectsthat includesthe objectsmost

likely to begarbage, albeitalongwith objectsleastlikely to begarbage.

If thecollectorcanconcentrateonly on theobjectsmostlikely to begarbage,thenit may

beableto achieve even lower copying cost. This discussionwasentirely independentof the
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actualshapeof the survivor andmortality curves,but the relative meritsof generationaland

othercollectorswill certainlydependon them.

Assumedor measuredobjectlifetime distributionscanbeusedto predicttheperformance

of collectors[Clinger andHansen,1997]. However, the implicit assumptionthat objectlife-

timesareindependentidenticallydistributedrandomvariablesis far from true:phasebehavior

of programsmustleadto highly correlatedobjectlifetimes. Thecollectorperformancecalcu-

lationsaretied to the assumptionof a steadystate,but this assumptionrestrictsthe classof

admissibledistributions.Thequestionsof thefeasibilityandtheutility of analyticalmodelling

of objectlifetimes thereforeremainopen[Stefanović et al., 1998a;Appel, 1997;Stefanović

etal., 1998b].

2.3 Theoretical modelsof memory management

Object-basedcomputationappearsin its purestform in theStorageModificationMachine,

or pointer machine[van EmdeBoas,1990; Kolmogorov and Uspenskii,1958; Scḧonhage,

1980],a modelof computationbasedon a finite directedgraphstructureof storageinsteadof

anarrayof memoryregistersasin themorecommonlyusedRAM model.Thegraphstructure

is dynamic.Themodelincorporatesthenotionof new nodecreation.Therequirementfor what

we call garbagecollectionis expressedabstractlyin the following dictum [van EmdeBoas,

1990,p. 32]: “The map p9 doesnot have to besurjective; however, nodeswhich cannot be

reachedby tracingawordw in ∆ 9 startingfromthecentera will playnosubsequentroleduring

thecomputationsof theSMM, andthereforenodesmaybeassumedto havedisappearedwhen

they becomeunreachable.”

A complementaryaspectof theoreticalapproachesis thedevelopmentof semanticmodels

of memorymanagement:deriving the propertiesof dynamicallyallocateddataby linguistic

means,usually in the context of typedfunctional languages[Morrisett et al., 1995]. These

modelsindicatewhich objectsare garbageand why, and additionallyallow one to express

memorymanagementactionssyntactically, andthenreasonabouttheir correctness.(Unfor-
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tunately, thesemodelsdo not answerquantitative questionsof the kind posedin our study.)

Similar modelsaredesirablefor memorymanagementin object-orientedlanguages,but their

semanticmodellingin generalremainslesssettled[Abadi andCardelli,1996]. A relateddis-

cipline is thatof compile-timegarbagecollection,or typeanddata-flow analysesto improve

therun-timeperformanceof collectionin (usually)functionallanguages[Appel, 1989a;Har-

rison,1989;Baker, 1990;Goldberg andGloger, 1992;BoehmandShao,1993;Fradet,1994;

Aditya et al., 1994;Mohnen,1995]. Theprimary ideais to eliminatetheneedfor heapallo-

cationin thefirst place,by proving thatcertainobjectscanbeallocatedon thestackinstead,

which is considered(althoughnot universally, cf. [Appel, 1987]) to be faster. More ambi-

tious analysesaim to provide hints to a generationalcollectoraboutobjectlifetimes [Yi and

Harrison,1992].
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CHAPTER 3

AGE-BASED GARBAGE COLLECTION ALGORITHMS

In this chapterwe establisha classificationof garbagecollectionalgorithmsthatpreserve

theageorderingof objectsin theheap.We introducenew algorithmswithin thisclassification.

Unlike generationalalgorithms,the new algorithmsdo not alwayscollect a youngestsubset

of heapobjects. We proceedto discussthe repercussionsof this designdifferenceon the

implementationof copying andpointermaintenancein thecollector.

3.1 Conceptualdesign

Thegarbagecollectionalgorithmsweconsiderareall “generational”in thebroadestsense

of theword: whena collectionhappens,eachschemepartitionstheheapH into two regions:

the collectedregion C, in which the collectorexaminesthe objectsfor liveness,andif live,

they survive the collection; and the uncollectedremainderregion U , in which the collector

assumestheobjectsto beliveanddoesnot examinethem.Thenon-generationalcollectoris a

degeneratecasein which the latter region is empty. ThecollectorfurtherpartitionsthesetC

into thesetof survivor objectsSandthesetof garbageobjectsG, by computingroot pointers

intoC andtheclosureof thepoints-torelationwithin C. To make thefreedspaceconveniently

availablefor futureallocation,acopying collectormanipulatesthesurvivorsSby moving them

to the“to-space”.Thismanipulationis a primarycostof collection[JonesandLins, 1996].
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Denotingby : X : thetotalvolumeof objectsin asetX, weuseasameasureof thecopying

costof collectionthe “mark/cons”1 ratio, the ratio of the volumecopiedto the volumefreed

(i.e.,availablefor allocationin thesubsequentcycle): µ ;=< S<< G < .
It is desirableto minimizeµ. If the initial partition into C andU is suchthat mostof C

falls into G, thecopiedvolumeof survivors : S: will besmall.However, if arbitrary schemes

areconsidered,thenclearly the bestschemeis onethat alwaysmakesthe initial partitionso

thatG ; C, andthusµ ; 0. But is it realistic?Thecomputationaleffort to performtheinitial

partition ideally is asgreatasto performa non-generationalcollection—exceptif an oracle

wereavailable.Weconsiderasrealisticonly thoseschemeswhichcomputetheinitial partition

verycheaply.

We restrictourattentionto a classof schemesthatkeepobjectsin a linearorderaccording

to acertainobjecttimestamp. Imagineobjectsin theheapasif arrangedfrom left to right, with

the oldesttimestampon the left, andthe youngesttimestampon the right, as in Figure3.1.

Theregioncollected,C, is restrictedto bea contiguoussubsequenceof this sequenceof heap

objects,thus the cost of the initial partition, simply choosingthe two boundaries,in some

prescribedmanner, is virtually nil. We call theseschemesage-basedcollection.

>@?BADC@EGF HI>@J@K@L@C@EMF

N@?�?B>@OGNDFQPB>@K

Figure3.1. Viewing theheapasanage-orderedlist.

We considertwo notionsof timestamp:true age andrenewal age. In the first case,each

objectis given a permanenttimestamponce,at the time of allocation. The relative orderof

objectsin the sequenceof heapobjectsnever changes.In the secondcase,uponcollection,

thecollectorgivesall survivorsfresh,renewed,timestamps,asif they werenewly allocated.It

thenmovesthesesurvivorsto theyoungendof thesequenceof heapobjects.

1Thenameis usedfor historicalreasons:in theoriginalmark/sweepcollectorfor LISP[McCarthy, 1960]the
liveobjectsweremarkedduringcollection,whereastheallocationconsistedsolelyof LISPpairs,known ascons
cells.
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True-agetimestampspermit thecollectorto focusattentionon particularagegroups,i.e.,

on setsof objectsallocatedconsecutively. They arisenaturallyfrom considerationsof object

lifetime behavior—clustersof objectsallocatedtogethertendto expiretogether[Hayes,1993].

Ontheotherhand,thenotionof renewal-agetimestampscanarisefrom considerationsof ana

priori exponentiallifetime distribution [ClingerandHansen,1997].

Traditionalgenerationalcollectionschemesare,in the main, age-based.They arebased

ontrueage,andtheregioncollectedis somesubsequencethatalwaysincludesyoungest(most

recentlyallocated)objects.2 In thefollowing,weintroduceandcategorizealternativecollection

schemesaccordingto theirchoiceof objectsfor collection.Theage-basedcollectionalgorithm

is alsopresentedin theform of codein Figure3.2.

3.1.1 True-ageschemes

Thesimplestage-basedcollectorandthebasepointof ourcomparisonsis thenon-generational

collector. It will belabelledNONGEN in thediscussionandfiguresbelow. Theregionof col-

lectionin NONGEN is alwaystheentireheap:C ; H, U ; /0.

We now considerage-basedschemes,distinguishedby different choicesthey make for

the collectedregion. A true youngest-first (TYF) collector always choosessomeyoungest

(rightmost)subsequenceof thesequenceof heapobjects(Figure3.3).

Generationalcollectorschemesarevariantsof true youngest-firstcollection,differing in

the sizeof C andin how they trigger collections[Barrett andZorn, 1995]. In the basicde-

sign[JonesandLins, 1996,p.147],new allocationis into onefixed-sizepartof theheap(the

nursery), andtheremainderis reservedfor olderobjects(theoldergeneration). Whenever the

nurseryfills up,it is collected,andthesurvivorspromotedto theoldergeneration(Figure3.5).

Whenthe oldergenerationfills up, thenthe following collectioncollectsit togetherwith the

2A slight divergencefrom the age-basedcriterion may arisein copyingcollectors,becausethe orderof the
objectsin to-spaceis determinedby the heaptraversal(typically breadth-first,as in the standardCheney scan
[JonesandLins, 1996;Cheney, 1970]),andis in generaldifferentfrom original orderin from-space.Hence,the
ageorderof objectsis perturbedslightly within S for eachcollection. In compactingcollectorsreorderingdoes
notoccurat all.
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initialize:
availablespace: R heapsize
current timestamp: R 0

allocate(numwords):
if availablespaceS numwordsthen

createnew objecto with
o T size: R numwordsando T timestamp: R current timestamp

current timestamp: R current timestamp+ numwords
availablespace: R availablespace- numwords

else
Garbagecollection:
settimestampboundariestmin, tmax accordingto scheme
C : RVU o W o T timestampXZY tmin [ tmax\^]
U : R H _ C
S0 : R`U o W o X C acbed r X Rootsf U g r h o]
S: R TCbih [ C [ S0 g , wheretransitive closureis computedas:

Sn RjU o W o X C acbid oklX Snm 1 g ok%h o ]
S Ron ∞

np 0Sn(unionfinite)
G : R C _ S
availablespace: R availablespaceqor G r
discardobjectsin G
if r G rsR 0 thenfail

fi

Figure 3.2.Pseudocodefor theconceptualdesign.
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Figure3.3. TYF: Trueyoungest-firstcollection(generalcase).

WC W : collectedregion U : remainder(regionnot collected)
S : regionof survivors : areafreedfor new allocation
Two successivecollectionsare shown.For sake of illustration, thesurvivingamountis 2 on collec-
tion 1, and3 oncollection2. Thecollectedregion is enclosedin verticalbars.

Legendfor Figures3.3–3.12.

nursery. In a two-generationcollector, thatcollectionconsiderstheentireheap.Thecollector

deliberatelyreservesspace,so that, unlike in TYF, the region chosenfor collectioncontains

exactly the objectsallocatedsincethe last collection(exceptfor full heapcollections). The

operationof theGYF collectoris summarizedin thecodeof Figure3.4.

We studytwo- andthree-generationschemes:2GYF (2 Generations;Youngest-First),and

3GYF. We stipulatethat the sizeof eachgenerationis strictly greaterthan0, andtherefore

3GYF neverdegeneratesinto 2GYF. Whendiscussinggenerationalschemesgenerally, weuse

thelabelGYF. Wealsoexamineaschemein whichtheoldergenerationis allowedto grow and

useall thespaceof thenursery, andviceversa[Appel, 1989b],andnospaceis heldin reserve;

thisschemeis denotedNGYF, andits operationis shown in Figure3.6.

The simplestyoungest-firstcollector is one that always choosesa constantamountof

youngestobjectsto collect;wecall this schemeFC-TYF (Fixedsizeof Collectedregion;True

Youngest-First).Note,asis clearfrom thediagramin Figure3.7,thatsurvivorsof thepreced-

ing collectionremainin the collectedregion. Onecanexpectthis collectorto be inefficient,
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initialize:
Generations1–N:
set∑N

gp 1nominalsizeg R heapsize
for g R 1 [ T$T$T [ N doGeng : R /0
reserve: R heapsize
next gen: R 1

allocate(numwords):
if min b nominalsize1 � current size1 [ reserveg�S numwords then

createnew objecto in Gen1 with
o T size: R numwords

current size1 : R current size1 q numwords
reserve: R reserve� numwords

else
Garbagecollection:

gen: R next gen
C : R n gen

gp 1Geng
U : R H _ C
S0 : R`U o W o X C acbed r X Rootsf U g r h o]
S: R TCbih [ C [ S0 g
for g R 1 [ T$T$T [ gendoS� g� : R S � Geng
Gen1 : R /0
for g R 2 [ T$T$T [ gen+1doGeng : R Geng f S� g m 1� ,

exceptif gen R N thenGenN : R S�N � f S�N m 1�
reserve: R heapsize� ∑N

gp 1 r Geng r
next gen: R mingk : bQ� g � gk g�r Geng r-� nominalsizeg

fi

Figure 3.4.Pseudocodefor GYF collectors.
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Figure3.5. Generationalyoungest-firstcollection(2GYF).

becauseobjectsare repeatedlycopied,andcollectionsare frequent,becauseonly the space

freed is availablefor new allocation. Indeed,the older region remainsuntouchedafter it is

initially allocated.Contrastthis with the GYF collector, which doesnot useall the available

space,puttingsomeon reserve, but is thenableto collectat regular intervalsthatcorrespond

to thenurserysize,anddoesnot copy survivorsof minor collectionsagainuntil thenext full

collection.

A true oldest-first (TOF) collectoralwayschoosesanoldest(leftmost)subsequenceof the

sequenceof heapobjects(Figure 3.8). An FC-TOF collector considersa constantamount

of oldestobjects. It is clear that survivors of the collectionwill be collectedrepeatedly. If

the oldestobjectsin the heapsurvive indefinitely, as in many programs,and the collected

region is smallandonly encompassessuchobjects,FC-TOF necessarilyfails becauseit finds

no garbagein thecollectedregion. However, we encounteredsomeprogramswhereFC-TOF,

with a moderatesize of the collectedregion, works betterthan other age-basedcollectors:

intuitively, it givesobjectsenoughtime to diebeforethey enterthecollectedregion.
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Figure3.6.Generationalyoungest-firstcollectionwith flexiblegenerationboundaries(NGYF).

The simplicity of FC-TYF andFC-TOF schemesis in the fact that collectedregionsare

fixed. However, it is intuitively clearthatperformancesuffersbecausesomeobjectsaresub-

jectedto collectionrepeatedly, while othersarenotsubjectedto collectionsoonenough.Thus,

wemustlook for schemesthatconsiderall partsof theheapatappropriateintervals.Notethat

GYF, whichis known to work well in practice,revisits theentireheap,andat regularintervals,

by meansof full collections.Let usinsteadexaminewaysto revisit all of theheappiecemeal.

A deferred older-first (DOF) collector choosesa middle subsequenceof heapobjects,

which is immediatelyto theright of thesurvivorsof thepreviouscollection(Figure3.9).Thus

theregion of collectionsweepstheheaprightwards,asa sliding window of collection. If the

remainingareato the right is smallerthanthewindow, thecollectorcompletesthesweepby
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Figure3.7.FC-TYF: Trueyoungest-firstcollection(fixedcollectedregion).
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Figure3.8. FC-TOF: Trueoldest-firstcollection(fixedcollectedregion).

collectingtheremainingareaof youngestobjects.3 TheFC-DOF collectoremploys a window

of constantsize.

Theintuition for thepotentiallygoodperformanceof theFC-DOF collectorcanbegleaned

from thediagramin Figure3.10,whichshows a seriesof eightcollections,andindicateshow

thewindow of collectionmightmove acrosstheheap.Themostimportantaspectis thatif the

window is in a positionthat resultsin small survivor sets,thenthewindow movesby only a

3In the original descriptionof the DOF algorithms,we proposedthat assoonasthe remainingareato the
right is smallerthanthewindow, thewindow is resetto theleft end.However, we subsequentlyfoundthatbetter
worst-casecopying costis achievedwith thecurrentdescription.Additionally, full sweepis requiredfor certain
pointerfiltering techniques(seebelow, Section3.2.2).
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Figure 3.9.FC-DOF: Deferredolder-first collection.

smallamountfrom onecollectionto thenext. If it continuesto move slowly, thenit is likely

to remainfor a long time in the sameregion, correspondingto the sameageof objects,and

it continuesto enjoy smallsurvivor sets(Collections4–8). Theoutcomeis thatconsiderable

progressis madein allocationwhile but a small amountis copied: µ is low. The question

thenis how long thewindow canremainin sucha goodposition,and,onceit hasleft it, how

costlyis thereturn,which involvesfinishingtherightwardsweep,resettingto theleft end,and

sweepingoverolderobjectsbackto the“sweetspot.”

A deferred younger-first (DYF) collector similarly sweepsthe heap,but leftwards(Fig-

ure3.11).As soonastheremainingareato theleft is smallerthanthewindow, thewindow is

resetto theright end. TheFC-DYF collectoremploys a window of constantsize. Despitethe

apparentsymmetryof definition,DYF doesnot enjoy thewindow-motionbenefitof DOF: the

window movesleftwardby onewindow sizeevenwhenthereareno survivors. We shallfind

thatfor this reasonDYF neverperformswell.

28



C

C

C

C

C

C

C

C
S

S

S

S

S

S

S

S empty

öD÷�øµø�ù�ú�ûiüµ÷¶ýÿþ

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý��

öD÷�øµø�ù�ú�ûiüµ÷¶ý�	


�� ������ ��
������������

Figure3.10.Deferredolder-first collection,window motionexample.

3.1.2 A renewal-agescheme

The collectorproposedrecentlyby Clinger andHansen[Clinger andHansen,1997] and

its generalization,the “oldest-first” collector [Stefanović et al., 1998a],are alsoage-based,

but accordingto renewal age,andolder objectsform the collectedregion. Similar ideasfor

circularmanagementof heapscanbetracedto earlierliterature[Baker, 1978;Bekkerset al.,

1986;Lang andDupont,1987]. A renewal-oldest-first collectoralwayschoosesa leftmost

subsequenceof thesequenceof heapobjects—but thesurvivorsareplacedto theright of the

uncollectedremainder(Figure3.12). Therefore,even thoughthe collectionwindow remains

at theleft, “old” end,thecollectordoesnot processthesurvivorsof thecollectionagain,until
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Figure3.11.FC-DYF: Deferredyounger-first collection.

they have beenpushedbackto theleft by new allocationafterseveralsucceedingcollections.

Note,however, theconspicuouscrossover of the logical pathsof survivor andremainderob-

jects,which resultsin irreversiblemixing of trueobjectagesin theheap,evenin compacting

collection.
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Figure 3.12.FC-ROF: Renewal-oldest-firstcollection.

3.1.3 Towards optimal schemes

Thereis a final category of schemes,clearly unrealisticfor actualimplementations,that

we consider. Recall that a deferredoldest-firstcollector collectsa middle subsequenceof
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age-orderedheapobjects. Contemplatefor a momenta generalization:let us chooseany

subsequenceof agivensize,notnecessarilystartingfrom aknown point,but insteadwhichever

subsequenceyieldsthelowestmark-consratioonthiscollection.Thuswearriveat thelocally-

optimalcollectorschemeFC-OPT.4

Is therea globally optimal scheme?The global optimumneednot coincidewith the ag-

gregateoutcomeof locally optimal decisions. The overall copying costcanbe reducedby

selectingtheamountof garbagereleasedin suchaway thatthenext collectioncomesatapar-

ticularly propitioustime,namelywhentherearefew live objects.However, theconsideration

of globally optimalschemesis beyondthescopeof this investigation.Instead,we shallonly

usethe resultsof the locally-optimalcollectorschemesasan upperboundon the minimum

copying cost,for comparisonswith realisticschemes.

3.1.4 Collection failur eand recovery

It is possible,especiallyfor anFC collectorwith a smallsettingfor C, to find no garbage

in the collectedregion. If that happens,we let the FC collectorfail for the purposesof this

study. An implementationcould increasethe heapsize temporarily, or retry collection on

anotherregion. A moving-window schemecanretry collectionat the next window position.

Alternatively, thewholeheapcanbecollected.NotethatGYF schemesby designoccasionally

considerthewholeheap,hencethey enjoy anadvantageovertheFC schemesassimulatedhere,

with thedisadvantagethattheirmaximumpausetimesarenolowerthanwith non-generational

collection.

3.1.5 Garbagecycles

A cycleof garbageobjectscanbesolargethatit cannotfit in thecollectedregion. Evenif

thecycle is smallerthanthesizeof thecollectedregion,it canconsistof objectsof sufficiently

4Similarly, we couldexplorethelimits of trueoldest-firstandtrueyoungest-firstcollection: insteadof fixing
theamountto becollected,let thecollectorchoosethatamountwhich resultsin thelowestmark/consratioµ for
thecurrentcollection, but we leave thisexplorationfor futurework.
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diverseagethatit is neverentirelywithin thecollectedregion.5 In eithercase,thecyclecannot

be reclaimed.Traditionalgenerationalcollection,at the risk of long pausetimes,finds such

cyclesby collectingthewholeheapoccasionally. Sincethepresenceof suchcyclesis liable to

leadto poorperformanceandultimatelyfailure,thesameremedy, suggestedin thepreceding

section,applies.Alternatively, thepurelyage-basedschemecanbemodified,with provisions

similar to thetrainalgorithmfor themature objectspace, which tacklestheproblemof cycles

while maintainingincrementality[Hudsonand Moss, 1992; Seligmannand Grarup,1995].

Note that theresultspresentedherearebasedon a simulatoranda prototypeimplementation

whichdonot implementany mechanismto enforcereclamationof cycles.

3.1.6 Locality

Ourstudyis basedonextensivesimulations,in orderto explorealargenumberof collector

configurations,andindeeda numberof altogetherdifferentschemes.This focusesattention

on theprimarycosts,namelycopying andpointermaintenance.However, we cannotmeasure

certainother costs,without integratingour implementationwith a live object system. The

chief of thesecostsis the effect on locality [Zorn, 1991;Reinhold,1993;Gonçalves,1995;

Diwanet al., 1995;Appel andShao,1996]. Theschemesthatwe foundto performwell with

respectto copying costalsosharethe propertythat they do not change the relative orderof

objects;think of themascompacting.Therefore,they do not adverselyaffect the locality of

accesswithin themutator. Unliketraditionalgenerationalcollection,whichrepeatedlycollects

from thesamememoryregionof youngobjectsandoccasionallythewholeheap,someof the

proposedschemesvisit differentpartsof theheapmoreregularly. Althoughit is temptingto

predictthememoryhierarchybehavior of theseschemesby observingthepatternsof collected

region motion, the complexity of interactionof allocation,copying andpointermaintenance

5This scenariois madeunlikely by the fact that an unreclaimedcycle of garbageobjectsmigratesto and
concentratesin theoldestendof theheap.Thereits adverseeffect on collectorperformanceis indistinguishable
from thatof truly livebut permanentobjects(Section5.4.3).
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accesseswith thememoryhierarchyrequiresthat thebehavior shouldbemeasuredin a fully

implementedsysteminstead.

3.2 Implementation

In precedingsections,weoutlinedseveralage-basedgarbagecollectionalgorithmsthatwe

usetoexplorereducingcopyingcostbeyondgenerationalyoungest-firstcollectors,byprescrib-

ing which portionsof theheapshouldconstitutethecollectedregion. The following chapter

will show thatthepromiseof theDOF collectoris actuallydelivered,but now weconsiderhow

to implementin practicea collectorwith a collectedregion that rangesoutsidethe spaceof

youngestobjects.

If we look at all theage-basedschemestogether, we find two requirementsfor implemen-

tation.First, it mustbepossibleto identify any setof objectsaccordingto theirage,anduseit

asthecollectedregion. Second,it mustbepossibleto enumeratepointersinto thecollectedset

from outside,in orderto collectit correctly.

3.2.1 Blocks

Thefirst requirementcanbefulfilled efficientlyby dividingtheheapintoblocksandlinking

blocksinto anage-orderedlist (Figure3.13).Thecollectedregionmustconsistof anumberof

blocks. This restrictionon thefreedomto choosethecollectedregion is acceptable:constant

overheadsof collectionwill surelyrendertoo expensive any schemethat choosesextremely

small collectedregions. Therefore,imposinga block as the minimum sizeof the collected

region, aswell asthemeasureof granularityof window positioning,mustbeappropriatefor

someblocksize.

allocation

oldest block youngest block
Figure 3.13.Heaporganizedasanage-orderedlist of blocks.
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Hence,theheapaddressspaceis dividedinto blocks.Eachblockconsistsof 2b bytes,and

is alignedon a 2b-byte boundary. Assumefor the time beingthat no objectis larger thana

block. Eachobjectis entirelycontainedwithin oneblock.

Theblock tableis anauxiliary datastructure,anarraythat lists all theblocksavailablein

theaddressspaceandrecordsthe statusof each(free,or in use). Additional informationfor

blocksin useis accessedindirectly, to avoid thespaceoverheadfor unusedblocks.

Giventheaddressof a heapobject,or a field within anobject,a constantb-bit-shift oper-

ation calculatesan index into the block tablecorrespondingto the block in which the object

lies.

Blocksin usearedoublylinkedin ageorder, sothatage-basedcollectorscaneasilyfollow

their collectionpolicies.Eachblock recordsthenext freeaddresswithin it, sothatobjectscan

beaddedto it: by themutatorin allocation,or by thegarbagecollectionin survivor copying.

During collection,eachblock recordswhetherit is in thecollectedregion or not. During the

Cheney scanphaseof garbagecollection,a block alsorecordsthenext addressto bescanned.

In generationalschemes,theblockadditionallyrecordsthenumberof thegenerationto which

it belongs.

The stipulationthat whole blocksaresubjectto collectionraisesconcernaboutpossible

fragmentation:if thesurvivorsfrom anentirecollectedregionmustbeplacedin blocksthem-

selves,thenwe canexpect,on average,half a block of wastedspace.The situationis easily

remediedfor the DOF collector, if the collectorpromotessurvivors into any availablespace

in theadjacentblock to the left (youngestamonguncollectedblocksolder thanthecollected

region),asshown in Figure 3.14.Becauseof therightwardsweepof thecollectedregion,any

incompleteblock left at the the endof onecollectionis filled in subsequentcollections,and

fragmentationis eliminated.

Objectslarger thanoneblock areallocatedin a specialarea,the large objectspace, but

eachlargeobjectis logically assignedto a block. Thecollectornever physicallycopieslarge

objects,but ratherlogically movesthemfrom a particularblock to anotherby manipulating
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Figure3.14.Filling precedingblock to avoid fragmentation.

efficient indexing datastructures.The implementationof large objectspacecanbe adapted

from theonein theGC Toolkit [Hudsonet al., 1991]. Thehandlingof objectsin largeobject

spaceis moreexpensive thanof thosein ordinaryblocks[Hicks et al., 1998];anexamination

of thesizedistributionsof objects(Section4.2.3)shows,however, thatlargeobjectsarea rare

occurrencefor ourbenchmarks.

3.2.2 Rememberedsets

Thesecondrequirementis to beableto find pointersinto thecollectedregion, no matter

whichblocks,or how many blocks,arein theregion. Themostgeneralsolutionis to trackthe

setof pointersinto eachblock (the rememberedset),andthencomputethe unionof thesets

for all blocksin thecollectedregion.

In contrast,notethat a garbagecollectionalgorithmthat definesfixedboundariesfor the

collectedregion cansafelyrecordjust the pointersthat crossthat boundary. For instance,a

generationalcollectormaintainsonerememberedsetpergeneration,no matterhow largethe

generationis. The needto maintainrememberedsetsfor eachblock cancausesignificantly

largerspaceoverhead,aswell astimeoverheadfor recordingandprocessingthepointers.

Thegenerationalcollectordoesnot evenmaintaintruthful rememberedsetsfor eachgen-

eration:by design,acollectionof generationn alwayscollectsall youngergenerationsaswell,
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thereforeit is only necessaryto know thepointersinto generationn from older generations.6

As weshallseein Section6.1.3,thisstructuregreatlyreducesthenumberof pointersthatmust

betracked.

Therefore,while the designusingper-block rememberedsetsachievesthe desiredfunc-

tionality for the fully-generalage-basedschemes,we mustalsoconsiderthe implicationsof

theparticularage-basedschemeon thesetsof pointerstoresthatthesystemcansafelyignore.

Notethatthemajorityof storedpointershave thesourceandtargetwithin thesameblock,

aswe shallseein Section6.2. Sincea block is alwaysentirelywithin thecollectedregion,or

entirelyoutsideit, suchlocalpointersdonotneedto berecordedin therememberedsets.This

optimizationappliesto all age-basedschemes.It eliminatesa majority of pointerstoresfor

reasonableblocksizesatvery low cost.

oldest youngest

region of next collection

Figure3.15.Directionalfiltering of pointerstoresat run-time(DOF).

A more aggressive elimination criterion is possible. Supposethat the storedpointer is

p r q, andthat theobjectp is subjectto collectionbefore objectq. Thenthepointerwill be

invalidatedbeforeq is collected,eitherbecausep is movedif live,or becausep is dead.Hence

thepointer p r q shouldnot berecordedin the rememberedsetof q. Thusthegeneralrule

is to filter out thosestoresfor which the sourcewill be collectedbeforethe target,or at the

sametimeasthetarget.Someage-basedschemeshavestrictpoliciesfor thepositioningof the

collectionwindow in theheap,andit is thereforepossibleto establishwhetherthesourceor

the targetof a pointerstorewill becollectedfirst. Amongthemis DOF, with thefull, cyclic,

6Note as a specialcasethat in the two-generationcollector the (single) rememberedset is always empty
following a collection,thusthewrite barrierat collectiontimecanbeelided.
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sweepof theheap.Thedirectionalfiltering for theDOF schemeis shown in Figure3.15for

pointerstoresin themutator.

oldest youngestcollected region

survivors
Figure3.16.Directionalfiltering of pointerstoresatcollectiontime(DOF).

Distinguishingthe region that will be collectednext, andthe regionsolder andyounger

thanit, thereare12 casesof pointerstoresat run-time. Onehalf areeliminatedby observing

that thesourcewill becollectedbeforethe target,andadditionally, thecasewith bothsource

andtargetwithin theregionof thefollowing collectionis eliminated.

In Figure3.16weshow thefilteringschemefor pointerstoresduringcollection.Thedashed

lines indicatethepointersasthey existedbeforethecollection,andthefull lines indicatethe

pointersestablishedduring the collection,assurvivor objectsarecopiedinto to-space.Here

the filter eliminates3 out of 6 cases.The actualbenefitsof directionalfiltering dependon

the distribution of differentpointer storedirections,and we shall return to this questionin

Section6.2.

In thedesignof rememberedsetsfor thenewly proposedcollectors,thereis anadditional

considerationthatdid not arisefor generationalcollectors.Namely, whena collectioncopies

objectsfrom the collectedsetC into the survivors setS, thenany pointersfrom C into the

uncollectedremainderU , recordedin the rememberedsetsof the blocksof U , mustbe dis-

cardedprior to collection. Otherwise,the rememberedsetswould containentriesfor source

addressesin thefrom-spaceof thecollection,which,following thecollection,areinvalid. The
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collectionthenreestablishesrememberedsetentriesfor thesurviving pointersfrom S into U .

Therefore,thedatastructurefor rememberedsetsmustsupportdeletionefficiently. (In gener-

ationalcollection,thepointersfrom C to U areyounger-to-older, hencethey arenot recorded

in rememberedsetsto begin with.)

3.2.3 Write barrier

We now considerhow to constructrememberedsets.In betweencollections,new pointers

comeinto beingby meansof initialization of pointer-typedfieldsof newly allocatedobjects,

and by updatesof thesefields in older objects. Pointerupdatesare tracked using a write-

barriermechanism.As for pointerinitialization,eithertheinitializing storesaretrackedusing

thesamewrite-barriermechanism,asit is, in effect,donein theSmalltalksystem,or thenewly

allocatedareais scannedfor pointersatgarbagecollectiontime.

Weconsidertwo write-barriermechanisms.Thefirstwrite-barriermechanismimmediately

insertsstoresinto rememberedsets.Whenastoreoccursin themutator, thefollowing filtering

actionsoccur. First, it is establishedthat thestoreis of a pointerasopposedto a non-pointer

value.In dynamicallytypedlanguagessuchasSmalltalk,thischeckis atrun-time.In statically

typedlanguages,suchasJava andModula-3,thewrite barriercodeis only emittedfor pointer

stores,sothis checkdisappears.Second,thewrite barrierverifiesthatthestoredpointervalue

(the target) is not nil, sincesuchstoresdo not createnew pointers. Third, the write barrier

verifies that the pointer crossesblock boundaries.This checkinvolves the comparisonfor

equalityof the high-orderbits (full addresslength lessb) of the pointer sourceand target.

Fourth,if theparticularage-basedschemepermitsfurthereliminationof pointersaccordingto

theageof thesourceandtarget, thenthewrite barriermayeliminatesomeadditionalstores.

Fifth andlast,thepointersourceis insertedinto therememberedsetof theblockcorresponding

to thetarget.

The secondwrite-barriermechanismis a hybrid of card markingand rememberedsets

[HoskingandHudson,1993]. Theheapis logically dividedinto cardsof size2c bytes,where
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c s b. Experiencewith generationalcollectorssuggeststhatcardsaretypically muchsmaller

thanblocks: e.g.,while blocksof 64KB wereusedin a Smalltalkimplementation,the most

efficient cardsizeswere in the range256 bytes– 1KB [Hosking et al., 1992;Hoskingand

Hudson,1993]. A card table is an array with an entry for eachcard of the heap. At the

endof a collection,all entriesof the cardtableareclean. In betweencollections,at every

pointerupdate(the storeof a pointer p r q) the write barriermarksthe entry for the card

containingp asdirty. At the beginningof eachcollection,the collectorscansthe cardtable

to find dirtied cards. For eachdirtied cardtableentry, it thenscansthe correspondingcard

in memory, i.e., it examinesall pointer-valuedfieldsin all theobjectsin thecard,andupdates

appropriaterememberedsets—inourexample,it is therememberedsetof theblockcontaining

the addressq. Whencardsareexaminedandsummarizedinto rememberedsets,the same

filtering criteriaapplyasdiscussedabovefor thecaseof immediateinsertioninto remembered

sets. Onebenefitof cardmarkingis that duplicateentriesareimmediatelyeliminated. The

price is paid insteadin scanningthe cards,sincethe locationof the updatedpointersource

is recordedonly imprecisely. (Whenscanninga card,thecollectormayexaminemany more

pointers,dependingonthesizeof thecard,in additionto theone(or ones)thatcausedthecard

tableentry to bedirtied.) We shall see,however, that therearefew duplicateswithin a block

(Section6.1.3),thuscardmarkingis not likely to beprofitable.

3.2.4 A write barrier designfor largeaddressspaces

Returningto the write-barriermechanismwithout cardmarking,we observe that it can

be implementedespeciallyefficiently if a largevirtual addressspaceis available. Thegoal is

to make thesequenceof write-barrierinstructionsshortfor thecommoncase,namelythatof

storesthat thebarrierdoesnot record.A largeaddressspaceallows a heaporganizationthat

avoidstheneedto index into a block tableandis ableto make thepointerupdatefiltering de-

cisionssolelyfrom thetwo addressesof pointersourceandtarget,whicharealreadyavailable

in hardwareregistersfor thestoreitself.
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high addresses low addresses
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allocation

zone 1 zone 2 zone 3 zone 4
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copying

copyingallocation

Figure3.17.DOF heaporganizationin a largeaddressspace.

Weillustratetheheaporganizationin Figure3.17.7 Theaddressspaceis dividedinto zones,

eachzoneconsistingof a largenumberof blocks.At any momentexactly two adjacentzones

arein usefor the heap. Initially, all allocationis into zone1, at the high endof the address

space,whereasall copying by thecollectoris into thenext lower zone2. Both allocationand

copying proceedfrom higherto olderaddresseswithin azone.As soonastheamountallocated

in zone1 becomesequalto thespecifiedheapsize(expressedasa numberof blocks),garbage

collectionbegins in the DOF manner, with the collectionwindow sliding over zone1, from

high addressesto low. The survivors of collectionarecopiedover into zone2. Subsequent

collectionsaretriggeredwhenthetotalamountin theheap(i.e., in zones1 and2) againequals

thespecifiedheapsize.Thisprocesscontinuesuntil either:(a)thewindow of collectioncatches

up with allocationin zone1, or (b) the allocationin zone1 reachesthe limit, i.e., runsinto

zone2. Case(a) correspondsto the naturalendof the window sweepof the DOF collector

(Figure3.9).Case(b) is coercedinto case(a)by enlargingthewindow to encompasstheentire

remainderof zone1. Thus in both casesa full sweepof all objectsallocatedin zone1 is

completed.At thispoint,whichcorrespondsto theresettingof thewindow in Figure3.9,zone

7Notethat theaddress-orderedlayoutof Figure3.17is logically equivalentto theage-orderedlayoutof Fig-
ure3.9.
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1 is abandoned,andits role is assumedby zone2: allocationproceedsin zone2, from thelast

copiedobjectontowardsloweraddresses.Zone3 is introducedfor thesurvivorsof subsequent

collections.8 In this fashion,allocationandcollectioncanproceeduntil all zoneshave been

exhausted.Underthe assumptionthat we have a largevirtual addressspace,mostprograms

will notexhaustall availablezones;if thatdoesoccur, however, theremedyis to movethedata

backinto thehighaddresses,at thepriceof onenon-generationalcollection(or relocation).

Choosinga goodsizefor the zonesis challenging.On the onehand,a zoneshouldac-

commodatethe amountallocatedduringonesweepof the collectionwindow: if it doesnot,

thentheprematureendof sweepwill beforced(case(b) above),whichwill resultin a longer-

than-normalpausetime anddisturbthe desirableoperationregimeof theDOF collector. On

theotherhand,whentheDOF collectoris in its mostdesirableregime,Figure3.10,thenthe

window movesslowly, andtheamountallocatedduringasweepis large.Therefore,sinceboth

thenumberof zones,andthesizeof azonemustbelarge,a largevirtual addressspaceis truly

necessaryfor thisorganizationto beeffective.

Thedirectionalfiltering atrun-time,shown in theage-orderlayoutin Figure3.15,becomes

verysimplein thisaddresslayout,asshown in Figure3.18: if theaddressof thepointersource

is higher than the addressof the target, the pointer storeneednot be recorded. Thus the

directionalfilter canbe implementedin a singlecomparisoninstruction. Note that the store

of a null pointer, normally representedasa machine0, is alsocaughtby this filter, hencea

separateprior checkis not needed.The block-localfilter remainsasdescribedabove, but it

canbe coalescedwith the directionalcheck: oneof the valuescomparedin the directional

checkis first roundedto thenearestblockboundary. In all, thefilters requireonly ahandfulof

instructions(a bit-maskingoperation,a comparison,anda conditionalbranch)andinvolveno

memoryaccesses(Figure3.20,p. 48,on theleft).

8Theoperatingsystemmustcooperateby allowing thegarbagecollectorto acquireandexplicitly disposeof
segmentsof theaddressspace.
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copyingallocation

high addresses low addresses

Figure 3.18.Directionalfiltering for DOF in a largeaddressspace.

Thus, the majority of pointerstores,thosethat do not needto be recorded,arehandled

quickly. We now considerthe remainder. We have observed (aswe report in Section6.1.3)

that therearevery few duplicatepointerstoresfor the rememberedsetof a block in general,

and,in particular, betweentwo collections.Hencecardmarkingis not advisable.However, if

we wish to keepthecostof thewrite barrierpredictableandlow, we shouldnot immediately

insertthepointerstore,that is, the addressof the pointersource,into the rememberedsetof

thepointertarget.Insteadwecanwrite thesameaddressinto asequentialstorebuffer [Hudson

et al., 1991],andsubsequentlyflushthestorebuffer into therememberedset.Therewill bea

sequentialstorebuffer for eachblock in currentuse.

At collectiontime, we form the setof rememberedpointersinto the collectedregion by

consideringthe“union” of therememberedsetsof all blocksin theregion. We choseto main-

taintherememberedsetof ablockbetweencollectionsasasequentialstorebuffer; now, rather

thanconstructtheremembersetexplicitly andthencomputetheunion,we simply merge the

storelists for theblocksinvolved,andeliminatepointersthatgo betweentwo blocksboth in

thecollectedregion.9

Recallthatwhenrememberedsetsareexplicitly maintained,it is necessaryto purgethesets

of uncollectedblocksof entriesfor pointersfrom collectedblocks,prior to collection.With the

addresslayout proposedhere,togetherwith directionalfiltering, that is no longernecessary,

9Note that eachstorebuffer is likely to be a nearlysortedlist (with decreasingaddresses),becausemost
pointerstoresareinto thenewly allocatedarea,andthusthesequenceof pointersourceaddressesis correlated
with thedirectionof allocation.This circumstancemay influencethechoiceof themergealgorithm. Also note
thatanactualmergeoperationis notabsolutelyrequired:it is possible,andit maybelessexpensive, to recognize
duplicateentrieson thefly.
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sinceentriescannotbecomestale:thecollectedregion lies within thehighestvalid addresses,

andno pointersfrom higher, now invalid addresses,wererecordedin therememberedsetsfor

thecollectedregion,sincesuchpointerswouldhavebeenhigher-to-loweraddresspointers.

The directionalfiltering describedhereis cheaperthan the traditional generationaltest

[Hoskingetal., 1992],whichrequiresindexing into ablock tableto determinethegenerations

of thepointersourceblock andthepointertargetblock, at thecostof two memoryaccesses.

For fairness,however, underthe assumptionof a large addressspace,the generationaltest

canalsobe simplified. We divide the addressspaceinto a numberof very largeblocks,and

assigneachgenerationto oneblock. We placethenurseryat thehighestaddresses,andolder

generationsat progressively lower addresses.With this heaplayout, an addresscomparison

actsasagenerationaltestto eliminateyounger-to-olderstores,andsimultaneouslyhandlesthe

null pointerstore;a block-localfilter is neededto eliminateolder-to-youngerstoreswithin a

generation.

Thusthe write barriercostcomponents—thecostincurredfor eachpointerstoreandthe

additionalcostincurredfor eachpointerstorethatmustbe recorded—willbecomparablein

implementationsof the collectorsstudied. Similarly, the costsincurredat the time of pro-

cessingeachrememberedsetentrywill becomparable.Therefore,in this studywe focuson

measuringthe numberof timesdifferentcollectorsinvoke eachof theseoperations.We find

significantdifferencesbetweenthecollectors.Chapter6 describestheseresultsin detail.

3.2.5 An estimationof copyingand pointer-maintenancecosts

In subsequentchapterswe shall obtain accurateoperationcountsfor the copying and

pointer-maintenanceactionsof garbagecollection. If in additionto thenumberof operations,

we know thecostof eachoperation,wecancalculatetotal collectioncosts,andby comparing

with anactualimplementation,validatethecostmodel.

We performedpreliminaryexperimentswith theproposedwrite barrieron a 292MHz Al-

pha21164processor. The implementationis presentedin Figure3.19assourcecodeandin
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Figure3.20asAlphaassemblycodecompiledusinggcc -O2. Thenull-pointer, block-local,

anddirectionalfiltering areaccomplishedusinga singletest. The estimatedoverheadof the

barrierif thetesteliminatesthestoreis 2 cycles.10 Storesthatarenot eliminatedarerecorded,

without duplicateremoval, in a sequentialstorelist correspondingto the targetblock. A se-

quentialstorelist holdsa maximumof 15 entries. Whena storelist fills up, a new one is

allocatedfrom a largelineararena;thuseachblock ownsa linkedlist of sequentialstorelists.

The measuredoverheadof the barrier, including the writing into a sequentialstorelist and

managementof sequentialstorelists, is 11cyclesperstore.

Figures3.21and3.22presentthecodeexecutedat garbagecollectiontime to scanthelist

of sequentialstorelists of a block. Thecollectorretrieveseachentry, interpretsit asa pointer

source,andthenreadsthecurrenttargetvalueof this pointer. (The targetmayhave changed

sincethe time whenthis storewasrecorded,so the collectorverifiesthat the currenttarget

is within the collectedregion.) Finally, the collectorretrievesthe headerword of the target

object. If theheaderword is in facta forwardingpointer, thentheobjectneednot, andmust

not,becopiedagain.If theheaderword is a trueheader, thenthis is thefirst time thecollector

hasencounteredtheobjectin this collection,andthereforethecollectorcopiestheobjectinto

to-space.(A forwardingpointeris anobjectaddressandits leastsignificantbit is 0, because

objectsareword-aligned,while addressesareexpressedin bytes.We candefinea trueheader

to have 1 in its leastsignificantbit to make headersandforwardingpointersdistinguishable.)

Thecostof thisentiresequence,sanscopying, is 13cyclesperprocessedentry.

Thus,assumingthatfiltering succeedsin eliminating95%of pointerstoresonaverage,and

assumingthatall recordedstoresareeventuallyprocessed,theaveragecostperpointerstoreis

estimatedat0 � 95 � 2 � 0 � 05 �^� 11 � 13��� 3 � 1 cycles.

10Themeasuredoverheadonthefour-wayissueAlpha21164processorrangesfrom 1 to 3 cyclesfor thethree
instructionsin thetest,dependingon thesurroundingcode;theaverageandmedianof 2 is usedin theabsenceof
any assumptionsaboutthesurroundingmutatorcode.
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In additionto thebreak-down of pointer-maintenancecosts,we performedanexperiment

to measurethe componentsof copying costin detail. Whereasin theaggregate,thecopying

costis roughlyproportionalto theamountcopied,herewe examinethecontribution of indi-

vidualoperationsto thatcost.Ourmodelassumesacopying collector, in whichafirst phaseof

rootprocessing(processingof globalrootsandrememberedsets)is followedby aCheney scan

of to-space.For eachobjectcopied,the collectorpaysthe following threecosts:the costof

processingthepointerthatkeepstheobjectreachable,theoverheadof installinga forwarding

pointerandpreparationfor copying thewordsof theobject,andthe overheadof preparation

for scanningthepointerfieldsof theobject. Togetherthesethreearetheper-objectcostαobj.

For eachwordcopied,thereis acostαword. Finally, in thescanningphasethereis anadditional

costfor eachscannedpointerthatdoesnot causeanobjectto becopied(whereasscanninga

pointerthatdoescauseanobjectto becopiedis subsumedin αobj). Therearethreecircum-

stanceswhenthis happens:thepointeris null; thepointerpointsoutsidethecollectedregion;

or the pointerpoints to an object that hasalreadybeencopied. In our large addressspace

model,thesethreecircumstancesareidentifiedasfollows: category null/lower encompasses

null pointersandpointersto addressesbelow the collectedregion (addressesabove the col-

lectedregionarenotpossibleatcollectiontime),andcategoryduplicateencompassespointers

into thecollectedregion to objectsthathave alreadybeencopied.Theper-pointer-field costs

for thesetwo categoriesareαnull/lower andαduplicate, respectively. Thefull copying costis then

c � αobjnobj � αwordnword � αnull/lowernnull/lower � αduplicatenduplicate�

We measuredthe operationcostsα in a syntheticcopying experiment,in which heaps

of differentsize, and with differentobject sizesand pointer contentswere constructedand

copiedby a collector. We usedanobjectformatapplicableto a typedlanguagesuchasJava:

an objectheaderword pointsto a classrecord,which pointsto class-specializedmethodsto

copy andscanthe objects. We estimatethe following valuesfor the operationcostson the

Alpha 21164,for operationwithin the primary cache:αobj � 65 cycles,αword � 2 � 5 cycles,
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αnull/lower � 15cycles,andαduplicate � 17cycles.Theseestimatescouldbeusedin conjunction

with aninstrumentedgarbagecollectorto validatethedetailedmodelof copying cost.

Onemustbe cautiouswith thesenumbersfor processorcyclesspenton particularoper-

ations. They wereobtainedin a tight loop, andmay not reflectactualcostsaccurately. On

theonehand,thecostof memoryaccessesis discounted,sinceblock tableentriesarecache-

resident.On the otherhand,cycle countsmay be overestimated,sincethe processorhasno

opportunityto interleavethewrite barrierinstructionswith othermutatorinstructions.

3.3 Summary

Theproposedclassof age-basedcollectorsrepresentsa logical generalizationof thecon-

ceptof generationalcollection.Ageis thesimplestcriterionfor choosingthecollectionregion,

andthereareestablishedtechniquesfor encodingobjectagewith sufficient accuracy andrea-

sonableoverhead;we have alsosuggestednew techniquesapplicableto largeaddressspaces

thatpromiseto reduceoverheadsfurtherevenin themorecomplex context of age-basedcol-

lection.

The collectorsasdescribedareall of the stop-the-world variety. No explicit provisions

for incrementalityaresuggested.However, we believe thatcollectorswith a smallfixedsize

collectedregioncanprovidesufficiently low maximumpausetimesthatthey canbeconsidered

truly incremental(evenif they have to dosoat thepriceof increasedtotal time).

We describedthe collectorsasoperatingwithin a unified heap,in which all objectslie.

Hence,thesamebasicpolicy is appliedto newly allocatedobjectsasto olderobjects,andeven

long-livedsemi-permanentobjects.Surelythemotivationthathasled researchersin thepast

to considerdividing the heapinto ephemeralandmaturespacesremainsvalid, anddifferent

age-basedschemescouldbeappliedwithin eachdivision.

Wedescribedsimpleoldest-first,youngest-first,andmoving window schemes(Figure3.23

summarizesthe employed abbreviations). The spaceof other possibledesignsis vast, and
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#define BLOCK SHIFT 16
#define BLOCK BYTES (1 ��� BLOCK SHIFT)
#define BLOCK MASK ( � (BLOCK BYTES - 1))
#define BLOCK ADDR(addr) (addr & BLOCK MASK)
#define SB SHIFT 7
#define SB BYTES (1 ��� SB SHIFT)
#define SB WORDS (1 ��� (SB SHIFT-3))
#define SB MASKLOW (SB BYTES - 1)
typedef struct bte�

long int ** store buffer pointer; /* where to insert the next entry */
... other block information ...�

BTE;
#define BTE SHIFT (BLOCK SHIFT - log2 (sizeof(BTE)))
/* the store: */
*reg source = reg target;
/* the write barrier: */
if (reg source � BLOCK ADDR(reg target)�

/* record the pointer: */
btep = block table offset + (BLOCK ADDR(reg target) ��� BTE SHIFT);
p = btep � store buffer pointer;
p --;
*p = reg source;
if ((p & SB MASKLOW) == 0)�

/* allocate new store list, set p to beginning of list: */
previous ssb arena pointer = ssb arena pointer;
ssb arena pointer -= SB WORDS;
if (ssb arena pointer � ssb arena low limit)�

... allocate new arena ...�
*ssb arena pointer = previous ssb arena pointer;
p = ssb arena pointer;�

btep � store buffer pointer = p;�

Figure3.19.Write barriercode.
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register usage:
$0 is reg target
$2 is BLOCK ADDR(reg target)
$2 is also p
$2 is also previous ssb arena pointer
$3 is btep
$5 is block table offset
$10 is ssb arena pointer
$11 is reg source
$13 is ssb arena low limit

the store and the write barrier:
zapnot $0,252,$2 ;; clear low 16 bits
cmplt $11,$2,$1
stq $0,0($11)
bne $1,$42

$43: continuation of mutator

$42: record the pointer:
sra $2,13,$1 ;; ��� BTE SHIFT
addq $5,$1,$3
ldq $2,0($3)
subq $2,8,$2
and $2,127,$1
stq $11,0($2)
bne $1,$46
allocate new store list:
bis $10,$10,$2
subq $10,128,$10
cmple $13,$10,$1
...conditional branch to allocate
new arena (not shown)...
stq $2,0($10)
bis $10,$10,$2

$46:
stq $2,0($3)
br $31,$43

Figure3.20.Write barrierassemblycode.

mayoffer potentialfor betterperformance;for example,hybrid schemescanbeenvisagedto

combinegenerationalcollectors’reservespacemanagementwith sweepingwindows.
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#define SB SHIFT 7
#define SB BYTES (1 ��� SB SHIFT)
#define SB WORDS (1 ��� (SB SHIFT-3))
#define SB MASKLOW (SB BYTES - 1)
#define SB CHUNK ENTRIES (SB WORDS-1);
#define SB LINKMASK VALUE (SB CHUNK ENTRIES*8);
#define FWD POINTER MASK 1
#define FWD POINTER TAG 0
p = actual block table [1] . store buffer pointer;
while (p != 0)�

while ((p & SB MASKLOW) != SB LINKMASK VALUE)�
reg source = *p;
reg target = *reg source;
if (reg target � reg collection window low)�

/* target is in the collected region */
if ((*reg target & FWD POINTER MASK) != FWD POINTER TAG)�

/* the word in the object header is not a forwarding pointer,
because it does have the low bit set */
reg target new = ...new address of target object after copying...;
*reg source = reg target new;�

�
p++;�

p = *p;�

Figure 3.21.Rememberedsetprocessingcode.
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register usage:
$2 is p
$11 is reg source
$10 is reg target
$14 is reg collection window low

lda $5,actual block table
$60:

ldq $2,8($5)
beq $2,$59
br $31,$73

$66:
ldq $11,0($2) ;; reg source = *p
ldq $10,0($11)
cmpule $10,$14,$1 ;; target check
bne $1,$67
ldl $1,0($10) ;; load header word
blbc $1,$67 ;; branch if low bit is 0
... forward pointer (not shown); new address is in $0 ...
stq $0,0($11)

$67:
addq $2,8,$2 ;; p++

$73:
and $2,127,$1
cmpeq $1,120,$1
beq $1,$66
ldq $2,0($2) ;; p = *p
bne $2,$73

$59:

Figure 3.22.Rememberedsetprocessingassemblycode.

50



� NONGEN: non-generationalcollector

� TYF: trueyoungest-firstcollector

� TOF: trueoldest-firstcollector

� ROF: oldest-firstcollectorwith therenewal-agemodification

� DOF: old-to-youngsweepingcollector(deferred-older-first)

� DYF: young-to-oldsweepingcollector(deferred-younger-first)

� OPT: locally-optimalcollector

� FC: prefix for age-basedschemeswith a collectionregionof fixedsize

� GYF: generationalcollectorsin general

� 2GYF, 3GYF: generationalcollectorswith generationsof fixedsize,with two
andthreegenerations,respectively

� NGYF: generationalcollectorwith two variable-sizedgenerations

Figure 3.23.Age-basedschemenameabbreviations.
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CHAPTER 4

EVALUATION: SETTING

Theevaluationof garbage-collectionalgorithmsrequiresusto posealargenumberof ques-

tionsin orderto exposethestrengthsandweaknessesof algorithmsin differentcircumstances.

We developeda numberof differentexperimentalmethodsto answerthemand we present

thesemethodsin detailhereandin thefollowing two chapters:thediscussionof eachmethod

is immediatelyfollowedby apresentationof theexperimentalresults.

Thethreemainapproachesto a comparative performanceevaluationof garbagecollector

performance,offeringdifferentperspectives,areanalyticalmodelling,trace-basedsimulation,

andprototypeimplementation.Analyticalmodellingconsistsof constructinga mathematical

descriptionof theoperationof thegarbagecollectionalgorithm,andapplyingit to amathemat-

ical descriptionof theload,i.e., theallocationandlifetime propertiesof objectsandpointers.

When successful,analyticalmodelling provides succinctmodels,and hasuseful predictive

powerwith respectto thechoiceof collectorconfiguration.Unfortunately, thepremiseof hav-

ing reliablerealisticmathematicaldescriptionsof lifetime propertiesof objects,andespecially

propertiesof pointers,is noteasilymetwith currentknowledge.

Trace-basedsimulationconsistsof constructinga softwaresimulationof theoperationof

thegarbagecollectionalgorithm,andapplyingit to anempiricallyobtainedtraceof theload,

i.e., the sequenceof allocationsandotherobject-relatedoperationsof a real program. Sim-

ulation isolatesthe memorymanagementtasksfrom other (computational)tasksthat a real

programperforms,andallows a varietyof configurationsto betried. It is evenpossibleto try

collectionalgorithmsthatwould beexcludedin practice,suchasthoseusingbacktracking,or

oracles,in theirdecisions.Theanalysisof simulationresultsprovidesexplanatoryandpredic-
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tive power, but is not assuccinctasanalyticalmodelling. It is usuallynot difficult to extract

traceswhena working garbagecollectoris given,thusonecanreasonablyobtaintracesfrom

morethanoneobjectsystemandanalyzethemwithin thesamesimulationframework.

Prototypeimplementationconsistsof constructingcompletegarbagecollectionalgorithms

andimplantingthemin aworkingobject-basedsystem,in orderto measurehow eachperforms

in operation. Implementationhasthe advantagethat it accountsfor the full costof memory

management;on the otherhand,it is difficult to extract the contribution of eachcost factor.

Furthermore,that cost is necessarilya reflectionof a numberof implementationdecisions.

From a practicalstandpoint,it is a usuallya difficult task to retrofit (a numberof) garbage

collectorsontoa workingsystem.

Our studyprimarily usestrace-basedsimulationusingspeciallybuilt object-level simula-

tors. A prototypeimplementationwasalsocompletedaccordingto thedesignof Section3.2,

and integratedwith a tracesimulator, which allows us to gathermany of the performance

statisticsasin aworkingobjectsystem.

In the remainderof this chapter, we discussour experimentalsetting: the designof the

garbagecollectionsimulatorsandthe setof benchmarkprogramsused. The following two

chapterspresentthefindings:Chapter5 examinesthecopying costof collection,andChapter6

examinesnon-copying costsof collection,viz., thecostof collectorinvocation,andthepointer

managementcosts.

4.1 Evaluation usingprogram traces

Theprimarymethodusedin thisstudyis evaluationby trace-basedsimulation.Theexper-

imentproceedsin two phases.First, by instrumentinganobject-basedsystemandexecuting

a program,a traceis produced.Second,the traceis usedto direct the executionof different

garbagecollectionalgorithmsandto derivestatisticalmeasuresof theprogram.
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4.1.1 Tracecontent

The informationcontainedin the tracemustpermit accuratesimulationof eachgarbage

collectionalgorithm.To thepoint,thetracemustidentify all objectsthattheprogramallocated

in theheap,providing for eachobjectits time of allocation,its time of demise,andits size.1

Furthermore,all storesof pointervaluesinto the objectsin the heapmustbe presentin the

trace.

This informationis sufficient for a garbagecollectorsimulatorto determinewhichobjects

arereachablein any chosencollectionareaat any chosentime. A realcollectorfirst identifies

global rootsby scanningthe stack,andthencomputesthe transitive closureof the points-to

relationto find thereachable,hencelive,objects.As it will bedescribedbelow, thesimulated

collector relies insteadon accurateallocationand demiserecords: all objectsfor which an

allocationrecordhasbeenseenbut not a demiserecord,arelive. In addition,thetraceallows

thecollectorto maintainanaccurateimageof thepointersamongheapobjects.In particular,

thepointersfrom theuncollectedregion into thecollectedregionareaccuratelyknown. Thus

the closureof the points-torelationcanbe computedin the simulatorto completethe setof

collectionsurvivors.

4.1.2 Trace format

Thecommonformatfor thetracesis asfollows. Eachtraceis a text file, in whicheachline

recordsanevent. Threekindsof eventsarerepresented:objectallocation(A-records),object

demise(D-records),andfield update(U-records).An allocationrecordhastheform:

A allocation-address size

whereallocation-addressis the hexadecimalbyte-addressof the startingword of the object,

andsizeis thenumberof wordsin theobject.A demiserecordhastheform:

1Thesearethe propertiesmeaningfulin every object-basedsystem.In somesystemsit may be worthwhile
to reportmoredetailedinformation,whenit is definedin thelanguageat hand,suchasthetype(or class)of the
object,or theallocationpoint. However, sinceage-basedgarbagecollectionalgorithmsdo not make useof such
information,weshallassumethatonly thegeneralproperties,applicableto all object-basedsystems,arerecorded.
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D allocation-address

whereallocation-addressis the hexadecimalbyte-addressof the startingword of the object.

An updaterecordhastheform:

U field-address value-address

wherefield-addressis the hexadecimalbyte-addressof the field which is beingupdated,and

value-addressis the pointervaluestored.(Thespecialvalue-1 representsthestoreof a null

pointer.) Theform of thetracesreflectstheassumptionthatanobjectis acontiguoussequence

of fields,eachfield beinganintegernumberof words.A pointer-valuedfield takesoneword.

A word is the smallestquantumof allocatedspace,andthereforeall sizesandamountsare

reportedin words.In thesystemsstudied(SmalltalkandJava32-bit implementations),aword

is four byteslong. Anotherassumptionimplicit in the traceformat is that the locationof an

object is immutable. This assumptionwasmadefor simplicity: ratherthanhave a separate

notionof objectidentity, theaddress(whetherallocationaddressor a field addresswithin the

object)uniquelyidentifiestheobject.Without lossof generality, it mayalsobespecifiedthat

allocationaddressesof objectsin thetracefollow consecutively, asif theobjectswereallocated

from aninfinite allocationareastartingatzero.

4.1.3 Tracegeneration

Having describedthe contentof the trace,let us considerhow to generatea trace. For

this study, themethodis to augmentanexistingobject-basedsystemandits garbagecollector

with codeto producethe requiredtracerecords.The existing systemis assumedto have the

functionalityto identify eachobjectallocation,objectdemise,andpointerstore.

Everyobject-basedsystemcanidentify objectallocations.

Everysystemwith agarbagecollectorcanalsoidentify objectdemise.However, if werely

on thegarbagecollectorexisting in thesystem(oftenastate-of-the-artgenerationalcollector),

wemustensurethatthecollectionsconsidertheentireheap,asin anon-generationalcollector,
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to avoid theinaccuraciesof excessretention(Section5.3).2 Followingeachsuchfull collection,

the reachabilityof objectsis accuratelyknown; any objectsthat arenow not reachable,but

werereachableat thepreviousfull collectionhavediedin theinterveningperiod.If thetimeof

demisemustbeknownwith accuracy, theperiodbetweenfull collectionsmustbeshort.In fact,

it is critical for thecorrectnessof simulatedcollectionsto beableto determinereachabilityat

everypossiblegarbagecollectioninstant(in simulation),i.e., followingeveryobjectallocation

(in simulation).Therefore,a full collection(in tracegeneration)mustalsofollow everyobject

allocation. As a result, the tracegenerationmechanismis very expensive: full collections

areexpensive, andmany areneeded.In fact, the costis roughly proportionalto the integral
� T
0 v � t � dt of thelivedataamountover thedurationof theprogram.3

Updaterecords,thefinal componentof thetrace,areeasilygeneratedby instrumentingthe

write barrier in a systemwith a generationalcollector, sincethe collectormustbe informed

of pointerstores.Onemustonly ensurethat in theexisting systemthewrite barrieris indeed

invokedfor eachpointerstore,thatis, thesystemdoesnot optimizeaway somepointerstores

(e.g., initializing storesor null pointerstores),which it is allowed to do for operationof a

generationalcollector, but not for tracegeneration.

Let usconsidersomequestionsabouttracesgeneratedin this manner. Any measurement

disturbsthesystemmeasured,andgeneratingobjecttracesis no exception.If thetracedpro-

gramrelieson timing properties,suchasby queryinga real-timeclock, its behavior will be

severelydisturbedby theheavy overheadof tracing.Wedonothavesuchprogramsamongour

benchmarks.If an applicationis multi-threaded,asmany interactive Java programsare,and

2It is additionallyassumedthroughoutthatthecollectoris accurate(asopposedto conservative). It is certainly
possibleto obtaintraceswith aconservativecollector, suchastheonefoundin theKaffe virtual machinefor Java,
but theutility of suchimprecisetracesis dubious:thegarbagecollectionschemesin this studyaremeantto be
accurate,notconservative.

3Note that the underlyingassumptionis that the existing object-basedsystemandits garbagecollectorare
to be exploited with minimally intrusive modifications—asdictatedby technicalconsiderationswhendealing
with largeandcomplex systems,andalsodictatedby legal andcommercialconsiderationswhensystemsarenot
availablefor inspectionandmodificationin their entirety. If, on theotherhand,a systemcanberedesignedfor
theexpresspurposeof generatingour traces,thenbettersolutionsarepossiblethanrepeatedfull collections,in
theform of incrementalcomputationof objectreachability.
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if garbagecollectionrequiressynchronizationof all threads,thentheconcurrency behavior of

theapplicationwill bechangedundertracing.Theobservedorderof executionwill bea valid

order, but not a likely, or the“intended”order.

Finally, recall that in thecommontraceformat theobjectaddressesareimmutable.If the

tracingobject-basedsystemusesmoving collection,it is necessary, but easy, to translateobject

addressesinto theabsoluteform.

4.2 Benchmarksand languages

We first considerthe object-basedsystems(“languages”)usedin the study, andthenthe

benchmarkprograms,detailingtheirgeneralproperties.

4.2.1 Languages

We usedtwo object-basedsystems.Thefirst, Smalltalk, is anolderpurelyobject-oriented

language[Goldberg andRobson,1983], which consistsof threeparts: the virtual machine,

implementedin anearliereffort in theObjectSystemsLaboratory[Moss,1987;Hudsonetal.,

1991;Hoskingetal., 1992],thebasicvirtual imageof Smalltalk-80fromPARCPlace/Digitalk,

andthe additionalclassesandmethodsof thebenchmarkprograms.Thevirtual machinein-

cludesthe language-independentgarbagecollectortoolkit, alsodevelopedin the ObjectSys-

temsLaboratory[Hudsonet al., 1991]. The virtual machineprovidesthe execution(by in-

terpretation)of the bytecodesin the methodscontainedin the basicvirtual imageand the

benchmarkclasses.

In theSmalltalksystem,all of theseclassesandmethodsarepresentasobjectsin abench-

markvirtual image,which is loadedat programstart-upto build an initial heapstate.When

generatingthetrace,we distinguishbetweentheseobjectsandobjectssubsequentlyallocated

asa resultof programexecution.Themainresultsreportedherereflecttheprogramexecution

objectsalone. This choiceis justified by the observation that imageobjectscould betterbe

treatedasstatic,insteadof aspartof thegarbage-collectedheap[ClingerandHansen,1997].
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Another propertyof this implementationof Smalltalk is that methodactivation records

(frames)areinternally treatedsomewhat like objects[Moss,1987]. However, framesarenot

treatedasobjectsfor thepurposesof tracegeneration.

Thesecondsystemused,Java,4 is acontemporaryobject-orientedlanguagethathasfound

muchusein Internet-baseddownloadableapplications.It consistsof a virtual machine,anda

setof basicandbenchmarkclassesandmethods,loadedondemand.TheJavavirtual machine

modifiedto generatetracesfor this study is an experimentalmachine,calledthe ExactVM,

developedby SunMicrosystemsLaboratories,which is equippedwith agarbagecollectorthat

satisfiesall therequirementsoutlinedabove. TheJava virtual machineusedhastheoptionof

runningasinterpreter, or asa just-in-timecompiler. Thesameobjectsareallocated,andin the

sameorder, in eithercase,andpointerupdates,and,consequently, objectdemisepoints,also

happenin the sameorder—aslong asthecompilationdoesnot interleave the compiledcode

from successive bytecodes.Sinceany differencesin behavior, if at all present,areincidental

andnotmaterialto thisstudy, they canbeignored.Theinterpretedmodeof operationwasthen

chosenfor reasonsof simplicity.5

4.2.2 Benchmarks

Theselectionof benchmarkprogramsfor evaluatinggarbagecollectorperformanceis not

aneasytask. Thereis no widely-acceptedsuiteof benchmarks,unlike for generalcomputer

performanceevaluation,wherethereareseveral(e.g.,SPEC95).It wasthereforenecessaryto

collectandselectusefulbenchmarksfrom varioussources,andit wasalsonecessaryto develop

theselectioncriteria.

4Java is a trademarkof SunMicrosystems.

5To generatetracesusing the just-in-timecompilationmode,it is necessaryto modify the code-generation
phaseof the compilerso that it will produceappropriatecodeat objectallocationsandat pointerstores. Our
experiencewith theKaffe virtual machinesshowsthis to bearelatively straightforwardexerciseif thecompileris
cleanlywritten. It is, however, a futile exercise,becausetheperformanceadvantageof compiledcodeis entirely
annulledby theoverheadof tracegeneration.
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4.2.2.1 Collecting benchmarks

Collectinga large preliminarysetof benchmarksposeddistinct challengesin both lan-

guagesunderconsideration.For Smalltalk,althoughthe languageis no longer in vogue,a

numberof public-domainprograms(i.e., classes)implementinginterestingapplicationsexist

andcanbe obtainedon the Internet. Unfortunately, many of theseprogramsdependon the

presenceof somevendor-specificclasses,or areotherwiseincompatiblewith thevirtual image

usedin ourSmalltalk-80system.To theprogramswecouldfind, weaddedsomethatwehave

written ourselvesandusedpreviously in a studyof Smalltalkgarbagecollectionperformance

[Hosking et al., 1992]. We also translatedtwo SPECfp95programsfrom FORTRAN into

Smalltalk.

Thatversionincompatibilitiesshouldbeencounteredin Smalltalk,a languagewhich in its

presentform datesbackeighteenyears,is perhapsnot surprising. However, we found that

significantincompatibilitiesexist evenin Java,a muchyoungerlanguage.They areprimarily

causedby changesin the classlibrary betweenversions1 � 0 and1 � 1, assumedby mostap-

plications,andversion1 � 2, which the tracingJava virtual machineuses.A moresignificant

difficulty in collectingJava benchmarksis thefact that thevastmajority of publicly available

Java codeis in the form of Java applets, partialprogramswhich executeunderthecontrolof

a Web-browseranddependon it for theuserinterface.A browsermustcontaina Java virtual

machine,but thatmachineis not accessiblefor instrumentation.We canonly usefull-fledged

Java applications,which run directly ona virtual machine.It is perhapsnot a greatloss,since

the majority of observed appletsappearto be graphicalwidgetsand similar toy programs,

which neitherrun long nor allocatemuchdata. On the otherhand,the resultingbenchmark

setis skewedin favor of language-processingtools(compilersandoptimizers).Additionally,

we hadaccessto the traces(althoughnot the sources)of a preliminarysetof Java programs

consideredfor inclusionin theSPECJVM98suite.
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4.2.2.2 Selectingbenchmarks

Having collecteda largersetof programs(circa30 Smalltalkand15 Java) we considered

which objective criteria shoulddecidetheir utility as benchmarksof garbagecollectorper-

formance. The first criterion must be that the programexercisesthe memorymanagement

functionsat all. For instance,someJava graphicsapplicationsareCPU-intensive,but allocate

anegligible amountof data,andareof nousein this study.

Evenprogramsthatdo allocateanappreciableamountof datado not necessarilyexercise

the garbagecollector. Many programs,in particularmost of the SPECJVM98 programs,

displaya monotone-increasingheapprofile: they slowly allocatepiecesof somelarge data

structurefrom startof executionto the end. Sincethe heapmustbe at leastas large as the

maximumamountof live dataever in it (in our costmodelandsimulation,the heapsizeis

fixed), the programnever fills the heapandthe garbagecollectornever runs. Thus,loosely

speaking,weneedthecriterionthatthegarbagecollectorrunsatall.

In fact,weneeda strongercriterion.Considerthat,over theexecutionof theprogram,the

garbagecollectorwill runatdifferentmomentsdependingonthegarbagecollectionalgorithm.

Theamountactuallylive depends,somewhatunpredictably, upontheprecisemomentof col-

lection.(Perhapsthemostobviouseffect is at theendof programexecution—sincenocopying

costis chargedpastthe lastcollection.) It is thusnecessaryto reducethe“random” variation

in measuredcollectionperformancethatthe“random”collectionmomentsintroduce,soasto

exposeunderlyingtrends.It is thereforedesirableto havealargenumberof collectionsto even

out the “randomness”;in otherwords,it is desirableto have benchmarksthatallocatea very

largeamountof datarelativeto theiraveragelive amount.

We canformalizethis requirementby observingthatthenumberof collectionsperformed

by a non-generationalcollectoris approximatelyproportionalto theratio of theamountallo-

catedto theaveragelive amount(seebelow). We requirethis numberto bemorethan10 to

admitameasurement.Furthermore,weadmitabenchmarkonly if admissiblemeasurementof

non-generationalcollectionis possiblefor aheapsizethreetimeslargerthanminimum.Thus,
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if abenchmarkis admitted,therangeof admissibleheapsizesis at least1:2,non-generational

collector requiresmore than 10 collections,and our investigatedschemestypically require

hundredsof collections,sotheaforementioned“randomness”is largelyavoided.

4.2.2.3 The final benchmark set

Our selectionprocessresultedin a set of 11 Smalltalk benchmarksand 3 Java bench-

marks.Their basicpropertiesarelistedin Table4.1. Executiontime wasmeasuredin normal

operation,without any instrumentationandwith default generationalgarbagecollectorcon-

figurations,on a 50MHz SPARCstation20 workstation.Theamountof dataallocatedby the

programis expressedin words(eachword being4 bytes). The remainingcolumnsgive the

numberof objectsallocated,themaximumlive amountin words(which is alsotheminimum

requiredheapsizeto executetheprogram),andthenumberof pointerstores.

Theresultsof non-generationalcollectionfor theseprogramsarereportedin Figures4.1–

4.10,pp.71–80(at theendof thischapter).

Let us take asan exampleFigure4.5. In the graphin Figure4.5(a),we have plottedthe

absolutemark/consratio µnon-generationalagainsttotal heapsizeV. It is easyto checkthat the

shapeof theµ curvecloselyfits thetheoreticalprediction,µnon-generational  1
V
v ¡ 1

[Appel, 1987;

JonesandLins, 1996],wherev is theeffectivelivedataamount.In thegraphin Figure4.5(b),

we have plottedthenumberof garbagecollectionsn againsttotal heapsizeV. Thehorizontal

dottedline is drawn at n   10, thus the region below the horizontaldottedline (andto the

right of thedottedvertical) is theregion of heapsizesso largethat they resultin 10 or fewer

non-generationalcollections.Becauseof inaccuraciesthatmaybeintroducedundersuchcon-

ditions,wedonotcompareresultsfor this region.

We now describeindividual benchmarks,providing wherepossibledetailsof their struc-

ture.
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Table4.1.Propertiesof benchmarksused

Benchmark Ex. time (s) Wordsalloc. Objectsalloc. Max. live Ptr. stores

Smalltalk
Interactive-AllCallsOn 1.91 18359 1722 627 855
Interactive-TextEditing 2.30 22747 3556 1098 3509
StandardNonInteractive 6.11 204954 46157 1160 7251
HeapSim 67625 3791306 1084650 93026 30298
Lambda-Fact5 6.88 277940 53580 6295 91877
Lambda-Fact6 55.86 1216247 241864 13675 404670
Swim 11.65 1533642 444908 17542 134355
Tomcatv 3.92 2117849 624612 30593 286032
Tree-Replace-Binary 3.32 209600 35785 9784 39642
Tree-Replace-Random 4.55 925236 189549 13114 168513
Richards 10819 4400543 652954 1498 763626

Java
JavaBYTEmark 353.76 1161949 109896 59728 49061
Bloat-Bloat 387.54 37364458 3429007 202435 4927497
Toba 178.05 38897724 4168057 290276 3027982

¢ Interactive-AllCallsOn andInteractive-TextEditing. Two testsfrom thestandardsequence

specifiedin theSmalltalk-80image[Goldberg andRobson,1983],comprisingonly the

macro-tests.Previouslyusedin Ref. [Hoskingetal., 1992].

¢ StandardNonInteractive. A subsetof the standardsequenceof testsasspecifiedin the

Smalltalk-80image[Goldberg andRobson,1983], comprisingthe testsof basicfunc-

tionality.

¢ HeapSim. Programto simulatethebehavior of a garbage-collectedheap,not unlike the

simplestof the tools usedin this study. It is however instructedto simulatea heapin

which object lifetimes follow a synthetic(exponential)distribution, andconsequently

theobjectsof thesimulatoritself exhibit highly syntheticbehavior.

¢ Lambda-Fact5 andLambda-Fact6. An untypedlambda-calculusinterpreter, evaluating

theexpressions5! and6! in thestandardChurchnumeralsencoding[Barendregt, 1984,

p.140].Previouslyusedin Ref.[Hoskingetal., 1992].Both inputsizesareusedin order

to exploretheeffectsof scale.
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¢ Swim. The SPEC95benchmark102.swim, translatedinto Smalltalkby the author:

shallow watermodelwith a squaregrid.

¢ Tomcatv. The SPEC95benchmark101.tomcatv, translatedinto Smalltalkby the

author:amesh-generationprogram.

¢ Tree-Replace-Binary. A syntheticprogramthatbuilds a largebinary tree,thenrepeat-

edly replacesrandomlychosensubtreesat fixedheightwith newly built subtrees.(This

benchmarkwas namedDestroy in Ref. [Hosking et al., 1992; Hoskingand Hudson,

1993].) Tree-Replace-Random is a variantwhich replacessubtreesat randomlychosen

heights.

¢ Richards. Thewell-known operating-systemevent-drivensimulationbenchmark.Pre-

viouslyusedin Ref. [Hoskingetal., 1992].

Oursetof Javaprogramsis asfollows:

¢ JavaBYTEmark. A port of theBYTEmarkbenchmarksto Java, from theBYTE Maga-

zineWeb-site.

¢ Bloat-Bloat. The programBloat, version0.6, [Nystrom, 1998] manipulatingthe class

files from its own distribution.

¢ Toba. TheJava-bytecode-to-CtranslatorTobaworking on Pizza[Odersky andWadler,

1997]classfiles [Proebstingetal., 1998].

4.2.3 Propertiesof benchmarks

We now examinesomepropertiesof thebenchmarkprograms.We havealreadyseentheir

behavior undernon-generationalcollection. Beforewe proceedto their behavior underdif-

ferentage-basedcollectors,we look at thosepropertiesthatareindependentof any collection

algorithm.Weexaminethedistributionof objectsizes,thedistributionof objectlifetimes,and

thetime-varyingliveamountprofile. We shall laterreferto thesepropertieswhenwe look for
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causesof particularperformancebehavior, but weshallfind thattheirpredictivevalueis notas

greatasexpected.

We first look at thedistributionof objectsizes:thetypical sizesof objects,andhow much

sizesdeviatefrom thetypical. Thesizeof a block mustbesubstantiallylargerthanthetypical

objectsizein orderto avoid fragmentation.More to the point, the fraction of objectslarger

thantheblock sizemustbesmall,to minimizetheoverheadof allocatingin theLargeObject

Space,andthe overheadof subsequentcollectionsof objectsin Large ObjectSpace[Hicks

et al., 1998]. The distribution we measureis a time-averagedproperty: we do not consider

how thenumbersof smallandlargeobjectin theheapchangeover time.

Thesizedistributionsfor oursetof benchmarksarepresentedin Figures4.15–4.28(pp.85–

98). Thedistributionsarecomputedaccordingto four differentweightingcriteria: (a)by count

of objectsalone;(b) by volume,which is the objectsizeitself (to reflectthe fraction of the

heapoccupiedby objectsof a particularsize); (c) by lifetime (to take into accountthat a

longer-livedobjectis morelikely to beencounteredin collection);and(d) by bothvolumeand

lifetime. Eachrow of a figure correspondsto a weightingcriterion. The left columngives

the distribution in raw form, asa histogram,whereasthe right columngivesthe cumulative

distribution,normalizedto 1, sothatfractionscanbereadoff easily.

Most programshave severaldominantobjectsizesthat constitutemostof their allocated

volume. Weightingis important: whereas,for instance,99.5%of allocatedobjectsin Swim

are10 wordsor smaller, theseobjectsaccountfor 95%weightedby volume,92.5%weighted

by lifetime, and just 50% weightedby both volumeand lifetime (Figure4.21, p. 91). The

latter is the mostrealisticmeasureof the distribution asseenby a garbagecollector,6 andas

we see,if small objectshave shortlifetimes, their participationin the loadcanbe muchless

significantthantheir numbers may suggest.We notesimilar behavior—that smallerobjects

6We note that age-basedcollectorsthat examinelessthan the whole heapare able to bias the distribution
of the objectsthey seein particularwayswith respectto the lifetime, thoughnot with respectto size. Other
(non-age-based)collectorsarefreeto usesizein theirallocationdecisions.
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have shorterlifetimes than larger objects—inall SmalltalkandJava programsexcept three.

ThethreeexceptionsareHeapSim, Lambda-Fact5, andLambda-Fact6, in which a singlesize

representssuchanoverwhelmingfractionof allocationthatno differentialscanbeobserved,

hencethecumulativedistributioncurvesfor differentweightingsareindistinguishable.7

As wehavenoted,many argumentsaboutgarbagecollectionperformanceinvoketheprop-

ertiesof object lifetime distributions [Baker, 1993; Clinger and Hansen,1997], sometimes

assuminga priori distributionsin orderto derive tractablemathematicalmodels.Eventhough

it is not our goalto developanalyticalmodels,it is properto evaluateour benchmarksetwith

respectto objectlifetime distributions.We shallseethattherelationshipof thedistribution to

actualperformanceis tenuous.

We presentthe lifetime distributionsby meansof thesurvivor functionandthe mortality

function(Section2.2),shown for our benchmarksetin Figures4.29–4.42(pp. 99–103).For

eachbenchmark,thelifetimesof all allocatedobjectsweretakentogether, weightedby volume

(i.e., by objectsize)anda cumulative distribution wasfound. Thus,the lifetime distribution

is anothertime-averagedproperty. Eachfigure (a) shows the survivor function, plotting ob-

ject ageon a logarithmicscaleto show the interestingbehavior at youngagesmoreclearly.

Eachfigure (b) shows the mortality function,obtainedby numericaldifferentiationandsuit-

ablesmoothingfrom the survivor function. Becauseof the inherenterror of this numerical

process,appliedto datathatarenot intrinsically smooth,themortality curvesshouldbetaken

cumgranosalis, asmerelyindicativeof thelifetimes.

Thefact that thesurvivor functionis rapidly decreasing,evenwith a logarithmicscalefor

theageaxis,confirmstheobservationmademany timesin theliterature,thatobjectlifetimes

7The moststriking observation is that Java programshave large maximumobjectsizes,whereasonly one
Smalltalkprogram,HeapSim, hasobjectslarger than140 words. We notethat block sizein implementationis
restrictedto be a power-of-two multiple of the virtual memorypagesize,andthat pagesizesareof the order
1000–2000words (8KB, or 2048wordsfor SunSolaris2.5.1 runningon an UltraSparc). Therefore,thereis
no additionalconstraintuponblock sizeto make a largeobjectspaceunnecessaryfor theseSmalltalkprogram
executions. Thesameprogrammayallocatelargerobjectson a differentinput. Whetherthepotentialreduction
in memorymanagementoverhead,by not having a large objectspace,is significant,andworth the expenseof
compile-timeanalysisneededto prove thatno largeobjectsareallocated,is beyondthescopeof this work.
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tendto beshort. A few programsexhibit significantfractionsof allocateddataliving to ages

closeto thedurationof theprogram(Swim, Tomcatv, HeapSim, Tree-Replace-*, Bloat-Bloat,

Toba). In others,the survivor function approachesnegligible valuesat an agetwo ordersof

magnitudebelow thedurationof theprogram.

It is temptingto makeperformancepredictionsby extrapolatingfrom lifetimedistributions.

We canspeculatethat thepresenceof sharppeaksin themortality curve (asin StandardNon-

Interactive, Figure4.31,andRichards, Figure4.39)indicatesanopportunityfor goodperfor-

manceof theFC-DOF collector, providedthattheage of high mortality translatesinto a heap

region, compatiblewith thecollectionwindow, with low copying cost.Ontheotherhand,there

is little to distinguishthesurvivor functionsof Lambda-Fact5 (Figure4.33)andRichards (Fig-

ure4.39),yetweshallseethattheirbehavior underage-basedcollectionis radicallydifferent.

In addition to the precedingtime-averagedproperties,we look at the live profile: the

amountof livedatain theheapasa functionof time. Our tracesalreadyexpressexactliveness

information,thusit is easyto producethe live profiles,givenin Figures4.43–4.56. Thelive

profilesreveal periodicpatterns,as in Figures4.48 and4.49, which result from iterative or

recursivecontrolstructureof theprogram.

4.3 Simulating garbagecollection

Theprimarygoalof garbagecollectionalgorithmsimulationin thisstudyis to estimatethe

copying costof collection. The simulatorsaccuratelycomputethe amountof datacopiedin

collection;thisamountis agoodestimateof copying cost.In addition,thesimulatorscompute

thenumberof objectscopied,thenumberof garbagecollectionsinvoked,andothersecondary

statistics.

Wefirst describeobject-levelsimulators.They donotmodelthecostsrealisticallyincurred

in rememberedsetmaintenance,althoughthey themselvesdomaintainper-objectremembered

sets.Thesecostswill beaddressedin Section4.3.3usingblock-level simulationbasedon the

prototypeimplementation.The simulatorsdo not model the locality effects,namelythe lo-
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cality of accesswithin thecollectionprocess,the locality from onecollectionto another, the

locality interferencebetweenthemutatorandthecollector, andlastly, instructionlocality. The

organizationof thesimulatoris entirelydifferentfrom thatof arealisticgarbagecollector, thus

any timings or locality measurementsof the simulatedcollectoraremeaningless;moreover,

thecomputationalactionsof themutatorarenot availableat all in thetrace.Theseeffectscan

be of intereston modernhardware,andthey shouldbe consideredin future implementation

experiments.However, theprimarycost,which is thatof copying, is accuratelymeasuredby

simulation. Simulationhasadditionalbenefits,suchasthe freedomto exploreconfiguration

spacesthoroughlyandat low cost sincecomputationis eliminatedandonly memoryman-

agementis simulated,the freedomto explorenew collectionalgorithmsin abstracto, andthe

ability to operatewith acommontraceformatuniformly for varioussourcelanguages.

Thenumberof garbagecollectionsinvokedis easilyandaccuratelyobtainedby simulation.

It is of someimportancein evaluatingthe performanceof an algorithm. Eachinvocationof

the collectorentailsa considerableoverhead:the collectormustfind the global rootsof the

collection,typically by scanningtheexecutionstack(or multiple stacksin multiple threadsof

computation).For thisreason,theschemewith fewercollectorinvocationswouldbepreferred,

ceterisparibus. However, thenumberof invocationscanbeviewedfrom adifferentangle:the

fewercollectionsthereare,themorework is doneby each,andthelongerthepausesare.In an

interactiveor real-timesettingespecially, it is desirableto limit pausetimes. More precisely,

a garbagecollectionalgorithmthat imposesan upperboundon the amountof work at each

collectionmaybepreferable,in spiteof a largernumberof collectorinvocations,to acollector

that performsa smallernumberof collections,eachof longerduration.8 In summary, it is

not appropriateto usethe numberof garbagecollectionsinvoked asa performancemeasure

without referenceto theintendedapplication.

8Traditionalgenerationalcollectionperformsa largernumberof collectionsthannon-generationalcollection,
andthesecollectionsareon averageshorter. However, it occasionallycollectstheentireheap,andthusits upper
boundon theamountcopiedin acollectionis notbetterthanwith non-generationalcollection.
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4.3.1 Generalsimulation algorithm

The simulationalgorithmresemblesin its outline the operationof anactualgarbagecol-

lector(Section3.1),but differsin importantdetails.We begin with aninformalaccount.

Let us first considerthe actionsof the simulatorwhile it is simulatingthe actionsof the

mutatorgivenin thetrace.Thesimulatorsetsupa certain,immutable,heapsizeandaninitial

allocationareasize,andthenbeginsto readthe trace. For eachA record,theallocationarea

decreasesby the sizeof the allocatedobject, a running total of volumeallocatedincreases

by the sameamount,anda datastructureis createdto representthe object. The simulator

maintainsa globalsetof datastructuresrepresentingall objectspresentin theheap.A splay-

tree datastructure[Sleatorand Tarjan, 1983] is usedfor the purpose,becauseof its good

temporal-localityproperties.For eachD record,the simulatormarksthe correspondingdata

structureasknown-dead, but doesnotdiscardit immediately. For eachU record,thesimulator

first identifiestheobjectin whichtheupdatedfield is andtheobjectto whichthepointerpoints,

andthenit recordsthenewly storedpointerin thedatastructuresof thetwo objects.(Thedata

structurefor anobjectcontainsboththeoutgoingpointersandtheincomingpointers.)

Eventually, following theallocationof anobject,theallocationareawill beexhausted,and

at thatpoint thesimulatorbeginssimulatinga collection.Thefirst taskis to choosethesubset

of objectsthatwill besubjectedto collection(thecollectedregionC). How thischoiceis made

differsbetweencollectionalgorithms,asdescribedin Chapter3. Theremainingobjectswill

betheuncollectedsetU .

The simulatorfinds the rootsof the collectionasfollows. First, all objectsin C that are

notknown-deadareroots.Theseobjectswouldbereachablefrom thestackandglobalsat this

point in actualexecution.Second,all objectsin C whichhaveanincomingpointerfromU are

roots. Theseobjectsmustbe assumedlive becauseall of U is assumedlive in region-based

collection.

Thesimulatorthencomputesthetransitiveclosureof thepoints-torelationovertherootset

within C, usinga simpleworklist mechanism.Theresultis thesurvivor setS. Datastructures
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correspondingto thegarbagesetG   C £ Scannow safelybediscardedfrom theglobalset.

Finally, thesumof thesizesof objectsin S is addedto therunningsumof volumecopied,and

acollectioncounteris incremented.

The availableallocationareaincreasesby the amountfreed,that is, the sumof the sizes

of objectsin G. If this amountis still not greaterthanzero,thesimulatorannouncesthat the

collectorhasfailed.

As we have seen,the collection simulatorkeepstrack of the total volume of allocated

objects,as well as the total volumeof survivor objectsover all performedcollections. By

definition,thetotalvolumeof survivor objectsis themeasureof thecopying costof collection.

The mark/consratio µ is alsodirectly availableas the ratio of the total volumeof survivor

objectsto thetotal volumeof allocatedobjects.

4.3.2 Age-basedsimulation

In age-basedsimulation,therelativeorderof objectallocationremainsthe(logical) order

of objectsin theheap,anddeterminescollectiondecisions.Therefore,theglobalsetis imple-

mentedasa (doubly-linked)list. New allocationaddsobjectsto theyoung(right) endof the

list. Thechoiceof thecollectedregion is restrictedto selectinga contiguoussublistC of the

global list. Thecollectionthenfindsthesublistof survivorsS, which is splicedbackinto the

globallist in theplacewhichC occupied.

Whensimulatingage-orderedschemes,thetimeof allocationservesasauniquetimestamp,

andmembershipin a sublistcanbe determinedby timestampcomparisoninsteadof a full-

fledgedset-membershiptest;othermanipulationsaresimplifiedaswell.

For renewal-ageschemes,Sis attachedpasttheyoungendinstead.Theobjectsin Sreceive

renewedtimestamps.

4.3.3 Block-basedsimulation

Weimplementedaprototypeversionof theblockheaporganizationfor age-basedgarbage

collection,asoutlinedin Section3.2.Thisprototyperunson32-bitSunSPARC machinesand
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doesnot usethedesignfor largeaddressspacesof Section3.2.4.It is heavily instrumentedin

orderto recordall collectoractions,aswell asall thewrite barrieractions.

In orderto examinehow theblock implementationworksfor thesametracesthatwereex-

aminedusingobject-level simulation,weconstructapseudomutator: aprogramthatacceptsa

traceinput in ourstandardformat,andperformsthesameheap-relatedactionsthattheoriginal

tracedprogramdid. Wethenintegratethepseudomutatorwith the(various)garbagecollectors

in theblock implementationprototype.Becausethecomputationalaspectsof theprogramare

replacedwith tablelookup in the pseudomutator, the combinedsystemremainsa simulator,

ratherthananaccuratereplicaof theoriginal program.Thereforewe arecontentwith obtain-

ing thoroughstatisticsof copying costs(ascountsof wordscopied)andpointer-management

costs(ascountsof differentwrite-barrierandremembered-setprocessingoperations).
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Figure4.18.Objectsizedistribution: HeapSim.
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Figure 4.19.Objectsizedistribution: Lambda-Fact5.
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Figure 4.20.Objectsizedistribution: Lambda-Fact6.
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Figure4.21.Objectsizedistribution: Swim.
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Figure4.22.Objectsizedistribution: Tomcatv.
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Figure 4.23.Objectsizedistribution: Tree-Replace-Binary.
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Figure 4.24.Objectsizedistribution: Tree-Replace-Random.
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Figure4.25.Objectsizedistribution: Richards.
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Figure 4.26.Objectsizedistribution: JavaBYTEmark.
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Figure 4.27.Objectsizedistribution: Bloat-Bloat.
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Figure 4.28.Objectsizedistribution: Toba.
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Figure 4.29.Objectlifetime distribution: Interactive-AllCallsOn.
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Figure 4.30.Objectlifetime distribution: Interactive-TextEditing.

99



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 10 100 1000 10000 100000 1e+06

S
ur

vi
vo

r 
fu

nc
tio

n

Age (words)

StandardNonInteractive

0.0001

0.001

0.01

0.1

1

1 10 100 1000 10000 100000 1e+06

M
or

ta
lit

yª

Age (words)

StandardNonInteractive

(a)Survivor function (b) Mortality function,smoothed

Figure 4.31.Objectlifetime distribution: StandardNonInteractive.
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Figure4.32.Objectlifetime distribution: HeapSim.
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Figure4.33.Objectlifetime distribution: Lambda-Fact5.
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Figure4.34.Objectlifetime distribution: Lambda-Fact6.
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Figure 4.35.Objectlifetime distribution: Swim.
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Figure 4.36.Objectlifetime distribution: Tomcatv.
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Figure4.37.Objectlifetime distribution: Tree-Replace-Binary.
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Figure4.38.Objectlifetime distribution: Tree-Replace-Random.
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Figure 4.39.Objectlifetime distribution: Richards.
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Figure4.40.Objectlifetime distribution: JavaBYTEmark.
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Figure4.41.Objectlifetime distribution: Bloat-Bloat.
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Figure4.42.Objectlifetime distribution: Toba.
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Figure4.44.Liveprofile: Interactive-TextEditing.
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Figure4.45.Liveprofile: StandardNonInteractive.
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Figure4.46.Liveprofile: HeapSim.
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Figure 4.47.Liveprofile: Lambda-Fact5.
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Figure 4.48.Liveprofile: Lambda-Fact6.
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Figure4.49.Liveprofile: Swim.
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Figure4.50.Liveprofile: Tomcatv.
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Figure 4.51.Liveprofile: Tree-Replace-Binary.
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Figure 4.52.Liveprofile: Tree-Replace-Random.
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Figure4.53.Liveprofile: Richards.
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Figure4.54.Liveprofile: JavaBYTEmark.
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Figure 4.55.Liveprofile: Bloat-Bloat.
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Figure 4.56.Liveprofile: Toba.
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CHAPTER 5

EVALUATION: COPYING COST

In this chapterwe focuson the copying costof collectionto the exclusionof othercost

factors.We look at themeasuredcopying costof thevariousage-basedalgorithms,including

thetraditionalgenerationalyoungest-firstcollectorsandthenewly proposeddeferredolder-first

collector. We examinethecontributionof excessretentionto thecopying cost,andsearchfor

thelowerboundsof copying costgiventheconstraintof heapsize,by lookingatahypothetical

optimalcollectorandatdifferenttentativeadaptivecollectors.

5.1 Method for evaluating different configurationsof a collector

The copying costof a givengarbagecollectionschemedependsprimarily on the sizeof

theavailableheapspaceandthesettingsof configurationparameters.Theavailableheapspace

is describedby a singlenumber, V, sincein this studythat spaceis constant.For collection

schemeswith fixedsizeof thecollectedregion(FC), thatsizeis theonly configurationparam-

eter, andis convenientlyexpressedasa fractiong of totalheapvolumeV, thusg  C
V .

For eachbenchmark,a suitablesetof valuesis chosenfor V. The heapvolumemustbe

at leastequalto the maximumamountof live datain the program. The performanceof any

collector, however, canbe expectedto be extremelypoor if V is too closeto this minimum.

We let V assumeup to 9 discretevaluesbetween1 ® 2 and6 timestheminimum,in geometric

incrementsof 20%. Note that fewer than 9 heapsizesare reportedfor somebenchmarks:

whenthecriterion for benchmarkrelevancediscussedabove (morethan10 non-generational

collections)is not metfor thelargesttestedheapsizes,they arenot reported.A suitablesetof

valuesis chosenfor g aswell: we let thefractionassume20discretevaluesbetween0 and1.
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For eachpairof V andg values,weperformedasimulationof thebenchmark.For agiven

heapsizeV, by varyingtheconfigurationparameterg (how much datais collectedeachtime),

we explore its effectson copying cost,within a fixedstrategy of where to choosethedatato

collect.

Similarly, for thegenerationalschemes,specifically2GYF and3GYF, thefractionof heap

spacededicatedto thenurseryis theprimaryconfigurationparameter. For 2GYF it is theonly

parameterfor agivenheapsize,andfor 3GYF thereis anadditionalparameterin thechoiceof

divisionof theremainderof theheapbetweenthemiddleandtheoldestgeneration,but, aswe

shallsee,its influenceonperformanceis lesspronounced.

5.1.1 Results

We presentthe resultsfor eachbenchmarkin turn, and for eachbenchmarkwe give a

seriesof plots,orderedby increasingheapsize.For eachheapsize,we show in separateplots

(a) theperformanceof theFC schemesasa functionof thefixedfractioncollected,and(b) the

performanceof theGYF schemesasa functionof thenurserysize.

Eachof thefiguresin this section(Figures5.7–5.110)consistsof two plots,on theleft (a)

theplot for FC schemesandon theright (b) theplot for GYF schemes.Theverticalaxis(the

ordinate)hasthe samemeaningin both: it givesthe relative mark/consratio ρ, which is the

mark/consratio of a particularschemerelative to themark/consratio of thenon-generational

collectorfor thesameheapsize.Thescaleon theverticalaxisis thesamefor FC andfor GYF,

andfor all heapsizesfor the samebenchmark.The horizontalaxis (the abscissa)in the FC

plotsgivesthesizeof thecollectedregionexpressedasthefractiong of heapsize.In theGYF

plots, thehorizontalaxisgivesthesizeof thenurseryasa fractionof heapsize. It would be

misleadingto show both in the samegraph,sincethe sizeof the collectedregion in GYF is

occasionallythewholeheap.In plots(a),wehavedrawn thecurvesfor thefollowing schemes:
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FC-TOF, FC-TYF, FC-DOF, FC-DYF, andFC-ROF.1 In plots (b), we have drawn a curve for

thescheme2GYF, whereasthemeasurementsfor the3GYF schemearepresentedasa scatter

plot, sincethe samenurserysizecanbe combinedwith differentdivisionsof the remaining

spaceinto thetwo oldergenerations.Theseplotspermitusto analyzehow thechoiceof con-

figurationaffectsthecopying cost.Furthermore,for FC schemes,theconfigurationdetermines

the maximumamountthat canbe copiedon eachcollection,thusit (approximately)bounds

pausetimes.

5.1.1.1 The FC-TOF collector

Weobservethatin all benchmarkssavethetwo Tree-Replace programs,FC-TOF performs

poorly. Its copying cost is generallyhigherthanthat of non-generationalcollection: ρ ¯ 1.

Whenthe sizeof the collectedregion is closeto the whole heapsize,FC-TOF performsas

well asnon-generational,which is to be expected,but whenthe collectedregion is reduced,

the collectioncostrisesdramatically, andultimately, the collectorfails. This result is easily

explainedby thepresenceof someamountof permanentdatain theheap:permanentobjects

aretheoldestobjects,hencethecollectorcopiesthemrepeatedly, andif thecollectedregion

is so small that it containsnothingbut permanentobjects,thecollectorfindsno garbageand

fails.

For the programsTree-Replace-Binary andTree-Replace-Random, on the contrary, FC-

TOF is the bestscheme,andits copying cost is as low asonehalf that of non-generational

collection. In these(admittedlysynthetic)benchmarks,theamountof permanentdatais rel-

atively small—onlythe first several layersof a treefrom the root arepermanent.Moreover,

thesubtreesarechosenfor replacementat random, which meansthatoldersubtreesdo even-

tually becomegarbage.Our intuitiveargumentin Chapter1 andFigure1.1,thatthelongerthe

collectorwaitsthemorelikely it is thatanobjectis garbage,holdsin theseprograms.

1If acurveis entirelymissingfrom aplot, it is becausenoconfigurationof thatschemesuccessfullycompletes
execution.(SeeSection4.3.1.)
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5.1.1.2 The FC-ROF collector

The FC-ROF collectorbehavesjust like the FC-TOF collector for large collectedregion

sizes. However, at smallercollectedregion sizes,the FC-ROF collectordivergesfrom FC-

TOF, and is sometimesable to avoid its poor behavior. For instance,in benchmarkSwim,

with aheapsizeof 38733words(Figure5.53(a),p. 158),whereastheperformanceof FC-TOF

degradesrapidlyasg decreasesbelow 0.6,FC-ROF only degradesto ρ  1 ® 5, andthenreturns

to lower levels—but neverbelow 1. An interestingreversaloccursfor thetwo programsTree-

Replace-Binary andTree-Replace-Random, whereFC-TOF workswell, andFC-ROF degrades

preciselywhenthesizeof thecollectedregion is reducedbelow 0.6 (Figure5.80(a),p. 169).

Thisphenomenondeservesfurtherinvestigation.

5.1.1.3 The FC-TYF collector

TheFC-TYF collectorjoins FC-TOF andFC-ROF in theclassof collectorsthatonly work

well when the collectedregion is nearly the whole heap. Otherwise,this collector almost

alwaysperformsworsethanthenon-generationalcollector. This is not surprising;if this col-

lectorcouldwork in a steadystate,it would never examineobjectsto theleft of its collection

window. In otherwords,oncea youngobjectsurvivesonenurserycollection,it is “tenured”.

It is surprisingthat this collectorworksat all, andthis mustbedueto the fact thatprograms

show phasebehavior anddonot entera truly steadystate.

5.1.1.4 The FC-DOF collector

TheFC-DOF collectoris consistentlybetterthanotherFC schemes,exceptonthetwo pro-

gramsTree-Replace-Binary andTree-Replace-Random. It generallyworksbetterwith smaller

collectedregion sizes,exceptfor Toba andLambda. For many examinedprogramsthereex-

ists,for sufficiently largeheaps,acharacteristicregionsizebelow whichtheFC-DOF collector

works particularly well. This passagefrom acceptableperformanceto exceptionallygood

performanceis sometimesabrupt,asfor StandardNonInteractive at region sizeg  0 ® 9 (Fig-

ure5.25(a),p. 145),andsometimesgradual,asfor Richards, whenregionsizeis reducedfrom
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g  0 ® 8 to g  0 ® 4 (Figure5.85(a),p. 171). TheFC-DOF collectoris thebestamongtheFC

schemes,andweshallinvestigateits behavior in greaterdetailin theremainderof thischapter

andin Chapter6.

5.1.1.5 The FC-DYF collector

TheFC-DYF collectorusuallyperformsbetterthannon-generationalcollection.However,

it is alwayssubstantiallyworsethanFC-DOF, from whichit differsonly in thedirectionof col-

lectionwindow motion. Its copying costis remarkablyinsensitiveto theregionsizeparameter

for thosevalueswherethecollectorsucceeds;theseare,however, limited to mediumvalues,

whereasfor smallwindowsaswell asfor largewindows,thiscollectoris proneto failure.Both

thepoorperformanceandthefailures(astheultimatemanifestationof poorperformance)are

causedby the fact that the collectionwindow sweepsthe heaptoo fast. The intuition that

survivors of onecollectionshouldnot be in the collectedregion of the following collection

conspireswith theyounger-to-olderwindow motiondirectionin FC-DYF to causefastwindow

motion,andtoo many visits to thefar endsof theheapwheretherearemany survivors.

5.1.1.6 The GYF collectors

Thecurve of the2GYF collectorcopying costandthepatternsof the3GYF scatterpoints

reflectthepresenceof differentmodesof operationof thegenerationalcollector, corresponding

to differentnumbersof younger-generationcollectionsbetweensuccessive older-generation

collections(Figure5.50(b),p. 157). Theresultant2GYF copying costis thereforesometimes

lowestfor mediumvaluesof nurserysize,asin InteractiveAllCallsOn (Figure5.12(b),p. 140),

sometimesit is lowestfor smallvaluesof nurserysize,asin Swim (Figure5.50(b),p.157),and

sometimesit is lowestfor large valuesof nurserysize,asin Lambda-Fact6 (Figure5.44(b),

p. 154).

It will alsobeobservedthatthescatterpointsfor 3GYF areclusteredclosely, andusually

not far below or above the line correspondingto 2GYF. Thus, the copying costof 3GYF is

usuallycomparableto thatof 2GYF. Occasionallywe seea configurationof 3GYF with only
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half thecopying costof 2GYF with thesamenurserysize,asin Lambda-Fact6 (Figure5.45(b),

p. 154); on the otherhand,thereareprogramswhereno 3GYF configurationis betterthan

2GYF, asin Toba (Figure5.102(b),p. 179),hencetheaddedoverhead2 of 3GYF is only detri-

mental.

5.2 Method for comparing various collectionschemes

We now summarizethe findingsof the precedingsection. In orderto comparedifferent

collectionschemes,weshallrestricteachto operatewithin thesameheapsize,but weshalllet

it assumethebestconfiguration.In otherwords,we give eachschemethebenefitof thebest

staticchoiceof the sizeof the collectedregion, or the sizesof the variousgenerations.The

plotsin Figures5.111–5.124(pp.183–190)show thecopyingcostfor thesebestconfigurations.

Along the horizontalaxis is the heapsize allotted, and along the vertical axis the relative

mark/consratio ρ. Thereare8 curvesin eachplot, for the collectionschemesFC-TOF, FC-

TYF, FC-DOF, FC-DYF, FC-ROF, NGYF,3 2GYF, and3GYF.

In theplotsfor Interactive-TextEditing (Figure5.112),StandardNonInteractive (Figure5.113),

HeapSim (Figure5.114),Richards (Figure5.121),andBloat-Bloat (Figure5.123),thereis a

clearseparationbetweentheschemesFC-TOF, FC-TYF, FC-DYF, andFC-ROF, whichexhibit

high copying cost, and the schemesFC-DOF, NGYF, 2GYF, and3GYF, which exhibit low

copying cost. In otherprogramsthe separationis not asclear, andindeedfor Tree-Replace,

theFC-TOF andFC-ROF schemeswork best.

Thereis not a uniform dependenceof ρ on heapsize(for a specificcollectionscheme):

whereasin Richards ρ decreaseswith heapsize for the four better-performingschemes,in

Bloat-Bloat andSwim it increases.Notethattheabsolutecopyingcostµneverthelessdecreases—

ρ is relative to thecostof non-generationalcollection,which itself is decreasing.This fact is

2Recalltheelisionof thewrite barrieratcollectiontime(Section3.2.2).

3SinceNGYF hasno configurationparameters,it was not discussedin the precedingsection. Heapsize
uniquelydeterminesthevalueof ρ reportedherefor NGYF.
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evidencedin Figures5.125–5.138,pp.191–198,which displaytheabsolutecopying cost,ex-

pressedasthemark/consratioµ, for thebestconfigurationof eachscheme.

With respectto copying cost,the newly introducedschemeFC-DOF is competitive with

generationalcollectorsfor all examinedprograms,andmarkedly betterfor some(Interactive-

AllCallsOn, Interactive-TextEditing, StandardNonInteractive, andRichards). For Richards with

a heapsizeof 4914words,the copying costof 3GYF is 10® 37 timeshigherthanthat of FC-

DOF.

Observingtheperformanceof all thecollectors,wenotethatmostprogramspermitregion-

basedschemesto cut down the copying costof collectionsignificantlywith respectto non-

generationalcollection:for Interactive-AllCallsOn to thefraction0.13;for Interactive-TextEditing

to 0.18;for StandardNonInteractive to 0.045;for Richards to 0.029;andfor HeapSim, Swim,

Tomcatv, andBloat to the vicinity of 0.2. However, the copying costof Toba is not reduced

below 0.6,Tree-Replace-Binary andTree-Replace-Random areonly reducedto about0.5,and

themostintransigentLambda-Fact5 andLambda-Fact6 arenot reducedbelow 0.7.

5.3 Method for recognizingand measuringthe excessretentioncost

Let us examinea garbagecollector that considersa collectedregion C smallerthan the

entire heap,in order to limit the amountof work doneat eachcollection. The maximum

copying costis boundedby thesizeof thecollectedregion,sincein theworstcaseall objects

within it may be live. The exactcomputationof the setof live objects,however, requiresan

examination(pointertracing)of theentireheap,andnot justC, at a costnot muchlower than

thecostof collectingtheentireheap.Instead,collectorsmake a conservativeapproximation:

they assumethatall objectsin theuncollectedregionU arelive,hencethatevery pointerthat

crossesfrom U to C lies on a pathfrom a root, even if that is not actuallythe case.Excess

retentionis thatpartof thecollectioncopying costwhich is causedby the inaccuracy of this

assumption.On a singlecollection, the excessretentionis manifestedasan increasein the
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volumeof survivors. Sincethe volumefreedis correspondinglyreduced,the next collection

musttakeplacesooner, andtheoverallnumberof collectionsis increased.

To measurehow largetheexcessretentionpartof thecopying costis, wedevisedavariant

of collectorsimulation(deployedin all thesimulatedschemes)thatdoesnot assumeliveness

for theuncollectedregion. Instead,thesurvivorsetSamongthecollectedobjectsC is precisely

the set of objectsthat are not known-dead. This mannerof simulationis possiblebecause

our tracecontainsaccuratelivenessinformation,and can thus act as an oracleguiding the

collection.Thedifferencebetweentheactualcopying cost,andthecopying costasit wouldbe

with thisoracle,givestheexcessretentioncost.

5.3.1 Results

Eachof the figuresfor this section(Figures5.139–5.242,pp. 199–243)consistsof two

plots,on the left (a) the plot for FC schemesandon the right (b) the plot for GYF schemes.

Theverticalaxis (theordinate)shows theexcessretentionfor theconfiguration,expressedas

theratio of theactualcopying costto theoracularcopying cost.Notethat thevariationof the

excessretentionratio is so large thatwe couldnot maintainthe samescalein theplots, thus

visualcomparisonsbetweenFC andGYF arediscouraged.Thehorizontalaxis (theabscissa)

in theFC plotsgivesthesizeof thecollectedregion expressedasthefractiong of heapsize.

In theGYF plots,thehorizontalaxisgivesthesizeof thenurseryasa fractionof heapsize.

Let usfirst notethatin somerareconfigurations,bothfor theFC andfor theGYF schemes,

theexcessretentionratiois below 1, for instancein Interactive-AllCallsOn, Figure5.141,p.200.

It mayseemoddatfirst glancethatthecollectorwithoutthebenefitof anoracleperformsbetter

thantheonewith it, but recall that, if theoraclemakesanactualdifferencein thedetermina-

tion of the survivor setS, then the two collectorswill performtheir collectionsat different

instants,and,aswe discussedin Section4.2.2.2,thechoiceof collectioninstantsintroducesa

slight “random”effect. Having dispatchedthisanomaly, wenotethatexcessretentiondisplays

widely differentbehavior for theseveralbenchmarks,andfor differentschemes.
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Theexcessretentionof theGYF schemesis low, below 10%(ratiobelow 1.1)for mostpro-

grams,with Lambda (Figures5.166–5.181,pp.211–217),Tree-replace-Random (Figures5.205–

5.212,pp.228–230),andToba (Figures5.234–5.242,pp.240–243)asexceptions.

Excessretentiondoesplay a critical role in determiningtheperformanceof collectorsfor

someprograms.For instance,for Lambda-Fact6, we noticedthatnoneof thecollectorshasa

copying costmuchlowerthannon-generational(Figure5.48,p. 155),andnow wecanobserve

in thecorrespondingplot of excessretention(Figure5.180,p. 216) that for a nurserysizeof

one-halfheapsize,theexcessratioof 2GYF is 2, hencewith anoraclethecopying costwould

be halved from ρ  1 ® 5 to ρ  0 ® 75. But the effect on FC-DOF is far stronger:the excess

ratio is 50 for collectedregionsizeequalto 0.2of heapsize,hencewith anoraclethecopying

costwouldbereducedfrom ρ  3 to ρ  0 ® 06. Thepreviouslynotedintransigenceof Lambda-

Fact6 with respectto copying costthushasits origin in apointerstructurethatcausesveryhigh

excessretentionfor thoseschemes(GYF, DOF) thatwefoundto work well onotherprograms.

On theotherhand,considerthebenchmarkRichards with a heapsizeof 4032,for which

thecopying costsareshown in Figure5.85onp. 171,andtheexcessretentionin Figure5.217

on p. 232. Theactualcopying costof FC-DOF decreasesasthesizeof theregioncollectedis

decreasedfrom 0.8down to 0.3,eventhoughtheexcessretentionratio increasessharplyfrom

1 to 8. Meanwhilethe2GYF collectorenjoys negligible excessretention,yet its copying cost

is muchhigherthanthatof FC-DOF.

In summary, excessretentionsometimesdominantlyinfluencesperformance,but some-

timesits effectsarenegligible. Whereasit couldhavebeensurmisedthatschemesthatcollect

regionsin theolderpartsof theheapsuffer from prohibitively high excessretentionbecause

of the supposedpredominanceof younger-to-olderpointers,this casedoesnot occur in our

benchmarks.
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5.4 Methods for examining the lower limits of copying costand the fea-

sibility of adaptation

WehaveseenthattheGYF andFC-DOF schemescompetefor lowestcopyingcost,andthat

FC-DOF is sometimesconsiderablybetter. We now examineif copying costcanbe reduced

further, andhow. We remainwithin the classof FC schemes—thuseachcollectioncollects

a region of fixed size—but now we allow morelatitudein the choiceof wherethe collected

region lieswithin theheap.

5.4.1 Locally-optimal copyingcost

Wedescribedthelocally-optimalschemesin Section3.1.3.It is straightforwardto simulate

themin anobject-level garbagecollectionsimulator. On eachcollection,we placethecollec-

tion window atall possiblepositionsin theheap,andfor eachpositionweperformacollection

asusual,exceptfor thefinal stepof deletingthegarbagefound.Thusfor eachpossibleposition

we calculatethecorrespondingmark/consratio, thenchoosethepositionwith thelowestone,

andcompletethecollectionwith thewindow at thatposition.

Thenumberof possiblepositionsis at mostthenumberof objectsin theheap,andsome-

whatsmallerbecausethewindow mustwholly lie within theheap.However, it canbea large

numberif the heapconsistsof many small objects,hencethis simulationcan only be car-

ried out for smallerbenchmarks.In plots in Figures5.243–5.266,pp. 244–253(at the end

of this chapter),we show the copying costsof the locally optimalschemestogetherwith the

age-basedschemesconsideredbefore,for threerepresentativebenchmarks,StandardNonInter-

active, Lambda-Fact5, andTree-Replace-Random.

For StandardNonInteractive, the locally optimal collectoronly matchesthe performance

of FC-DOF, andis in someconfigurationsnot asgoodasFC-DOF (recall from Section3.1.3

thatFC-OPT is not necessarilyoptimalglobally!). For Lambda-Fact5, on theotherhand,FC-

OPT is significantlybetterthanany of therealisticFC collectors,andany of thegenerational

collectors,andachievesa copying costof lessthanhalf of the non-generationalcollector’s
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cost.Thesituationis similar for Tree-Replace-Random, whereFC-OPT hasmuchlower cost

than FC-TOF, the bestrealistic schemeconsideredfor this benchmark.The explanationis

straightforward in this case:the collectedregion is positionedto includeexactly the objects

of thesubtreethathasjust beenreplaced(providedthat thesizeof thecollectedregion is not

muchlargerthanthesubtree).

5.4.2 Window motion

In orderto understandthebehavior of FC collectors,we observe how thepositionof the

collectedregionwithin theheapchangesfrom onecollectionto thenext. We call this window

motion. We shall usewindow motion analysisto guidethe designof adaptive collection in

Section5.4.5.2.A window motionplot (suchasFigure5.1,p. 132)shows thelocationof the

collectionwindow in theheapin successivecollections.Thewindow is containedbetweenthe

two marksof the old endandthe youngend,shown alongthe vertical axis. The horizontal

axisshow theprogressionof collections,andis gaugedaccordingto theamountof allocation,

sothatthewindow motiongraphcanbecomparedagainsttheliveprofiles(Section4.2.3)and

thedetailedheapprofiles(next section).Thehorizontaldisplacementof thewindow from one

collectionto thenext equalstheamountallocatedbetweencollections.Thevertical displace-

mentof thewindow, for theDOF regimeof window motion,equalstheamountof survivorsof

theprecedingcollection. Therefore,for DOF, theslopeof thewindow motioncurvesequals

theinstantaneousmark/consratio. Hencegoodperformanceshowsasshallow slope,andideal

performancewouldshow asa flat window motioncurve.

5.4.3 Demisepoint analysis

Our fully accuratetracepermitssimulationandevaluationof any garbagecollectionalgo-

rithm. Thealgorithmsdiffer in thechoiceof theinstantswhenthey performcollections,and,

at eachcollection, the choiceof the collectedregion. Thesedifferencescausethe heapsto

containdifferentamountsof garbagedataandin differentpositions.Thesetsof live objects,

however, arenecessarilythesame.Objectsin theheapareorderedaccordingto their time of
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allocation,hencetheliveobjectsarenot only equalasa set,but alsoasanorderedlist, across

all collectors.

Whenthecollectionalgorithmdecideswhich region it shouldcollect,its goalis to choose

that region which hasthegreatestgarbagecontent.We have observedthatgarbagecollectors

differ in the amountandpositionof garbagethat they keepin the heap. However, the com-

ponentof garbagethat just cameinto being—objectsthat have mostrecentlydied—isequal

for all collectors. Indeed,if a collectorsucceedsin collectingobjectsimmediatelyafter they

becomegarbage(or very soon),that will be the only componentof garbage.Therefore,the

focusof ourmethodis to identify whenandwherefreshgarbagearises.

To answerthe temporalquestion,we imaginea collector that immediatelydiscoversall

objectsthatbecomegarbage,andimmediatelycollectsthem. Clearly, the informationin the

traceas describedin Section4.1 suffices to simulatethis collector. To answerthe spatial

question,recallthatorderingby ageis assumed.Therefore,in a linearlist of objectscurrently

in the heap,the collectorcanmark thoseit hasjust discoveredaregarbage,andreporttheir

positionbeforecollectingthemaway. Thepositionis givenasthenumberof wordsfrom the

youngendof theheap,for eachwordof agarbageobject.

Sincethe purposeof the methodis to guidedesignersof garbagecollectionalgorithms

in their analysisof collectorperformance,we turn now to the taskof presentingvisually the

findingsof thedescribedidealcollector.

5.4.3.1 Visualization: demisemaps

Weobservedthattheidealcollectorreportsthedemiseof eachobjectassoonasit happens.

More precisely, it reportsthe demiseof eachword of the object,giving the time of demise

exactly, as the amountof allocationin the programup to that point. It is then natural to

constructa two-dimensionalgrid, with onedimensioncorrespondingto the allocationtime,

andtheotherto thepositionof theword in theheap,andthegrid point is setif thewordat the

correspondingheappositiondiedat thecorrespondingtime. We lay thetimealongthelonger,

123



horizontal,axis,andheappositionalongtheverticalaxis.Theheappositionis measuredfrom

theyoung, mostrecentlyallocatedendof theheapin ageorder. A demisepoint is shown asa

blackdot. Thuswehaveconstructedademisebitmap.

In practice,however, wemusttakeanadditionalstepto producevisualdisplaysof demise.

Notethatthedimensionsof thedemisebitmapare(Totalwordsallocated)° (Maximumwords

live), which, evenfor the relatively smallbenchmarksin our suite,canbeof theorder106 °
108. Sucha largebitmapcannotbegraphicallyrendereddirectly. Instead,we divide boththe

time andthespaceaxis into clusters,computethenumberof setbits of thedemisebitmapin

eachcluster, andassigngreyscalelevels to eachclusteraccordingly. Having consideredthe

capabilityof the renderingdevice andthe sizeof the final images,andhaving experimented

with differentgranularities,we settledon a 100 ° 660greyscalemap. Thusobtaineddemise

greyscalemapsfor ourbenchmarkarepresentedin Figures5.267–5.280onpp.254–267.Each

panelis in threealigneddisplays:themiddledisplayshows thedemisepoints,while the top

andbottomdisplayshow heapprofiles,whichwepresentlydiscuss(thetop displayshows the

curvesof equaltime of allocation;andthebottomdisplayshows thecurvesof equalage).

5.4.3.2 Visualization: heapprofiles

Thedemisemapfaithfully presentstemporallylocal information. We know which words

have just diedin thesensethatthemapshows where they were.It doesnot tell ustheidentity

of thesewords—atwhich point werethey allocated.However, the ideal tracecanbeusedto

producea telling visualdisplayof this information,in theform of aheapprofile. Theduration

of programexecutionis divided into a numberof equal-sizedsegments,andthe heapprofile

tracksthemotionof eachsegmentin theheapfrom thetime of allocationonwards.Sincethe

heapis age-ordered,theobjectsallocatedduringonesegmentremaincontiguousin theheap.

Thus it is possibleto draw nonintersectinglines of constantallocationtime for eachof the

timesat the boundaryof two allocationsegments.If we againshow the heappositionswith

youngestendat the bottom,thensubsequentsegmentsarestackedbelow previoussegments
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in a bandedplot. Theheightof a bandindicatesthecurrentlysurviving amountof datafrom

a givensegmentof allocation.Thetotal heightof all bandsindicatesthe total amountof live

datain theheap.

Theinformationin thisplot is, in principle,equivalentto thatin thedemisemap,but it has

differentvisual properties.For instance,in benchmarkInteractive-AllCallsOn, Figure5.267,

it is easyto seea correspondencebetweenthe sharpfall of the lines in the heapprofile and

the stripeof demisepointsat time 10200. However, it would be difficult to discernin the

heapprofile a correspondingfeaturefor the stripeof demisepointsat time 1000,becauseit

happenswhenthelinesin theheapprofilearemostlyrising. Thusthetwo formsof displayare

complementary.

Lastly, the bottomdisplaysof Figures5.267–5.280show the heapprofilesusinglines of

constantage, allowing usto observe therelativeparticipationof youngerandolderobjectsin

theheap,asexecutionprogresses.

Heapprofiling is not a new concept. It hasbeenusedin analyzingheapusagein lazy

functionalprogramminglanguages[RuncimanandWakeling, 1992;RuncimanandRöjemo,

1995;Sansom,1994;SansomandPeyton Jones,1994;RöjemoandRunciman,1996],where,

however, thegroupingcriterionof interestis not theageof objects,but thefunction-pointthat

allocatesthem.We earlierproposeda relatedthree-dimensionalvisualizationbasedon object

age[Stefanović, 1993a;Stefanović andMoss,1994].

5.4.3.3 Visualization: position mortality

Thedemisemapsandheapprofilesprovidea graphicalrepresentationof thetime-varying

behavior of a program,but we neverthelessdesirea time-averagedsummary. Even if the

demisemapsshow that garbagewill occasionallyariseanywherein the heap,we want to

know wheremostof it shouldbe expected,in the hopethat a collectormight work well by

concentratingits effortsthere.A usefulsummaryis obtainedby countingthenumberof demise

points that occurat eachheapposition. Note that if we ascribedemisenot to an object,as
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we usually do, but insteadto the heapposition the object occupies,then we can speakof

position mortality, as the likelihood that the word at certainposition (whichever that word

is) will becomegarbageupon the next time increment. In the frequency interpretationof

probability, this likelihoodis exactlygivenby thecountof demisepoints.Weshow theplotsof

this quantityin Figures5.281–5.294onpp.268–275.Thehorizontalaxiscorrespondsto heap

position,with theyoungendat 0. Theverticalaxis,on a logarithmicscale,givesthenumber

of demisepointsateachheapposition.

5.4.4 Casestudies

Wenow look in detailatthespatio-temporalbehavior of benchmarksRichards andLambda-

Fact5. In additionto discussingthe informationdirectly availablein the graphsobtainedby

themethodof theprecedingsection,we shall relateit to theobjectlifetime statistics,andthe

observedperformanceof differentage-basedgarbagecollectionschemes.This analysiswill

serveasthebasisfor improving thecopying costof collectionin thefollowing section.

5.4.4.1 Benchmark Richards

The benchmarkRichards is characterizedby a small amountof live datain comparison

with its longduration.Theaveragelifetime of objectsis short,which is reflectedin thestrong

bandof demisepoints(black)in thedemisemap(Figure5.277)alongthebottomedgeof the

map,correspondingto thedemiseof recentlyallocatedobjects.A long-termperiodicpattern

is clear as well, both in the demisemap, and in the heapprofile, with aboutfour periods

(of durationapproximately900000words)completing.Theendof a periodis marked in the

demisemapby a suddendemiseof a large numberof wordsin the mid-to-olderpart of the

heap.

The heapprofile is revealing: the main featureis the wide bandof oldestdata,which

consistsof objectsallocatedentirelywithin thefirst segmentor about60000words.Oncethe

sizeof this segmenthasdroppedto about500words,it remainsconstantfor theremainderof

programexecution. In otherwords,thesearetheobjectsthat theprogramusespermanently:
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its “static” data. It is worth noting that theseobjectsrepresenta large fraction of the total

live amount,above onethird. Indeed,in almostall the benchmarkswe examined,thereis a

significantamountof staticdata.In additionto thebandthatsurvivesfrom theverystartof the

program,within eachperiodthereis anadditionalaccretingsetof bands,which die together

at the endof their period. For the durationof the period,thesebandsalsoact asstaticdata.

Underneathwe observe a regionof objectsthatsurvive a shorttime,enoughto reachposition

200-300in theheap,andthendie.

The presenceof a largequantityof staticdataasthe oldestdatain theheaphasa strong

detrimentaleffecton theperformanceof garbagecollectoralgorithmsthatever chooseto col-

lect the older region of the heap. It is remarkable,however, that the FC-DOF algorithm,

which repeatedlyvisits the oldestpart of the heap,oncefor every rightward sweep(Sec-

tion 3.1.1),worksquitewell on theRichards benchmark,andoutperformsall examinedage-

basedschemes,including generationalcollection—inspiteof the presenceof staticdata. It

doesso by sweepingthestaticdatafast, andthenfocusingon the region of high demise.In

Section5.4.5.1,wemodify thatalgorithmto avoid thestaticdataandfind thatits copying cost

improvesfurther.

5.4.4.2 Benchmark Lambda-Fact5

ThebenchmarkLambda-Fact5 is of particularinterestbecausewe foundthatnoneof the

examinedgarbagecollectionalgorithmsperformswell on it. Examinationof theheapprofile,

Figure5.271revealsthatthereis a very largefractionof staticdata,whichhampersolder-first

algorithms.Thestaticdata,allocatedduring thefirst 10%of programexecution,accountfor

over half of the live amountpresentin the heap. In addition,thereis someaccumulationof

objectsallocatedlateron,seenasanincreasinglywidebandof narrowly spacedlines.

Ontheotherhand,thedemisemapshowssignificantdemiseareasin middleheappositions,

especiallyasa periodicpatternduring the latter half of programexecution. The presenceof

thesedemisepointsprecludesthe dominanceof pointsin the very youngestpart of the heap
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andhampersyoungest-firstalgorithms,suchastraditionalgenerationalcollection.Theplot of

thedistributionof demisepointsby positionin Figure5.285emphasizesthisobservation.

Generationalcollection,unlessgiven a very large heapspace,works poorly with small

nursery(youngestgeneration)sizesbecausetoomuchdatais promotedoutof thenursery(Fig-

ure5.36(b));if thenurserysizeis increased,theabove-mentioneddemiseregionsareincluded,

andtheperformanceimproves,but eventhenit only beginsto approachnon-generationalcol-

lector performance(whenthe nurseryis so large that the collectorbehavesalmostasa non-

generationalcollector).Similarly, age-basedcollectorswith constantcollectedregionsizeper-

form poorlyon thisbenchmark(Figure5.36(a)),nobetterthanthenon-generationalcollector.

However, thehypotheticalFC-OPT collectoris capableof markedly betterperformance,with

copying costonly 27%of thenon-generationalfor heapsize11402(Figure5.254).

5.4.5 Adaptive FC collection

In thissectionweexaminehow to improvetheperformanceof collectionby modifyingthe

ideaof sweepingtheheapwith thecollectionwindow in successivecollections.Weareguided

by thedemisemap,andby theobservedmotionof thecollectionwindow in thelocally-optimal

collector. We undertake exploratorycasestudiesof adaptivepolicieswithin theclassof age-

basedcollectorswith afixedcollectedregionsize.Ontheexampleof theRichards benchmark

we shallexaminehow to remove thepermanentdataof a programfrom consideration,andon

theexampleof theLambda-Fact5 benchmarkwe shallexaminehow to adjustthepositionof

thecollectionregionadaptively in responseto collectionresults.In bothcases,weshallfind it

possibleto reducethecopying costof collectionoverfixedpolicies.

5.4.5.1 Eliminating the “static” data in Richards

Wenotedin Section5.4.4.1thatthepresenceof asubstantialamountof permanent,“static”

datain the oldestregion of the heapdegradesthe performanceof DOF collection,because

collectionsthatexaminetheoldestregionfind little garbage,orevenfail if they findnogarbage.

If, however, the collectorknew that the oldestregion containssuchpermanentdata,it could
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skipover them,never trying to collectthem.It would thusbeableto sweepoveronly thepart

of theheapwherethereis someobjectdemise,andpotentiallyincura lowercopying cost.The

danger, of course,is if the“static” region is incorrectlyidentifiedassuch: if someobjectsin

theregion thatthecollectorneverconsidersdo in factbecomegarbage,thentwo penaltiesare

paid. First, thespaceoccupiedby theseobjectsis not reclaimed,andthecollectorworkswith

a heapeffectively smallerthanit needsto be; andsecond,sincetheseobjectsareconsidered

live, any pointersthey might have into the collectedregion causeexcessretention. These

dangersarefamiliarfrom theparallelsituationof prematuretenuringof objectsin generational

garbagecollection[Ungar, 1984;Ungar, 1986]. Most programs,however, do have a regionof

permanentdata,andthequestionis only how big it is.

The collectorshouldnot immediatelyexcludethe oldestregion. The heapprofiles(Fig-

ures5.267–5.280)show that a significantamountof allocationoccursbeforethe permanent

dataconsolidate,andduringthis initial period,thereis garbageto becollectedfrom amongthe

oldestdataaswell. Hence,we introducean adaptive thresholdingpolicy to recognizewhen

theoldestregion beginsto containmostlypermanentdata.Thecollectorinitially operatesin

the usualFC-DOF manner. On eachcollectionupona window reset,i.e., a collectionof an

oldestregion,thesurvivor ratio for thecollectionis computed.As soonastheratio is abovea

thresholdvalueθ, all subsequentwindow resetsskip theoldestregion.

We takethebenchmarkRichards for ourcasestudy, with theheapsizeof 4032words.We

usea window sizeof 1088words,or g  0 ® 27, for which the FC-DOF collectorachievesa

copying costof µ  0 ® 03181.With thesameheapsize,theNONGEN collectorhasa copying

costµ  0 ® 3937,the bestconfigurationof the 2GYF collectorhasµ  0 ® 2198(with nursery

size2056words),thebestconfigurationof the3GYF collectorhasµ  0 ® 1221(with nursery

size2214words),andthebestconfigurationof theFC-DOF collectorhasµ  0 ® 02975(with

window size1572words,or g  0 ® 39).

Our first experimentis to supplyto thecollectorthesizeof theregion of permanentdata.

Thisvaluecanbereadoff theheapprofile,andfor Richards it is 490words.Weexpectthatif θ
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is chosentoolow, thentheregionof permanentdatawill betakenoutof considerationtoosoon,

whereasif θ is chosentoo high, theregion will beexcludedtoo lateto improve performance.

Experimentationwith differentvaluesof θ shows that resultsarenot exceedinglysensitive to

thechoice,asshown in Table5.1.

Table5.1.Copying costdependenceon theadaptationthreshold

θ µ

0.2 0.02759
0.3 0.02734
0.4 0.02734
0.5 0.02734
0.6 0.02760
0.7 0.02830
0.8 0.03260

The bestrangeof thresholdvalues,0 ® 3 ± θ ± 0 ® 5 includesthe value 490
1088  0 ® 45, and

resultsin a copying costof µ  0 ® 02734.Thus,it waspossibleto reducethecopying costby

14%with respectto theordinaryFC-DOF collectorwith thesamewindow size,andin factby

8%with respectto thebestconfigurationof theordinaryFC-DOF collector.

In thesecondexperiment,thecollectoris not told theamountof permanentdata,but tries

to guessit using the following heuristic: eachtime the first collection following a window

resetresultsin a survivor ratio above the threshold,multiply the amountof survivors by a

fixed fractionϕ, andaddthe resultto the currentestimateof the amountof permanentdata.

Thecollectorguessesthat thehigh survivor ratio for this collectionarosebecausetherewere

permanentdatain thecollectedregion, andthat they weretheoldestdatain the region. It is

willing to subjectthe remainingfraction 1 ² ϕ of survivors to examinationat the following

reset.Thustheheuristichastwo parameters:thethresholdθ andthefractionϕ. Notethatthis

heuristicis only ableto increasetheestimate,startingfrom aninitial zero,but never to revise

the estimatedownward. Thereforethe dangeris that if θ is too low, or if ϕ is too high, the

oldestregionmayprematurelybeconsideredpermanent.Wefoundthatthebestvaluesare0.8

for thethresholdθ and0.5for thefractionϕ, in whichcasethecopying costis µ  0 ® 029.This
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result leadsus to believe that it is possibleto deviseadaptive schemesto sensethe presence

andgaugethesizeof permanentdata,althoughour simplisticheuristicis too sensitive to the

choiceof thetwo parametersto bereliablyused.

5.4.5.2 Choosingthe collectedregionin Lambda-Fact5

Insteadof restrictingthewindow motionto theregion recognizedasnon-permanentdata,

we canmodify the behavior of the DOF collectormoresubtly. The window motion of DOF

is basedon theintuitivepremisethatsurvivorsof a collectionshouldnot besubjectto theim-

mediatelysucceedingcollection. Thereforethe window moved rightward over the survivors

(Figure3.9). This policy hasexcellentperformancewhenthecollectionsurvivor ratio is zero

or extremelylow (asillustratedin Figure3.10),which is thecasein practicefor severalbench-

marks,includingRichards andStandardNonInteractive (Section5.1.1.4).This policy suffers

if the survivor ratio is not very low, however, as in Lambda-Fact5. In spite of the many

demisepoints in the middle rangeof the heapfor an ideal collector (demisepointsmap in

Figure5.271),thesurvivor ratiosin actualrunsof FC-DOF arehigh. In Figure5.2 we show

the measurementsof the survivor ratios for eachcollectionof the FC-DOF collectoron the

Lambda-Fact5 benchmark,with aheapsizeof 11402wordsandawindow sizeof 4446words,

for which a copying costof µ  1 ® 27 is achieved. TheFC-DOF collectorperformsa total of

150collections,andeachshows upasa point in thescatterplot. Thehorizontalaxisgivesthe

positionof thewindow (indicatedby theamountof databetweentheold endof thewindow

from the old endof the heap),andthe verticalaxis givesthe survivor ratio of the collection

(theratio of theamountof survivorsto thewindow size).Thecorrespondingwindow motion

diagramis in Figure5.1. Thus,FC-DOF suffersbecauseits window movestoo fastacrossthe

middleregionwhereit mightencounteracceptablesurvivor ratios,andis toooftenresetto the

old end,window position0, wheresurvivor ratiosarehigh. Contrastthis with the run of the

FC-OPT collectorwith the sameheapsizeandwindow size,which achievesµ  0 ® 198. Its

window motion graphis in Figure5.3, andthe survivor ratio scatterplot in Figure5.4. Ob-
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servingthatFC-OPT movesits window muchmoreslowly, weshalltry to emulateits behavior

usingthefollowing heuristicwindow motionpolicy, calledthefloatingwindow.
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Figure5.1.Window motionin theFC-DOF scheme.

Thepositionof thewindow of collectionis definedastheamountof datain theage-ordered

heapbetweentheold endof theheapandtheold endof thewindow of collection.Let X bethe

currentpositionof thewindow of collection. Let W be thesizeof thewindow of collection.

Uponcollection,we find thatanamountShassurvivedout of W. We decidethepositionfor

the next collectionasX ´� X µ ∆X (but resettingX ´ to zeroafter the youngendof theheap

is reached).The increment∆X is determinedasfollows. If S  0, then∆X  0. Otherwise,

notethe position pi of eachsurviving word in the collectionwindow relative to the old end

of thewindow. Theaveragesurvivor positionis p̄  1
S∑Spi . Therelative biasis the relative

differencebetweenp̄ andthevalueW
2 thatwould beobtainedif survivorswereevenlyspread

in thecollectionwindow: r  W
2 ¶ p̄

W
2

. Thus ² 1 ± r ± 1. Givenanadditionalfixedexternalbias

e, weset∆X ¸· r µ e¹ S. Thewindow is initially placedatX equalto one-halfheapsize.

In otherwords, the motion of the window is governedby two forces. An externalbias

pushesthe window in a fixed direction. In particular, the value1 for the externalbiascor-
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Figure 5.2.Window survivor ratiosin theFC-DOF scheme.

respondsto the ordinaryFC-DOF collector, pushingthe window in the directionof younger

objects. The secondforce usesfeedbackinformation from the completedcollection. Intu-

itively, if mostof the survivorsof the collectionwerefound in onepart of the window, then

thewindow shouldbepushedin theoppositedirection.For example,if thewindow straddles

the region of permanentdata,thenmostof the survivorswill have comefrom the olderpart

of thewindow, andit shouldbepushedtowardsyoungerdata.We calculatea simpleheuristic

measureof thedesiredpushastheaveragepositionof thesurvivorswithin thewindow. If the

averagesurvivor positionis left of center, theforceis rightwards,andviceversa.

Recallthatour testcaseis theLambda-Fact5 benchmark,with aheapsizeof 11402words

anda window sizeof 4446words,or g  0 ® 39, for which the FC-DOF collectorachievesa

copying cost of µ  1 ® 27. With that heapsize, the NONGEN collectorhasa copying cost

µ  0 ® 59, the bestconfigurationof the 2GYF collectorhasµ  0 ® 55, the bestconfiguration

of the 3GYF collectorhasµ  0 ® 56, andthe bestconfigurationof the FC-DOF collectorhas

µ  0 ® 52. Experimentswith differentvaluesof theexternalbiaseproducethefollowingresults,

shown in Table5.2.
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Figure5.3. Window motionin theFC-OPT scheme.

The lowestachieved copying costwith the floating window policy is µ  0 ® 37. This is

28%below thebestof thefixedschemesfor any configurationat thesameheapsize,namely

µ  0 ® 52for FC-DOF with awindow sizeof 10135(g  0 ® 88). Weobservethewindow motion

of theadaptiveschemein Figure5.5,andits scatterplot of window positionvs. survivor ratio

in Figure5.6.

Table5.2.Copying costdependenceonexternalbias

e µ

-0.2 0.64
-0.1 0.43
0.0 0.52
0.1 0.46
0.2 0.44
0.3 0.37
0.4 0.40
0.5 0.48
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Figure5.4. Window survivor ratiosin theFC-OPT scheme.

The floatingwindow policy is relatively robustwith respectto the choiceof the external

bias,sincefor the entireregion ² 0 ® 1 ± e ± 0 ® 5, the schemeis betterthanany of the fixed

schemes.On theotherhand,theFC-OPT copying costof µ  0 ® 198,for thesameheapsize

andthesamewindow size,is still another47%lower.

A final word of cautionis in order. We have seenthat adaptive variantsof FC schemes,

andof FC-DOF in particular, canlowerthecopying costof collection,andthatthereexists,for

someprograms,still moreroomfor improvement,asindicatedby thelocally-optimalschemes.

However, to achieve this further reductionof copying costrequireswindow motion policies

moregeneralthan, for instance,the predictablelinear sweepof FC-DOF. Recall from Sec-

tion 3.2.2thateffectivepointerfiltering at thewrite barrierexploitedthepredictabilityof win-

dow motion. Hence,theultimatereductionof copying costmaywell beoffsetby anincrease

of pointermanagementcosts.
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Figure5.5. Window motionin theadaptivescheme.

5.5 Summary

This chapterexaminedthecopying costof garbagecollectionfor severalage-basedalgo-

rithms. The main finding is that the promiseof low copying costof our proposedFC-DOF

collectoris deliveredon many actualallocationloads.This resultcouldnot beexpectedgiven

theprior understandingof generationalcollectorperformance.Particularlyrevealingis thefact

thatexcessretentioneffects,evenwhenvery pronounced,donot by themselvesrule out using

non-youngest-firstcollectorsfor our testprograms.

The measurementsof the performanceof generationalcollectorsare interestingin their

own right, asthey shedlight oncollectorbehavior underconstraintsontotalheapsize.It is not

surprisingthatsmallnurserysizesleadto excessivepromotioninto theoldergeneration,but it

is surprisingthat in many casesthe optimalconfigurationassignsmorethanhalf theheapto

thenursery. It is possiblethatmoresophisticatedgenerationalschemescouldperformbetter—

for instance,requiringanobjectto survivemorethanonecollectionin theyoungergeneration

beforepromotion,or, equivalently, dividing theyoungergenerationinto steps,possiblycom-

bined with adaptive policies, suchas Ungarand Jackson’s feedbackmediation[Ungar and
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Figure5.6. Window survivor ratiosin theadaptivescheme.

Jackson,1992]. However, eachcollectionaddsto thecopying cost,andthefinal balancecan-

not be predicted.Unfortunately, the vastdimensionsof the spaceof possibleconfigurations

makesit difficult to thesecollectionschemes.(Thus,theselectionof their many configurable

parameters[Hudsonetal., 1991]haslargelybeenamatterof judgementby experience.)

Theproposednon-youngest-firstschemescanalsobenefitfrom moresophisticatedconfig-

urations.We observedthatadaptivepositioningof a window of fixedsizecanreducecopying

cost;it is likely that it would bemoreeffective in conjunctionwith adaptiveselectionof win-

dow size. Most important,however, could be the heuristicdiscovery of permanent(static)

data,andtheir eliminationfrom considerationby thecollector, a taskimplicitly performedby

amulti-generationalcollector.
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Figure 5.7.Copying costcomparison:Interactive-AllCallsOn, V » 764.
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Figure 5.8.Copying costcomparison:Interactive-AllCallsOn, V » 931.
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Figure5.11.Copying costcomparison:Interactive-AllCallsOn, V » 1687.
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Figure 5.13.Copying costcomparison:Interactive-TextEditing, V » 1338.
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Figure 5.14.Copying costcomparison:Interactive-TextEditing, V » 1631.
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Figure 5.15.Copying costcomparison:Interactive-TextEditing, V » 1988.
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Figure 5.16.Copying costcomparison:Interactive-TextEditing, V » 2424.
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Figure 5.17.Copying costcomparison:Interactive-TextEditing, V » 2955.
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Figure 5.18.Copying costcomparison:StandardNonInteractive, V » 1414.
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Figure 5.19.Copying costcomparison:StandardNonInteractive, V » 1723.
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Figure5.104.Copying costcomparison:Toba, V » 525794.
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Figure 5.108.Copying costcomparison:Toba, V » 1160976.
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Figure5.114.Bestconfigurationcomparison:HeapSim.
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Figure5.115.Bestconfigurationcomparison:Lambda-Fact5.
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Figure 5.118.Bestconfigurationcomparison:Tomcatv.
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Figure5.122.Bestconfigurationcomparison:JavaBYTEmark.
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Figure 5.124.Bestconfigurationcomparison:Toba.
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Figure 5.132.Bestconfigurationcomparison:Tomcatv.
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Figure 5.134.Bestconfigurationcomparison:Tree-Replace-Random.
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Figure5.139.Excessretentionratios:Interactive-AllCallsOn, V ¿ 764.
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Figure5.140.Excessretentionratios:Interactive-AllCallsOn, V ¿ 931.
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Figure 5.141.Excessretentionratios:Interactive-AllCallsOn, V ¿ 1135.
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Figure 5.142.Excessretentionratios:Interactive-AllCallsOn, V ¿ 1384.
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Figure 5.143.Excessretentionratios:Interactive-AllCallsOn, V ¿ 1687.
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Figure 5.144.Excessretentionratios:Interactive-AllCallsOn, V ¿ 2057.
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Figure5.145.Excessretentionratios:Interactive-TextEditing, V ¿ 1338.
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Figure5.146.Excessretentionratios:Interactive-TextEditing, V ¿ 1631.
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Figure5.147.Excessretentionratios:Interactive-TextEditing, V ¿ 1988.
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Figure5.148.Excessretentionratios:Interactive-TextEditing, V ¿ 2424.
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Figure5.149.Excessretentionratios:Interactive-TextEditing, V ¿ 2955.

203



0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Fraction collected g (of total heap size 1414)

StandardNonInteractive

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Nursery size (fraction of total heap size 1414)

StandardNonInteractive

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure5.150.Excessretentionratios:StandardNonInteractive, V ¿ 1414.
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Figure5.151.Excessretentionratios:StandardNonInteractive, V ¿ 1723.
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Figure5.152.Excessretentionratios:StandardNonInteractive, V ¿ 2101.
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Figure5.153.Excessretentionratios:StandardNonInteractive, V ¿ 2561.
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Figure5.154.Excessretentionratios:StandardNonInteractive, V ¿ 3122.
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Figure5.155.Excessretentionratios:StandardNonInteractive, V ¿ 3805.
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Figure5.156.Excessretentionratios:StandardNonInteractive, V ¿ 4639.
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Figure5.157.Excessretentionratios:StandardNonInteractive, V ¿ 5655.
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Figure5.158.Excessretentionratios:StandardNonInteractive, V ¿ 6894.
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Figure5.159.Excessretentionratios:HeapSim, V ¿ 113397.
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Figure5.160.Excessretentionratios:HeapSim, V ¿ 138231.
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Figure5.161.Excessretentionratios:HeapSim, V ¿ 168503.

0.98

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Fraction collected g (of total heap size 205405)

HeapSim

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0.9999

0.99995

1

1.00005

1.0001

1.00015

1.0002

1.00025

1.0003

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Nursery size (fraction of total heap size 205405)

HeapSim

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure5.162.Excessretentionratios:HeapSim, V ¿ 205405.
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Figure5.163.Excessretentionratios:HeapSim, V ¿ 250387.
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Figure5.164.Excessretentionratios:HeapSim, V ¿ 305221.
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Figure5.165.Excessretentionratios:HeapSim, V ¿ 372063.
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Figure5.166.Excessretentionratios:Lambda-Fact5, V ¿ 7673.
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Figure5.167.Excessretentionratios:Lambda-Fact5, V ¿ 9354.
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Figure5.168.Excessretentionratios:Lambda-Fact5, V ¿ 11402.
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Figure5.169.Excessretentionratios:Lambda-Fact5, V ¿ 13899.
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Figure5.170.Excessretentionratios:Lambda-Fact5, V ¿ 16943.
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224



0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Fraction collected g (of total heap size 181818)

Tomcatv

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0.995

1

1.005

1.01

1.015

1.02

1.025

1.03

1.035

1.04

1.045

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Nursery size (fraction of total heap size 181818)

Tomcatv

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure 5.199.Excessretentionratios:Tomcatv, V ¿ 181818.
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Figure5.202.Excessretentionratios:Tree-Replace-Binary, V ¿ 17722.
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Figure5.203.Excessretentionratios:Tree-Replace-Binary, V ¿ 21603.
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Figure5.205.Excessretentionratios:Tree-Replace-Random, V ¿ 15985.
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Figure5.207.Excessretentionratios:Tree-Replace-Random, V ¿ 23754.
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Figure5.209.Excessretentionratios:Tree-Replace-Random, V ¿ 35297.
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Figure5.210.Excessretentionratios:Tree-Replace-Random, V ¿ 43027.
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Figure5.211.Excessretentionratios:Tree-Replace-Random, V ¿ 52450.
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Figure5.212.Excessretentionratios:Tree-Replace-Random, V ¿ 63936.
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Figure5.213.Excessretentionratios:Richards, V ¿ 1826.
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Figure5.215.Excessretentionratios:Richards, V ¿ 2713.
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Figure5.216.Excessretentionratios:Richards, V ¿ 3307.
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Figure5.217.Excessretentionratios:Richards, V ¿ 4032.
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Figure5.218.Excessretentionratios:Richards, V ¿ 4914.
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Figure5.219.Excessretentionratios:Richards, V ¿ 5991.
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Figure5.222.Excessretentionratios:JavaBYTEmark, V ¿ 72807.

0.5

1

1.5

2

2.5

3

3.5

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Fraction collected g (of total heap size 88752)

JavaBYTEmark

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tio¾

Nursery size (fraction of total heap size 88752)

JavaBYTEmark

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure5.223.Excessretentionratios:JavaBYTEmark, V ¿ 88752.
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Figure5.224.Excessretentionratios:JavaBYTEmark, V ¿ 108188.

0.5

1

1.5

2

2.5

3

3.5

4

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tioÀ

Fraction collected g (of total heap size 131881)

JavaBYTEmark

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

0 0.2 0.4 0.6 0.8 1

R
et

en
tio

n 
ra

tioÀ

Nursery size (fraction of total heap size 131881)

JavaBYTEmark

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure5.225.Excessretentionratios:JavaBYTEmark, V ¿ 131881.
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Figure5.226.Excessretentionratios:Bloat-Bloat, V ¿ 246766.
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Figure5.227.Excessretentionratios:Bloat-Bloat, V ¿ 300808.
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Figure5.228.Excessretentionratios:Bloat-Bloat, V ¿ 366682.
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Figure5.229.Excessretentionratios:Bloat-Bloat, V ¿ 446984.
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Figure5.230.Excessretentionratios:Bloat-Bloat, V ¿ 544872.
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Figure5.241.Excessretentionratios:Toba, V ¿ 1415223.
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246



0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
m

ar
k/

co
ns

 r
at

io
 r

ho

º

Fraction collected g (of total heap size 6894)

StandardNonInteractive

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF
FC-OPT

0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
m

ar
k/

co
ns

 r
at

io
 r

ho

º

Nursery size (fraction of total heap size 6894)

StandardNonInteractive

2GYF
3GYF

(a) FC schemesincludingOPT (b) GYF schemes

Figure5.251.Copying cost,with FC-OPT: StandardNonInteractive, V Á 6894.

247



0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
m

ar
k/

co
ns

 r
at

io
 r

ho

º

Fraction collected g (of total heap size 7673)

Lambda-Fact5

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF
FC-OPT

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
m

ar
k/

co
ns

 r
at

io
 r

ho

º

Nursery size (fraction of total heap size 7673)

Lambda-Fact5

2GYF
3GYF

(a) FC schemesincludingOPT (b) GYF schemes

Figure 5.252.Copying cost,with FC-OPT: Lambda-Fact5,V Á 7673.
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Figure 5.253.Copying cost,with FC-OPT: Lambda-Fact5,V Á 9354.
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Figure 5.254.Copying cost,with FC-OPT: Lambda-Fact5,V Á 11402.
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Figure 5.255.Copying cost,with FC-OPT: Lambda-Fact5,V Á 13899.
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Figure 5.256.Copying cost,with FC-OPT: Lambda-Fact5,V Á 16943.
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Figure 5.257.Copying cost,with FC-OPT: Lambda-Fact5,V Á 20654.
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Figure5.281.Demisepositionasmortality: Interactive-AllCallsOn.
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Figure5.282.Demisepositionasmortality: Interactive-TextEditing.
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Figure5.283.Demisepositionasmortality: StandardNonInteractive.
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Figure5.284.Demisepositionasmortality: HeapSim.
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Figure 5.285.Demisepositionasmortality: Lambda-Fact5.
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Figure 5.286.Demisepositionasmortality: Lambda-Fact6.

1

10

100

1000

10000

100000

1e+06

0 2000 4000 6000 8000 10000 12000

T
ot

al
 d

em
is

e 
po

in
ts

Ã

Position from young end

Demise points interpreted as mortality: Swim

Figure5.287.Demisepositionasmortality: Swim.
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Figure5.288.Demisepositionasmortality: Tomcatv.
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Figure 5.289.Demisepositionasmortality: Tree-Replace-Binary.
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Figure 5.290.Demisepositionasmortality: Tree-Replace-Random.
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Figure5.291.Demisepositionasmortality: Richards.
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Figure5.292.Demisepositionasmortality: JavaBYTEmark.

1

10

100

1000

10000

100000

1e+06

0 20000 40000 60000 80000 100000 120000 140000

T
ot

al
 d

em
is

e 
po

in
ts

Ã

Position from young end

Demise points interpreted as mortality: Bloat-Bloat

Figure 5.293.Demisepositionasmortality: Bloat-Bloat.
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Figure 5.294.Demisepositionasmortality: Toba.
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CHAPTER 6

EVALUATION: COSTSOTHER THAN COPYING

In this chapterwe examinethe non-copying costsof collection, focusingon the costof

maintainingtheinformationneededfor accurateregion-basedcollection:thewrite barrierand

rememberedsetoverheads.The evaluationusesa realistic,block-allocationcollectionsim-

ulator, basedon our prototypeimplementation.We comparethe generationalyoungest-first

collectorwith the deferredolder-first algorithm,which wasshown in the precedingchapter

to be themostpromisingwith respectto copying costamongthealternativesto generational

collectionthatweconsidered.

6.1 Method for evaluating the pointer maintenancecost

We useaninstrumentedversionof theblock simulator(Section4.3.3)to obtainthestatis-

tics of pointer managementoperations. We discussedin Section3.2 the designof pointer

managementfor age-basedcollection,andnotedalternative modelsof pointerstorefiltering

andof rememberedsetorganization.Theactualcostsof operationsdependon thesealterna-

tivedesigndecisions.Indeed,theoperationcountsarenot invariantthemselves:if two filtering

testsareexecutedin sequence,theoutcomeof thefirst influencesthenumberof timesthesec-

ond is executed.The division of laborbetweenthe run time andthe garbagecollectiontime

is alsoa matterof choice. Herewe usefor the generationalcollector the traditionalmodel

of operationwith a unifiedrememberedsetandgenerationalfiltering, andwe show that it is

very efficient. For the DOF collectorwe useblock-localanddirectionalfiltering. All of the

operationcountsreportedareaccuratefor thesedesignchoices,while someof themarealso

universallyapplicableregardlessof thedesignchoice.
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For thewrite barrier, we reporttheoperationcountsfor pointerstores,andthenumberof

non-nullpointerstores.Non-null storesarefurtherdividedinto storesfilteredby thespecified

filtering mechanism,and thosenot filtered. The non-filteredstoresaredivided into unique

andduplicate,with respectto the prior contentof the rememberedset into which the stores

areinserted.Note that the write-barrierstatisticsincludeboth the run time andthe garbage-

collectiontimepointerstores.

For rememberedsetprocessingat garbage-collectiontime,we reportthenumberof point-

ersfrom theuncollectedregioninto thecollectedregion,aswell asthenumberof remembered

setentriesactuallyprocessed,whichcanbelarger.

6.1.1 Results

In Table6.1 we reportthestatisticsthatareindependentof thecollectionalgorithmor its

configuration.Thecolumns“Wordsalloc.” and“Ptr. st.” repeattheinformationof Table4.1.

The column“Alloc./st.” givesthe ratio of the numberof wordsallocatedto the numberof

pointerstoresfor the program. This valueis an indication,albeit crude,of the frequency of

pointermanipulations,or the“object-orientedness”of theprogram,aswell asof theexpected

influenceof pointer maintenanceoperationson overall memorymanagementperformance.

The last two columnsgive thenumberof non-nullpointerstoresasanabsolutenumber, and

asa percentageof all pointerstores.In many implementationsof thewrite barrier, thecheck

for a null pointer is a separatefirst step. As we canseein our numbers,thereare few null

pointers,andthis testrarelyeliminatesthepointerfrom consideration.Hencea write barrier

that integratesthenull-pointertestinto a generaladdresstest,asproposedin Section3.2.4,is

to bepreferred.

In Tables6.2–6.15,pp.295–382(at theendof this chapter)we reportthepointermanage-

mentstatisticsfor the differentconfigurationsof the FC-DOF andthe 2GYF collectors. The

first groupof tables(Tables6.2–6.8)is for the FC-DOF collector. Thefirst threecolumnsin

Tables6.2–6.8indicatetheconfiguration.Thefirst column,having valuesbetween9 and20,
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Table6.1.Propertiesof benchmarksused:run-timeallocationandpointerstores

Benchmark Wordsalloc. Ptr. st. Alloc./st. Non-nullptr. st. %

Smalltalk
Interactive-AllCallsOn 18359 855 21.47 134 15.7
Interactive-TextEditing 22747 3509 6.48 3241 92.4
StandardNonInteractive 204954 7251 28.26 5882 81.1
HeapSim 3791306 30298 125.13 30233 99.8
Lambda-Fact5 277940 91877 3.03 87403 95.1
Lambda-Fact6 1216247 404670 3.01 387037 95.6
Swim 1533642 134355 11.41 120427 89.6
Tomcatv 2117849 286032 7.40 285056 99.6
Tree-Replace-Binary 209600 39642 5.29 32986 83.2
Tree-Replace-Random 925236 168513 5.49 140029 83.1
Richards 4400543 763626 5.76 611767 80.1

Java
JavaBYTEmark 1161949 49061 23.68 48835 99.5
Bloat-Bloat 37364458 4927497 7.58 4376798 88.8
Toba 38897724 3027982 12.85 2944672 97.2

Geometricmean 10.27 80.2

givestheblocksize:for valuek, theblocksizeis 2k bytes.Thesecondcolumngivestheallot-

tedheapsize,in termsof blocks. Thethird columngivesthesizeof thecollectedregion (the

window size),alsoin termsof blocks. The fourth columngivestheabsolutecopying costas

thenumberof wordscopied.Thefifth columngivesthenumberof collectorinvocations.The

sixthcolumngivesthenumberof rememberedsetinsertionoperationsat thewrite barrier, i.e.,

thenumberof pointerstoresthatwerenot filteredout. Theseventhcolumngivesthenumber

of insertionoperationsthatarenot duplicates,andhenceactuallyaddentriesto remembered

sets.Theeighthcolumngivesthesumof thesizesof all rememberedsetsprocessedatgarbage

collectiontime (i.e., thesetsbelongingto blockswithin thecollectedregion). Theninth col-

umngivesthesumoverall collectionsof thesizesof filteredunionsof setswithin thecollected

region.

Thedesignusedto producethestatisticsis thefollowing. Eachblock hasits own remem-

beredset(Section3.2.2).Thewrite barriercodeis executedoneverypointerstore,bothat run

time andat garbagecollectiontime. Thewrite barrierconsistsof threefiltering checks:first,
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thecheckfor null pointers;second,thecheckfor block-localpointers;andthird, thedirectional

check(asin Figures3.15and3.16).If noneof thecheckseliminatesthepointerstore,thenthe

write-barriercodeinsertsit into therememberedsetof thepointertargetblock,andaddsit to

thetally for tablecolumnsix, “W.b. insert.” Therememberedsetmayalreadycontainanentry

recordingthesamepointersourceaddress;otherwise,anew entryis addedto theremembered

set,andto thetally for tablecolumnseven,“W.b. add.”

At collectiontime, following the processingof global roots, the collectorprocessedthe

rememberedsetsof theblocksin thecollectedregion oneby one. Tablecolumneight, “R.s.

proc,” reportsthesumof thesizesof all rememberedsetsprocessedover all collections.On

theotherhand,thesumof thesizesof rememberedsetsfor thecollectedregioncanbegreater

thanthe numberof pointersactuallycrossinginto the collectedregion from the uncollected

region. Thelatternumberis computedastheunionof therememberedsetsinvolved,lessany

pointersthat have both sourceandtarget in the collectedregion. The sumof thesenumbers

overall collectionsis reportedin columnnine,“R.s. proc.”

The secondgroupof tables(Tables6.9–6.15)is for the 2GYF collector. The first four

columnsin Tables6.9–6.15indicatetheconfiguration.Thefirst columngivestheblock size,

thesecondcolumngivestheallottedheapsizein blocks,thethird columngivesthesizeof the

youngergeneration(thenursery)in blocks,andthefourth columngivesthesizeof theolder

generationin blocks.Thefifth columngivestheabsolutecopying costasthenumberof words

copied.Thesixthcolumngivesthenumberof collectorinvocations.Theseventhcolumngives

the numberof rememberedset insertionoperationsat the write barrier, andthe eighthgives

the numberof thesethat arenot duplicates.The ninth columngivesthe sumof the sizesof

processedrememberedsets.

The designusedto producethe statisticsis the following. Thereis a singleremembered

set,and it recordsthe pointersfrom the older generationinto the youngergeneration.The

write barriercodeis executedon every pointerstoreat run time. No write barrieris needed

at garbagecollectiontime, because,with only two generations,all objectsare in the oldest
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generationfollowing a collection. Thewrite barrierconsistsof two filtering checks:first, the

checkfor null pointers;and second,the generationalcheck. If neitherfilter eliminatesthe

pointerstore,it is insertedinto therememberedset,andaddedto the tally for columnseven,

“W.b. insert.” If thepointersourceis notalreadypresentin therememberedset,anew entryis

addedto theset,andto columneight,“W.b. add.”

At collectiontime, thecollectorprocessesthesinglerememberedset.Tablecolumnnine,

“R.s. proc”, reportsthesum,over all collection,of thesizesof therememberedset. Thereis

noneedfor a“R.s. union” columnfor 2GYF, becauseits meaningis subsumedby “R.s. proc.”

Eachrow of a tablecorrespondsto oneconfigurationof a collector, andthusto onesim-

ulation run. The configurationsareorderedby block size,andfor eachblock size,they are

orderedby heapsize. For a givenheapsize,theconfigurationsareorderedby thesizeof the

collectedregion(in thecaseof FC-DOF), andby thesizeof theyoungergeneration(in thecase

of 2GYF).

Certainrows are printed in boldfacefor easeof referencein both the FC-DOF and the

2GYF tables;weshallusetheseconfigurationsasexamplesto discussthecomparativecostsof

thetwo schemes.

6.1.2 Block size

Wefirst examinetheeffectof blocksizeoncopying andpointermanagementcosts.For the

FC-DOF collector, we find that increasingtheblock sizereducestheoperationcountsfor the

write barrierandrememberedsetprocessing.ConsiderbenchmarkLambda-Fact5 in Table6.4,

p. 310.Weshallcompareblocksizes29 bytesand210 bytes,and,in particular, configurations,

printedin italic boldfacefont, for block size29 bytesandheapsize240blocks,andfor block

size 210 bytesand heapsize 120 blocks. Theseconfigurationsare pairwiseidentical with

respectto heapsizeandcollectedregionsize.

Thedifferencesin copying costaresmall in somepairs,but significantin others,suchas

30236wordscopiedfor configurationÄ 9 Å 240Å 108Æ vs. 44507wordscopiedfor configuration
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Ä 10Å 120Å 54Æ . Therearetwo reasonsfor the differences.First, blocksof differentsizecause

differentfragmentationat block boundaries.However, sinceblocksarealreadysubstantially

largerthantypicalobjectsizespresentin thetrace,theeffectof fragmentationshouldbesmall,

andtheeffectof differencesin fragmentationevensmaller;moreover, largerblocksshouldsuf-

fer lessfrom fragmentationthansmallerblocks,whereasweseethatthecopying costis lower

for smallerblocks.Thesecondreason,whichapplieshere,is thatpositioningof thecollection

window in the FC-DOF schemeis constrainedby block boundariesandis lessflexible with

larger blocks,and,asSection5.4.5.2hasshown, window positioningis importantfor good

performanceof FC-DOF.

If wefocusonpairswith similarcopyingcost,wenotethatlargerblocksenjoy lowercounts

in columns“W.b. insert,” “W.b. add,” and“R.s. proc,” which is to beexpected.With larger

blocks,a greaterportionof pointerstoresareblock-local,hencefilteredout. Note,however,

thatdoublingtheblocksizereducesthenumberof write-barrierandrememberedsetoperations

by only about10%in theseexamples.Thecolumn“R.s. union” is not reducedby increasing

block sizesincethenumberof externalpointersinto thecollectedareadoesnot dependon its

internaldivision.

For the 2GYF collector, Table6.4, p. 310, againcomparingthe configurationsfor block

size29 bytesandheapsize240blocks,andfor block size210 bytesandheapsize120blocks,

wefind thatdifferencesin copying costaregenerallynot large,andin somecasesfavor larger,

whereasin othercasessmallerblocks.Thepointermanagementoperationcountsarenot sys-

tematicallyaffectedby blocksize,which is to beexpected,sincethegenerationalwrite barrier

checkignoresblockboundaries,exceptto theextentthatit is indirectlyinfluencedby fragmen-

tation.

6.1.3 Comparisonbetweencollectors

WecomparetheFC-DOF andthe2GYF collectorwith respectto copying andpointerman-

agementcosts.ConsiderthebenchmarkStandardNonInteractive with a block sizeof 29 bytes
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andheapsizeof 25 blocks,i.e., 3200words(Table6.2,p. 295). Amongtheconfigurationsof

theFC-DOF collectorfor thisheapsize,thelowestcopyingcostof 3902wordsis achievedwith

acollectedregionsizesetto 4 blocks.Weabbreviatethisconfigurationas Ä 9 Å 25Å 4Æ . Amongthe

configurationsof the2GYF collectorfor this heapsize(Table6.9,p. 335),thelowestcopying

costof 15699wordsis achievedwith ayoungergenerationsetto 17blocks,andoldergenera-

tion setto 8 blocks,abbreviated Ä 9 Å 25Å 17Å 8Æ . Thusthecopying costof theFC-DOF collectoris

significantly(4.02times)lower thanthatof the2GYF collector, whichconfirms,in thecontext

of ablock-basedimplementation,theobservationswemadein Sections5.1and5.2.

The numberof pointermanagementoperations,however, is significantlyhigherfor FC-

DOF thanfor 2GYF. Thenumberof non-filteredpointerstoresis 688
13 Ç 52È 9 timesgreater, and

thenumberof processedrememberedsetentriesis 615
12 Ç 51È 5 timesgreater. It shouldcome

asno surprisethat pointermanagementcostsarehigher in the FC-DOF scheme.The “R.s.

union” columnfor FC-DOF indicatesthatthetotalnumberof pointersinto thecollectedregion

(summedover all collections)is 392,whereasthecorrespondingnumberfor 2GYF is just 12.

Therefore,regardlessof theefficiency of pointerfiltering, whencollectedregionsarechosen

in theFC-DOF manner, thenumberof incomingpointersis high. Thecausesarein thesmall

sizeof theregion (andlargesizeof theremainder),andthefact that theregion visits all parts

of theheapregularly, andsomepartsof theheaphavemany incomingpointers;we investigate

pointerstructurefurtherin thefollowing Section6.2.

Wecanremarkthenon theefficiency of theFC-DOF filtering schemeof Section3.2.2:out

of 7251pointerstoresin StandardNonInteractive (Table6.1), only 688 or 9.5%areinserted

into rememberedsets. This reductionin the numberof pointerthat arerecordedis certainly

not asgoodas13 or 0.2%for thegenerationalfiltering of 2GYF. On theotherhand,wenoted

thatkeepinga largenumberof pointersis anecessarypriceto payin orderto choosecollected

regionsin a particularway. Thetruemeasureof theefficiency of thefiltering schemeis there-

fore givenby the ratio of the “R.s. proc” columnandthe “R.s. union” column: 615
392 Ç 1 È 56,

thus56%morepointersthanis absolutelynecessaryareprocessedatgarbagecollectiontime.
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We seethat thecopying costis lower for theFC-DOF collector, andthepointermanage-

mentcost is lower for the 2GYF collector. We must look at absolutenumbersto determine

which collectorachievesa lower total cost. The differencein copying cost, in favor of FC-

DOF, is 11797wordscopied.Thedifferencein pointermanagementcost,in favor of 2GYF, is

675rememberedsetinsertions(636non-duplicate),and603processedentriesat garbagecol-

lectiontime. Whichof theseis moreexpensivedependson thedetailsof implementation.For

the sake of a simpleanalysis,we subsumethe differentcomponentsof pointermanagement

underthe singleappellationof pointer processingcost, which we associatewith the highest

operationcount,that of the non-filteredpointerstores,thuserring conservatively in favor of

theschemewith lower pointermanagementcost. If thecostof processinga pointeris greater

than 11797
675 Ç 17È 5 timesthecostof copying a word at garbagecollectiontime, thenthe2GYF

collectorwill have theadvantagefor benchmarkStandardNonInteractive. (Thesebreak-even

ratiosaresummarizedfor all examinedconfigurationsin Figures6.1–6.9,pp.389–393which

wediscussbelow.)

If we are interestedin incrementaloperationof the collector, then we shouldcompare

configurationsthatresultin similar (andlarge) numbersof collectorinvocations.In this case,

if the 2GYF collector is configuredwith the youngergenerationat 4 blocks, and the older

generationsat21blocks,thenit will perform418collections,thesameastheFC-DOF collector

with thecollectionwindow of 4 blocks.Thecopyingcostadvantageof FC-DOF is now greater,

23510words,but the pointermanagementadvantageof 2GYF is only slightly smaller, 673

rememberedsetinsertions(633non-duplicate),and600processedentriesatgarbagecollection

time; thepointer/copy costratiowouldhaveto beover34È 9 for 2GYF to havetheadvantage.

Similar resultsobtainfor thelargerblocksizeof 210: comparetheconfigurationÄ 10Å 13Å 3Æ
of FC-DOF with configurationÄ 10Å 13Å 7 Å 6Æ of 2GYF.

Weturnourattentionto benchmarkHeapSim (Tables6.3,p.301and6.10,p.343),atblock

size213 bytesandheapsize123blocks,or 251904words.Thebestconfigurationof FC-DOF

is Ä 13Å 123Å 4Æ , with copying cost262984,with 4645non-filteredpointerstores(of which3731
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non-duplicate),and3297processedentriesat garbagecollectiontime. The rememberedset

uniontotal is 1628,thusthefiltering efficiency is assessedat anoverheadof 102%morepro-

cessedpointersthanis absolutelynecessary. Thebest2GYF configurationis Ä 13Å 123Å 41Å 82Æ ,
with copying cost341702,with 22non-filteredpointerstores(of which12non-duplicate),and

12 processedentriesat garbagecollectiontime. The copying costadvantageof FC-DOF is

89798words; the pointer/copy cost ratio would have to be over 19È 4 for 2GYF to have the

overall advantage.Similar resultsobtainfor the larger block sizesof 214 (comparethe con-

figuration Ä 14Å 62Å 3Æ of FC-DOF with configurationÄ 14Å 62Å 20Å 42Æ of 2GYF) and216 (compare

Ä 16Å 16Å 4Æ with Ä 16Å 16Å 6 Å 10Æ ).
In benchmarkRichards (Tables6.5, p. 322 and6.12,p. 370),we considerthe block size

210 bytes,and heapsize 20 blocks, or 5120 words. The bestconfigurationof FC-DOF is

Ä 10Å 20Å 8Æ , with copying cost56758,with 30270non-filteredpointerstores(of which 29775

non-duplicate),and29686processedentriesat garbagecollectiontime. Therememberedset

uniontotal is 11354,thusthefiltering achievesanoverheadof 161%.Thebest2GYF config-

urationis Ä 10Å 20Å 11Å 9Æ , with copying cost631920,with 3754non-filteredpointerstores(of

which 1541non-duplicate),and1541processedentriesat garbagecollectiontime. Thecopy-

ing costadvantageof FC-DOF is 575162,andits pointermanagementdisadvantageis 28614

insertions(26021for non-duplicates)and28145processedentries.Thepointer/copy costratio

wouldhaveto beover20È 1 for 2GYF to havetheoveralladvantage.With twiceaslargeblocks

(configurationsÄ 11Å 10Å 4Æ and Ä 11Å 10Å 6 Å 4Æ ) the resultsaresimilar, andthe pointer/copy cost

ratiobreak-evenpoint is 27È 0.

Thesituationis somewhatdifferentfor Lambda-Fact5 (Tables6.4,p.310and6.11,p.354).

Recall that no collector worked much better than non-generationalfor this benchmarkin

object-level simulationsof Section5.1,andthatdifferencesamongcollectorsweresmall. We

now look at block size29 bytesandheapsize90 blocks,or 11520words.Thebestconfigura-

tion of FC-DOF is Ä 9 Å 90Å 67Æ , with copying cost134723,with 21778non-filteredpointerstores

(of which 21769non-duplicate),and21087processedentriesat garbagecollectiontime. The
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rememberedsetuniontotal is 4365,whichmeansthatfiltering is unusuallyinefficienthere,at

anoverheadof 383%.Thebest2GYF configurationis Ä 9 Å 90Å 67Å 23Æ , with copyingcost158419,

with 801non-filteredpointerstores(of which558non-duplicate),and557processedentriesat

garbagecollectiontime. Thecopying costadvantageof FC-DOF is 23696,but its disadvantage

is 20977insertions(21211for non-duplicates)and20530processedentries.It is sufficient for

thepointer/copy costratio to beover1 È 12 for 2GYF to have theoveralladvantage.

Similarly, in Bloat-Bloat (Tables6.7, p. 327 and6.14,p. 376), we find that the copying

cost differencebetweenthe collectorsis very small, but the pointer managementcostsare

noticeablyhigherfor FC-DOF. For instance,with a block sizeof 216, anda heapsizeof 28

blocks,or 458752words,thebestconfigurationof FC-DOF is Ä 16Å 28Å 14Æ , with copying cost

2308104and387199non-filteredpointerstores,whereasthe bestconfigurationof 2GYF is

Ä 16Å 28Å 13Å 15Æ , with copying cost2498540and33304non-filteredpointerstores.In this case

it is sufficient for thepointer/copy costratio to beover0 È 53 for 2GYF to have lower total cost.

In Toba (Tables6.8,p. 331and6.15,p. 382),with 216-byteblocksanda heapsizeof 40

blocks,thedifferencein copying costin favor of FC-DOF configurationÄ 16Å 40Å 25Æ is 756188

words, and the differencein pointer cost in favor of 2GYF configuration Ä 16Å 40Å 23Å 17Æ is

288379operations,giving a pointer/copy costratio thresholdof 2 È 62.

BenchmarkJavaBYTEmark standsout (Tables6.6, p. 326 and6.13,p. 375). We look at

block size218 bytesanda heapsizeof 6 blocks,or 393216words. Oneof the (tied) best

configurationsof FC-DOF is Ä 18Å 6 Å 3Æ , with copying cost17634words,with 23 non-filtered

pointer stores(out of 49061pointer stores),19 non-duplicate,and 19 processedentriesat

garbagecollectiontime. Thebest2GYF configurationis Ä 18Å 6 Å 5 Å 1Æ , with copying cost37842

words,with 135 non-filteredpointerstores(of which 102 non-duplicate),and16 processed

entriesat garbagecollectiontime. Hereboth collectorshave negligible pointermanagement

costs,but FC-DOF is better, by morethana factorof 2, with respectto copying cost.

A summaryof thebreak-evenratiosof pointer-operationcostto word-copying costis pre-

sentedin Figures6.1–6.11,pp. 389–394(at the endof this chapter),for all simulatedheap
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sizes,includingtheexemplarsdiscussedabove. In thesegraphs,thehorizontalaxis indicates

theheapsize(in words),andtheverticalaxis indicatesthebreak-evenratio, shown on a log-

arithmicscale.Eachgraphcontainsseveraldatalines,onefor eachblock size. For example,

Figure6.1hasthreelines,for block sizes29, 210, and211 words. If in animplementationthe

ratioof thecostof apointeroperationto theper-wordcostof copying is abovethepoint in the

graph,then2GYF hasa lowercostoverall thanFC-DOF.

6.1.4 Additional observations

In addition to the comparisonbetweenFC-DOF and 2GYF, we canobserve a trade-off

betweencopying costandpointer-maintenancecost in the configurationsof FC-DOF itself.

Considerfor instancethe configurationsÄ 16Å 28Å�É�Æ of benchmarkBloat-Bloat. As the sizeof

collectedregion is increasedfrom 11 to 26 blocks, the copying costfirst briefly falls from

2 È 6 Ê 106 at11blocksto theminimumof 2 È 3 Ê 106 at13blocks(theconfigurationwecompared

against2GYF above), thenrisesto 5 È 4 Ê 106 at 24 blocks,andbriefly falls to 5 È 2 Ê 106 at 26

blocks.Althoughthecopying costis notstrictly monotoneincreasing,it showsaclearincreas-

ing trend.At thesametime, the“R.s. union” columnshows a decreasingtrend,from 106683

entriesin the rememberedsetunionwith collectedregion of 11 blocks,down to 29426with

26 blocks. The actualprocessingcostsin the “R.s. proc” columnarealsonearlymonotone

decreasing.

An examinationof all thetabulatedresultsfor theFC-DOF collectorrevealsthatthereare

remarkablyfew duplicateentries: the valuesin the “W.b. add” columnarecloseto thosein

the“W.b. insert” column.Therefore,it is not essentialto eliminateduplicatesearlyin pointer

management.A simplesequentialstorebuffer representationof the rememberedset,which

doesnot removeduplicates,maybeadequate.

With thesinglegenerationalrememberedsetof the2GYF collector, thenumberof dupli-

catesis significant:thevaluesin the“W.b. add” columnaretypically well below thosein the

“W.b. insert”column.Whentheproportionof duplicateentriesis large,it is wortheliminating
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themearlyandcheaply, e.g.,by usingacard-markingwrite barrier, with cardsflushedinto sets

withoutduplicates.

Sincethe proportionof pointerstoresretainedis higherin the FC-DOF collectorthanin

the2GYF collector, the amountof auxiliary spaceneededfor the rememberedsetsis higher,

which raisestheconcernaboutthe total memoryusageof thecollector. It turnsout,however,

that the spaceneededfor rememberedsetsis typically below 2% of heapsize. In particular,

assumingthat a rememberedsetentry usesoneword, the total sizeof rememberedsetsfor

all heapblocksis 0.62%of total heapsizefor StandardNonInteractive (in the configuration

discussedabove),0.49%for Richards, 1.38%for Bloat-Bloat, and1.02%for Toba. Therefore,

thespaceoverheadof pointermaintenancein FC-DOF is low.

Themeasuredvaluesfor individualcopyingandpointer-trackingoperations(Section3.2.5)

permitamoredetailedestimationof thetotalcostof collection.However, our trace-basedsim-

ulationdoesnot simulatestackcontents,andtherefore,while its copying countsareaccurate,

it cannotmodelthepointer-scanningcounts:thenumberof scannedpointersin to-spacethat

do not resultin objectcopying dependson thecontentsof thestack. We canestablishlower

andupperlimits, however. Thelowerlimit correspondsto approximatelyoneduplicatepointer

per object,that onebeingthe pointerto the classobject. The upperlimit correspondsto all

wordsbeingduplicatepointers.Weassumeindividualoperationcostsasin Section3.2.5,and,

for a givenheapsize,we allow eachcollectorto assumeits bestconfigurationwith respectto

the total costestimate.For theheapsizesasin theexamplesdiscussedabove, the lower and

upperboundsfor theratiosof total processorcyclesspenton garbagecollectionby 2GYF and

by DOF areasfollows: for benchmarkStandardNonInteractive, between2.66and3.28; for

benchmarkRichards, between3.84and5.70;for benchmarkLambda-Fact5, between0.98and

1.04; for benchmarkJavaBYTEmark, between2.16and2.48; for benchmarkToba, between

0.98and1.08; for benchmarkBloat-Bloat, between0.94 and0.98. Therefore,pointerman-

agementcostsdo not significantlyalter the qualitative performancerelationshipbetweenthe

two collectorsthat we establishedwhenconsideringthe amountscopiedin Chapter5: DOF
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remainssignificantlybetterthan2GYF ononesetof benchmarks,while notsignificantlyworse

than2GYF on theremainingbenchmarks.

6.2 Methods for examining the dir ectionsof pointers in the heap

An evaluationof thecostof remembered-setmaintenanceprovidesuswith raw numbers,

suchasthenumberof executedwrite-barrierchecks,thenumberof processedremembered-set

entries,andanestimateof the time penaltyof theseoperations.Uponseeingthesenumbers,

we canassesstheeffect of pointertrackingon differentcollectors,but we areat a lossabout

the origins of the effect. Justas it is necessaryto recognizewhere(in which region of the

heap)the high copying costwasincurred,it is necessaryto recognizewhere in the heapthe

pointer-trackingcostsarise,if weareto understandandremedythesituation.Ourpurposeis to

establishquantitativemeasurementswheretheliteraturesofarprovidesspeculativestatements.

6.2.1 Pointer storesin the ideal heap

We begin with anexaminationof pointerstoredirectionsin anabsolutesense,without ref-

erenceto a specificcollectionalgorithm,assuminginsteadthattheheapis perfectlycollected,

aswe did for theheapprofilesin Section5.4.3. For eachnon-nullpointerstore,we notethe

heappositionof both thepointersourceandthepointertarget. Recallthat the heapposition

of anobjectis expressedasthe distancefrom the youngendof the heap,i.e., theamountof

datathatwasallocatedsincethatobjectwasallocatedandis still live. We definepointerdis-

tanceasthedifferencebetweentheheappositionof thepointertargetandtheheappositionof

thepointersource.Hence,thedistanceis positive for younger-to-olderpointers,andnegative

for older-to-youngerpointers.Aggregatingover all stores,thedistribution of thepositionsis

shown in Figures6.12–6.25,pp. 395–408(at the endof this chapter). Eachfigure contains

threeplots: (a) a histogramof thedistribution of heappositionsof pointersources;(b) a his-

togramof thedistributionof heappositionsof pointertargets;and(c) acumulativedistribution

graphfor pointerdistancesanddirections.
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The pointer sourcehistogramsfor all programshave a peak in the low positions,the

youngestobjects.A majorityof pointerstoresareinto themostrecentlyallocatedobjects.We

emphasizethat thehistogramexcludesnull pointerstores,thereforethedefault initializations

of pointerfieldsto thenull pointerdonot skew thedistribution. Only theactualinitializations

by assignmentarereflectedin thehistogram.Thepointertargetdistributionsalsoexhibit sharp

peaksfor theyoungestobjects,andindeedthefactthatpointerdistancesareveryshortmeans

that thesourceandtargetdistributionsmustbesimilar. Thusa majority of pointersarefrom

oneobjectin theyoungestpartof theheapto another.

Wenow understandthatthegenerationalwrite barrierworkswell becausefor mostpointer

stores,both thesourceandthe targetarein the youngestgeneration,andthusthe storeneed

not be recorded.The putative explanation,that older-to-youngerpointersarerarerelative to

younger-to-olderpointers,is neithertrue(asthepointerdistancesgraphsshow, bothdirections

arecommon),nor relevant.

Two programswith exceptionalbehavior are Swim and Tomcatv; they have secondary

peaksof the pointer sourcedistribution amongthe oldestobjects. Both of theseprograms

usea commonimplementationof floating-pointmatrices.A floating-pointvaluein Smalltalk

is not representedasanimmediateregistervalue,becausethenecessarytagbit(s) would both

limit precisionandrequireexpensive conversionsto the hardwarefloating-pointformat. In-

stead,a level of indirection is used,and eachfloating-pointvalue is allocatedin the heap.

Computationcreatesnew floating-pointobjectsandupdatestheelementsof a matrix to point

to them.Sincethematrixitself is allocatedearlyin programexecution,computationproducesa

streamof old-to-new pointerstoresThispeculiarityof theSmalltalkfloating-pointrepresenta-

tion, andsimilar situationswith frequentlyupdateddatastructureswith boxedrepresentations

in generalandtheir interactionwith thewrite barrier, have beennotedbefore[Wilson, 1990;

Chambers,1992;Wilson,1992]asapotentialproblemfor thegenerationalwrite barrier.
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6.2.2 Pointer storesand rememberedsetsin age-basedcollectors

Wenow examinethepointerdistributionsthatariseasaresultof theexecutionof particular

collectionalgorithms.Our frameof referenceis anage-orderedheap,divided into blocksof

equalsize.Theheappositionof theyoungestblock (i.e., thecurrentallocationblock) is num-

bered0, andolderblocksaregivensuccessive numbers.We areinterestedin thedistribution

of pointer-trackingeventsby heapposition.In otherwords,weareinterested,having observed

thepositionaldistribution with anideally collectedheap,in any biasthattheactualcollection

schemeintroduces.

The resultingpointer sourceand target distributions are shown in plots (a)–(d) of Fig-

ures6.26–6.31,pp. 409–414,for the benchmarksand their configurationsdiscussedin the

precedingSection6.1.3.Plots(a)and(c) ontheleft reflectall non-nullpointerstores,whereas

plots (b) and(d) on the right reflectonly thosestoresnot eliminatedby filtering, i.e., those

insertedinto rememberedsets.Plots(a)and(b) show thehistogramof positionsof thepointer

source,whereasplots(c) and(d) show thehistogramof positionsof thepointertarget.

Additionally, thebottomplots(e) of Figures6.26–6.31show thepositionaldistributionof

therememberedsetentrieschosenfor processingatgarbagecollectiontime.

Theplots(a) and(c) show thesamepatternsasthecorrespondingplots(a) and(b) for the

perfectlycollectedheapin theprecedingsection.Therefore,theFC-DOF collector, owing to

its regularfull sweeps,doesnot maintainlargequantitiesof uncollected(“tenured”)garbage,

which, if present,wouldvisibly distortthedistributionrelativeto theperfectlycollectedheap.

Of greaterinterestis thedistributionof heappositionamongthenon-filteredpointerstores,

in plots (b) and (d). First note that the absolutenumbersaremuch smaller, sincefiltering

eliminatesmostpointerstores.

A majority of thenon-filteredstoresstill have their sourcein theyoungestblock (position

0). Thenon-filteredtargetsin theyoungestblock arefew, becauseof theblock-localfiltering.

However, therearemany targetstailing off from block1 towardsolderblocks—thedirectional

filter couldnot eliminatethepointersfrom block 0 into theseolderblocks. In Lambda-Fact5
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thereis alsoalargenumberof pointerswith sourcein block0 andtargetamongtheveryoldest

objects.

Whena filter cannoteliminatea pointerstore,it insertsit into the rememberedsetof the

targetblock. Thus,mostpointersareinsertedinto the rememberedsetsof blocksat low po-

sitions(but not position0). However, sometime elapsesbetweenthe pointerstoreandthe

timewhenthetargetblockbecomespartof thecollectedregionof acollection,andduringthat

time theblock agesandmovestowardhigherheappositions.Therefore,in thedistributionof

heappositionsof processedrememberedsetentries,thepeakis in themiddleor higher(older)

regions. In Lambda-Fact5, for instance,just theoldestof the90 blocksaccountsfor 30%of

all processedrememberedsetentries(Figure6.29(e),p. 412). Recall that the oldestblocks

containpermanentdata(Figure5.271,p. 258), hencecollectionsimmediatelyfollowing the

resettingof thewindow not only incur a high copying cost,but alsoa high pointerprocessing

cost.

BenchmarkJavaBYTEmark is an exception: the filtering is so successfulthat very few

pointersremainnon-filtered,and,with their numberso small, it is not warrantedto discuss

theirpositionaldistribution.

6.3 Method for evaluating the collectionstart-up cost

In additionto thecopying costof collection,which is directly relatedto theefficiency of

thecollectorin finding low-survival regions,andtheremembered-setmaintenancecost,which

is relatedto theability of thecollectorto approximatethestructureof theuncollectedregion

safelyandcheaply, thereareothercoststhatareincurredoneverycollection.

First, thereis a directoverheadof switchingsystemactivity from the mutatorto the col-

lector. This overheaddependson the implementationdetails. In someimplementations,the

collectionis triggeredby a pagefault on accessinga protectedpagepasttheendof theavail-

ablenurseryspace,or it mayinvolve saving architecturalstatebecausethemutatoris written

in a differentlanguagefrom the garbagecollectoritself, andin thesecasesthe start-upmay
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becostly. On theotherhand,this directoverheadis minimal in virtual machineimplementa-

tions.Thechangeof programfocusfrom themutatorto thecollectoralsohasanadverseeffect

on referencelocality—theperformanceof the instructioncache,andpossiblythedatacache,

degrades.

Second,eachcollectionrequiresestablishingtheglobalroots.Thesearefoundin theregis-

ters(machineor virtual)andin thestack(if theimplementationusesanexplicit stack).Whether

this taskis a largefractionof total garbagecollectioncostdependson theimplementation:in

thecaseof anexplicit stack,hastheimplementationprovidedstackmapsin aform thatpermits

efficientstackscanning[Diwanetal., 1992]?1

The costof stackscanningis not directly dependentof the garbagecollectionalgorithm

thatis subsequentlyemployed.However, thecostof onestackscandependson thestackstate

(how many activationrecordsthereareonthestack),henceit dependsonthemomentatwhich

it is examined. Sincedifferentcollectoralgorithmsresult in differentmomentsof collector

invocation,thereis anindirectdependenceof total scanningcoston collectionalgorithm,be-

yond the merenumberof invocations,but with many invocationsspreadover the execution,

with somewhatasynchronouspointsof collection,thisadditionaldependenceis probablyvery

weak.

In summary, thereis a certainfixedcostto bepaidfor eachcollectorinvocation.If weare

primarily concernedwith thetotal runningtimeof theprogram,thenwemustbecarefulin the

choiceof the garbagecollectionalgorithmlest it causetoo many collector invocations.For

many programs,we found that the lowestcopying costsareobtainedwith smallercollected

regionsor smallernurseries,andconsequentlywith larger numbersof collectorinvocations.

Clearly, whensomeratherlargenumberis reached[StefanovićandMoss,1994],theinvocation

costswill dominate.

1In thecaseof a stackhiddenwithin theheap,stackscanningis implicitly accomplishedduring theCheney
scanphaseof garbagecollection,soit is difficult to isolatethestackscanningcost.
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If, on the otherhand,the primary considerationis that of minimizing pausetimes,then

the invocationcost representsa fixed componentthat cannotbe avoided. Sincethis cost is

independentof the collectionalgorithm,exceptasmentionedabove, it is still appropriateto

chooseanalgorithmthatminimizestheothercosts.

6.3.1 Results

Theinvocationcostis shown in Figures6.32–6.135,pp.415–459.Theverticalaxisshows

thenumberof collectorinvocationsrelativeto thenon-generationalcollector. (Thispermitsus

to usethesamescalefor all plotsfor agivenbenchmark.)As before,thehorizontalaxisin the

FC plotsgivesthesizeof thecollectedregion expressedasthefractiong of heapsize. In the

GYF plots,thehorizontalaxisgivesthesizeof thenurseryasa fractionof heapsize.

A veryregularpatternemerges,for all benchmarks,andall heapsizes:whenthesizeof the

collectedregion(or nurserysize)is closeto thefull heapsize,thebehavior is non-generational

andtherelativeinvocationcountis closeto 1; but asthesizeof thecollectedregiondecreases,

theinvocationcountincreases.This resultis intuitively clear:theamountof garbagefoundby

a collectioncannotbelargerthanthesizeof thecollectedregion,thusthenumberof collector

invocationsmustriseasthereciprocalof thatsize,if we ignorefor a momenttheinfluenceof

thatsizeon theproportionof survivors.

6.4 Summary

We have shown that pointer-maintenancecostsin a generationalcollectorarevery low,

confirmingpastresearch.The analysisof pointerstoresrevealsthat the explanationlies in

thelocationof storedpointers(in recentlyallocateddata)andnot in thetemporaldirectionof

pointers(younger-to-olderor older-to-younger).

TheFC-DOF collector, becauseit collectssmallerregionsin all partsof theheap,incursa

considerablyhigherpointermaintenancecost,bothin thehighernumberof pointerstoresthat

mustberecordedatruntime(evenafterefficientfiltering),andin thehighnumberof incoming

293



pointersprocessedatgarbagecollectiontime. Our trade-off analysissuggeststhatthecopying

costadvantageof DOF outweighsthe pointercostdisadvantagefor several testedprograms,

but thefinal verdictmustawait a full implementation.

Let us note,however, that the focusof our studyon the applicationof collectorsto the

entireheapprecludedan investigationof the spaceof older (mature)objectsonly, in which

thedistributionsof pointerstoresaswell asthedistributionof lifetimesis lessfavorableto the

generationalapproach(to the extent that this canbe plausiblyinferredfrom observationsof

relatively longer-livedobjectsin our programs).Moreover, it canbeargued,pendingfurther

measurements,that, with rememberedsetcostshaving alreadybeenabsorbedin the mature

objectspace[HudsonandMoss,1992],deferredolder-first becomesa collectionpolicyworth

exploring. It is adifferentpolicy from thetrain algorithm[HudsonandMoss,1992;Seligmann

andGrarup,1995]; in particular, it doesnot guaranteereclamationof arbitrarycycles.On the

otherhand,thetrain algorithmleavescertainpromotiondecisionsfor objectsmovedout of a

train underspecified;whereaslocality (for the purposeof exploiting key objectopportunism

[Hayes,1991])is suggestedasa criterionfor makingthesedecisions(thus:moving anobject

closeto theobjectthatkeepsit liveby pointingto it), ageis a permissiblecriterionaswell.
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Table6.2.Costsof blockFC-DOF for StandardNonInteractive

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
9 12 10 98850 301 2668 2662 2645 371
9 14 6 20028 304 693 674 666 358
9 14 7 26720 269 1022 1005 986 440
9 14 9 81824 269 2333 2318 2292 592
9 14 10 80452 250 2365 2342 2322 474
9 14 12 73403 222 1705 1699 1686 234
9 17 6 14719 296 704 675 662 406
9 17 7 15403 255 623 597 584 343
9 17 8 14888 222 621 600 591 306
9 17 9 17476 201 608 593 572 219
9 17 10 19831 182 758 744 738 236
9 17 11 25396 171 897 881 875 465
9 17 12 56139 182 1751 1733 1720 431
9 17 13 56103 172 1375 1369 1315 179
9 17 14 56389 167 1505 1500 1483 171
9 17 15 53896 159 1394 1391 1375 190
9 17 16 51752 152 1007 1006 996 25
9 21 6 9878 288 640 607 582 329
9 21 7 9729 247 598 567 553 301
9 21 8 10506 217 575 544 534 262
9 21 9 10585 193 531 509 453 232
9 21 11 11634 159 514 499 486 282
9 21 12 13141 147 607 589 571 328
9 21 13 14320 137 517 504 497 227
9 21 14 15793 128 504 495 490 162
9 21 16 39201 125 1005 998 950 228
9 21 17 39948 122 1062 1056 1047 198
9 21 18 38121 117 834 833 821 164
9 21 19 37421 113 724 723 707 41
9 25 4 3902 418 688 648 615 392
9 25 5 4456 335 678 637 614 395
9 25 7 5563 241 668 630 601 308
9 25 8 7085 213 582 547 529 237
9 25 10 7141 170 562 531 514 239
9 25 11 8247 156 503 478 469 226
9 25 13 8773 132 426 410 397 212
9 25 14 8506 123 386 374 361 222
9 25 16 9578 108 368 364 347 187
9 25 17 10837 103 340 333 320 122
9 25 18 12331 97 429 424 411 164
9 25 20 30557 96 832 828 812 179
9 25 21 31288 94 859 854 804 137
9 25 22 31622 92 849 845 838 122
9 25 23 30533 89 694 688 675 47
9 25 24 30304 87 615 612 598 74
9 30 3 2246 550 664 623 595 444
9 30 4 2389 413 669 628 602 369
9 30 6 3519 278 678 640 619 360

continuedonnext page
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Table6.2.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
9 30 8 3210 208 658 619 599 246
9 30 10 3953 167 648 609 589 285
9 30 12 3827 139 555 522 505 198
9 30 13 3594 128 544 515 493 201
9 30 15 4885 112 482 458 445 241
9 30 17 7070 100 423 403 385 222
9 30 19 6247 89 289 279 272 166
9 30 20 8405 86 373 363 299 147
9 30 22 9205 78 227 218 209 120
9 30 24 9733 72 191 187 174 82
9 30 26 23200 72 540 534 526 128
9 30 27 24382 71 553 550 542 52
9 30 28 23502 70 471 470 465 92
9 30 29 24267 69 444 444 438 22
9 37 3 1621 546 683 642 611 462
9 37 6 1495 273 679 638 601 344
9 37 8 1486 205 682 641 603 254
9 37 10 1464 164 673 632 597 273
9 37 12 1560 137 672 631 598 225
9 37 14 2177 118 626 590 568 222
9 37 17 2317 97 496 468 451 152
9 37 19 2887 87 428 405 389 147
9 37 21 3155 79 372 355 336 164
9 37 23 3760 72 280 269 265 109
9 37 25 4376 67 228 218 206 118
9 37 27 5138 62 158 152 147 80
9 37 30 7571 57 273 270 259 147
9 37 31 8662 55 261 256 246 78
9 37 33 17392 55 398 396 391 71
9 37 34 18962 55 468 467 454 54
9 37 35 18851 54 469 467 451 43
9 37 36 18994 53 382 382 370 22
9 45 4 1492 407 698 657 610 383
9 45 7 1465 233 698 657 608 345
9 45 9 1376 181 698 657 607 297
9 45 12 1356 136 697 656 604 243
9 45 15 1405 109 665 625 588 331
9 45 18 1314 91 658 620 591 191
9 45 20 1349 82 605 569 547 183
9 45 23 1277 71 501 472 438 131
9 45 26 1484 63 362 343 320 109
9 45 28 2632 59 329 313 301 144
9 45 31 3011 53 279 272 256 114
9 45 33 3707 50 186 181 170 65
9 45 36 5089 47 124 118 108 35
9 45 38 6551 44 225 221 214 70
9 45 40 14201 44 299 296 284 87
9 45 41 14880 44 345 342 329 29

continuedonnext page
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Table6.2.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
9 45 42 14768 43 326 323 320 53
9 45 43 13976 42 272 272 264 48
9 54 2 1777 811 719 678 631 537
9 54 5 1508 324 717 676 629 428
9 54 8 1440 203 723 682 629 289
9 54 11 1414 148 714 673 623 278
9 54 15 1387 108 693 653 601 346
9 54 18 1288 90 692 652 603 201
9 54 21 1279 78 688 648 615 186
9 54 24 1235 68 668 629 588 141
9 54 28 1237 58 514 483 448 133
9 54 31 1267 53 414 393 366 135
9 54 34 1546 48 291 276 251 94
9 54 37 1556 44 222 211 195 80
9 54 40 2654 41 212 204 193 104
9 54 43 3743 39 116 113 97 48
9 54 46 6161 37 108 104 82 27
9 54 48 6683 35 152 151 143 78
9 54 50 11511 35 255 253 245 63
9 54 51 12149 35 303 301 285 20
9 54 52 11703 34 243 241 195 11

10 6 5 94809 294 1854 1851 1833 372
10 7 6 71219 217 1081 1073 1061 154
10 9 4 12907 214 517 500 495 360
10 9 5 17226 175 491 479 468 207
10 9 6 51354 170 1074 1062 1061 389
10 9 7 50572 153 1049 1041 1030 255
10 9 8 47608 142 808 806 791 67
10 11 3 8530 278 603 582 565 388
10 11 4 8571 209 519 496 491 330
10 11 5 9271 168 435 422 417 294
10 11 6 11251 141 419 408 397 242
10 11 7 13004 122 374 367 359 246
10 11 8 35565 119 799 796 786 195
10 11 9 36631 111 650 647 634 140
10 11 10 36273 105 604 603 594 156
10 13 3 4236 272 531 504 502 315
10 13 4 5581 205 546 517 504 287
10 13 5 6553 165 563 538 528 310
10 13 6 6637 138 446 428 427 263
10 13 7 7851 119 305 293 291 160
10 13 8 6745 103 347 344 293 170
10 13 9 9446 93 288 285 237 148
10 13 10 27375 91 473 470 461 149
10 13 11 28988 87 616 615 609 180
10 13 12 28514 83 501 500 487 130
10 15 3 2557 269 557 529 513 332
10 15 4 3302 203 590 564 551 322

continuedonnext page
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Table6.2.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 15 5 3311 162 566 541 528 281
10 15 6 3607 135 548 525 515 241
10 15 7 3374 116 398 378 372 227
10 15 8 4807 102 313 302 301 191
10 15 9 6164 92 267 261 252 152
10 15 10 7375 83 238 230 215 148
10 15 11 9205 76 320 313 306 184
10 15 12 23645 75 491 485 474 143
10 15 13 23797 71 420 418 416 82
10 15 14 24146 69 440 439 426 58
10 19 2 1820 400 585 557 534 425
10 19 3 1591 266 589 561 534 358
10 19 4 1602 200 591 563 533 311
10 19 5 1570 160 587 559 528 278
10 19 6 1520 133 583 555 524 236
10 19 7 1432 114 550 525 509 244
10 19 9 1782 89 415 395 389 163
10 19 10 2988 81 339 321 313 157
10 19 11 2912 73 290 278 256 131
10 19 12 4234 68 256 248 242 130
10 19 13 4377 63 217 209 206 134
10 19 14 6130 59 245 239 236 143
10 19 15 5266 55 132 130 129 73
10 19 16 16607 54 279 278 275 76
10 19 17 18372 53 473 469 455 157
10 19 18 18033 51 299 297 296 57
10 23 2 1798 398 602 574 540 434
10 23 3 1569 265 605 577 539 366
10 23 5 1524 159 607 579 538 295
10 23 6 1474 133 608 580 547 259
10 23 8 1465 100 584 557 540 216
10 23 9 1462 89 568 541 527 194
10 23 10 1388 80 540 515 501 187
10 23 12 1717 67 401 385 372 124
10 23 13 1915 62 315 304 296 119
10 23 14 1306 57 274 262 256 136
10 23 16 2822 50 159 155 147 80
10 23 17 4219 48 111 107 101 56
10 23 18 4546 45 176 170 170 89
10 23 20 13522 43 255 251 241 113
10 23 21 13615 41 311 310 310 101
10 23 22 13359 40 191 190 184 19
10 27 2 1788 396 623 595 560 454
10 27 4 1538 198 630 602 560 344
10 27 6 1452 132 630 602 557 272
10 27 7 1340 113 598 571 539 275
10 27 9 1366 88 589 562 535 208
10 27 11 1326 72 582 556 531 193
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 27 12 1294 66 572 547 523 148
10 27 14 1204 57 433 413 402 151
10 27 15 1305 53 351 336 322 128
10 27 17 1319 47 257 244 236 109
10 27 18 1614 44 210 201 195 95
10 27 20 2601 40 187 181 169 114
10 27 22 4323 37 186 181 171 100
10 27 23 4753 35 231 229 216 141
10 27 24 10737 35 230 228 224 97
10 27 25 11380 34 218 218 216 63
10 27 26 11676 34 159 159 155 17

11 4 3 65841 206 867 857 806 441
11 5 3 48669 166 776 765 762 341
11 5 4 44080 135 472 470 470 232
11 6 2 6708 206 385 374 372 297
11 6 3 9426 139 397 387 379 291
11 6 4 35048 117 666 663 657 329
11 6 5 33374 102 289 286 286 177
11 7 2 3504 202 403 393 386 278
11 7 3 4999 136 346 336 336 221
11 7 4 6905 103 251 249 247 196
11 7 5 28399 91 504 501 501 245
11 7 6 26087 80 358 356 352 114
11 8 2 2119 200 421 407 378 271
11 8 3 2951 134 380 370 359 204
11 8 4 4086 101 283 280 272 191
11 8 5 6241 82 136 134 130 94
11 8 6 21036 73 346 343 337 151
11 8 7 22735 67 272 270 268 69
11 10 2 1392 198 446 432 393 294
11 10 3 1372 132 445 431 392 241
11 10 4 1290 99 410 398 379 171
11 10 5 2137 80 269 263 258 138
11 10 6 3129 67 157 154 149 102
11 10 7 4339 58 123 122 122 94
11 10 8 14946 53 107 107 103 51
11 10 9 16282 50 83 83 82 39
11 12 2 1392 197 468 454 413 314
11 12 3 1352 132 447 433 410 259
11 12 4 1282 99 437 424 401 191
11 12 5 1258 79 414 402 383 160
11 12 6 1236 66 314 307 294 139
11 12 7 1470 57 236 229 227 146
11 12 8 2622 50 143 139 138 74
11 12 9 3653 45 128 127 126 91
11 12 10 12324 42 152 151 151 80
11 12 11 13546 40 110 110 109 46
11 14 2 1366 196 482 468 415 320
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
11 14 3 1352 131 464 450 424 276
11 14 4 1268 98 457 444 407 207
11 14 5 1258 79 447 434 411 180
11 14 6 1228 66 441 429 408 161
11 14 7 1217 56 355 345 316 157
11 14 8 1154 49 287 278 254 104
11 14 9 1655 44 178 175 174 98
11 14 10 2531 40 126 121 120 85
11 14 11 3763 37 91 91 85 59
11 14 12 9620 34 140 137 129 78
11 14 13 11007 33 84 83 81 56

12 3 2 37115 118 276 275 275 275
12 4 2 5110 101 272 267 260 209
12 4 3 23469 74 232 228 227 225
12 5 2 1429 99 298 291 285 184
12 5 3 4417 67 175 173 169 164
12 5 4 17690 54 151 150 148 147
12 6 2 1342 99 327 319 310 208
12 6 3 1232 66 204 200 198 116
12 6 4 3679 50 113 112 112 71
12 6 5 13746 42 127 127 127 125
12 7 2 1320 98 347 339 321 219
12 7 3 1210 66 324 316 311 141
12 7 4 1295 49 176 174 167 119
12 7 5 2375 40 108 108 108 99
12 7 6 11784 35 213 212 212 212

13 3 2 17281 54 250 248 248 247
13 4 2 1223 49 144 139 135 131
13 4 3 10752 34 187 185 177 177
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Table6.3.Costsof blockFC-DOF for HeapSim

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
13 56 48 5327558 134 229815 229769 225707 75
13 56 50 4878471 123 211206 211162 207048 71
13 56 52 4603637 116 198078 198034 193762 65
13 56 53 4440427 112 191022 190978 187058 63
13 56 54 4274724 108 184076 184032 179898 63
13 68 6 529350 341 10125 9204 7274 2528
13 68 10 588982 208 13767 12846 10113 2744
13 68 14 668317 151 17993 17199 14666 2795
13 68 18 832717 122 27313 26514 22811 3977
13 68 22 1345262 112 51121 50337 46630 7659
13 68 27 2168396 107 87428 86892 83335 10645
13 68 31 2194904 96 90304 89751 85921 7255
13 68 35 3250597 98 136637 136084 132424 9942
13 68 39 3570427 99 149910 149362 145490 4543
13 68 43 3532656 95 151487 150949 146974 1981
13 68 46 3343271 89 142525 141987 137756 700
13 68 50 3128299 82 133954 133910 129392 52
13 68 54 2873891 75 121245 121201 117114 48
13 68 58 2697368 69 113692 113650 109466 45
13 68 60 2587184 66 109339 109297 105317 43
13 68 63 2484252 63 104596 104565 100311 42
13 68 64 2403352 62 102571 102540 98539 40
13 68 65 2409081 61 103261 103230 99108 41
13 68 66 2326937 60 99026 98960 94853 40
13 83 7 421530 283 7670 6730 5229 1802
13 83 12 418704 165 9241 8423 5764 1236
13 83 17 502316 119 12889 12071 9258 1545
13 83 22 497638 92 14342 13524 10105 1584
13 83 27 580774 77 18915 18362 14538 1557
13 83 32 655284 66 22787 22234 18286 1762
13 83 37 895854 60 32883 32335 28315 2132
13 83 42 1208816 57 49085 48537 44685 1676
13 83 47 1918684 60 79729 79683 75683 47
13 83 52 1869868 55 76792 76748 72232 42
13 83 56 1904614 53 79547 79503 75356 40
13 83 61 1798912 49 75354 75323 70722 37
13 83 66 1773195 47 72834 72809 68653 34
13 83 71 1676040 44 67654 67636 63125 32
13 83 74 1650759 42 67342 67324 63743 31
13 83 76 1572842 41 66925 66907 62993 31
13 83 78 1635741 41 67429 67411 63417 30
13 83 79 1548874 40 61941 61923 58077 29
13 83 80 1554664 40 63290 63283 58785 20
13 101 9 331754 213 6587 5727 3896 1375
13 101 15 331560 128 7359 6621 3975 1079
13 101 21 333382 92 7590 6852 4111 1090
13 101 27 413435 73 9948 9456 6908 855
13 101 33 411742 60 11566 11074 7285 782

continuedonnext page

301



Table6.3.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
13 101 39 492751 52 14677 14185 10231 846
13 101 45 486986 45 14810 14318 10319 905
13 101 52 638726 40 22554 22554 17191 226
13 101 58 873771 38 32773 32773 29127 29
13 101 64 1169229 37 46766 46766 42974 25
13 101 69 1287495 36 51013 51013 47110 22
13 101 75 1269543 34 50473 50473 46656 19
13 101 81 1236771 32 51036 51036 47323 18
13 101 86 1224301 31 49283 49283 45273 16
13 101 90 1202810 30 49002 49002 45104 14
13 101 93 1122663 29 46960 46960 41948 14
13 101 95 1180671 29 47195 47195 43382 14
13 101 96 1184501 29 48290 48290 44716 15
13 101 97 1095749 28 43952 43952 39771 14
13 123 4 262984 465 4645 3731 3297 1628
13 123 11 323488 172 6681 5821 4267 1403
13 123 18 323284 105 7535 6797 4506 980
13 123 26 323098 73 8895 8403 4627 539
13 123 33 325582 58 8152 7660 4847 551
13 123 41 327370 47 9488 8996 4783 681
13 123 48 324917 40 7788 7788 3812 77
13 123 55 405206 36 12158 12158 7759 240
13 123 63 398933 31 12113 12113 7417 192
13 123 70 477079 29 15965 15965 11683 24
13 123 77 535990 26 20078 20078 16137 20
13 123 84 838665 26 33417 33417 28955 18
13 123 91 900843 25 34462 34462 31190 15
13 123 98 941868 24 35447 35447 31789 14
13 123 105 928914 23 36702 36702 32423 12
13 123 109 902469 22 35888 35888 31958 12
13 123 113 913267 22 36972 36972 32766 12
13 123 116 880675 21 33190 33190 29506 11
13 123 117 882820 21 33127 33127 29888 11
13 123 119 887955 21 34990 34990 30754 11
13 150 4 235342 455 4616 3702 2989 1543
13 150 13 236684 140 5150 4412 2755 884
13 150 22 238944 83 5828 5090 2725 1034
13 150 31 240390 59 5762 5270 2269 494
13 150 40 270026 46 7484 6992 4671 712
13 150 49 311629 38 8344 8344 5361 161
13 150 58 310068 32 9080 9080 5258 74
13 150 67 313274 28 7798 7798 4697 42
13 150 76 317015 25 8711 8711 4642 127
13 150 86 397160 23 12786 12786 7864 20
13 150 94 392270 21 12771 12771 8720 18
13 150 102 451379 19 13099 13099 10465 15
13 150 111 602409 19 20151 20151 15649 12
13 150 120 715389 18 27360 27360 23323 10

continuedonnext page

302



Table6.3.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
13 150 127 698011 17 29014 29014 24914 10
13 150 133 687710 17 24386 24386 19714 9
13 150 138 682529 16 27022 27022 23593 9
13 150 141 658355 16 24383 24383 19985 8
13 150 143 662166 16 25583 25583 21097 7
13 150 145 666004 16 26918 26918 22626 8
13 182 5 218646 356 4614 3700 2948 1506
13 182 16 221298 112 5202 4464 2724 789
13 182 27 221454 66 5377 4885 2388 447
13 182 38 224282 47 6342 5850 2382 579
13 182 49 228770 37 5597 5597 1648 34
13 182 60 228854 30 6175 6175 1464 28
13 182 71 237158 26 6485 6485 1235 25
13 182 82 307481 23 8553 8553 6168 122
13 182 93 304693 20 8461 8461 5748 37
13 182 104 305546 18 9321 9321 5238 17
13 182 115 300217 16 8737 8737 5161 15
13 182 124 385192 16 13160 13160 9014 13
13 182 135 365004 14 10807 10807 7837 11
13 182 146 504015 14 16857 16857 12244 9
13 182 155 548267 13 22566 22566 18841 8
13 182 162 539117 13 20255 20255 16776 7
13 182 167 545998 13 20653 20653 16221 7
13 182 171 508107 12 16674 16674 12150 6
13 182 174 511535 12 19287 19287 14996 6
13 182 175 512429 12 14577 14577 10903 6
13 222 7 199978 248 4456 3596 2834 1252
13 222 20 202424 87 5053 4315 2668 949
13 222 33 205140 53 5425 4933 2349 517
13 222 47 204892 37 5085 5085 1659 36
13 222 60 206750 29 5825 5825 1647 27
13 222 73 210396 24 6116 6116 1601 24
13 222 87 211360 20 6851 6851 1419 20
13 222 100 221162 18 7174 7174 1203 18
13 222 113 224604 16 7277 7277 913 16
13 222 127 222393 14 6888 6888 629 13
13 222 140 290073 13 7703 7703 6128 12
13 222 151 286996 12 9325 9325 5869 10
13 222 164 283598 11 10095 10095 5006 9
13 222 178 357878 11 10878 10878 7369 8
13 222 189 399981 10 13202 13202 9945 6
13 222 197 408207 10 16842 16842 10732 6
13 222 204 466652 10 16451 16451 12950 5
13 222 209 451551 10 15611 15611 12263 5
13 222 212 453891 10 17300 17300 14135 3
13 222 214 455336 10 15654 15654 12373 5
13 270 8 179142 209 4356 3496 2772 1126
13 270 24 181040 70 4503 4011 2291 406
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
13 270 40 183696 42 5207 4715 2276 601
13 270 57 187684 30 5005 5005 1620 30
13 270 73 186344 23 5668 5668 1576 23
13 270 89 190224 19 5995 5995 1572 19
13 270 105 190834 16 6667 6667 1499 15
13 270 121 194878 14 6913 6913 1320 14
13 270 138 210132 13 7246 7246 1055 13
13 270 154 199616 11 7363 7363 752 11
13 270 170 203188 10 7003 7003 540 10
13 270 184 280703 10 9740 9740 6684 9
13 270 200 273859 9 9693 9693 6172 8
13 270 216 263844 8 9200 9200 5927 7
13 270 229 273585 8 9587 9587 5108 6
13 270 240 335381 8 13085 13085 8045 4
13 270 248 392686 8 16898 16898 11479 5
13 270 254 397683 8 12546 12546 9841 4
13 270 258 382987 8 16627 16627 10102 4
13 270 260 356163 7 12586 12586 9538 3

14 28 24 5550430 138 204080 204034 200590 75
14 28 25 5054931 127 184323 184279 180576 69
14 28 26 4686691 118 170751 170707 167123 69
14 28 27 4358808 110 159056 159012 155314 64
14 34 5 645248 210 10407 9492 8243 3174
14 34 7 754665 154 14781 13985 11779 3275
14 34 9 918166 125 21572 20771 17977 4375
14 34 23 3396793 90 125453 124915 121170 700
14 34 25 3123537 82 113742 113698 109997 51
14 34 27 2868354 75 105154 105110 101446 49
14 34 29 2696212 70 100025 99983 96481 46
14 34 30 2584574 67 93413 93371 89592 43
14 34 31 2560361 65 91205 91174 87359 41
14 34 32 2396401 62 85477 85446 81935 41
14 34 33 2321905 60 84661 84636 81254 40
14 42 6 418586 165 6079 5258 3848 1231
14 42 9 499816 112 8744 7923 6043 1544
14 42 11 497767 92 8286 7465 5577 1573
14 42 14 578612 74 13443 12890 10120 1756
14 42 16 655663 66 16151 15598 12969 1619
14 42 19 980222 60 28627 28079 24961 2098
14 42 21 1208610 57 40001 39453 36071 1677
14 42 24 1909889 59 68207 68161 64563 46
14 42 26 1871502 55 65784 65740 62234 42
14 42 29 1831696 51 65338 65296 61615 38
14 42 31 1776685 48 61938 61907 58209 36
14 42 34 1692207 45 58128 58110 54792 32
14 42 36 1679846 43 59304 59286 55438 32
14 42 37 1651400 42 58429 58411 54520 32
14 42 39 1545659 40 55238 55220 51481 29
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
14 42 40 1551810 39 54678 54671 50834 23
14 51 5 331998 192 4510 3656 2572 1334
14 51 8 330962 120 4650 3910 2560 880
14 51 11 330793 87 5332 4592 2611 1156
14 51 14 411850 70 7655 7163 4885 841
14 51 17 410324 58 8211 7719 4898 706
14 51 20 488486 50 11328 10836 8088 834
14 51 23 485034 44 10295 9803 6778 829
14 51 26 638147 40 16715 16715 13649 222
14 51 29 786953 37 23931 23931 20042 29
14 51 32 1168684 37 40093 40093 36952 24
14 51 35 1205305 35 39330 39330 35731 21
14 51 38 1252689 34 42615 42615 39011 19
14 51 41 1242597 32 41974 41974 38154 18
14 51 43 1225824 31 43300 43300 39796 17
14 51 45 1202816 30 39831 39831 35944 16
14 51 47 1177971 29 38347 38347 34783 15
14 51 48 1092712 28 36536 36536 32276 14
14 51 49 1099447 28 35996 35996 32128 13
14 62 2 261134 465 3318 2420 2200 1596
14 62 6 323628 158 4103 3363 2598 968
14 62 9 323398 105 4986 4246 2831 986
14 62 13 323016 73 4577 4085 2729 515
14 62 17 323656 56 5730 5238 2813 569
14 62 20 326552 48 5757 5265 2817 736
14 62 24 324853 40 3906 3906 1916 72
14 62 28 403189 35 6609 6609 3773 138
14 62 32 474790 31 10820 10820 7829 76
14 62 35 478933 29 10874 10874 7340 26
14 62 39 625909 27 17390 17390 14789 22
14 62 42 838536 26 27520 27520 23023 17
14 62 46 816180 24 27486 27486 24268 15
14 62 50 858927 23 28176 28176 23716 11
14 62 53 841732 22 27276 27276 23639 12
14 62 55 906078 22 29425 29425 25445 12
14 62 57 823756 21 26996 26996 22692 11
14 62 58 881096 21 29095 29095 25289 11
14 62 59 885920 21 29549 29549 26149 11
14 62 60 890286 21 30626 30626 26072 10
14 75 2 235470 455 3336 2438 2059 1534
14 75 7 237046 130 3447 2707 1859 935
14 75 11 239184 83 3828 3088 1844 1031
14 75 16 240352 57 3619 3127 1442 504
14 75 20 314834 47 5290 4798 3248 743
14 75 25 317502 38 3965 3965 2601 123
14 75 29 318051 33 5973 5973 2919 71
14 75 34 316763 28 5882 5882 2812 78
14 75 38 316858 25 6376 6376 2586 121
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
14 75 43 397200 23 9104 9104 6137 21
14 75 47 392112 21 8653 8653 5426 19
14 75 51 451306 19 12409 12409 8424 15
14 75 55 599085 19 17036 17036 13567 12
14 75 60 714868 18 22066 22066 18422 11
14 75 64 699476 17 21148 21148 17498 9
14 75 67 689011 17 21851 21851 17552 9
14 75 69 682475 16 21351 21351 17511 9
14 75 70 656226 16 20039 20039 16145 8
14 75 72 663917 16 21995 21995 16860 6
14 91 3 219210 297 3238 2384 1986 1243
14 91 8 221572 112 3458 2718 1845 786
14 91 14 223110 64 3359 2867 1523 457
14 91 19 224464 47 3744 3252 1515 581
14 91 25 227398 36 2939 2939 802 35
14 91 30 229080 30 3117 3117 720 29
14 91 35 233764 26 3307 3307 618 26
14 91 41 307534 23 5134 5134 3429 107
14 91 46 302250 20 5820 5820 3185 22
14 91 52 305415 18 6783 6783 3188 16
14 91 57 298143 16 5359 5359 3085 15
14 91 62 385090 16 9360 9360 6411 14
14 91 67 363339 14 7790 7790 5325 11
14 91 73 503458 14 15791 15791 12751 9
14 91 77 546225 13 17261 17261 13730 6
14 91 81 538573 13 18057 18057 15413 7
14 91 84 546730 13 16078 16078 12934 7
14 91 86 508737 12 16459 16459 12021 6
14 91 87 511166 12 16299 16299 11642 6
14 91 88 513513 12 16121 16121 12674 6
14 111 3 199794 289 3208 2354 1962 1235
14 111 10 202544 87 3418 2678 1817 949
14 111 17 203910 51 3583 3091 1491 528
14 111 23 207684 38 3708 3216 1492 677
14 111 30 206990 29 2943 2943 814 28
14 111 37 213916 24 3481 3481 794 24
14 111 43 220342 21 3838 3838 720 20
14 111 50 221422 18 4107 4107 595 17
14 111 57 227066 16 4439 4439 438 16
14 111 63 220788 14 4532 4532 317 12
14 111 70 290344 13 7923 7923 4232 12
14 111 75 285262 12 6848 6848 3463 11
14 111 82 283616 11 8281 8281 3238 9
14 111 89 357832 11 9015 9015 5919 8
14 111 94 398542 10 12974 12974 8263 5
14 111 99 460576 10 15273 15273 11766 6
14 111 102 466149 10 13152 13152 10640 5
14 111 104 450465 10 14516 14516 10762 5
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
14 111 106 453677 10 12947 12947 9556 5
14 111 107 455024 10 14487 14487 10353 5
14 135 4 179400 209 3168 2314 1931 1120
14 135 12 181268 70 2823 2331 1470 406
14 135 20 183990 42 3366 2874 1462 602
14 135 28 184422 30 2375 2375 787 29
14 135 36 192066 24 3152 3152 802 22
14 135 45 192790 19 3355 3355 784 18
14 135 53 192960 16 3976 3976 742 15
14 135 61 197078 14 4122 4122 650 14
14 135 69 210294 13 4710 4710 520 13
14 135 77 199868 11 4708 4708 370 9
14 135 85 203356 10 4726 4726 265 10
14 135 92 280776 10 7846 7846 4774 9
14 135 100 273982 9 7142 7142 4256 7
14 135 108 264050 8 7512 7512 4177 6
14 135 115 329110 8 9547 9547 6676 6
14 135 120 335362 8 9323 9323 6549 5
14 135 124 392671 8 12228 12228 7281 5
14 135 127 380687 8 10648 10648 7749 4
14 135 129 383053 8 10559 10559 7528 4
14 135 130 356199 7 11790 11790 7854 4

16 9 7 2668451 70 40142 40083 38628 45
16 9 8 2392160 61 35413 35374 33837 40
16 11 7 1808389 51 26142 26083 24687 38
16 11 8 1757214 47 24343 24304 22969 32
16 11 9 1637526 42 22724 22706 21081 31
16 11 10 1548682 39 22613 22606 21056 23
16 13 3 412539 82 2633 2191 1700 764
16 13 4 406817 61 3028 2586 1807 701
16 13 5 483723 50 3670 3228 2439 681
16 13 6 638167 43 5367 5367 4338 354
16 13 7 1100806 41 14427 14427 12843 29
16 13 8 1295537 38 17455 17455 15959 24
16 13 9 1254035 35 17768 17768 16246 20
16 13 10 1234528 33 17133 17133 15583 18
16 13 11 1191068 30 17076 17076 15397 15
16 13 12 1182383 29 15694 15694 14318 13
16 16 3 322217 79 2090 1648 1113 534
16 16 4 321217 59 1923 1481 1012 545
16 16 5 325307 48 2060 1618 1154 734
16 16 6 360866 40 1817 1817 1327 174
16 16 7 400007 35 2270 2270 1290 93
16 16 8 475297 31 3417 3417 2306 27
16 16 9 546689 28 6415 6415 4923 24
16 16 10 680905 26 7440 7440 6169 18
16 16 11 886071 25 10958 10958 9867 16
16 16 12 931577 24 12285 12285 10833 14
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
16 16 13 833872 22 10694 10694 8968 12
16 16 14 818485 21 9929 9929 8493 11
16 16 15 888553 21 11325 11325 9806 11
16 19 2 237998 114 1891 1273 1030 792
16 19 3 239140 76 1622 1180 797 412
16 19 4 244689 57 1661 1219 873 539
16 19 5 315112 47 2683 2241 1383 732
16 19 6 314018 39 1362 1362 685 126
16 19 7 316405 34 1581 1581 695 62
16 19 9 312103 26 1644 1644 610 79
16 19 10 389188 24 2705 2705 1846 22
16 19 11 384936 22 3387 3387 2058 19
16 19 12 448205 20 3630 3630 2036 17
16 19 13 522589 19 6188 6188 4774 13
16 19 14 659237 19 8480 8480 7144 12
16 19 15 712567 18 8467 8467 7369 11
16 19 16 673846 17 7269 7269 5507 9
16 19 17 735980 17 8719 8719 6742 9
16 19 18 659932 16 8721 8721 6855 7
16 23 2 222054 112 1879 1261 1027 791
16 23 3 223972 75 1521 1079 801 411
16 23 5 227186 45 1717 1275 798 605
16 23 6 230838 38 788 788 206 37
16 23 8 229100 28 977 977 171 28
16 23 9 231782 25 803 803 147 23
16 23 10 301284 23 1770 1770 973 116
16 23 12 300676 19 1801 1801 932 18
16 23 13 306067 18 2208 2208 919 16
16 23 14 308492 17 2035 2035 847 14
16 23 16 372624 15 3396 3396 2084 12
16 23 17 426714 14 3752 3752 2610 10
16 23 18 559924 14 6952 6952 5929 9
16 23 20 533817 13 5414 5414 4000 7
16 23 21 590446 13 6527 6527 4238 5
16 23 22 509956 12 6419 6419 4761 6
16 28 3 204122 73 1502 1060 795 409
16 28 4 206604 55 1590 1148 795 504
16 28 6 209778 37 643 643 211 36
16 28 8 214660 28 932 932 210 28
16 28 9 216674 25 743 743 204 24
16 28 11 214488 20 1035 1035 175 20
16 28 13 218216 17 1066 1066 138 16
16 28 14 222556 16 1182 1182 115 15
16 28 16 287541 14 2279 2279 1405 13
16 28 18 295992 13 1834 1834 927 12
16 28 19 288303 12 2249 2249 818 11
16 28 21 348937 11 4393 4393 2287 7
16 28 22 419059 11 4366 4366 3188 8
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16 28 24 401427 10 4838 4838 3716 6
16 28 25 460841 10 4919 4919 3664 6
16 28 26 448400 10 5458 5458 3515 5
16 28 27 455716 10 5214 5214 3742 5
16 34 3 181628 70 1470 1028 786 406
16 34 5 184300 42 1604 1162 784 602
16 34 7 184866 30 635 635 198 28
16 34 9 192702 24 816 816 202 23
16 34 11 199138 20 877 877 204 20
16 34 13 202080 17 953 953 194 16
16 34 15 193266 14 966 966 163 13
16 34 17 207230 13 1602 1602 135 13
16 34 19 216870 12 1076 1076 98 12
16 34 21 222948 11 1470 1470 70 9
16 34 23 280968 10 1846 1846 1428 9
16 34 25 274090 9 2298 2298 1228 7
16 34 27 261107 8 1944 1944 1051 6
16 34 29 327756 8 4021 4021 2610 5
16 34 30 384174 8 4272 4272 2859 5
16 34 31 391287 8 4589 4589 3023 5
16 34 32 381945 8 4174 4174 3100 4
16 34 33 357620 7 4707 4707 2906 4

18 4 3 994314 26 1984 1984 1798 13
18 5 3 716660 22 1481 1481 1219 14
18 5 4 715983 18 1270 1270 1098 9
18 6 2 301908 29 513 513 282 106
18 6 3 294933 19 239 239 104 16
18 6 4 484641 15 851 851 490 10
18 6 5 571520 13 1351 1351 987 7
18 7 2 219224 28 186 186 53 27
18 7 3 277118 19 363 363 296 133
18 7 4 284000 14 335 335 203 13
18 7 5 468578 12 966 966 649 8
18 7 6 510907 11 1137 1137 773 6
18 9 2 182914 26 102 102 50 25
18 9 3 195020 18 146 146 51 17
18 9 4 191294 13 188 188 39 13
18 9 5 208406 11 288 288 23 10
18 9 6 259985 9 280 280 123 7
18 9 7 315384 8 686 686 397 5
18 9 8 349081 7 578 578 219 3
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Table6.4.Costsof blockFC-DOF for Lambda-Fact5

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
9 60 51 482991 158 64550 64522 63936 8485
9 60 53 450215 147 60235 60218 59583 6852
9 60 55 405639 134 52834 52818 52100 4356
9 60 56 374651 125 48390 48364 47787 3095
9 60 57 381807 125 48949 48929 48300 2632
9 74 55 265528 89 39148 39135 38387 7066
9 74 59 240676 80 34351 34329 33295 5180
9 74 63 234167 76 31835 31827 31239 3690
9 74 66 220311 72 28890 28882 27829 2773
9 74 68 234085 73 29860 29846 29139 2266
9 74 70 253979 75 31514 31507 30835 1861
9 74 71 254287 75 31191 31177 30598 1470
9 90 41 175200 90 28705 28673 27814 9271
9 90 46 142305 74 23904 23875 22604 6300
9 90 51 186703 76 28381 28366 27778 7595
9 90 57 166633 63 27758 27734 26685 6252
9 90 61 142518 56 24510 24487 23817 5688
9 90 67 134723 51 21778 21769 21087 4365
9 90 72 144858 50 21317 21307 20511 3583
9 90 77 142746 48 20197 20196 19633 2961
9 90 80 145369 47 19577 19572 18935 2237
9 90 83 158048 48 20227 20220 19415 1704
9 90 85 161111 48 20296 20292 19429 1401
9 90 86 163742 48 20587 20581 19669 1197
9 90 87 175843 49 21677 21667 20938 996
9 109 36 130099 90 24199 24154 23261 8062
9 109 43 145471 78 25416 25380 24623 8706
9 109 49 114712 64 21234 21196 20236 6104
9 109 56 108150 55 19976 19946 19185 5030
9 109 62 129899 53 22551 22524 21314 5840
9 109 69 117367 46 19598 19586 18870 4522
9 109 74 111536 42 18610 18588 17917 3873
9 109 81 104571 38 17338 17324 16714 3483
9 109 87 106880 36 16819 16812 16224 2813
9 109 93 117771 36 16595 16589 16034 2291
9 109 97 116277 35 16183 16178 15644 1970
9 109 100 115132 34 14899 14895 13992 1564
9 109 102 117070 34 14735 14733 13759 1342
9 109 104 128408 35 16222 16217 15642 1137
9 109 105 119759 34 15079 15070 14066 928
9 133 36 145531 92 27529 27461 26460 10061
9 133 44 83796 64 19257 19206 17881 5351
9 133 52 87488 55 19423 19376 18692 5443
9 133 60 80920 47 17522 17485 15784 4084
9 133 68 83801 42 17613 17584 16223 4069
9 133 76 93625 39 17474 17447 16041 4003
9 133 84 79042 34 14759 14746 14105 3225
9 133 90 75734 31 13887 13864 12821 2924
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Table6.4.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
9 133 98 82075 29 14001 13973 12520 2490
9 133 106 76978 26 12414 12411 11811 2553
9 133 113 76246 25 11785 11774 10704 1773
9 133 118 77326 25 10945 10932 10155 1432
9 133 122 88379 25 12093 12090 11382 1467
9 133 125 91362 25 11908 11904 11213 1182
9 133 127 94684 25 11966 11964 11267 1012
9 133 128 97783 25 12000 11993 11229 855
9 162 34 85476 82 21042 20984 19750 7169
9 162 44 65589 59 18049 18004 16627 4646
9 162 53 60983 49 17424 17379 16240 4119
9 162 63 68838 42 17351 17302 16292 4738
9 162 73 58747 36 15237 15198 14069 3242
9 162 83 51175 31 12907 12871 11986 2510
9 162 92 48529 27 11519 11487 10359 2238
9 162 102 53510 25 11613 11598 10672 2473
9 162 110 57471 24 11266 11253 10613 2338
9 162 120 61997 22 11140 11130 9712 1974
9 162 130 57740 20 9676 9670 9051 2240
9 162 138 52695 19 8274 8272 7566 1621
9 162 144 54891 18 8076 8071 7401 1210
9 162 149 69425 19 9286 9281 8724 999
9 162 152 63426 18 8141 8133 7112 830
9 162 155 73311 19 9192 9188 8610 808
9 162 156 74063 19 9246 9245 8668 703
9 197 30 83293 90 21369 21314 19673 7093
9 197 41 71507 64 19537 19479 18284 5925
9 197 53 63492 48 17825 17784 15770 4156
9 197 65 49691 38 16700 16657 15462 3904
9 197 77 46234 31 14826 14781 13438 3064
9 197 89 51685 28 13886 13846 12533 2515
9 197 100 47475 25 12533 12508 11229 2299
9 197 112 58411 23 12603 12577 11691 2556
9 197 124 33154 19 8694 8670 7845 1964
9 197 134 47276 19 9663 9642 8732 2010
9 197 146 44645 17 8582 8563 7875 1732
9 197 158 47460 16 7806 7795 7069 1426
9 197 167 44523 15 7207 7195 6333 1334
9 197 175 42019 14 6376 6366 5792 1170
9 197 181 51983 14 7065 7058 6152 797
9 197 185 45132 14 6195 6188 5282 684
9 197 188 46604 14 6163 6157 5177 554
9 197 190 49161 14 6136 6127 5249 437
9 240 36 66165 70 19519 19471 17934 6155
9 240 50 41801 47 16228 16182 14478 3655
9 240 65 33296 35 14906 14868 13495 3242
9 240 79 34702 29 14312 14271 12886 2583
9 240 94 31745 24 13478 13441 12024 2076
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
9 240 108 30236 21 12254 12212 10939 2036
9 240 122 25749 18 10882 10847 9659 2004
9 240 137 30186 17 9299 9269 7724 1626
9 240 151 35671 16 9111 9093 8335 1851
9 240 163 42159 15 8566 8546 7722 1595
9 240 178 31946 13 6434 6417 5705 1471
9 240 192 25854 12 5053 5032 4348 1235
9 240 204 44661 12 6569 6558 5913 1126
9 240 213 47529 12 6748 6740 5962 1118
9 240 221 41271 11 5845 5840 5298 911
9 240 226 40648 11 5629 5625 5079 763
9 240 229 43100 11 5507 5502 4969 611
9 240 231 43731 11 5693 5690 5042 514
9 293 26 78960 99 21310 21258 19489 8452
9 293 44 48386 53 17405 17360 15482 4541
9 293 62 37377 36 16073 16035 14537 4192
9 293 79 23859 27 14113 14069 11653 1756
9 293 97 29906 23 13251 13213 10122 1325
9 293 114 23008 19 11573 11538 9232 1259
9 293 132 17806 16 9961 9928 8140 1394
9 293 149 14761 14 8126 8098 6537 1049
9 293 167 24379 13 8897 8867 7816 1804
9 293 185 23699 12 7459 7436 6635 1620
9 293 199 27496 11 6902 6888 5988 1518
9 293 217 22390 10 5177 5171 4224 1308
9 293 234 20283 9 3954 3950 2881 901
9 293 249 28566 9 4807 4800 4139 1102
9 293 260 28779 9 4340 4338 3224 762
9 293 270 32277 9 5056 5051 4479 850
9 293 275 27154 8 3874 3874 2996 586
9 293 280 31270 8 4028 4027 2989 457
9 293 283 32261 8 4059 4057 3092 342

10 30 25 413467 140 49345 49302 48789 7362
10 30 27 403753 133 47579 47553 47095 4848
10 30 28 373729 123 43097 43043 42504 3196
10 30 29 371550 121 41716 41666 41095 2005
10 37 25 274770 94 38269 38228 37648 9775
10 37 27 276068 91 36893 36866 36346 7770
10 37 30 232838 77 29235 29210 28283 4889
10 37 31 226615 75 27888 27871 27155 4122
10 37 33 224004 72 25777 25761 25145 2791
10 37 34 240211 73 27598 27580 26913 2326
10 37 35 251142 74 28007 27979 27158 1791
10 37 36 241075 71 26506 26475 25780 1163
10 45 20 164353 88 24582 24531 23893 8801
10 45 23 174005 79 25285 25231 24662 7996
10 45 26 183599 73 25605 25576 25092 7753
10 45 28 163207 64 23497 23474 22473 6106
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 45 31 143931 54 21823 21798 21283 5593
10 45 33 135780 51 19365 19350 18749 4495
10 45 36 132782 48 17453 17439 16710 3462
10 45 38 143000 48 18127 18116 17654 3110
10 45 40 149725 47 17587 17576 16995 2241
10 45 41 150563 47 17589 17570 17079 1826
10 45 42 165713 48 18853 18839 18010 1519
10 45 43 162230 47 17610 17590 17067 1208
10 55 18 141268 92 23348 23277 22611 9077
10 55 21 139135 78 22736 22687 21725 8510
10 55 25 108241 61 17963 17921 17323 5816
10 55 28 94932 52 16670 16620 15995 4571
10 55 31 131827 53 19945 19900 19384 5974
10 55 35 111711 44 17523 17493 16939 4450
10 55 37 121373 43 18252 18224 17694 4324
10 55 41 96466 36 14323 14299 13389 3293
10 55 44 95266 34 13168 13142 12489 2736
10 55 47 105484 34 13671 13667 13162 2248
10 55 49 115473 34 13820 13812 12936 1988
10 55 51 115346 33 13377 13371 12749 1425
10 55 52 117751 33 13119 13113 12572 1162
10 55 53 114722 33 12845 12832 12295 814
10 67 18 94665 80 18692 18632 17833 7045
10 67 22 76280 61 16769 16690 15821 5128
10 67 26 89151 54 17429 17368 16594 5356
10 67 30 81977 46 16195 16135 15530 5019
10 67 34 74846 40 14951 14919 14237 3936
10 67 38 89887 38 15497 15462 14699 4046
10 67 42 88137 35 14287 14252 13588 3341
10 67 46 78012 31 12574 12544 11534 2652
10 67 50 78667 28 12309 12283 11727 2836
10 67 54 82301 26 12054 12051 11365 2348
10 67 57 80103 25 10835 10824 10007 1878
10 67 60 86334 25 10813 10809 10313 1761
10 67 62 81114 24 9920 9913 9023 1452
10 67 63 87887 24 10274 10265 9181 1196
10 67 64 77969 23 8725 8722 8174 964
10 67 65 87186 24 9340 9333 8407 773
10 81 17 102887 85 19627 19563 18609 7689
10 81 22 82760 62 17820 17737 16621 6157
10 81 27 62544 47 15502 15424 14251 4137
10 81 32 56052 39 14342 14266 13329 3683
10 81 36 53868 35 13471 13417 12527 3228
10 81 41 49660 30 11584 11535 10726 2667
10 81 46 48996 27 10522 10478 9419 2297
10 81 51 56192 25 10421 10411 9698 2612
10 81 55 51621 23 9064 9045 7898 1913
10 81 60 64744 22 10487 10476 9908 2510
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 81 65 56707 20 8667 8659 8117 2207
10 81 69 58466 19 8153 8147 7338 1630
10 81 72 58056 18 7554 7539 6979 1235
10 81 75 58761 18 6885 6884 6178 1034
10 81 76 60930 18 7078 7077 6374 909
10 81 77 67034 18 7368 7365 6471 796
10 81 78 63364 18 6859 6856 5981 591
10 99 15 85812 90 18822 18738 17125 7497
10 99 21 70749 62 16691 16604 15711 5995
10 99 27 58089 46 15205 15137 13708 4059
10 99 33 50312 37 14275 14209 12945 3638
10 99 39 49336 31 13276 13226 12021 3017
10 99 45 50256 28 11952 11892 10813 2608
10 99 50 34620 23 10237 10206 9411 2321
10 99 56 47989 22 11249 11210 10517 2510
10 99 62 35662 19 7882 7853 7141 2002
10 99 67 38189 18 7204 7171 6485 1492
10 99 73 50288 17 7885 7855 6983 1533
10 99 79 51449 16 7337 7321 6117 1441
10 99 84 44387 15 6163 6148 5505 1317
10 99 88 43015 14 5653 5643 5166 1185
10 99 91 50874 14 6224 6215 5361 920
10 99 93 46843 14 5559 5547 4816 715
10 99 94 42192 13 4841 4828 4269 597
10 99 95 52765 14 5865 5849 4677 541
10 120 18 67961 70 17141 17066 15714 6208
10 120 25 45457 47 15051 14976 13139 3948
10 120 32 39774 36 13748 13679 12101 3377
10 120 40 42015 29 12914 12841 11206 2549
10 120 47 31755 24 11596 11529 10429 2235
10 120 54 44507 22 12722 12661 11701 3086
10 120 61 29142 18 9674 9616 8399 2045
10 120 68 30930 17 8168 8118 7007 1801
10 120 76 28072 15 6390 6356 5060 1480
10 120 82 35830 14 7088 7067 6379 1806
10 120 89 28455 13 4925 4897 3826 1053
10 120 96 29801 12 4942 4909 4326 1169
10 120 102 40734 12 5553 5544 5017 1196
10 120 107 39246 11 5162 5155 4633 1079
10 120 110 43997 11 5670 5666 5195 952
10 120 113 43036 11 5422 5417 4880 728
10 120 115 45794 11 5214 5211 4692 579
10 120 116 44810 11 5200 5196 4626 500
10 147 22 53825 54 16023 15948 13952 4570
10 147 31 43380 37 14301 14233 12926 4352
10 147 40 29473 27 12099 12036 9321 1587
10 147 49 38363 23 12550 12477 11145 3049
10 147 57 15188 18 10460 10391 8715 1242
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Table6.4.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 147 66 34553 17 11039 10974 9783 2572
10 147 75 14996 14 7097 7059 5602 1282
10 147 84 22470 13 6305 6269 3862 1065
10 147 93 24926 12 6485 6450 5739 1708
10 147 100 26119 11 5847 5825 4897 1510
10 147 109 24320 10 4870 4855 4145 1288
10 147 118 30488 10 4564 4555 3457 989
10 147 125 26697 9 4120 4112 3541 1101
10 147 131 27711 9 3801 3798 3079 836
10 147 135 25222 8 3501 3497 2727 755
10 147 138 29172 8 3619 3614 2764 593
10 147 140 26278 8 3065 3063 2221 504
10 147 142 28396 8 3184 3176 2486 398

11 15 13 431757 143 43137 43078 42681 6637
11 15 14 378194 125 35981 35887 35472 3126
11 19 12 269224 94 33513 33451 32968 10953
11 19 13 243451 85 29191 29150 28588 8317
11 19 14 234426 79 27004 26969 26572 6543
11 19 15 222525 74 24047 24023 23592 5236
11 19 16 212122 70 21567 21540 21099 3860
11 19 17 207472 67 20201 20169 19771 2554
11 19 18 239124 70 22091 22035 21264 1876
11 23 10 167714 88 21243 21176 20651 9458
11 23 12 154241 71 19774 19733 19234 7268
11 23 13 160422 67 20549 20490 20002 7003
11 23 14 160361 61 22011 21963 21036 6734
11 23 16 142079 52 18437 18402 17977 5339
11 23 17 126472 48 15582 15561 14829 4263
11 23 18 131943 47 15078 15061 14651 3800
11 23 20 140907 46 14740 14726 14184 2406
11 23 21 146792 45 14023 13993 13485 1813
11 23 22 162628 46 14910 14869 14163 1152
11 28 9 145732 92 20747 20663 20075 9428
11 28 11 123114 71 17891 17829 17148 7322
11 28 13 103339 57 15272 15223 14518 5343
11 28 14 90147 51 13690 13643 13163 4514
11 28 16 125480 50 16990 16945 16356 5803
11 28 18 109625 42 15361 15324 14848 4561
11 28 19 118606 42 15200 15170 14566 4263
11 28 21 97113 35 12601 12583 11990 3255
11 28 22 97734 34 11649 11624 11101 2935
11 28 24 101153 33 10919 10902 10431 2329
11 28 25 99978 32 10210 10200 9585 1863
11 28 26 108051 32 10515 10482 9799 1276
11 28 27 122335 33 11301 11272 10860 826
11 34 9 85693 77 15245 15159 14170 6168
11 34 11 102174 67 16258 16183 15436 6077
11 34 13 86370 53 14772 14702 14081 5339
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
11 34 15 89398 47 14626 14560 13849 5271
11 34 17 67724 39 11982 11929 11414 3463
11 34 19 77648 37 12046 12009 11530 3652
11 34 21 89841 34 13736 13700 13198 3552
11 34 23 74615 30 10878 10854 10334 2829
11 34 25 71798 27 10095 10055 9298 2641
11 34 27 75607 25 9996 9978 9522 2516
11 34 29 78289 24 9012 8999 8594 1930
11 34 30 77970 24 8753 8746 8124 1968
11 34 31 87856 24 9014 8995 8113 1542
11 34 32 85303 24 8112 8097 7396 1141
11 34 33 86419 23 7992 7966 7363 603
11 41 9 83107 75 15421 15340 14492 6553
11 41 11 79209 61 15120 15051 14261 5941
11 41 14 63796 46 12829 12757 11872 3889
11 41 16 61235 40 12832 12763 11652 3733
11 41 18 60681 36 11889 11834 10824 3377
11 41 21 50128 29 9967 9936 8872 2495
11 41 23 53992 27 10720 10664 9872 2648
11 41 26 65265 25 10384 10362 9810 2766
11 41 28 55087 23 8528 8504 7593 1992
11 41 30 63740 22 9124 9095 8622 2571
11 41 33 51679 19 6670 6664 6164 1862
11 41 35 51433 18 6343 6330 5922 1584
11 41 36 60458 18 6643 6626 6186 1263
11 41 38 61572 18 6162 6161 5445 1002
11 41 39 64626 18 5987 5977 5285 690
11 41 40 70213 18 6352 6340 5436 408
11 50 7 93244 98 16873 16783 15090 7183
11 50 10 61072 63 13714 13633 12424 4796
11 50 13 55306 47 13225 13150 12021 4039
11 50 16 47928 37 12373 12292 11533 3920
11 50 19 46665 32 11620 11554 10753 3132
11 50 22 46782 27 10495 10433 9514 2624
11 50 25 42470 24 9221 9165 8383 2341
11 50 29 49765 21 9485 9452 8862 2545
11 50 31 33955 19 6876 6845 6261 2027
11 50 34 36649 17 6336 6306 4847 1395
11 50 37 48064 17 6789 6770 5993 1675
11 50 40 51775 16 6454 6431 5888 1464
11 50 42 40997 14 5289 5279 4823 1440
11 50 44 46033 14 5321 5317 4882 1283
11 50 46 40498 13 4239 4224 3766 794
11 50 47 44452 13 4492 4480 4092 718
11 50 48 46232 13 4304 4298 3826 485
11 60 9 54991 66 13588 13504 11091 4449
11 60 13 52234 46 13190 13107 10888 3608
11 60 16 39105 36 11695 11624 10311 3404
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
11 60 20 38311 29 11188 11108 9835 2528
11 60 23 27747 24 10507 10434 9467 2202
11 60 27 28628 21 8469 8406 7694 2124
11 60 31 23958 18 7203 7146 6548 2071
11 60 34 30706 17 6769 6720 5712 1665
11 60 38 29127 15 5397 5368 4165 1394
11 60 41 32819 14 5990 5969 5424 1828
11 60 44 32912 13 5300 5277 4719 1479
11 60 48 33392 12 4584 4568 4103 1237
11 60 51 38238 12 4652 4631 4173 1171
11 60 53 45355 11 5304 5295 4901 1061
11 60 55 39819 11 4531 4524 4117 996
11 60 56 42597 11 4526 4517 4073 797
11 60 57 43320 11 4368 4357 3933 598
11 60 58 55003 11 5352 5337 4904 490
11 74 7 66815 87 15380 15309 12487 5610
11 74 11 45855 52 12927 12846 11510 4353
11 74 16 26849 33 11137 11059 8709 2339
11 74 20 24287 26 10111 10032 7914 1557
11 74 24 32234 23 10878 10800 9845 3174
11 74 29 16576 18 8734 8652 7106 1411
11 74 33 17851 16 7457 7384 5810 1332
11 74 38 14261 14 5945 5898 4676 1210
11 74 42 11675 12 4790 4744 3715 1089
11 74 47 24822 12 5714 5677 5086 1785
11 74 50 30310 11 5659 5624 4628 1536
11 74 55 27587 10 4608 4586 3536 1222
11 74 59 25582 9 3686 3674 3109 1021
11 74 63 27985 9 3818 3813 3354 1128
11 74 66 37345 9 4349 4341 3935 955
11 74 68 28138 8 3371 3368 2732 786
11 74 70 28588 8 3031 3025 2388 568
11 74 71 28589 8 2986 2982 2294 449

12 8 6 350603 125 29798 29768 29268 9174
12 8 7 319064 109 24354 24292 23999 4292
12 10 7 192928 71 19127 19090 18736 6620
12 10 8 194677 66 16797 16744 16313 4219
12 10 9 197019 62 15110 15070 14440 2564
12 12 6 143697 69 15785 15716 14772 6979
12 12 7 159261 62 17701 17649 17298 6950
12 12 8 133458 50 14920 14890 14492 5624
12 12 9 136656 47 13076 13044 12683 4301
12 12 10 126248 43 10959 10939 10612 2952
12 12 11 135853 42 10161 10113 9589 1655
12 14 6 107314 63 13306 13250 12836 6180
12 14 7 100297 52 12689 12649 12301 5235
12 14 8 114691 48 13446 13395 12966 5243
12 14 9 107279 42 12563 12528 12175 4668
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
12 14 10 96781 36 10816 10801 10132 3924
12 14 11 97999 34 9737 9724 9372 3097
12 14 12 111782 34 9797 9774 9147 2413
12 14 13 105064 32 8051 8019 7456 1270
12 17 5 103712 72 14276 14213 13765 7796
12 17 6 82799 57 11742 11694 10943 5232
12 17 7 94594 51 12424 12374 11555 5166
12 17 8 75320 42 10633 10587 9368 3823
12 17 9 75520 37 11188 11138 9879 3727
12 17 10 74801 34 9710 9671 8773 3230
12 17 11 93809 33 11512 11471 10978 3806
12 17 12 67076 28 8412 8387 7978 2881
12 17 13 71324 26 7983 7964 7568 2763
12 17 14 70520 24 7140 7124 6815 2089
12 17 15 80119 24 7058 7036 6508 1908
12 17 16 84172 24 6544 6520 5947 1057
12 21 6 72101 55 11384 11337 9977 4664
12 21 7 61487 46 10539 10498 9963 4061
12 21 8 57707 39 10487 10426 9688 3938
12 21 9 37995 33 7960 7916 7210 2461
12 21 11 54443 29 8148 8114 7568 2611
12 21 12 49637 26 8535 8495 8029 2825
12 21 13 61646 25 8834 8801 8453 2853
12 21 14 54239 22 7868 7843 6469 2082
12 21 16 55890 20 6384 6366 6036 2157
12 21 17 64325 19 6708 6687 6346 2005
12 21 18 61080 18 6075 6068 5722 1526
12 21 19 60369 18 5197 5181 4811 1188
12 21 20 71269 18 5534 5509 4909 765
12 25 4 77884 82 12412 12366 11709 7014
12 25 5 56303 61 10959 10916 9854 5120
12 25 7 50136 43 9901 9863 9209 3810
12 25 8 47785 37 10120 10073 9204 3737
12 25 10 43612 30 8865 8830 8173 2880
12 25 11 38743 26 8472 8431 7780 2510
12 25 13 39330 23 7164 7133 6434 2084
12 25 14 35707 21 6401 6377 5890 1845
12 25 16 43811 19 6738 6711 6347 2258
12 25 17 44226 18 6032 6011 5666 1891
12 25 19 47087 16 5571 5548 5186 1820
12 25 20 43811 15 4813 4789 4405 1567
12 25 21 41482 14 4357 4341 3952 1398
12 25 22 42378 14 4094 4088 3615 1273
12 25 23 45008 14 3940 3935 3536 900
12 25 24 51313 14 4082 4069 3491 552
12 30 6 49634 49 10571 10530 8784 3840
12 30 8 34807 35 9081 9046 8058 3153
12 30 10 31697 28 8219 8183 7381 2605
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
12 30 12 39032 24 8512 8475 7285 2486
12 30 13 34892 22 7877 7844 6866 2307
12 30 15 28503 19 6874 6850 6013 2285
12 30 17 36949 17 7057 7031 6460 2341
12 30 19 29892 15 4499 4463 3339 1308
12 30 20 29711 14 4951 4925 4469 1847
12 30 22 29856 13 4330 4312 3994 1650
12 30 24 38171 12 4453 4427 3551 1145
12 30 26 44924 12 4607 4590 4264 1193
12 30 27 43373 11 4225 4219 3875 1112
12 30 28 42616 11 3772 3757 3481 818
12 30 29 50945 11 4070 4049 3722 477
12 37 6 43031 47 10560 10520 9338 4446
12 37 8 24086 33 8733 8694 6951 2188
12 37 10 22872 26 8063 8025 6307 1696
12 37 12 18524 22 7929 7890 6268 1634
12 37 14 23328 19 7254 7219 5471 1297
12 37 17 33147 16 7129 7098 6229 2392
12 37 19 28888 14 6510 6480 5723 2175
12 37 21 16918 12 4164 4137 2923 1069
12 37 23 24737 12 5063 5046 4490 1802
12 37 25 26430 11 4584 4565 3816 1602
12 37 27 21904 10 3618 3604 3043 1330
12 37 30 20979 9 2825 2812 1864 989
12 37 31 25883 9 3324 3315 2925 1209
12 37 33 26626 8 2918 2908 2630 1020
12 37 34 27876 8 2712 2706 2289 759
12 37 35 27639 8 2423 2418 1894 543
12 37 36 26898 8 2224 2220 1695 340

13 5 4 192281 68 12927 12879 12483 4470
13 6 4 125611 50 11806 11774 11212 5730
13 6 5 140073 46 9332 9283 8891 3064
13 7 3 118202 63 12299 12227 11924 7022
13 7 4 106151 46 11961 11895 11089 5520
13 7 5 98109 37 8861 8828 8534 4143
13 7 6 108177 34 7456 7416 7013 2380
13 9 3 81423 56 10075 10025 9661 6229
13 9 4 66654 40 8366 8310 7882 4071
13 9 5 66910 33 8159 8108 7524 3505
13 9 6 66437 27 7422 7384 6641 2955
13 9 7 71970 24 6498 6469 6216 2668
13 9 8 69371 22 4898 4874 4355 1589
13 11 3 68466 54 8585 8532 7760 4853
13 11 4 59482 40 8089 8024 7546 4146
13 11 5 55206 31 7319 7272 6552 3065
13 11 6 48701 26 6523 6479 6024 2675
13 11 7 51569 22 5835 5791 5257 2244
13 11 8 42842 19 4788 4772 4462 2268
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
13 11 9 48116 17 4255 4244 3864 1783
13 11 10 60072 17 4085 4055 3798 1143
13 13 3 56357 51 8017 7963 7034 4384
13 13 4 48859 37 7777 7723 7111 3873
13 13 5 32582 28 6120 6081 4997 2171
13 13 6 39822 24 6330 6280 5832 2587
13 13 7 41569 21 5682 5650 4844 2081
13 13 8 40464 18 5788 5741 5439 2503
13 13 9 47855 17 5076 5038 4662 1750
13 13 10 43550 15 4627 4591 4309 1866
13 13 11 35903 13 3308 3294 3063 1614
13 13 12 40475 13 2928 2915 2673 942
13 15 3 60884 51 8898 8826 7997 5212
13 15 4 41546 36 7404 7350 6292 3309
13 15 5 35515 28 6786 6747 5911 2739
13 15 6 34873 24 6398 6358 5467 2335
13 15 7 43649 21 6621 6588 6149 2851
13 15 8 25747 17 4750 4712 4106 1862
13 15 9 31584 16 4849 4809 4503 1997
13 15 10 29817 14 4148 4115 3771 1822
13 15 11 29519 13 3495 3470 3027 1613
13 15 12 34703 12 3733 3701 3386 1567
13 15 13 46445 12 3929 3908 3598 1295
13 15 14 40364 11 2951 2937 2705 799
13 19 3 52378 48 8488 8452 7222 4677
13 19 4 40610 35 7970 7932 7074 4114
13 19 5 30539 27 6574 6539 4312 1771
13 19 6 21481 22 5570 5536 4199 1669
13 19 7 30781 19 6451 6409 5780 2727
13 19 9 28156 15 5674 5622 5035 2128
13 19 10 29981 14 5505 5479 5015 2395
13 19 11 12512 12 2826 2803 2007 1159
13 19 12 29637 12 4625 4600 4123 1830
13 19 13 29543 11 3961 3928 3393 1589
13 19 14 25240 10 3223 3207 2392 1283
13 19 15 22794 9 2688 2671 1757 1063
13 19 16 26176 9 2872 2846 2552 1202
13 19 17 24559 8 2258 2241 1916 940
13 19 18 29613 8 2136 2126 1488 533

14 4 3 79627 30 5084 5054 4958 3616
14 5 2 58797 39 6727 6681 6535 4538
14 5 3 58414 26 6277 6233 5725 3667
14 5 4 59836 20 3856 3814 3512 2305
14 6 2 56151 38 6146 6098 5785 4201
14 6 3 46005 25 5612 5554 5184 2887
14 6 4 42698 19 4379 4359 4148 2866
14 6 5 42501 15 2661 2639 2582 1857
14 7 2 52419 37 6178 6121 5560 4017
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Table6.4.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
14 7 3 30011 23 4872 4824 3397 1986
14 7 4 31424 18 3941 3902 3560 2274
14 7 5 38391 15 3710 3683 3526 2315
14 7 6 33801 12 2282 2275 2128 1464
14 8 2 52510 37 6637 6577 6450 4815
14 8 3 31608 23 4830 4798 4240 2527
14 8 4 36405 18 5297 5260 5137 2947
14 8 5 27256 14 3471 3425 3309 2177
14 8 6 30832 12 3163 3115 3012 1978
14 8 7 32305 10 1986 1963 1846 1120
14 10 2 40988 35 5936 5908 5310 4037
14 10 3 20405 21 4124 4098 3001 1743
14 10 4 18643 16 3468 3439 2511 1584
14 10 5 15783 13 2666 2647 1899 1362
14 10 6 26854 11 3691 3647 3361 1990
14 10 7 18980 9 2239 2218 1958 1375
14 10 8 20762 8 2246 2225 2158 1512
14 10 9 22377 8 1443 1438 1291 936
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Table6.5.Costsof blockFC-DOF for Richards

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
10 8 7 4215818 6748 166442 165991 165962 29704
10 9 6 3560761 6033 224511 224253 224139 85263
10 9 7 3107563 5243 160663 160465 160445 62526
10 9 8 2949754 4776 124361 124153 124117 44701
10 11 6 1796246 4199 164308 164081 163970 101725
10 11 7 2167571 3869 171319 171175 171138 96578
10 11 8 2120608 3593 146440 146316 146212 72900
10 11 9 2031689 3346 112517 112361 112315 51316
10 11 10 2088334 3235 91799 91669 91653 28690
10 13 6 564276 3369 56466 56146 56108 39866
10 13 7 820548 3037 76252 76016 75977 44532
10 13 8 1071155 2780 100407 100221 100175 57013
10 13 9 1520018 2704 117510 117344 117238 66263
10 13 10 1490926 2541 91617 91490 91463 44914
10 13 11 1430346 2400 68850 68733 68641 28609
10 13 12 1447058 2321 53418 53303 53274 17603
10 16 6 112585 3060 35269 34695 34643 17048
10 16 7 149586 2645 32271 31872 31822 18470
10 16 8 221826 2349 33786 33424 33384 20702
10 16 9 384428 2163 44565 44280 44238 25974
10 16 10 575071 2026 57236 57055 57013 32640
10 16 11 832751 1930 72666 72490 72304 41303
10 16 12 1034594 1851 81350 81235 81186 46198
10 16 13 1056175 1790 65717 65594 65564 30996
10 16 14 1042023 1728 47641 47547 47521 23910
10 16 15 1060282 1679 37229 37159 37130 6921
10 20 7 58762 2592 34394 33880 33859 12994
10 20 8 56758 2266 30270 29775 29686 11354
10 20 9 63860 2018 27222 26817 26774 11971
10 20 10 73656 1821 24861 24251 24207 10662
10 20 11 102806 1666 23803 23446 23407 11646
10 20 13 264118 1459 32355 32017 31954 17582
10 20 14 384488 1390 38980 38738 38615 22046
10 20 15 579959 1349 50819 50652 50606 29365
10 20 16 728358 1309 55975 55882 55839 31920
10 20 17 757425 1280 49796 49714 49604 23033
10 20 18 750381 1245 35863 35785 35743 16243
10 20 19 772130 1222 29366 29285 29181 5780
10 24 5 55492 3624 39026 38442 38406 16703
10 24 6 48697 3016 37595 37092 37062 14140
10 24 8 39664 2257 34035 33557 33537 10733
10 24 9 41374 2007 32249 31804 31778 10526
10 24 11 41688 1643 25321 24789 24739 8916
10 24 12 42735 1506 22770 22241 22167 8637
10 24 14 55973 1295 18949 18428 18357 7807
10 24 15 75396 1214 18619 18218 18174 8536
10 24 16 113499 1148 19490 19093 19056 10084
10 24 18 304598 1063 33775 33482 33428 17215
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Table6.5.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
10 24 19 446289 1036 42320 42147 42105 22207
10 24 20 561608 1012 43692 43587 43545 24537
10 24 21 584271 994 37891 37803 37765 17676
10 24 22 586645 974 29086 29008 28910 12285
10 24 23 601428 957 23886 23797 23763 5663
10 29 6 42671 3011 37865 37501 37455 14030
10 29 8 34294 2254 36295 35671 35632 10828
10 29 10 31422 1803 33604 32881 32854 8999
10 29 11 29885 1638 31501 30822 30802 8322
10 29 13 29980 1386 26137 25687 25597 7422
10 29 15 30670 1202 21344 20653 20629 6757
10 29 17 32813 1061 17836 16970 16923 6194
10 29 18 36460 1003 16193 15764 15744 5872
10 29 20 51256 906 13965 13479 13427 6007
10 29 21 97402 871 17829 17475 17434 8127
10 29 23 229499 819 26070 25798 25690 12879
10 29 25 447567 792 37155 37060 37018 19661
10 29 26 453930 776 29844 29760 29654 14496
10 29 27 455726 763 23868 23785 23743 10267
10 29 28 468146 754 19675 19572 19428 5196
10 35 5 44012 3613 39032 38793 38740 16733
10 35 7 33331 2575 37633 37386 37336 12139
10 35 9 29016 2000 36775 35996 35913 9862
10 35 12 25088 1499 33276 32306 32246 7689
10 35 14 22895 1284 29578 29130 29064 6708
10 35 16 20952 1123 25694 24654 24597 5835
10 35 18 20528 999 21213 20693 20670 5213
10 35 20 23635 900 18072 17264 17191 5279
10 35 22 24723 818 15743 14765 14745 4727
10 35 24 28844 750 12825 12230 12206 4546
10 35 26 47556 696 12738 12310 12265 5162
10 35 28 105561 655 14920 14469 14426 7025
10 35 30 268686 632 27551 27341 27156 14156
10 35 31 349719 624 29292 29175 29064 15150
10 35 32 362738 617 25211 25114 25075 11029
10 35 33 364440 608 20346 20222 20195 8199
10 35 34 377486 602 16265 16143 16023 4769

11 5 4 2607278 4238 136997 136799 136792 74576
11 6 4 1825363 3179 120304 120216 120062 80030
11 6 5 1716882 2841 68341 68229 68223 38585
11 7 4 742328 2572 76840 76660 76500 57204
11 7 5 1315292 2320 84630 84510 84441 58413
11 7 6 1315623 2144 67758 67626 67622 38726
11 8 4 263423 2348 32925 32674 32673 23903
11 8 5 756734 2071 69569 69420 69339 52137
11 8 6 1053458 1844 69325 69248 69244 45830
11 8 7 1038680 1725 39576 39500 39494 22229
11 10 3 61314 3001 28802 28445 28429 15152
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Table6.5.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
11 10 4 58925 2249 23376 23006 22999 12323
11 10 5 77938 1807 19834 19521 19488 12226
11 10 6 163327 1533 22129 21843 21838 15251
11 10 7 522495 1414 49238 49110 49090 37374
11 10 8 735425 1298 45700 45642 45537 31958
11 10 9 745285 1240 28594 28525 28452 16112
11 12 3 50506 2992 28909 28439 28416 14248
11 12 4 41607 2240 26138 25777 25768 11347
11 12 5 41257 1792 22227 21654 21633 9586
11 12 6 44502 1495 17972 17490 17489 8804
11 12 7 58953 1285 15461 15139 15137 9005
11 12 8 126032 1140 17677 17327 17283 11539
11 12 9 403177 1073 38070 37900 37895 27670
11 12 10 568759 1004 36430 36371 36371 24917
11 12 11 584958 970 23214 23140 23064 12899
11 15 3 43031 2987 28898 28659 28624 14168
11 15 4 35148 2237 27726 27252 27231 10809
11 15 5 29928 1787 25891 25704 25685 9330
11 15 6 28728 1489 22999 22528 22497 7751
11 15 7 28283 1276 18989 18878 18851 7262
11 15 8 28633 1117 15919 15809 15803 6664
11 15 9 32941 994 13298 12949 12949 6046
11 15 10 42759 896 12158 11871 11867 6353
11 15 11 109530 827 14633 14498 14496 9278
11 15 12 273085 783 29439 29289 29282 20446
11 15 13 425487 750 27945 27868 27833 18354
11 15 14 440125 730 21478 21388 21381 11520
11 18 3 40306 2985 29224 29016 28966 14178
11 18 4 30893 2234 29011 28856 28810 11250
11 18 5 27759 1786 27370 27262 27192 9119
11 18 6 25549 1488 25073 24972 24941 7717
11 18 7 23194 1275 24214 23908 23871 6867
11 18 8 21905 1115 20982 20609 20588 6180
11 18 9 20231 991 17975 17350 17332 5483
11 18 10 21998 892 14792 14586 14565 5216
11 18 11 23021 811 12614 12494 12485 4963
11 18 12 27057 744 11277 10978 10974 4830
11 18 13 35897 688 10573 10064 10060 4994
11 18 14 84739 646 12386 12073 12071 6896
11 18 15 235712 622 23414 23294 23291 16452
11 18 16 342653 599 22977 22909 22909 14826
11 18 17 353705 585 16018 15930 15885 8347

12 4 3 1053156 1846 57992 57970 57901 46194
12 5 3 336380 1573 42813 42802 42733 34873
12 5 4 749115 1312 42614 42606 42605 33073
12 6 2 36110 2218 16642 16634 16634 10823
12 6 3 35754 1479 11374 11363 11363 8181
12 6 4 255904 1161 33492 33485 33483 26842
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Table6.5.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
12 6 5 564323 1000 31030 31030 31025 25044
12 8 2 29173 2213 18060 18052 18044 10601
12 8 3 24289 1474 15498 15491 15486 7605
12 8 4 21654 1105 11278 11273 11271 6036
12 8 5 24781 885 8584 8581 8581 5175
12 8 6 160906 759 22007 22006 21994 16808
12 8 7 389311 689 21686 21679 21678 17017
12 9 2 28462 2212 18220 18211 18201 10495
12 9 3 22670 1473 16264 16258 16246 7520
12 9 4 19458 1104 13232 13229 13222 5857
12 9 5 18824 883 9926 9922 9922 5044
12 9 6 22365 737 7948 7946 7946 4436
12 9 7 143021 648 20042 20042 20041 14713
12 9 8 337952 596 19043 19037 19036 14721

13 3 2 719438 1255 62732 62199 62199 61701
13 4 2 29725 1084 10847 9069 9062 7908
13 4 3 455645 793 39304 38633 38633 38001
13 5 2 20421 1082 11465 9667 9667 6840
13 5 3 22602 721 8765 6993 6991 5547
13 5 4 330441 579 29433 28715 28715 28023
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Table6.6.Costsof blockFC-DOF for JavaBYTEmark

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
18 3 2 145533 10 15 15 15 12
18 4 2 17634 9 56 43 43 23
18 4 3 60291 6 33 28 28 10
18 5 2 17634 9 38 33 33 23
18 5 3 17634 6 38 33 33 15
18 5 4 69040 5 17 14 9 5
18 6 2 17634 8 23 19 13 8
18 6 3 17634 6 23 19 19 13
18 6 4 17634 4 32 25 19 8
18 6 5 63987 4 29 24 24 7
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Table6.7.Costsof blockFC-DOF for Bloat-Bloat

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
16 16 11 12876471 295 697181 581742 579250 87920
16 16 12 13085042 279 688374 578839 575994 87195
16 16 13 12461415 263 610242 519298 517184 66705
16 16 14 11862567 250 503342 457599 455031 46732
16 19 10 4757169 257 421318 318856 314477 92788
16 19 12 7389650 230 519561 414061 409521 85385
16 19 13 8676499 221 543285 436564 433020 82552
16 19 14 9014138 210 495443 409878 407223 68459
16 19 15 9437192 202 472295 397909 395184 55891
16 19 16 9300046 194 444606 383907 381170 45472
16 19 17 8845748 186 380115 347275 344679 36538
16 19 18 8599180 180 355629 329192 325826 25616
16 23 10 3281896 247 435491 309373 302432 102333
16 23 13 3365409 190 389935 275092 270386 78510
16 23 14 4102366 180 388507 274431 268658 67722
16 23 16 5403719 164 329094 274892 271390 53579
16 23 17 6076636 158 404255 316466 313734 59772
16 23 18 6871866 154 354608 303957 301454 47008
16 23 20 6976001 145 345792 294824 292266 38575
16 23 21 6793647 140 287276 259172 256675 27186
16 28 11 2636562 221 500105 328117 322775 106683
16 28 13 2462227 186 432114 278789 272445 89736
16 28 14 2308104 172 387199 259105 254044 82203
16 28 16 2370084 151 262564 198459 190897 56246
16 28 18 2594284 135 227942 177462 173344 45733
16 28 19 2971513 129 270221 207777 205245 53744
16 28 21 4185737 121 288240 234322 231459 48123
16 28 22 4737228 118 292317 240525 238062 40629
16 28 24 5419853 112 281177 241342 237944 35775
16 28 25 5417102 110 251690 223261 220050 30480
16 28 26 5226810 107 244684 220074 217212 29426
16 34 11 2192541 217 576701 368060 353858 123741
16 34 13 2373520 185 517779 334863 323173 106029
16 34 15 2179527 160 465836 301691 293087 93951
16 34 17 2100045 140 376493 262244 255204 77093
16 34 19 1980670 125 303203 212029 200805 61920
16 34 21 2087321 114 268910 186589 183095 56086
16 34 23 2208534 104 225715 171745 165140 53348
16 34 25 2422813 97 203739 156587 152282 47004
16 34 27 3397026 92 256724 191829 189044 41483
16 34 29 4084392 88 218667 185636 181895 28390
16 34 30 4257942 87 232291 187859 184743 27701
16 34 31 4263674 85 197347 173381 170256 23806
16 34 32 4150617 84 171133 161101 158616 16439
16 34 33 4110114 82 165909 159934 155973 11502
16 41 9 2557773 267 665434 439201 406936 176233
16 41 11 2199908 217 630212 387455 376662 139670
16 41 14 1933209 169 531921 334913 322383 101384
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Table6.7.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
16 41 16 1934193 148 523459 328822 316784 97436
16 41 18 1812181 131 439550 283148 270958 80269
16 41 21 1792123 113 376833 247645 242972 71088
16 41 23 1725472 103 282533 198499 190762 62468
16 41 26 1710140 91 243671 171798 163926 51203
16 41 28 1837780 85 195852 148986 140559 43220
16 41 30 1808711 79 178290 134693 130427 37376
16 41 33 2440093 73 168190 135968 132738 25965
16 41 35 2951941 70 165079 138012 134087 21856
16 41 36 3450948 70 207801 169217 166457 27039
16 41 38 3558620 68 165346 147557 143792 16955
16 41 39 3368551 66 149437 136373 133285 15961
16 41 40 3342310 65 136462 126982 124373 12590
16 50 10 2917164 242 697371 465025 435269 148099
16 50 13 1745003 181 629755 397008 371871 130960
16 50 16 1871008 147 573977 358575 342814 98994
16 50 19 1807320 124 503497 324014 309987 92931
16 50 22 1734156 107 481070 315242 300075 92151
16 50 25 1475550 94 412913 261795 251863 74792
16 50 29 1495594 81 263025 171706 157670 46688
16 50 32 1644572 74 223829 167061 162338 47235
16 50 34 1510633 69 200363 147415 140607 41026
16 50 37 1787088 64 203688 151490 144130 41421
16 50 40 1713054 59 130734 106078 103019 26135
16 50 43 2399719 56 171828 136692 133111 25970
16 50 44 2364272 55 143358 120423 116643 22775
16 50 46 2912999 54 141771 129375 126755 16904
16 50 47 2904596 53 135927 124808 122323 12793
16 50 48 2828231 53 116829 108206 106247 10099
16 61 9 2090674 262 696119 445838 419547 176023
16 61 13 1744819 180 660497 405345 392560 138056
16 61 16 1638790 146 607421 381486 363965 115084
16 61 20 1672035 117 511574 334324 318046 92692
16 61 24 1421898 97 576340 352568 340037 88362
16 61 27 1420755 86 438950 285302 271771 76780
16 61 31 1378990 75 369144 239228 220126 69642
16 61 35 1441311 67 359757 222249 214292 61134
16 61 38 1377644 61 252319 177790 168710 44810
16 61 41 1230787 57 196377 135910 126911 35204
16 61 45 1493424 52 147821 121526 117888 34381
16 61 49 1281836 47 105801 84594 76913 22471
16 61 52 1678582 45 123422 97364 94037 22572
16 61 54 2044713 44 129698 109926 106406 21426
16 61 56 2197506 43 127513 103417 100745 16825
16 61 57 2384827 43 132252 108318 105147 19145
16 61 58 2310417 42 111174 98291 95350 11988
16 61 59 2202838 42 92991 85392 82252 8595
16 74 7 2043614 334 800511 510958 451376 219306
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Table6.7.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
16 74 11 2043878 213 695889 449895 395917 158557
16 74 16 1480869 144 697802 423865 393569 120620
16 74 20 1630315 116 658996 426607 388811 116269
16 74 24 1359220 96 589643 382701 356967 91548
16 74 29 1363591 80 488961 313117 279707 72130
16 74 33 1475290 70 473644 296743 284956 74958
16 74 38 1282772 61 301231 203177 169674 48188
16 74 42 1242068 55 335280 223183 212594 59927
16 74 47 1251104 49 251540 165603 151510 48722
16 74 50 1158984 46 236284 146654 130137 38779
16 74 55 1297354 42 190819 127702 117573 32659
16 74 59 1392641 39 202170 128872 124395 33790
16 74 63 1445059 37 149725 108730 101802 21504
16 74 66 1655323 36 111369 87052 82949 17994
16 74 68 1636235 35 84935 73634 70793 12922
16 74 70 1824631 34 79387 72305 69954 9202
16 74 71 1952068 34 86974 78068 75506 8343

18 5 4 9245283 195 229680 162498 160792 56116
18 6 4 7283924 170 273905 193935 191957 80397
18 6 5 6759511 144 148606 107053 106620 35584
18 7 4 3183558 154 188507 137072 136695 66305
18 7 5 5738118 131 216454 156928 156031 56533
18 7 6 5662171 116 150169 118656 117910 42946
18 9 3 2007413 198 326689 202555 198898 116110
18 9 4 1943122 148 257830 166951 163626 80986
18 9 5 2054687 119 215405 134582 132389 66321
18 9 6 2520609 101 129884 96150 94286 49848
18 9 7 4072555 90 150750 104085 102204 43558
18 9 8 4043639 82 102881 75815 74096 25120
18 11 4 1970306 148 357575 217101 211421 110703
18 11 5 1709577 118 270670 174443 169575 82429
18 11 6 1622388 98 211515 125346 121549 67216
18 11 7 1812100 84 138307 98348 94121 47648
18 11 8 2362843 75 140745 91413 91058 45420
18 11 9 3128413 68 106829 76620 75348 25979
18 11 10 3221099 63 67895 52383 51752 16002
18 13 3 1794950 195 390698 237804 228152 136491
18 13 4 1823393 147 366605 223640 219871 108653
18 13 5 1679290 117 323586 207571 204866 91205
18 13 6 1499837 97 233325 166457 162589 83302
18 13 7 1492991 83 244104 146494 142879 68373
18 13 8 1575460 73 151447 100194 98745 52467
18 13 9 1548656 65 112562 79992 76317 38661
18 13 10 1840595 59 79805 60347 59528 31636
18 13 11 2709255 55 87937 65630 64283 24123
18 13 12 2749813 52 66175 51939 50361 15535
18 16 3 1767217 194 422384 265789 256414 152336
18 16 4 1658659 146 395542 254080 242193 127448
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Table6.7.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
18 16 5 1632098 116 356411 222971 213700 97465
18 16 6 1441111 97 346786 220517 214666 89070
18 16 7 1451849 83 297484 189885 185661 68755
18 16 8 1350731 72 227789 150800 144891 67346
18 16 9 1336134 64 185466 122508 116414 56599
18 16 10 1402477 58 153690 104797 97877 49713
18 16 11 1368801 53 157622 101670 97904 47029
18 16 12 1535951 49 117061 79493 78207 37855
18 16 13 1641812 45 79337 55569 54716 27455
18 16 14 2067479 42 64800 49957 49358 17465
18 16 15 2178510 40 52396 43493 43117 11508
18 19 2 1823849 290 469220 292737 273406 209105
18 19 3 1673635 193 452494 279894 268698 161989
18 19 4 1479112 144 425509 263913 250578 130343
18 19 5 1586752 116 401978 254730 242891 112365
18 19 6 1423186 96 366763 239264 229409 107215
18 19 7 1257039 82 331355 212877 203160 81186
18 19 9 1274272 64 262960 159716 152873 61047
18 19 10 1170568 57 232347 136966 131669 55918
18 19 11 1348679 53 204841 128496 121590 53699
18 19 12 1348728 48 150447 104959 101361 45011
18 19 13 1224158 44 122494 85634 83696 37611
18 19 14 1201141 41 106291 68640 63391 33398
18 19 15 1162111 38 75756 51790 49674 23557
18 19 16 1436889 36 70131 47225 45693 18990
18 19 17 1770725 35 48965 38299 37416 14452
18 19 18 1935203 33 93387 58620 57333 20958

20 3 2 3878918 78 123991 66039 66039 65445
20 4 2 1589557 73 165288 90758 90020 80715
20 4 3 2552316 50 60379 27688 27688 26692
20 5 2 1232075 72 167093 101486 100398 78518
20 5 3 1201338 48 87907 53049 52379 46159
20 5 4 1911445 37 48288 21616 21530 19638
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Table6.8. Costsof blockFC-DOF for Toba

Configuration Copied Invoc W.b. insert W.b. add R.s.proc R.s.union
16 22 19 15022397 202 691552 690821 688179 61101
16 22 20 14442188 194 650465 649727 648159 42269
16 27 20 10215144 159 523931 522731 521201 70165
16 27 22 10371671 147 506829 505971 504092 61392
16 27 23 10928970 145 508015 507252 505247 50695
16 27 24 10471549 140 468950 468246 466517 38481
16 33 19 6772949 149 391021 389673 387750 77126
16 33 21 6859504 135 393432 392148 390579 71144
16 33 22 7043184 130 390656 389306 387458 66895
16 33 24 7375292 121 399131 397991 395859 69880
16 33 26 7340954 113 381777 380724 378827 56643
16 33 28 7922126 108 373738 372858 370897 41140
16 33 29 8293596 107 387928 387226 386004 33455
16 33 30 7771935 103 345727 345088 343718 33232
16 33 31 8025961 102 353078 352484 338322 21835
16 40 20 6204868 139 394565 393269 381663 106112
16 40 23 5222159 118 325390 324061 315733 68888
16 40 25 4929155 108 294684 293340 280911 64753
16 40 27 5628181 102 315003 313756 303257 52789
16 40 30 5498713 92 280682 279550 278229 40468
16 40 32 5750122 87 297743 296630 295202 48603
16 40 34 6258225 84 320467 319579 307087 37450
16 40 36 6885023 82 319584 318875 307070 33989
16 40 37 6589158 80 297539 296912 283060 27556
16 40 38 6741542 80 302214 301580 288084 20456
16 48 16 7015919 175 453171 451753 436123 198121
16 48 19 6366145 146 413473 412152 396148 156014
16 48 22 6043575 125 387995 386673 370904 118760
16 48 24 6018127 115 372811 371417 360205 97758
16 48 27 5123821 100 325205 323880 316603 66816
16 48 30 5000839 90 299587 298234 285256 56096
16 48 33 4443304 81 254293 253128 243353 47840
16 48 36 5339933 76 301675 300479 291059 49678
16 48 38 5348156 72 278635 277583 267053 39210
16 48 41 5320769 68 260587 259708 257618 32060
16 48 43 5299091 65 254216 253417 240854 26795
16 48 44 5675534 65 263095 262372 260499 24012
16 48 45 5597408 64 249194 248551 237258 20681
16 48 46 5363695 63 237574 236924 235872 14446
16 59 16 6067396 171 427593 426210 411632 190122
16 59 19 5993059 144 405996 404647 383088 168399
16 59 23 5458426 117 380371 379034 360963 126711
16 59 27 5119388 99 346842 345476 322272 95848
16 59 30 5060803 89 333779 332439 321913 82557
16 59 34 4428231 78 294468 293170 282862 56263
16 59 37 3831748 71 247338 246043 226567 48893
16 59 40 4242984 66 257728 256513 247190 50401
16 59 44 3619011 59 210137 209048 198233 39249
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Table6.8.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
16 59 47 4092301 56 220715 219633 209486 37151
16 59 50 4100409 53 209935 209008 198465 31631
16 59 52 4489595 52 225827 224959 214989 29266
16 59 54 4694964 51 219955 219244 217878 18448
16 59 55 4567134 50 210713 210063 200383 17547
16 59 56 4181649 49 187498 186926 185962 16694
16 59 57 4378152 49 189995 189440 188374 10146
16 71 15 5567821 179 401222 399819 356916 174691
16 71 19 5112476 140 383689 382293 348016 152030
16 71 23 4866178 115 349337 348030 312562 119985
16 71 28 4444597 94 334461 333159 304325 105541
16 71 32 4616234 83 324387 323066 306269 94277
16 71 36 4342026 73 300051 298777 279764 69523
16 71 40 3921500 65 258041 256766 239774 41689
16 71 45 3794354 58 256542 255358 243397 50207
16 71 48 3693642 54 244650 243448 225361 46644
16 71 53 3555322 49 197976 196859 189087 32385
16 71 57 3193516 45 188305 187167 178197 31528
16 71 60 3741124 44 192020 191041 180860 24807
16 71 63 3819069 42 208191 207226 198506 27749
16 71 65 3239254 40 145690 144965 136205 16752
16 71 67 3850305 40 179152 178557 167889 17752
16 71 68 3785459 39 171500 170895 162532 8085
16 87 13 6861644 211 484879 483544 447743 260481
16 87 18 5520477 148 422721 421304 375043 193479
16 87 23 4725415 114 359143 357810 332317 142372
16 87 29 4553976 90 345349 344019 320113 122664
16 87 34 4354855 77 331949 330590 305335 103546
16 87 39 4273716 67 314523 313218 268593 84114
16 87 44 3861602 59 292382 291053 262752 68539
16 87 50 3251451 51 247373 246079 228659 47459
16 87 55 3187167 46 218122 216922 181375 40855
16 87 59 2385002 42 167044 165803 157481 30191
16 87 64 2712068 39 170902 169739 155269 29519
16 87 70 2663283 36 162063 160930 151059 28675
16 87 74 3078241 35 158828 157894 156254 22269
16 87 77 2887515 33 152056 151010 144249 23558
16 87 80 3235180 33 167320 166520 164394 20253
16 87 82 3090178 32 141836 141180 139402 16854
16 87 83 3092943 31 146963 146381 139535 18180
16 87 84 3044820 31 132294 131668 122696 7682
16 106 16 5400088 165 417255 415857 372883 194567
16 106 22 4911542 119 378195 376786 342849 158288
16 106 29 3821524 88 321985 320622 264355 104214
16 106 35 3916903 73 339782 338356 319626 120343
16 106 41 3223219 61 290913 289492 239780 76981
16 106 48 3773352 53 305262 303906 270925 80480
16 106 54 3433005 47 258829 257475 235913 58535
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Table6.8.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
16 106 60 2386269 41 213989 212619 179286 37349
16 106 67 2852379 37 205778 204559 172279 37419
16 106 72 2197131 34 160155 158917 152954 31859
16 106 78 2528417 32 171715 170547 164234 31803
16 106 85 2213776 29 129217 128087 112924 22362
16 106 90 1995010 27 105560 104557 93101 16032
16 106 94 2400718 27 139024 138094 126715 18170
16 106 98 2040224 25 103153 102243 97705 16500
16 106 100 2498239 25 123388 122618 116714 14460
16 106 101 2554660 25 125683 124936 117566 10100
16 106 102 2275252 25 101331 100795 99704 7490

18 7 6 10557914 140 294815 293847 293323 44046
18 9 6 7212395 118 289894 288362 288042 80266
18 9 7 7835864 105 266405 265177 259341 62673
18 9 8 7415219 95 216069 215232 215200 32671
18 10 5 5723150 135 291938 290204 284242 97673
18 10 6 6210093 114 276688 275015 265455 74802
18 10 7 6653768 99 259263 257737 248276 67344
18 10 8 6701407 89 231447 230322 229924 53824
18 10 9 6260650 80 187567 186750 179450 30549
18 12 5 6717821 138 341051 339290 323855 143889
18 12 6 5511308 112 282779 281038 272139 91058
18 12 7 4905544 95 241128 239437 232150 72936
18 12 8 5209000 84 238692 237033 228488 59910
18 12 9 4841445 74 191780 190364 190163 46738
18 12 10 5708098 69 206728 205589 196434 47371
18 12 11 5600359 65 170640 169742 169487 25248
18 15 4 6157757 169 330425 328690 309381 187449
18 15 5 4870721 132 269418 267669 257811 134666
18 15 6 4809979 109 260175 258508 232261 108225
18 15 7 4354547 93 264881 263136 254738 96607
18 15 8 4140150 81 227447 225647 217532 62564
18 15 9 4011778 72 199959 198292 197750 51809
18 15 10 4593828 66 217149 215420 207852 59952
18 15 11 4249132 60 189257 187734 179803 47988
18 15 12 4084660 55 163333 162004 154811 40091
18 15 13 4339548 51 155471 154426 147815 36485
18 15 14 4143888 48 126194 125359 119563 21872
18 18 5 5042347 131 287392 285709 247083 147913
18 18 6 4788418 109 281559 279887 246142 129767
18 18 7 4110896 92 235952 234263 222178 94438
18 18 8 4588074 82 252808 251087 238426 92465
18 18 9 4269130 72 232024 230281 208545 62143
18 18 10 3844825 64 202414 200696 186812 55014
18 18 11 3669324 58 191400 189827 185155 49506
18 18 12 3475408 53 171920 170370 159075 41369
18 18 13 3406012 49 153469 152073 144916 35399
18 18 14 3544328 46 158764 157255 156563 39395
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc R.s.union
18 18 15 3329820 43 137208 135835 128533 30683
18 18 16 3287413 40 116152 115149 107842 27048
18 18 17 3836959 39 127504 126662 119261 15473
18 22 5 4917512 130 288535 286734 264264 156815
18 22 6 4612817 108 285171 283426 263832 145352
18 22 7 3973449 91 250471 248765 209590 104140
18 22 9 4147048 71 257294 255593 232516 101679
18 22 10 3777769 64 230397 228692 206185 71029
18 22 11 3640102 58 218415 216708 192405 61628
18 22 13 3035591 48 178309 176616 164597 50916
18 22 14 2828839 45 165702 164029 146328 42830
18 22 15 3121825 42 167960 166327 154361 42704
18 22 16 3267859 40 168708 167178 166278 48558
18 22 18 3142156 35 138456 137147 125392 29120
18 22 19 2831318 33 115127 113811 109332 23176
18 22 20 2980521 32 104751 103811 103716 20637
18 22 21 2722441 31 78071 77183 77033 11231
18 27 6 5018366 108 310200 308441 272225 160868
18 27 7 3843051 90 258424 256720 204359 112017
18 27 9 4176674 71 271754 270022 244730 122197
18 27 11 3627756 57 232750 231047 217383 85758
18 27 12 3574707 53 238065 236361 220664 86245
18 27 14 3162265 45 204877 203242 189230 50264
18 27 15 2744717 41 187890 186165 183113 53894
18 27 17 2581970 36 145799 144224 134180 35182
18 27 18 2518603 34 137983 136392 126686 35129
18 27 20 2505493 31 122418 120866 108873 28921
18 27 22 2801038 28 126559 125271 106120 26725
18 27 23 2306098 27 105465 104160 96805 23457
18 27 24 2194403 26 83865 82530 76205 18399
18 27 25 2656252 25 99236 98176 93425 16770
18 27 26 2380790 24 77629 76918 64985 9296

20 4 3 4703450 55 73387 72316 72303 67128
20 5 2 4223654 80 161229 159328 151462 94810
20 5 3 3947436 53 113939 112157 105296 61217
20 5 4 4042792 40 64723 63594 61042 49981
20 6 2 4017172 79 173008 171092 160611 110782
20 6 3 3249012 52 124241 122363 112022 56659
20 6 4 3137875 39 98298 96696 94284 57238
20 6 5 2965312 31 52494 51474 51420 47026
20 7 2 4090073 79 175125 173155 160420 118410
20 7 3 3339464 52 145188 143172 134171 74379
20 7 4 2501170 38 102923 101006 90905 47702
20 7 5 2258927 31 66914 65123 65082 38710
20 7 6 2334110 26 37746 36860 36860 31767
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Table6.9. Costsof block2GYF for StandardNonInteractive

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
9 12 1 11 68661 1660 44 43 43
9 12 2 10 61484 855 33 31 31
9 12 3 9 58205 575 32 30 30
9 12 4 8 58087 434 18 18 18
9 12 5 7 55902 351 17 17 17
9 12 6 6 58361 294 21 19 19
9 12 7 5 101550 267 18 16 16
9 12 8 4 166802 271 12 12 12
9 12 9 3 166943 269 16 16 16
9 12 10 2 166285 268 11 11 11
9 14 1 13 60948 1660 44 43 43
9 14 2 12 50440 847 22 22 22
9 14 3 11 44807 567 29 27 27
9 14 4 10 42610 425 18 18 18
9 14 5 9 36442 339 17 17 17
9 14 6 8 37997 284 16 16 16
9 14 7 7 38401 245 20 18 18
9 14 8 6 43540 217 20 18 18
9 14 9 5 74875 202 21 21 21
9 14 10 4 122732 201 17 17 17
9 14 12 2 125215 202 15 15 15
9 17 1 16 51698 1660 44 43 43
9 17 2 15 42915 841 31 29 29
9 17 3 14 38716 563 24 24 24
9 17 4 13 33446 422 15 15 15
9 17 5 12 29027 337 15 15 15
9 17 6 11 28362 281 14 14 14
9 17 7 10 27882 240 12 12 12
9 17 8 9 28055 212 16 16 16
9 17 9 8 29946 189 12 12 12
9 17 10 7 28362 170 12 12 12
9 17 11 6 31109 156 9 9 9
9 17 12 5 58231 148 11 11 11
9 17 13 4 89909 148 9 9 9
9 17 14 3 91049 147 9 9 9
9 17 15 2 90940 147 9 9 9
9 17 16 1 90495 147 18 16 16
9 21 1 20 48810 1660 44 43 43
9 21 2 19 38044 838 26 24 24
9 21 3 18 34070 560 21 21 21
9 21 4 17 28600 419 24 22 22
9 21 6 15 24552 279 14 14 14
9 21 7 14 23099 239 17 15 15
9 21 8 13 20912 209 15 15 15
9 21 9 12 20256 186 14 14 14
9 21 11 10 20496 153 10 10 10
9 21 12 9 20191 140 10 10 10
9 21 13 8 21118 130 13 13 13
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Table6.9.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
9 21 14 7 22860 121 14 13 13
9 21 16 5 36625 108 11 11 11
9 21 17 4 66141 109 12 11 11
9 21 18 3 67015 108 13 12 12
9 21 19 2 67067 108 17 16 16
9 25 1 24 45402 1660 44 43 43
9 25 2 23 35483 836 32 30 30
9 25 4 21 27412 418 15 15 15
9 25 5 20 23741 334 14 14 14
9 25 7 18 19498 238 16 16 16
9 25 8 17 19741 209 19 17 17
9 25 10 15 17654 167 11 11 11
9 25 11 14 17208 152 12 12 12
9 25 13 12 15894 129 14 14 14
9 25 14 11 15784 119 10 10 10
9 25 16 9 16045 105 10 8 8
9 25 17 8 15699 99 13 12 12
9 25 18 7 17661 93 15 14 11
9 25 20 5 32105 86 7 7 7
9 25 21 4 52301 86 9 8 8
9 25 22 3 52990 86 10 9 9
9 25 23 2 53042 86 9 8 8
9 25 24 1 51770 85 10 10 7
9 30 1 29 43928 1660 44 43 43
9 30 3 27 30277 557 29 28 28
9 30 4 26 26449 417 12 12 12
9 30 6 24 21397 278 14 14 14
9 30 8 22 18556 209 9 9 9
9 30 10 20 15389 167 17 17 17
9 30 12 18 15119 139 13 13 13
9 30 13 17 14433 128 13 12 12
9 30 15 15 12765 111 9 9 9
9 30 17 13 13636 98 10 10 10
9 30 19 11 13611 88 9 8 8
9 30 20 10 11694 83 13 12 9
9 30 22 8 12932 76 9 8 8
9 30 24 6 14458 70 10 9 9
9 30 26 4 41158 68 9 8 8
9 30 27 3 41859 68 8 7 7
9 30 28 2 42143 68 11 8 8
9 30 29 1 42258 68 11 9 9
9 37 1 36 41822 1660 44 43 43
9 37 3 34 29189 555 24 22 22
9 37 6 31 20292 278 16 16 16
9 37 8 29 16979 208 14 14 14
9 37 10 27 15318 166 18 16 16
9 37 12 25 13990 138 9 9 9
9 37 14 23 13070 118 15 15 15
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Table6.9.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
9 37 17 20 11364 98 11 10 10
9 37 19 18 10258 87 9 8 8
9 37 21 16 10063 79 7 6 6
9 37 23 14 9294 72 7 6 6
9 37 25 12 9057 66 7 6 6
9 37 27 10 8664 61 8 7 7
9 37 30 7 10502 55 12 10 10
9 37 31 6 11677 54 8 6 6
9 37 33 4 30614 52 11 8 8
9 37 34 3 32404 53 9 7 7
9 37 35 2 32382 53 9 7 7
9 37 36 1 31275 52 11 9 9
9 45 1 44 40736 1660 44 43 43
9 45 4 41 24297 416 13 13 13
9 45 7 38 17924 237 12 12 12
9 45 9 36 15341 185 12 12 12
9 45 12 33 14015 138 12 12 12
9 45 15 30 12351 111 15 13 13
9 45 18 27 10893 92 8 8 8
9 45 20 25 10564 83 11 10 10
9 45 23 22 8960 72 8 7 7
9 45 26 19 8577 64 11 9 9
9 45 28 17 7844 59 8 6 6
9 45 31 14 6509 53 9 7 7
9 45 33 12 7247 50 13 10 7
9 45 36 9 6951 46 6 5 5
9 45 38 7 9219 44 10 7 7
9 45 40 5 15978 42 7 5 5
9 45 41 4 26141 42 7 5 5
9 45 42 3 25786 42 8 6 6
9 45 43 2 25674 42 5 4 4
9 54 2 52 31682 832 28 26 26
9 54 5 49 21191 332 11 11 11
9 54 8 46 15530 208 22 20 20
9 54 11 43 13664 151 11 11 11
9 54 15 39 12187 110 9 9 9
9 54 18 36 10725 92 10 10 10
9 54 21 33 9544 79 9 8 8
9 54 24 30 8414 69 12 10 10
9 54 28 26 7521 59 8 6 6
9 54 31 23 6605 53 7 5 5
9 54 34 20 6066 48 7 5 5
9 54 37 17 5882 44 9 6 6
9 54 40 14 6336 41 8 6 6
9 54 43 11 6354 38 12 8 8
9 54 46 8 6122 36 7 5 5
9 54 48 6 7962 34 5 3 3
9 54 50 4 20310 34 5 3 3
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
9 54 51 3 20853 34 6 4 4
9 54 52 2 20813 34 4 3 3

10 6 1 5 52015 809 47 0 41
10 6 2 4 56515 430 31 0 27
10 6 3 3 59973 295 27 0 24
10 6 4 2 167107 276 21 0 19
10 6 5 1 171625 275 19 0 17
10 7 1 6 44129 809 47 0 41
10 7 2 5 39398 419 25 0 23
10 7 3 4 36711 280 27 0 22
10 7 4 3 39148 214 23 0 21
10 7 5 2 122983 204 20 0 16
10 7 6 1 126087 203 19 0 15
10 9 1 8 38784 809 47 0 41
10 9 2 7 30657 412 31 0 26
10 9 3 6 25144 275 27 0 24
10 9 4 5 22517 206 18 0 16
10 9 5 4 24128 166 14 0 13
10 9 6 3 26623 140 11 0 11
10 9 7 2 81307 135 12 0 12
10 9 8 1 81959 134 20 0 18
10 11 1 10 36124 809 47 0 41
10 11 2 9 28622 410 27 0 25
10 11 3 8 23663 273 22 0 19
10 11 4 7 21165 205 17 0 14
10 11 5 6 19045 164 14 0 14
10 11 6 5 17685 137 12 0 12
10 11 7 4 16995 118 15 0 14
10 11 8 3 19370 104 12 0 11
10 11 9 2 61354 101 17 0 11
10 11 10 1 62624 101 16 0 11
10 13 1 12 34469 809 47 0 41
10 13 2 11 26663 409 27 0 24
10 13 3 10 21504 272 26 0 23
10 13 4 9 18307 204 18 0 17
10 13 5 8 17733 163 10 0 10
10 13 6 7 16051 136 16 0 14
10 13 7 6 14239 116 10 0 10
10 13 8 5 14891 102 15 0 11
10 13 9 4 15482 91 14 0 11
10 13 10 3 15544 82 13 0 11
10 13 11 2 47686 80 12 0 9
10 13 12 1 48798 80 10 0 8
10 15 1 14 33122 809 47 0 41
10 15 2 13 25234 408 24 0 23
10 15 3 12 20817 271 21 0 20
10 15 4 11 17860 203 19 0 16
10 15 5 10 16421 163 22 0 19

continuedonnext page

338



Table6.9.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
10 15 6 9 14757 135 20 0 17
10 15 7 8 13974 116 14 0 13
10 15 8 7 12068 101 10 0 9
10 15 9 6 11423 90 16 0 13
10 15 10 5 10993 81 7 0 6
10 15 11 4 12107 74 9 0 7
10 15 12 3 12924 68 12 0 11
10 15 13 2 40572 67 15 0 11
10 15 14 1 41193 67 8 0 7
10 19 1 18 32177 809 47 0 41
10 19 2 17 24097 407 31 0 26
10 19 3 16 20776 271 24 0 21
10 19 4 15 16553 203 19 0 19
10 19 5 14 15571 162 19 0 18
10 19 6 13 13389 135 19 0 18
10 19 7 12 14480 116 14 0 14
10 19 9 10 10272 90 14 0 12
10 19 10 9 10607 81 11 0 10
10 19 11 8 9072 73 13 0 11
10 19 12 7 8399 67 13 0 11
10 19 13 6 8169 62 10 0 7
10 19 14 5 9170 58 14 0 9
10 19 15 4 9195 54 9 0 7
10 19 16 3 10712 51 13 0 9
10 19 17 2 29814 50 9 0 7
10 19 18 1 30882 50 7 0 4
10 23 1 22 30661 809 47 0 41
10 23 2 21 23744 406 26 0 24
10 23 3 20 18500 270 19 0 18
10 23 5 18 14819 162 17 0 16
10 23 6 17 12824 135 14 0 13
10 23 8 15 11015 101 17 0 15
10 23 9 14 9695 90 12 0 12
10 23 10 13 9302 81 14 0 12
10 23 12 11 8109 67 15 0 11
10 23 13 10 7705 62 12 0 8
10 23 14 9 8517 58 9 0 7
10 23 16 7 6397 50 7 0 5
10 23 17 6 7271 47 6 0 5
10 23 18 5 6580 45 13 0 10
10 23 20 3 9505 41 6 0 4
10 23 21 2 23898 40 11 0 8
10 23 22 1 24581 40 9 0 6
10 27 1 26 30043 809 47 0 41
10 27 2 25 23397 406 21 0 19
10 27 4 23 15854 202 21 0 20
10 27 6 21 13077 135 18 0 15
10 27 7 20 12490 115 14 0 14
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
10 27 9 18 10031 90 12 0 12
10 27 11 16 9247 73 9 0 7
10 27 12 15 7402 67 13 0 10
10 27 14 13 8033 58 11 0 10
10 27 15 12 7116 54 11 0 8
10 27 17 10 6359 47 9 0 6
10 27 18 9 6235 45 9 0 7
10 27 20 7 5414 40 13 0 8
10 27 22 5 5069 36 8 0 6
10 27 23 4 5809 35 5 0 3
10 27 24 3 7721 34 3 0 2
10 27 25 2 19675 33 9 0 6
10 27 26 1 20053 33 9 0 6

11 3 1 2 42337 402 45 33 33
11 3 2 1 233072 386 39 29 29
11 4 1 3 31591 402 45 33 33
11 4 2 2 30579 214 36 27 27
11 4 3 1 118307 197 24 19 19
11 5 1 4 28407 402 45 33 33
11 5 2 3 22474 207 23 17 17
11 5 3 2 20884 140 18 14 14
11 5 4 1 78084 131 21 18 18
11 6 1 5 27035 402 45 33 33
11 6 2 4 18402 205 23 19 19
11 6 3 3 17821 137 23 18 18
11 6 4 2 15745 103 20 16 14
11 6 5 1 57828 98 20 16 14
11 7 1 6 25754 402 45 33 33
11 7 2 5 19308 204 18 15 15
11 7 3 4 15979 136 25 18 18
11 7 4 3 14151 102 17 11 11
11 7 5 2 12819 82 23 17 17
11 7 6 1 46931 79 12 10 10
11 8 1 7 24756 402 45 33 33
11 8 2 6 17335 203 27 21 21
11 8 3 5 14368 135 17 15 15
11 8 4 4 12184 101 28 21 19
11 8 5 3 10529 81 26 19 17
11 8 6 2 10265 68 12 8 8
11 8 7 1 39331 66 14 11 11
11 10 1 9 24114 402 45 33 33
11 10 2 8 17507 203 32 24 24
11 10 3 7 13435 135 23 18 18
11 10 4 6 11396 101 16 14 14
11 10 5 5 10093 81 20 15 15
11 10 6 4 8230 67 18 12 10
11 10 7 3 8534 58 19 13 13
11 10 8 2 9868 51 13 8 8

continuedonnext page

340
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
11 10 9 1 29527 49 15 11 11
11 12 1 11 23601 402 45 33 33
11 12 2 10 15349 202 26 21 21
11 12 3 9 12650 134 26 20 20
11 12 4 8 10936 101 16 14 14
11 12 5 7 9233 80 21 16 16
11 12 6 6 7793 67 14 10 10
11 12 7 5 7953 57 15 10 10
11 12 8 4 5973 50 10 7 7
11 12 9 3 6304 45 11 7 7
11 12 10 2 6389 40 16 11 11
11 12 11 1 23564 39 7 5 5
11 14 1 13 23289 402 45 33 33
11 14 2 12 15858 202 24 18 18
11 14 3 11 13014 134 27 20 20
11 14 4 10 9667 100 22 17 15
11 14 5 9 8019 80 24 18 16
11 14 6 8 7636 67 17 12 12
11 14 7 7 7142 57 8 6 6
11 14 8 6 5395 50 13 8 6
11 14 9 5 5011 44 7 5 5
11 14 10 4 5429 40 14 10 10
11 14 11 3 5079 36 5 4 4
11 14 12 2 5379 33 14 9 9
11 14 13 1 20418 33 11 7 7

12 2 1 1 25089 200 14 0 13
12 3 1 2 18384 200 14 0 13
12 3 2 1 16318 106 9 0 8
12 4 1 3 17152 200 14 0 13
12 4 2 2 12254 102 10 0 8
12 4 3 1 11228 69 7 0 6
12 5 1 4 16261 200 14 0 13
12 5 2 3 11053 101 8 0 8
12 5 3 2 9781 68 8 0 6
12 5 4 1 8171 51 11 0 9
12 6 1 5 15684 200 14 0 13
12 6 2 4 11166 101 13 0 12
12 6 3 3 8358 67 13 0 10
12 6 4 2 5971 50 7 0 5
12 6 5 1 7824 41 6 0 4
12 7 1 6 15771 200 14 0 13
12 7 2 5 9968 100 14 0 12
12 7 3 4 7505 67 13 0 10
12 7 4 3 5515 50 7 0 5
12 7 5 2 5555 40 10 0 7
12 7 6 1 5953 34 3 0 2
13 2 1 1 12024 100 13 10 10
13 3 1 2 10791 100 13 10 10
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
13 3 2 1 7321 51 12 7 7
13 4 1 3 10331 100 13 10 10
13 4 2 2 5709 50 10 6 6
13 4 3 1 5271 34 13 8 8
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Table6.10.Costsof block2GYF for HeapSim

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
13 56 2 54 870801 930 54 32 32
13 56 5 51 1034112 372 46 36 36
13 56 8 48 1286129 233 67 30 30
13 56 12 44 3941765 159 74 22 22
13 56 15 41 5434667 135 64 24 24
13 56 18 38 6358576 123 63 22 22
13 56 22 34 6820966 113 6 4 4
13 56 25 31 7134689 109 79 18 18
13 56 29 27 7369797 106 46 12 12
13 56 32 24 7496892 104 90 18 18
13 56 35 21 7584273 103 66 18 18
13 56 38 18 7608841 102 61 18 18
13 56 41 15 7703753 102 22 12 12
13 56 45 11 7693569 101 16 9 9
13 56 48 8 7728651 101 94 10 10
13 56 50 6 7747103 101 91 10 10
13 56 52 4 7755799 101 91 10 10
13 56 53 3 7765052 101 91 10 10
13 56 54 2 7766506 101 91 10 10
13 68 2 66 531008 928 54 32 32
13 68 6 62 609541 309 58 22 22
13 68 10 58 688552 185 45 28 28
13 68 14 54 764906 132 46 14 14
13 68 18 50 925821 103 63 22 22
13 68 22 46 1432020 85 6 4 4
13 68 27 41 2935521 72 46 12 12
13 68 31 37 3430263 66 41 16 16
13 68 35 33 3693126 63 66 18 18
13 68 39 29 3925412 61 61 18 18
13 68 43 25 3992511 59 6 4 4
13 68 46 22 4109706 59 22 11 11
13 68 50 18 4123386 58 91 10 10
13 68 54 14 4207035 58 91 10 10
13 68 58 10 4155494 57 82 10 10
13 68 60 8 4175790 57 82 10 10
13 68 63 5 4185104 57 62 10 10
13 68 64 4 4194039 57 62 10 10
13 68 65 3 4195671 57 62 10 10
13 68 66 2 4197194 57 51 10 10
13 83 2 81 452646 927 54 32 32
13 83 7 76 441550 265 39 22 22
13 83 12 71 433508 154 74 22 22
13 83 17 66 517424 109 61 20 20
13 83 22 61 507445 84 6 4 4
13 83 27 56 582750 68 46 12 12
13 83 32 51 744293 58 90 18 18
13 83 37 46 1060740 50 63 18 18
13 83 42 41 1868085 45 6 4 4
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
13 83 47 36 2216894 42 83 10 10
13 83 52 31 2478769 41 91 10 10
13 83 56 27 2625433 40 91 10 10
13 83 61 22 2650391 39 62 10 10
13 83 66 17 2648219 38 51 10 10
13 83 71 12 2691703 38 38 10 10
13 83 74 9 2717850 38 35 10 10
13 83 76 7 2721748 38 35 10 10
13 83 78 5 2736561 38 35 10 10
13 83 79 4 2736846 38 35 10 10
13 83 80 3 2737385 38 14 4 4
13 101 3 98 364364 618 64 30 30
13 101 9 92 356838 206 57 28 28
13 101 15 86 351203 123 64 24 24
13 101 21 80 437140 88 21 12 12
13 101 27 74 427744 68 46 12 12
13 101 33 68 423309 56 79 18 18
13 101 39 62 498849 47 61 18 18
13 101 45 56 573029 41 16 9 9
13 101 52 49 718667 35 91 10 10
13 101 58 43 1191258 32 82 10 10
13 101 64 37 1548218 30 62 10 10
13 101 69 32 1729766 29 38 10 10
13 101 75 26 1767884 28 35 10 10
13 101 81 20 1913110 28 6 4 4
13 101 86 15 1861959 27 6 4 4
13 101 90 11 1892968 27 6 4 4
13 101 93 8 1897475 27 6 4 4
13 101 95 6 1912600 27 0 0 0
13 101 96 5 1913019 27 0 0 0
13 101 97 4 1913162 27 0 0 0
13 123 4 119 367112 463 64 30 30
13 123 11 112 360290 168 13 9 9
13 123 18 105 356871 103 63 22 22
13 123 26 97 350951 71 75 18 18
13 123 33 90 346567 56 79 18 18
13 123 41 82 341702 45 22 12 12
13 123 48 75 419620 38 94 10 10
13 123 55 68 409600 33 91 10 10
13 123 63 60 485102 29 62 10 10
13 123 70 53 555359 26 38 10 10
13 123 77 46 695936 24 35 10 10
13 123 84 39 1054992 22 6 4 4
13 123 91 32 1236695 21 6 4 4
13 123 98 25 1350981 21 0 0 0
13 123 105 18 1350562 20 0 0 0
13 123 109 14 1381353 20 0 0 0
13 123 113 10 1387089 20 0 0 0

continuedonnext page

344



Table6.10.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
13 123 116 7 1403346 20 0 0 0
13 123 117 6 1404333 20 0 0 0
13 123 119 4 1405931 20 0 0 0
13 150 4 146 276703 463 64 30 30
13 150 13 137 270671 142 76 26 26
13 150 22 128 358277 84 6 4 4
13 150 31 119 351756 59 41 16 16
13 150 40 110 348642 46 30 12 12
13 150 49 101 340637 37 94 10 10
13 150 58 92 332811 31 82 10 10
13 150 67 83 330118 27 51 10 10
13 150 76 74 409382 24 35 10 10
13 150 86 64 396500 21 6 4 4
13 150 94 56 461782 19 0 0 0
13 150 102 48 533716 18 0 0 0
13 150 111 39 886871 17 0 0 0
13 150 120 30 980039 16 0 0 0
13 150 127 23 1078403 16 0 0 0
13 150 133 17 1021244 15 0 0 0
13 150 138 12 1026050 15 0 0 0
13 150 141 9 1043567 15 0 0 0
13 150 143 7 1045162 15 0 0 0
13 150 145 5 1046595 15 0 0 0
13 182 5 177 275501 370 46 36 36
13 182 16 166 268907 115 69 20 20
13 182 27 155 265779 68 46 12 12
13 182 38 144 261723 48 61 18 18
13 182 49 133 257678 37 94 10 10
13 182 60 122 254023 30 82 10 10
13 182 71 111 340141 26 38 10 10
13 182 82 100 329720 22 6 4 4
13 182 93 89 319356 19 6 4 4
13 182 104 78 313253 17 0 0 0
13 182 115 67 391403 16 0 0 0
13 182 124 58 387396 15 0 0 0
13 182 135 47 431013 13 0 0 0
13 182 146 36 767934 13 0 0 0
13 182 155 27 781055 12 0 0 0
13 182 162 20 819055 12 0 0 0
13 182 167 15 822947 12 0 0 0
13 182 171 11 826290 12 0 0 0
13 182 174 8 845160 12 0 0 0
13 182 175 7 845708 12 0 0 0
13 222 7 215 273644 264 39 22 22
13 222 20 202 267618 92 45 20 20
13 222 33 189 265886 56 79 18 18
13 222 47 175 261249 39 83 10 10
13 222 60 162 254023 30 82 10 10
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13 222 73 149 255296 25 35 10 10
13 222 87 135 252564 21 6 4 4
13 222 100 122 246353 18 0 0 0
13 222 113 109 322692 16 0 0 0
13 222 127 95 312849 14 0 0 0
13 222 140 82 312936 13 0 0 0
13 222 151 71 305065 12 0 0 0
13 222 164 58 364597 11 0 0 0
13 222 178 44 477447 10 0 0 0
13 222 189 33 601892 10 0 0 0
13 222 197 25 566560 9 0 0 0
13 222 204 18 604225 9 0 0 0
13 222 209 13 607740 9 0 0 0
13 222 212 10 628480 9 0 0 0
13 222 214 8 629312 9 0 0 0
13 270 8 262 272989 231 67 30 30
13 270 24 246 267984 77 97 19 19
13 270 40 230 263317 46 30 12 12
13 270 57 213 257903 32 82 10 10
13 270 73 197 255296 25 35 10 10
13 270 89 181 245838 20 6 4 4
13 270 105 165 243856 17 0 0 0
13 270 121 149 244499 15 0 0 0
13 270 138 132 238743 13 0 0 0
13 270 154 116 242362 12 0 0 0
13 270 170 100 221404 10 0 0 0
13 270 184 86 305304 10 0 0 0
13 270 200 70 290679 9 0 0 0
13 270 216 54 340288 8 0 0 0
13 270 229 41 457035 8 0 0 0
13 270 240 30 424007 7 0 0 0
13 270 248 22 464167 7 0 0 0
13 270 254 16 467124 7 0 0 0
13 270 258 12 490462 7 0 0 0
13 270 260 10 491197 7 0 0 0

14 28 1 27 869909 926 55 33 33
14 28 3 25 1120294 312 58 22 22
14 28 4 24 1285986 234 67 30 30
14 28 6 22 3944878 161 74 22 22
14 28 8 20 6012802 133 69 20 20
14 28 9 19 6450262 125 64 23 23
14 28 11 17 7077996 116 6 4 4
14 28 13 15 7444919 111 75 18 18
14 28 14 14 7541359 109 46 12 12
14 28 16 12 7744556 107 90 18 18
14 28 18 10 7798127 105 63 18 18
14 28 19 9 7851738 105 61 18 18
14 28 21 7 7895573 104 6 4 4
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14 28 22 6 7931478 104 6 4 4
14 28 24 4 7975717 104 94 10 10
14 28 25 3 7995432 104 91 10 10
14 28 26 2 8002797 104 91 10 10
14 28 27 1 7923387 103 91 10 10
14 34 1 33 530093 926 55 33 33
14 34 3 31 610574 310 58 22 22
14 34 5 29 690209 186 45 28 28
14 34 7 27 766825 133 46 14 14
14 34 9 25 925646 103 64 23 23
14 34 11 23 1432355 85 6 4 4
14 34 13 21 2693810 74 75 18 18
14 34 15 19 3378238 68 41 15 15
14 34 17 17 3727929 65 66 18 18
14 34 19 15 3940912 62 61 18 18
14 34 21 13 4110512 61 6 4 4
14 34 23 11 4192636 60 22 11 11
14 34 25 9 4204518 59 91 10 10
14 34 27 7 4287917 59 91 10 10
14 34 29 5 4232454 58 82 10 10
14 34 30 4 4256008 58 82 10 10
14 34 31 3 4261143 58 62 10 10
14 34 32 2 4273504 58 62 10 10
14 34 33 1 4275538 58 51 10 10
14 42 1 41 453109 926 55 33 33
14 42 4 38 440733 232 67 30 30
14 42 6 36 434399 154 74 22 22
14 42 9 33 517276 103 64 23 23
14 42 11 31 507756 84 6 4 4
14 42 14 28 583425 66 46 12 12
14 42 16 26 748562 58 90 18 18
14 42 19 23 1066824 49 61 18 18
14 42 21 21 1715150 45 6 4 4
14 42 24 18 2291863 42 94 10 10
14 42 26 16 2388381 40 91 10 10
14 42 29 13 2550359 39 82 10 10
14 42 31 11 2569868 38 62 10 10
14 42 34 8 2663301 38 38 10 10
14 42 36 6 2697877 38 35 10 10
14 42 37 5 2723672 38 35 10 10
14 42 39 3 2639926 37 35 10 10
14 42 40 2 2650397 37 14 4 4
14 51 2 49 362095 463 64 30 30
14 51 5 46 355580 185 45 28 28
14 51 8 43 350258 115 69 20 20
14 51 11 40 436784 84 6 4 4
14 51 14 37 429303 66 46 12 12
14 51 17 34 420642 54 66 18 18
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14 51 20 31 500845 46 30 12 12
14 51 23 28 574248 40 22 11 11
14 51 26 25 636179 35 91 10 10
14 51 29 22 1036920 32 82 10 10
14 51 32 19 1549415 30 62 10 10
14 51 35 16 1736336 29 38 10 10
14 51 38 13 1818516 28 35 10 10
14 51 41 10 1826210 27 6 4 4
14 51 43 8 1866994 27 6 4 4
14 51 45 6 1896779 27 6 4 4
14 51 47 4 1903081 27 0 0 0
14 51 48 3 1917221 27 0 0 0
14 51 49 2 1917641 27 0 0 0
14 62 2 60 367393 463 64 30 30
14 62 6 56 359795 154 74 22 22
14 62 9 53 357443 103 64 23 23
14 62 13 49 351650 71 75 18 18
14 62 17 45 344897 54 66 18 18
14 62 20 42 342101 46 30 12 12
14 62 24 38 419842 38 94 10 10
14 62 28 34 414183 33 91 10 10
14 62 32 30 489104 29 62 10 10
14 62 35 27 555421 26 38 10 10
14 62 39 23 700272 24 35 10 10
14 62 42 20 992445 22 6 4 4
14 62 46 16 1241519 21 6 4 4
14 62 50 12 1401630 21 0 0 0
14 62 53 9 1354021 20 0 0 0
14 62 55 7 1384797 20 0 0 0
14 62 57 5 1390180 20 0 0 0
14 62 58 4 1393542 20 0 0 0
14 62 59 3 1407944 20 0 0 0
14 62 60 2 1409924 20 0 0 0
14 75 2 73 276798 463 64 30 30
14 75 7 68 270676 132 46 14 14
14 75 11 64 358230 84 6 4 4
14 75 16 59 350861 57 90 18 18
14 75 20 55 348755 46 30 12 12
14 75 25 50 345556 37 91 10 10
14 75 29 46 332826 31 82 10 10
14 75 34 41 332931 27 38 10 10
14 75 38 37 409481 24 35 10 10
14 75 43 32 396615 21 6 4 4
14 75 47 28 461811 19 0 0 0
14 75 51 24 533705 18 0 0 0
14 75 55 20 884634 17 0 0 0
14 75 60 15 979391 16 0 0 0
14 75 64 11 1079097 16 0 0 0
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14 75 67 8 1021877 15 0 0 0
14 75 69 6 1025889 15 0 0 0
14 75 70 5 1026730 15 0 0 0
14 75 72 3 1044375 15 0 0 0
14 91 3 88 274399 308 58 22 22
14 91 8 83 269021 115 69 20 20
14 91 14 77 267136 66 46 12 12
14 91 19 72 261765 48 61 18 18
14 91 25 66 263450 37 91 10 10
14 91 30 61 254149 30 82 10 10
14 91 35 56 337675 26 38 10 10
14 91 41 50 329728 22 6 4 4
14 91 46 45 329467 20 6 4 4
14 91 52 39 313322 17 0 0 0
14 91 57 34 393073 16 0 0 0
14 91 62 29 387498 15 0 0 0
14 91 67 24 429283 13 0 0 0
14 91 73 18 767943 13 0 0 0
14 91 77 14 779692 12 0 0 0
14 91 81 10 818263 12 0 0 0
14 91 84 7 823472 12 0 0 0
14 91 86 5 843787 12 0 0 0
14 91 87 4 845022 12 0 0 0
14 91 88 3 845974 12 0 0 0
14 111 3 108 274399 308 58 22 22
14 111 10 101 267806 92 45 20 20
14 111 17 94 264324 54 66 18 18
14 111 23 88 262606 40 22 11 11
14 111 30 81 254149 30 82 10 10
14 111 37 74 258364 25 35 10 10
14 111 43 68 249567 21 6 4 4
14 111 50 61 246441 18 0 0 0
14 111 57 54 324461 16 0 0 0
14 111 63 48 311024 14 0 0 0
14 111 70 41 313082 13 0 0 0
14 111 75 36 303956 12 0 0 0
14 111 82 29 364568 11 0 0 0
14 111 89 22 477572 10 0 0 0
14 111 94 17 601083 10 0 0 0
14 111 99 12 600446 9 0 0 0
14 111 102 9 604158 9 0 0 0
14 111 104 7 607112 9 0 0 0
14 111 106 5 628130 9 0 0 0
14 111 107 4 628904 9 0 0 0
14 135 4 131 273007 231 67 30 30
14 135 12 123 268092 77 97 19 19
14 135 20 115 263433 46 30 12 12
14 135 28 107 261564 33 91 10 10
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14 135 36 99 251845 25 35 10 10
14 135 45 90 248316 20 6 4 4
14 135 53 82 245581 17 0 0 0
14 135 61 74 246485 15 0 0 0
14 135 69 66 238777 13 0 0 0
14 135 77 58 242369 12 0 0 0
14 135 85 50 221402 10 0 0 0
14 135 92 43 305397 10 0 0 0
14 135 100 35 290738 9 0 0 0
14 135 108 27 340309 8 0 0 0
14 135 115 20 457726 8 0 0 0
14 135 120 15 424030 7 0 0 0
14 135 124 11 464096 7 0 0 0
14 135 127 8 466794 7 0 0 0
14 135 129 6 490551 7 0 0 0
14 135 130 5 491039 7 0 0 0

16 7 1 6 1284039 231 67 30 30
16 7 2 5 8296588 162 69 20 20
16 7 3 4 9902468 144 97 19 19
16 7 4 3 10319074 138 90 18 18
16 7 5 2 10537601 136 30 12 12
16 7 6 1 10575430 135 94 10 10
16 9 1 8 518621 231 67 30 30
16 9 2 7 684418 118 69 20 20
16 9 3 6 1095064 80 97 19 19
16 9 4 5 3074650 66 90 18 18
16 9 5 4 3729588 60 30 12 12
16 9 6 3 3994675 58 94 10 10
16 9 7 2 4102691 57 91 10 10
16 9 8 1 4103254 56 62 10 10
16 11 1 10 442953 231 67 30 30
16 11 2 9 434323 116 69 20 20
16 11 3 8 513533 78 97 19 19
16 11 4 7 580495 58 90 18 18
16 11 5 6 903826 47 30 12 12
16 11 6 5 1939845 42 94 10 10
16 11 7 4 2332710 39 91 10 10
16 11 8 3 2544224 38 62 10 10
16 11 9 2 2593103 37 35 10 10
16 11 10 1 2655987 37 14 4 4
16 13 1 12 357813 231 67 30 30
16 13 2 11 352895 116 69 20 20
16 13 3 10 435919 77 97 19 19
16 13 4 9 427418 58 90 18 18
16 13 5 8 501287 46 30 12 12
16 13 6 7 576508 39 94 10 10
16 13 7 6 808112 34 91 10 10
16 13 8 5 1413737 30 62 10 10
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16 13 9 4 1737251 29 35 10 10
16 13 10 3 1870260 28 14 4 4
16 13 11 2 1956374 28 6 4 4
16 13 12 1 1897467 27 0 0 0
16 16 1 15 363693 231 67 30 30
16 16 2 14 359415 116 69 20 20
16 16 3 13 354255 77 97 19 19
16 16 4 12 350245 58 90 18 18
16 16 5 11 343107 46 30 12 12
16 16 6 10 336487 38 94 10 10
16 16 7 9 417399 33 91 10 10
16 16 8 8 492475 29 62 10 10
16 16 9 7 483055 26 35 10 10
16 16 10 6 616426 23 14 4 4
16 16 11 5 1069844 22 6 4 4
16 16 12 4 1301969 21 0 0 0
16 16 13 3 1320651 20 0 0 0
16 16 14 2 1368624 20 0 0 0
16 16 15 1 1404722 20 0 0 0
16 19 1 18 273129 231 67 30 30
16 19 2 17 269231 115 69 20 20
16 19 3 16 357476 77 97 19 19
16 19 4 15 355667 58 90 18 18
16 19 5 14 349496 46 30 12 12
16 19 6 13 343165 38 94 10 10
16 19 7 12 341860 33 91 10 10
16 19 9 10 326615 25 35 10 10
16 19 10 9 409354 23 14 4 4
16 19 11 8 399766 21 6 4 4
16 19 12 7 463637 19 0 0 0
16 19 13 6 534989 18 0 0 0
16 19 14 5 887851 17 0 0 0
16 19 15 4 931422 16 0 0 0
16 19 16 3 1074535 16 0 0 0
16 19 17 2 1113409 16 0 0 0
16 19 18 1 1133992 16 0 0 0
16 23 1 22 273129 231 67 30 30
16 23 2 21 269231 115 69 20 20
16 23 3 20 268176 77 97 19 19
16 23 5 18 263459 46 30 12 12
16 23 6 17 259815 38 94 10 10
16 23 8 15 345115 29 62 10 10
16 23 9 14 334223 25 35 10 10
16 23 10 13 336564 23 14 4 4
16 23 12 11 325496 19 0 0 0
16 23 13 10 313479 17 0 0 0
16 23 14 9 311585 16 0 0 0
16 23 16 7 373268 14 0 0 0
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16 23 17 6 433102 13 0 0 0
16 23 18 5 647428 13 0 0 0
16 23 20 3 785484 12 0 0 0
16 23 21 2 821942 12 0 0 0
16 23 22 1 843570 12 0 0 0
16 28 1 27 273129 231 67 30 30
16 28 3 25 268176 77 97 19 19
16 28 4 24 262993 57 90 18 18
16 28 6 22 259815 38 94 10 10
16 28 8 20 252325 28 62 10 10
16 28 9 19 251976 25 35 10 10
16 28 11 17 255850 21 6 4 4
16 28 13 15 241944 17 0 0 0
16 28 14 14 243076 16 0 0 0
16 28 16 12 314679 14 0 0 0
16 28 18 10 298119 12 0 0 0
16 28 19 9 306532 12 0 0 0
16 28 21 7 370542 11 0 0 0
16 28 22 6 417712 10 0 0 0
16 28 24 4 654522 10 0 0 0
16 28 25 3 600403 9 0 0 0
16 28 26 2 605405 9 0 0 0
16 28 27 1 629714 9 0 0 0
16 34 1 33 273129 231 67 30 30
16 34 3 31 268176 77 97 19 19
16 34 5 29 263459 46 30 12 12
16 34 7 27 261516 33 91 10 10
16 34 9 25 251976 25 35 10 10
16 34 11 23 255850 21 6 4 4
16 34 13 21 241944 17 0 0 0
16 34 15 19 242910 15 0 0 0
16 34 17 17 236298 13 0 0 0
16 34 19 15 240138 12 0 0 0
16 34 21 13 312169 11 0 0 0
16 34 23 11 305446 10 0 0 0
16 34 25 9 290797 9 0 0 0
16 34 27 7 275320 8 0 0 0
16 34 29 5 458789 8 0 0 0
16 34 30 4 516603 8 0 0 0
16 34 31 3 463834 7 0 0 0
16 34 32 2 467877 7 0 0 0
16 34 33 1 491679 7 0 0 0

18 2 1 1 3106246 57 90 18 18
18 3 1 2 504738 57 90 18 18
18 3 2 1 2986212 46 62 10 10
18 4 1 3 346000 57 90 18 18
18 4 2 2 501336 30 62 10 10
18 4 3 1 1566272 25 0 0 0
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18 5 1 4 263046 57 90 18 18
18 5 2 3 340420 29 62 10 10
18 5 3 2 391606 19 0 0 0
18 5 4 1 1067071 17 0 0 0
18 6 1 5 263046 57 90 18 18
18 6 2 4 252384 28 62 10 10
18 6 3 3 326866 19 0 0 0
18 6 4 2 377105 14 0 0 0
18 6 5 1 828746 13 0 0 0
18 7 1 6 263046 57 90 18 18
18 7 2 5 252384 28 62 10 10
18 7 3 4 250860 19 0 0 0
18 7 4 3 314411 14 0 0 0
18 7 5 2 293525 11 0 0 0
18 7 6 1 642845 10 0 0 0
18 9 1 8 263046 57 90 18 18
18 9 2 7 252384 28 62 10 10
18 9 3 6 250860 19 0 0 0
18 9 4 5 240538 14 0 0 0
18 9 5 4 230695 11 0 0 0
18 9 6 3 289227 9 0 0 0
18 9 7 2 282355 8 0 0 0
18 9 8 1 432879 7 0 0 0
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Configuration Copied Invoc W.b. insert W.b. add R.s.proc
9 60 2 58 541348 1141 6451 6005 6001
9 60 5 55 519056 478 4018 3511 3491
9 60 9 51 488873 277 3065 2541 2521
9 60 13 47 445425 197 2475 2024 2004
9 60 16 44 430114 166 2209 1798 1778
9 60 20 40 397687 138 1977 1529 1518
9 60 23 37 404469 119 1824 1436 1430
9 60 27 33 387990 105 1685 1317 1311
9 60 31 29 388007 97 1653 1266 1258
9 60 34 26 381103 92 1575 1197 1186
9 60 38 22 384510 90 1522 1130 1119
9 60 41 19 396249 91 1581 1193 1182
9 60 44 16 392140 90 1533 1153 1147
9 60 48 12 387960 89 1554 1158 1147
9 60 51 9 389122 89 1490 1118 1107
9 60 53 7 396863 90 1598 1177 1171
9 60 55 5 390214 89 1516 1144 1133
9 60 56 4 397538 90 1560 1152 1146
9 60 57 3 384240 88 1586 1179 1171
9 74 2 72 416822 1127 6431 5998 5994
9 74 7 67 382338 335 3368 2901 2881
9 74 11 63 356321 216 2570 2102 2089
9 74 16 58 327954 151 2090 1688 1677
9 74 20 54 311479 125 1870 1498 1475
9 74 24 50 286996 107 1701 1333 1322
9 74 29 45 277301 93 1517 1162 1139
9 74 33 41 259576 80 1433 1067 1043
9 74 38 36 247839 69 1291 947 924
9 74 42 32 242288 64 1207 886 863
9 74 47 27 229321 57 1069 756 733
9 74 50 24 237818 57 1138 810 787
9 74 55 19 236205 56 1107 813 790
9 74 59 15 239478 56 1197 844 821
9 74 63 11 243217 56 1174 859 855
9 74 66 8 242333 56 1190 834 811
9 74 68 6 242209 56 1200 844 821
9 74 70 4 242546 56 1190 837 814
9 74 71 3 242905 56 1142 819 796
9 90 3 87 352473 753 5358 4837 4833
9 90 8 82 327816 290 3146 2636 2630
9 90 13 77 294284 180 2280 1881 1864
9 90 19 71 265600 125 1848 1476 1456
9 90 24 66 244875 101 1596 1233 1213
9 90 30 60 217970 82 1455 1103 1080
9 90 35 55 205729 69 1180 880 864
9 90 41 49 192591 61 1101 780 772
9 90 46 44 186906 56 999 694 674
9 90 51 39 177450 50 999 707 698
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9 90 57 33 164503 43 875 620 596
9 90 61 29 160294 41 861 603 602
9 90 67 23 158419 39 801 558 557
9 90 72 18 165209 39 858 601 600
9 90 77 13 165180 39 850 597 573
9 90 80 10 166985 39 827 590 566
9 90 83 7 167880 39 854 600 576
9 90 85 5 167842 39 847 593 569
9 90 86 4 167553 39 896 605 581
9 90 87 3 168016 39 849 583 563
9 109 3 106 316464 749 5388 4856 4850
9 109 10 99 281512 229 2788 2311 2291
9 109 16 93 259119 146 2093 1657 1637
9 109 23 86 225704 101 1647 1238 1225
9 109 29 80 215199 83 1436 1115 1111
9 109 36 73 180159 65 1091 816 800
9 109 43 66 173902 56 1083 783 767
9 109 49 60 161806 49 952 680 671
9 109 56 53 152103 43 966 674 657
9 109 62 47 139504 40 956 639 611
9 109 69 40 132127 37 753 530 510
9 109 74 35 124984 33 696 453 442
9 109 81 28 119697 30 673 465 454
9 109 87 22 118720 29 654 442 431
9 109 93 16 122668 29 609 428 417
9 109 97 12 123560 29 551 405 394
9 109 100 9 124467 29 661 445 432
9 109 102 7 124704 29 677 453 440
9 109 104 5 124923 29 647 438 425
9 109 105 4 125274 29 694 465 451
9 133 4 129 289219 561 4576 4038 4025
9 133 12 121 259453 192 2454 2024 2011
9 133 20 113 215921 114 1707 1352 1340
9 133 28 105 195279 83 1505 1142 1114
9 133 36 97 168687 64 1215 857 833
9 133 44 89 160922 54 1027 745 725
9 133 52 81 139407 45 892 612 596
9 133 60 73 124571 39 834 576 560
9 133 68 65 121266 35 852 581 553
9 133 76 57 116068 31 736 482 470
9 133 84 49 104697 28 621 421 400
9 133 90 43 102357 27 628 413 402
9 133 98 35 95320 24 506 343 325
9 133 106 27 93735 23 583 370 359
9 133 113 20 93061 22 534 338 327
9 133 118 15 92965 22 575 381 364
9 133 122 11 92886 22 532 338 326
9 133 125 8 95138 22 569 385 368
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9 133 127 6 95916 22 563 386 369
9 133 128 5 93361 22 531 339 328
9 162 5 157 267402 448 4019 3478 3474
9 162 15 147 224009 151 2099 1689 1678
9 162 24 138 195645 95 1657 1282 1270
9 162 34 128 177581 68 1369 1001 989
9 162 44 118 141140 51 977 688 679
9 162 53 109 131217 43 847 603 587
9 162 63 99 122239 36 820 563 546
9 162 73 89 111256 32 718 479 455
9 162 83 79 98526 27 614 414 396
9 162 92 70 93310 25 639 401 387
9 162 102 60 92391 23 640 405 389
9 162 110 52 77564 21 560 342 323
9 162 120 42 74978 19 453 297 281
9 162 130 32 72327 18 420 290 270
9 162 138 24 66808 17 383 252 228
9 162 144 18 70902 17 414 261 241
9 162 149 13 72442 17 396 251 243
9 162 152 10 72725 17 387 248 240
9 162 155 7 73416 17 378 220 212
9 162 156 6 73626 17 402 248 240
9 197 6 191 251417 372 3595 3083 3063
9 197 18 179 204598 125 1880 1505 1485
9 197 30 167 171722 77 1362 1024 1018
9 197 41 156 157554 56 1151 811 791
9 197 53 144 129481 44 823 580 576
9 197 65 132 109249 35 796 541 521
9 197 77 120 98023 29 645 450 438
9 197 89 108 87951 25 617 372 365
9 197 100 97 81236 22 474 314 310
9 197 112 85 78617 20 537 372 365
9 197 124 73 69774 18 475 282 270
9 197 134 63 66479 17 469 317 293
9 197 146 51 55534 15 385 253 227
9 197 158 39 64936 15 406 241 225
9 197 167 30 61391 14 407 245 224
9 197 175 22 54088 13 346 238 234
9 197 181 16 54172 13 289 188 181
9 197 185 12 54511 13 293 181 174
9 197 188 9 54829 13 317 205 198
9 197 190 7 55363 13 303 195 188
9 240 7 233 241721 319 3324 2837 2833
9 240 22 218 188739 102 1635 1254 1250
9 240 36 204 160183 63 1254 931 911
9 240 50 190 132082 45 896 627 613
9 240 65 175 100249 34 694 453 437
9 240 79 161 100134 28 697 457 441
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9 240 94 146 75522 23 500 361 354
9 240 108 132 77034 20 499 315 307
9 240 122 118 73309 18 566 352 334
9 240 137 103 58927 16 388 257 241
9 240 151 89 61022 15 397 225 208
9 240 163 77 59596 14 443 257 240
9 240 178 62 44263 12 304 203 192
9 240 192 48 49991 12 285 182 169
9 240 204 36 52861 11 333 186 173
9 240 213 27 41281 10 313 169 160
9 240 221 19 42077 10 361 214 201
9 240 226 14 42829 10 278 162 155
9 240 229 11 42951 10 269 159 152
9 240 231 9 42440 10 266 155 153
9 293 9 284 230995 249 2874 2413 2389
9 293 26 267 176976 86 1483 1097 1078
9 293 44 249 126540 50 915 664 663
9 293 62 231 113727 36 793 538 534
9 293 79 214 96895 28 690 459 439
9 293 97 196 70936 22 449 304 287
9 293 114 179 73770 19 491 315 306
9 293 132 161 66835 17 394 266 260
9 293 149 144 55446 15 388 246 240
9 293 167 126 49568 13 353 222 204
9 293 185 108 45330 12 269 177 158
9 293 199 94 48040 11 322 188 173
9 293 217 76 50871 10 343 200 191
9 293 234 59 37002 9 260 148 133
9 293 249 44 36729 9 245 167 158
9 293 260 33 29497 8 212 144 131
9 293 270 23 33815 8 234 127 117
9 293 275 18 34113 8 240 147 137
9 293 280 13 35031 8 211 130 120
9 293 283 10 35128 8 244 147 134

10 30 1 29 504721 1096 6475 6045 6040
10 30 3 27 493591 402 3741 3213 3208
10 30 5 25 469702 251 2858 2429 2423
10 30 6 24 455436 215 2631 2191 2170
10 30 8 22 433866 166 2310 1836 1815
10 30 10 20 405701 139 1977 1542 1537
10 30 12 18 396355 114 1699 1339 1330
10 30 14 16 375607 101 1646 1249 1240
10 30 15 15 378252 99 1692 1301 1292
10 30 17 13 370778 90 1532 1168 1159
10 30 19 11 369224 88 1479 1128 1119
10 30 20 10 372191 87 1493 1120 1111
10 30 22 8 372825 87 1472 1113 1104
10 30 24 6 369799 86 1443 1111 1102
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
10 30 25 5 370411 86 1466 1116 1107
10 30 27 3 373067 86 1505 1135 1126
10 30 28 2 377358 87 1490 1135 1130
10 30 29 1 379146 87 1565 1190 1181
10 37 1 36 402383 1096 6475 6045 6040
10 37 3 34 382942 387 3713 3200 3179
10 37 6 31 362899 203 2574 2188 2177
10 37 8 29 332890 152 2141 1705 1687
10 37 10 27 311970 124 1887 1488 1460
10 37 12 25 275830 102 1555 1210 1192
10 37 14 23 275934 94 1521 1200 1177
10 37 17 20 261423 77 1348 1024 1008
10 37 19 18 232772 68 1216 890 869
10 37 21 16 243743 63 1253 925 904
10 37 23 14 239533 59 1214 862 841
10 37 25 12 236848 57 1156 831 810
10 37 27 10 235513 56 1108 792 771
10 37 30 7 241808 56 1163 839 818
10 37 31 6 242420 56 1187 846 825
10 37 33 4 245172 56 1172 850 829
10 37 34 3 244543 56 1092 785 764
10 37 35 2 244502 56 1170 843 822
10 37 36 1 245127 56 1132 822 801
10 45 1 44 353424 1096 6475 6045 6040
10 45 4 41 323842 289 3065 2576 2562
10 45 7 38 296183 169 2290 1847 1829
10 45 9 36 267218 133 1846 1505 1485
10 45 12 33 250262 100 1681 1279 1268
10 45 15 30 217082 81 1321 980 971
10 45 18 27 209500 67 1204 903 885
10 45 20 25 191227 61 1239 844 835
10 45 23 22 172476 54 1065 759 757
10 45 26 19 169063 48 919 662 641
10 45 28 17 163434 45 918 641 627
10 45 31 14 166869 41 853 612 597
10 45 33 12 160096 39 827 598 596
10 45 36 9 161969 39 801 568 554
10 45 38 7 166677 39 837 592 571
10 45 40 5 159021 38 843 573 571
10 45 41 4 171166 39 866 604 589
10 45 42 3 171026 39 860 603 588
10 45 43 2 160194 38 872 589 587
10 55 2 53 310159 559 4508 3999 3994
10 55 5 50 287090 228 2818 2375 2354
10 55 8 47 253189 146 2070 1670 1665
10 55 12 43 223420 99 1757 1327 1306
10 55 15 40 202294 79 1282 974 968
10 55 18 37 180383 66 1238 891 880
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10 55 21 34 172069 57 1059 790 772
10 55 25 30 157822 48 947 659 654
10 55 28 27 149722 43 929 650 639
10 55 31 24 137655 39 843 565 559
10 55 35 20 129809 36 800 552 542
10 55 37 18 120973 33 701 498 484
10 55 41 14 123159 30 639 453 443
10 55 44 11 119421 29 707 455 441
10 55 47 8 123430 29 669 471 457
10 55 49 6 117808 28 679 459 449
10 55 51 4 121022 28 622 405 392
10 55 52 3 126603 29 711 488 474
10 55 53 2 115000 28 702 454 444
10 67 2 65 283390 556 4554 4003 3998
10 67 6 61 250824 189 2446 2010 1996
10 67 10 57 220082 114 1810 1430 1409
10 67 14 53 186661 82 1341 1050 1029
10 67 18 49 171867 64 1128 847 840
10 67 22 45 152373 53 978 714 708
10 67 26 41 141344 45 930 662 657
10 67 30 37 130512 39 825 566 551
10 67 34 33 119034 34 704 462 449
10 67 38 29 108758 31 671 456 435
10 67 42 25 101358 28 698 450 432
10 67 46 21 99658 26 667 440 427
10 67 50 17 84844 23 561 356 339
10 67 54 13 86312 21 574 342 327
10 67 57 10 87889 21 559 360 345
10 67 60 7 85898 21 523 349 332
10 67 62 5 86939 21 506 344 334
10 67 63 4 86724 21 514 350 340
10 67 64 3 86910 21 537 362 352
10 67 65 2 86863 21 512 348 338
10 81 2 79 270331 554 4631 4106 4092
10 81 7 74 232799 162 2261 1823 1802
10 81 12 69 200403 95 1523 1190 1172
10 81 17 64 174292 68 1178 869 855
10 81 22 59 141700 52 993 711 690
10 81 27 54 119754 42 799 583 578
10 81 32 49 114348 36 785 541 513
10 81 36 45 106330 32 732 488 471
10 81 41 40 97090 28 592 408 387
10 81 46 35 90406 24 584 384 370
10 81 51 30 93792 23 602 382 364
10 81 55 26 83496 21 593 360 347
10 81 60 21 85288 20 522 327 307
10 81 65 16 71694 18 399 281 275
10 81 69 12 65364 17 410 254 248
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10 81 72 9 70560 17 445 261 255
10 81 75 6 73053 17 407 269 263
10 81 76 5 73296 17 419 278 272
10 81 77 4 73629 17 440 285 279
10 81 78 3 73145 17 461 272 266
10 99 3 96 252476 371 3675 3162 3148
10 99 9 90 206197 124 1892 1504 1498
10 99 15 84 173680 75 1368 965 951
10 99 21 78 144853 54 1109 804 793
10 99 27 72 114794 41 840 598 583
10 99 33 66 107260 34 795 532 516
10 99 39 60 94829 28 646 421 414
10 99 45 54 85306 25 567 348 346
10 99 50 49 89400 22 629 383 366
10 99 56 43 76284 20 501 332 311
10 99 62 37 71390 18 449 296 283
10 99 67 32 64683 17 427 277 267
10 99 73 26 61765 16 354 226 212
10 99 79 20 56394 14 363 243 232
10 99 84 15 55458 13 388 241 224
10 99 88 11 52848 13 311 213 200
10 99 91 8 54754 13 347 235 218
10 99 93 6 56217 13 329 225 212
10 99 94 5 55777 13 354 237 220
10 99 95 4 55592 13 363 244 227
10 120 4 116 235627 276 3154 2689 2675
10 120 11 109 188284 102 1667 1287 1273
10 120 18 102 153031 62 1088 833 810
10 120 25 95 116555 44 851 607 587
10 120 32 88 116392 35 749 501 486
10 120 40 80 98180 28 696 457 436
10 120 47 73 78680 23 546 371 364
10 120 54 66 86124 21 544 352 331
10 120 61 59 78551 18 503 324 311
10 120 68 52 60098 16 417 260 250
10 120 76 44 64064 15 382 245 225
10 120 82 38 50010 13 343 210 202
10 120 89 31 49037 12 309 204 194
10 120 96 24 34952 11 220 145 133
10 120 102 18 50741 11 291 182 174
10 120 107 13 43288 10 322 187 179
10 120 110 10 42428 10 322 201 175
10 120 113 7 41300 10 262 172 162
10 120 115 5 42267 10 281 171 161
10 120 116 4 42398 10 313 185 175
10 147 4 143 233275 277 3088 2623 2602
10 147 13 134 174267 85 1465 1128 1119
10 147 22 125 137977 50 1021 711 709
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10 147 31 116 106754 35 720 513 503
10 147 40 107 94787 28 599 406 396
10 147 49 98 78981 22 516 330 313
10 147 57 90 68818 19 430 297 295
10 147 66 81 63941 16 425 273 252
10 147 75 72 59008 14 372 237 229
10 147 84 63 55011 13 342 205 198
10 147 93 54 42206 12 222 154 147
10 147 100 47 46389 11 328 204 197
10 147 109 38 47507 10 312 176 160
10 147 118 29 40519 9 292 162 145
10 147 125 22 34582 9 192 124 118
10 147 131 16 33209 8 210 145 125
10 147 135 12 34964 8 199 125 112
10 147 138 9 34830 8 248 161 143
10 147 140 7 34947 8 244 156 138
10 147 142 5 35807 8 235 149 141

11 15 1 14 467717 545 4571 4034 4024
11 15 2 13 475298 306 3285 2799 2789
11 15 3 12 455922 216 2622 2187 2164
11 15 4 11 443993 169 2370 1911 1901
11 15 5 10 435288 140 1954 1598 1588
11 15 6 9 423367 122 1844 1473 1462
11 15 7 8 398437 105 1666 1276 1265
11 15 8 7 397132 99 1600 1232 1221
11 15 9 6 393226 93 1564 1188 1177
11 15 10 5 389098 91 1565 1185 1174
11 15 11 4 391532 91 1489 1134 1123
11 15 12 3 395961 91 1534 1170 1159
11 15 13 2 398139 91 1604 1200 1189
11 15 14 1 398654 91 1572 1186 1175
11 19 1 18 370511 545 4571 4034 4024
11 19 2 17 363163 292 3287 2747 2737
11 19 3 16 338978 200 2542 2131 2121
11 19 4 15 327001 153 2168 1742 1719
11 19 5 14 302591 127 1947 1549 1523
11 19 6 13 285586 105 1738 1341 1318
11 19 7 12 263147 92 1547 1197 1186
11 19 9 10 257212 75 1354 992 975
11 19 10 9 243522 67 1333 967 950
11 19 11 8 230531 60 1189 849 832
11 19 12 7 230877 57 1167 830 813
11 19 13 6 222246 54 1131 808 791
11 19 14 5 232162 54 1180 840 823
11 19 15 4 232044 54 1168 825 808
11 19 16 3 235653 54 1176 823 806
11 19 17 2 229139 53 1138 810 793
11 19 18 1 228779 53 1149 813 796
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11 23 1 22 327404 545 4571 4034 4024
11 23 2 21 318153 286 3102 2655 2632
11 23 3 20 295698 195 2529 2107 2096
11 23 5 18 253774 118 1828 1415 1404
11 23 6 17 244165 102 1689 1281 1258
11 23 8 15 212816 77 1337 1014 988
11 23 9 14 202880 68 1235 901 878
11 23 10 13 183653 61 1081 826 809
11 23 12 11 177460 52 951 723 715
11 23 13 10 170799 49 997 689 672
11 23 14 9 147612 43 847 583 575
11 23 16 7 155945 39 865 614 606
11 23 17 6 145533 37 800 561 553
11 23 18 5 149099 37 797 550 542
11 23 20 3 155944 37 822 551 540
11 23 21 2 157396 37 814 553 545
11 23 22 1 157834 37 808 547 539
11 28 1 27 293010 545 4571 4034 4024
11 28 3 25 274851 193 2555 2155 2145
11 28 4 24 254458 145 2144 1711 1701
11 28 6 22 226542 97 1638 1286 1263
11 28 8 20 190617 74 1336 963 953
11 28 9 19 189565 66 1186 867 857
11 28 11 17 158746 53 976 713 687
11 28 13 15 146329 46 939 655 644
11 28 14 14 140082 43 829 566 556
11 28 16 12 124181 37 718 513 499
11 28 18 10 124900 34 679 484 468
11 28 19 9 120217 32 760 503 480
11 28 21 7 117506 29 680 455 447
11 28 22 6 113070 28 713 455 438
11 28 24 4 115508 28 649 460 437
11 28 25 3 117470 28 670 465 442
11 28 26 2 118514 28 677 470 447
11 28 27 1 119398 28 668 463 440
11 34 1 33 279528 545 4571 4034 4024
11 34 3 31 253264 189 2603 2107 2097
11 34 5 29 217520 114 1708 1356 1333
11 34 7 27 199918 83 1382 1072 1061
11 34 9 25 165250 65 1185 840 832
11 34 11 23 145333 53 1059 724 713
11 34 13 21 130353 44 864 624 616
11 34 15 19 123999 39 823 569 561
11 34 17 17 121405 34 883 585 572
11 34 19 15 109440 31 726 477 454
11 34 21 13 101414 28 739 470 444
11 34 23 11 93235 26 629 410 387
11 34 25 9 95668 24 614 389 381
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11 34 27 7 92611 22 505 326 315
11 34 29 5 87358 21 509 342 334
11 34 30 4 88396 21 495 331 323
11 34 31 3 89963 21 497 327 319
11 34 32 2 90399 21 488 318 310
11 34 33 1 90889 21 487 321 313
11 41 1 40 262820 545 4571 4034 4024
11 41 4 37 224937 143 2115 1698 1688
11 41 6 35 198688 95 1576 1202 1179
11 41 9 32 155193 63 1184 871 860
11 41 11 30 146092 51 1037 699 682
11 41 14 27 113557 40 816 590 576
11 41 16 25 101849 35 772 536 516
11 41 18 23 101990 31 675 452 438
11 41 21 20 95449 27 625 397 383
11 41 23 18 91900 25 578 395 382
11 41 26 15 85609 22 607 380 364
11 41 28 13 72534 20 431 293 281
11 41 30 11 80081 19 502 315 295
11 41 33 8 67212 17 426 309 291
11 41 35 6 69432 17 432 256 233
11 41 36 5 66597 16 366 240 219
11 41 38 3 68564 16 377 245 227
11 41 39 2 69026 16 382 256 238
11 41 40 1 69199 16 376 250 232
11 50 1 49 250849 545 4571 4034 4024
11 50 4 46 222880 140 1949 1579 1553
11 50 7 43 176061 81 1424 1068 1051
11 50 10 40 150107 56 1179 839 816
11 50 13 37 115751 43 852 592 575
11 50 16 34 108995 35 808 553 536
11 50 19 31 96094 29 640 420 407
11 50 22 28 87250 25 601 392 381
11 50 25 25 84153 22 581 366 350
11 50 29 21 68436 19 454 287 274
11 50 31 19 77620 18 504 302 288
11 50 34 16 60806 16 413 262 250
11 50 37 13 53895 15 392 259 245
11 50 40 10 56918 14 376 219 210
11 50 42 8 53551 13 350 221 210
11 50 44 6 54148 13 388 244 224
11 50 46 4 53881 13 301 189 178
11 50 47 3 54010 13 304 192 181
11 50 48 2 54619 13 329 223 212
11 60 2 58 237410 276 3063 2606 2596
11 60 5 55 191152 110 1730 1367 1341
11 60 9 51 149451 62 1127 838 815
11 60 13 47 118581 43 884 614 588
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11 60 16 44 95876 34 744 508 494
11 60 20 40 93150 28 653 415 398
11 60 23 37 77962 24 520 353 343
11 60 27 33 87116 21 534 353 330
11 60 31 29 75593 18 471 289 281
11 60 34 26 56701 16 365 242 231
11 60 38 22 53276 14 341 218 203
11 60 41 19 53381 13 344 214 206
11 60 44 16 47310 12 324 201 188
11 60 48 12 40984 11 291 158 145
11 60 51 9 50988 11 318 189 179
11 60 53 7 41279 10 348 211 198
11 60 55 5 41443 10 254 156 147
11 60 56 4 41378 10 241 148 139
11 60 57 3 42767 10 316 182 173
11 60 58 2 43068 10 316 190 181
11 74 2 72 232550 275 3084 2606 2583
11 74 7 67 174698 79 1459 1104 1087
11 74 11 63 133291 51 1010 706 695
11 74 16 58 98364 34 723 495 487
11 74 20 54 85201 27 544 353 340
11 74 24 50 71846 23 538 349 341
11 74 29 45 71782 19 496 297 289
11 74 33 41 60370 16 422 281 272
11 74 38 36 59700 14 354 215 213
11 74 42 32 55605 13 400 272 246
11 74 47 27 36852 11 256 158 145
11 74 50 24 44382 11 311 192 184
11 74 55 19 38009 10 267 181 155
11 74 59 15 38994 9 250 154 141
11 74 63 11 31356 8 252 156 137
11 74 66 8 36166 8 273 148 135
11 74 68 6 33072 8 239 159 146
11 74 70 4 33881 8 237 160 147
11 74 71 3 33182 8 212 137 123

12 8 1 7 391274 271 3057 2568 2547
12 8 2 6 399789 164 2294 1851 1830
12 8 3 5 362210 120 1883 1441 1420
12 8 4 4 339700 92 1487 1111 1092
12 8 5 3 350733 83 1558 1143 1124
12 8 6 2 345465 81 1482 1091 1072
12 8 7 1 348829 81 1489 1100 1081
12 10 1 9 327103 271 3057 2568 2547
12 10 2 8 308676 152 2131 1732 1713
12 10 3 7 278388 106 1749 1327 1306
12 10 4 6 254996 83 1374 1031 1012
12 10 5 5 232789 68 1271 956 937
12 10 6 4 212523 56 1020 770 747
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12 10 7 3 206265 50 1026 752 729
12 10 8 2 210689 50 1013 727 704
12 10 9 1 213840 50 1016 730 707
12 12 1 11 297240 271 3057 2568 2547
12 12 2 10 270348 147 2176 1714 1695
12 12 3 9 245794 102 1722 1294 1271
12 12 4 8 212952 78 1298 973 962
12 12 5 7 189565 61 1195 848 837
12 12 6 6 176931 53 1082 775 756
12 12 7 5 144679 45 842 603 593
12 12 8 4 145702 39 801 581 567
12 12 9 3 148323 36 739 512 498
12 12 10 2 150258 36 805 550 536
12 12 11 1 152741 36 789 550 536
12 14 1 13 277819 271 3057 2568 2547
12 14 2 12 254597 145 2081 1670 1649
12 14 3 11 229450 99 1638 1234 1215
12 14 4 10 198325 75 1302 959 948
12 14 5 9 172695 59 1108 806 795
12 14 6 8 151306 49 1025 701 691
12 14 7 7 137507 43 835 598 584
12 14 8 6 146970 39 848 634 611
12 14 9 5 125481 35 822 572 549
12 14 10 4 121787 31 757 519 505
12 14 11 3 120946 29 667 452 429
12 14 12 2 126089 29 684 466 443
12 14 13 1 128092 29 706 481 458
12 17 1 16 261385 271 3057 2568 2547
12 17 2 15 233292 142 2032 1636 1617
12 17 3 14 208296 97 1602 1195 1174
12 17 4 13 183445 73 1287 940 919
12 17 5 12 175017 60 1147 848 829
12 17 6 11 141775 48 972 693 674
12 17 7 10 124339 41 793 574 555
12 17 8 9 119844 36 811 564 553
12 17 9 8 97831 32 684 444 442
12 17 10 7 100516 29 671 429 419
12 17 11 6 100024 27 612 428 405
12 17 12 5 89294 25 574 370 360
12 17 13 4 92416 23 589 383 369
12 17 14 3 93215 22 602 389 370
12 17 15 2 86762 21 531 362 343
12 17 16 1 89865 21 522 354 335
12 21 1 20 247258 271 3057 2568 2547
12 21 2 19 217152 140 1980 1588 1569
12 21 3 18 203286 95 1638 1281 1258
12 21 4 17 174774 72 1247 922 901
12 21 6 15 134792 48 1027 712 689
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12 21 7 14 122846 41 816 578 568
12 21 8 13 110393 35 738 494 492
12 21 9 12 105155 32 662 429 408
12 21 11 10 96155 26 664 422 412
12 21 12 9 82099 24 598 390 369
12 21 13 8 98561 23 679 432 411
12 21 14 7 85749 21 535 343 324
12 21 16 5 71020 18 408 288 269
12 21 17 4 70335 17 432 266 255
12 21 18 3 65459 16 425 263 255
12 21 19 2 66307 16 393 239 228
12 21 20 1 67838 16 407 242 231
12 25 1 24 238492 271 3057 2568 2547
12 25 2 23 210776 139 2018 1605 1586
12 25 4 21 159405 70 1298 934 923
12 25 5 20 146865 56 1156 814 793
12 25 7 18 110779 40 779 535 514
12 25 8 17 103221 34 670 463 461
12 25 10 15 101145 28 643 451 432
12 25 11 14 92489 26 604 398 379
12 25 13 12 77025 21 564 347 338
12 25 14 11 74428 20 503 324 305
12 25 16 9 55111 17 340 244 235
12 25 17 8 69745 17 456 293 274
12 25 19 6 64529 15 430 258 256
12 25 20 5 61803 14 404 244 228
12 25 21 4 53833 13 353 216 199
12 25 22 3 53352 13 296 202 188
12 25 23 2 55324 13 359 239 229
12 25 24 1 53301 13 318 201 180
12 30 1 29 232094 271 3057 2568 2547
12 30 3 27 188523 94 1570 1182 1161
12 30 4 26 157400 70 1187 871 850
12 30 6 24 126064 46 985 664 645
12 30 8 22 101476 34 674 451 449
12 30 10 20 89780 27 583 401 382
12 30 12 18 76174 23 528 352 329
12 30 13 17 75089 21 496 331 312
12 30 15 15 74592 18 549 331 322
12 30 17 13 61366 16 404 260 241
12 30 19 11 64284 15 419 271 248
12 30 20 10 59810 14 421 249 239
12 30 22 8 51434 13 334 211 192
12 30 24 6 45465 12 381 208 187
12 30 26 4 53604 11 358 219 217
12 30 27 3 41842 10 314 174 172
12 30 28 2 42424 10 316 203 179
12 30 29 1 43007 10 340 216 192
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12 37 1 36 228979 271 3057 2568 2547
12 37 3 34 175709 92 1634 1177 1158
12 37 6 31 126257 46 883 636 625
12 37 8 29 106068 35 766 516 495
12 37 10 27 87741 27 664 434 415
12 37 12 25 74354 22 539 351 331
12 37 14 23 72760 19 455 280 272
12 37 17 20 62144 16 395 263 244
12 37 19 18 64272 14 406 244 235
12 37 21 16 47538 13 304 204 202
12 37 23 14 40088 12 244 180 161
12 37 25 12 42758 11 300 198 175
12 37 27 10 44140 10 294 179 159
12 37 30 7 40245 9 228 154 147
12 37 31 6 36432 9 247 145 135
12 37 33 4 35855 8 254 149 137
12 37 34 3 34125 8 255 158 149
12 37 35 2 35532 8 234 151 142
12 37 36 1 33966 8 160 108 100

13 4 1 3 318551 135 1913 1572 1546
13 4 2 2 436811 110 1697 1353 1327
13 4 3 1 436275 99 1624 1275 1249
13 5 1 4 268624 135 1913 1572 1546
13 5 2 3 248575 83 1414 1094 1068
13 5 3 2 256475 64 1221 877 873
13 5 4 1 235847 55 1059 752 748
13 6 1 5 249846 135 1913 1572 1546
13 6 2 4 219588 79 1296 990 964
13 6 3 3 170941 54 909 681 677
13 6 4 2 163912 42 850 614 604
13 6 5 1 159923 38 772 547 537
13 7 1 6 232852 135 1913 1572 1546
13 7 2 5 196924 75 1219 950 946
13 7 3 4 167787 51 959 717 713
13 7 4 3 147305 40 913 654 644
13 7 5 2 127578 32 688 468 450
13 7 6 1 129263 30 661 442 438
13 9 1 8 217996 135 1913 1572 1546
13 9 2 7 183220 73 1255 951 925
13 9 3 6 152942 50 1015 727 723
13 9 4 5 122393 37 741 538 512
13 9 5 4 108763 29 675 455 437
13 9 6 3 88329 25 517 364 354
13 9 7 2 90267 22 510 354 344
13 9 8 1 86228 20 575 358 340
13 11 1 10 209489 135 1913 1572 1546
13 11 2 9 174983 71 1324 981 977
13 11 3 8 142179 48 994 726 700
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13 11 4 7 107357 35 696 491 473
13 11 5 6 99178 29 638 444 434
13 11 6 5 83828 24 518 355 329
13 11 7 4 88930 21 518 340 330
13 11 8 3 66720 18 402 277 273
13 11 9 2 60503 16 333 225 214
13 11 10 1 65755 15 375 231 221
13 13 1 12 206908 135 1913 1572 1546
13 13 2 11 164052 70 1135 877 873
13 13 3 10 132097 47 943 679 675
13 13 4 9 101890 35 635 459 455
13 13 5 8 94758 28 612 415 411
13 13 6 7 81135 23 556 376 365
13 13 7 6 80898 20 531 336 318
13 13 8 5 58827 17 395 275 264
13 13 9 4 61626 16 405 261 235
13 13 10 3 52365 14 355 221 203
13 13 11 2 53726 13 280 204 193
13 13 12 1 48820 12 279 191 175
13 15 1 14 200050 135 1913 1572 1546
13 15 2 13 160710 70 1206 939 913
13 15 3 12 126118 46 877 656 646
13 15 4 11 104712 35 710 517 513
13 15 5 10 93149 28 624 425 421
13 15 6 9 69306 23 451 318 314
13 15 7 8 67537 20 459 319 293
13 15 8 7 60100 17 394 282 271
13 15 9 6 59037 15 304 198 181
13 15 10 5 58963 14 444 267 241
13 15 11 4 46299 12 293 198 181
13 15 12 3 46231 12 278 170 166
13 15 13 2 54906 11 371 239 223
13 15 14 1 43530 10 317 182 165
13 19 1 18 197371 135 1913 1572 1546
13 19 2 17 156245 69 1142 870 866
13 19 3 16 126665 46 915 654 644
13 19 4 15 105679 35 733 538 512
13 19 5 14 90124 27 645 443 425
13 19 6 13 73717 22 508 349 332
13 19 7 12 67304 19 429 290 274
13 19 9 10 53492 15 303 203 192
13 19 10 9 55737 13 388 228 218
13 19 11 8 44266 12 318 199 189
13 19 12 7 41152 11 294 190 174
13 19 13 6 48461 10 310 178 163
13 19 14 5 36592 9 243 162 154
13 19 15 4 44822 9 279 181 165
13 19 16 3 34733 8 224 146 126
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13 19 17 2 36483 8 199 131 121
13 19 18 1 33264 8 205 112 108

14 2 1 1 237650 67 1162 850 834
14 3 1 2 178182 67 1162 850 834
14 3 2 1 216440 53 996 704 688
14 4 1 3 164455 67 1162 850 834
14 4 2 2 133541 40 819 568 552
14 4 3 1 114907 29 618 420 404
14 5 1 4 155426 67 1162 850 834
14 5 2 3 119311 37 734 500 484
14 5 3 2 81742 25 531 361 345
14 5 4 1 89800 21 515 346 330
14 6 1 5 158110 67 1162 850 834
14 6 2 4 110423 36 690 471 455
14 6 3 3 77122 24 514 339 323
14 6 4 2 63049 18 386 263 247
14 6 5 1 62696 15 379 243 230
14 7 1 6 154939 67 1162 850 834
14 7 2 5 105229 35 707 484 468
14 7 3 4 78542 23 523 327 317
14 7 4 3 74142 18 508 331 315
14 7 5 2 54897 14 331 220 207
14 7 6 1 45839 12 309 193 180
14 8 1 7 148212 67 1162 850 834
14 8 2 6 101723 35 714 489 473
14 8 3 5 75142 23 510 331 315
14 8 4 4 61839 17 410 265 255
14 8 5 3 64250 14 388 245 232
14 8 6 2 47848 11 321 182 167
14 8 7 1 42750 10 299 189 174
14 10 1 9 147116 67 1162 850 834
14 10 2 8 108398 35 793 527 511
14 10 3 7 73366 23 510 334 318
14 10 4 6 68584 17 460 293 277
14 10 5 5 60619 13 416 260 249
14 10 6 4 42176 11 282 173 160
14 10 7 3 34555 9 216 147 139
14 10 8 2 33207 8 241 140 125
14 10 9 1 33189 8 201 116 100
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Table6.12.Costsof block2GYF for Richards

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
10 8 1 7 4776121 17920 4566 4485 4485
10 8 2 6 4831103 10482 4282 4223 4223
10 8 3 5 4899711 7462 4189 4143 4143
10 8 4 4 6554704 6196 4087 4044 4044
10 8 5 3 6856678 6063 4065 4027 4027
10 8 6 2 6829140 6045 4113 4076 4076
10 8 7 1 6825616 6041 4083 4047 4047
10 9 1 8 4117706 17920 4566 4485 4485
10 9 2 7 3743626 9996 4178 4133 4133
10 9 3 6 3714939 6885 4062 4002 4002
10 9 4 5 3538799 5194 3985 3967 3967
10 9 5 4 4732598 4498 3880 3746 3746
10 9 6 3 5020488 4466 3891 3803 3803
10 9 7 2 5024717 4468 3879 3794 3794
10 9 8 1 5001620 4464 3911 3824 3824
10 11 1 10 3343032 17920 4566 4485 4485
10 11 2 9 2814513 9574 4212 4157 4157
10 11 3 8 2364919 6452 4073 4038 4038
10 11 4 7 2041471 4776 3975 3936 3936
10 11 5 6 2211442 3908 3817 3251 3251
10 11 6 5 2480657 3314 3883 2936 2936
10 11 7 4 3277608 3055 3954 2805 2805
10 11 8 3 3449058 3030 3921 2762 2762
10 11 9 2 3441060 3024 3891 2737 2737
10 11 10 1 3440124 3022 3924 2763 2763
10 13 1 12 2987601 17920 4566 4485 4485
10 13 2 11 2427044 9404 4178 4130 4130
10 13 3 10 2050222 6263 4056 4024 4024
10 13 4 9 1652677 4690 3969 3945 3945
10 13 5 8 1591705 3758 3811 3201 3201
10 13 6 7 1462558 3132 3880 2821 2821
10 13 7 6 1488790 2706 3812 2420 2420
10 13 8 5 1649225 2405 3802 2177 2177
10 13 9 4 2358853 2246 3794 2040 2040
10 13 10 3 2502993 2233 3778 2019 2019
10 13 11 2 2518551 2236 3740 1988 1988
10 13 12 1 2510513 2237 3755 2001 2001
10 16 1 15 2712144 17920 4566 4485 4485
10 16 2 14 2148891 9273 4135 4094 4094
10 16 3 13 1766954 6178 4024 3982 3982
10 16 4 12 1403765 4609 3972 3938 3938
10 16 5 11 1281797 3685 3863 3210 3210
10 16 6 10 1118147 3070 3828 2716 2716
10 16 7 9 1001276 2627 3838 2393 2393
10 16 8 8 926526 2303 3809 2102 2102
10 16 9 7 967599 2056 3753 1846 1846
10 16 10 6 1013001 1863 3749 1704 1704
10 16 11 5 1204985 1723 3770 1608 1608
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Table6.12.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
10 16 12 4 1718827 1643 3770 1546 1546
10 16 13 3 1831175 1631 3760 1526 1526
10 16 14 2 1834156 1632 3748 1517 1517
10 16 15 1 1831967 1631 3787 1555 1555
10 20 1 19 2503213 17920 4566 4485 4485
10 20 2 18 1968469 9185 4109 4064 4064
10 20 3 17 1581980 6119 4006 3975 3975
10 20 4 16 1288065 4574 3953 3922 3922
10 20 5 15 1132162 3653 3847 3180 3180
10 20 7 13 842036 2601 3804 2335 2335
10 20 8 12 728287 2272 3798 2065 2065
10 20 9 11 714790 2023 3757 1831 1831
10 20 10 10 661131 1821 3733 1658 1658
10 20 11 9 631920 1656 3754 1541 1541
10 20 13 7 646652 1408 3723 1319 1319
10 20 14 6 712836 1316 3727 1248 1248
10 20 15 5 884611 1244 3722 1188 1188
10 20 16 4 1264113 1204 3742 1168 1168
10 20 17 3 1348834 1197 3736 1157 1157
10 20 18 2 1345162 1195 3734 1160 1160
10 20 19 1 1344093 1195 3732 1157 1157
10 24 1 23 2375629 17920 4566 4485 4485
10 24 2 22 1843985 9134 4126 4081 4081
10 24 4 20 1220944 4550 3972 3939 3939
10 24 5 19 1049384 3636 3848 3171 3171
10 24 6 18 887402 3024 3830 2695 2695
10 24 8 16 637765 2262 3828 2082 2082
10 24 9 15 627700 2012 3764 1832 1832
10 24 11 13 532549 1645 3766 1544 1544
10 24 12 12 467101 1507 3749 1419 1419
10 24 14 10 477360 1296 3705 1216 1216
10 24 15 9 463291 1209 3702 1141 1141
10 24 16 8 455311 1135 3737 1116 1116
10 24 18 6 560160 1018 3706 988 988
10 24 19 5 694111 973 3724 971 971
10 24 20 4 994477 948 3732 958 958
10 24 21 3 1067309 945 3701 934 934
10 24 22 2 1063662 944 3720 949 949
10 24 23 1 1065258 944 3705 937 937
10 29 1 28 2281821 17920 4566 4485 4485
10 29 3 26 1431668 6055 3964 3935 3935
10 29 4 25 1143851 4532 3949 3917 3917
10 29 6 23 838891 3014 3818 2680 2680
10 29 8 21 556491 2254 3856 2090 2090
10 29 10 19 527573 1804 3751 1658 1658
10 29 11 18 481239 1640 3764 1538 1538
10 29 13 16 416555 1387 3731 1313 1313
10 29 15 14 381543 1202 3715 1146 1146
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Table6.12.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
10 29 17 12 347218 1061 3699 1023 1023
10 29 18 11 353575 1003 3730 999 999
10 29 20 9 325805 903 3714 914 914
10 29 21 8 357251 862 3701 871 871
10 29 23 6 432847 792 3718 825 825
10 29 25 4 791003 748 3685 768 768
10 29 26 3 839343 746 3687 768 768
10 29 27 2 841519 746 3680 760 760
10 29 28 1 838151 746 3705 779 779
10 35 1 34 2222445 17920 4566 4485 4485
10 35 3 32 1383958 6039 3955 3930 3930
10 35 5 30 962469 3614 3830 3149 3149
10 35 7 28 692627 2575 3807 2324 2324
10 35 9 26 548575 2001 3748 1814 1814
10 35 12 23 423565 1500 3730 1401 1401
10 35 14 21 368682 1285 3719 1222 1222
10 35 16 19 323416 1125 3726 1094 1094
10 35 18 17 304221 1000 3723 993 993
10 35 20 15 283258 900 3700 895 895
10 35 22 13 269929 818 3703 837 837
10 35 24 11 249701 750 3724 795 795
10 35 26 9 269243 694 3686 727 727
10 35 28 7 288297 646 3709 699 699
10 35 30 5 433640 608 3675 648 646
10 35 31 4 631348 599 3668 634 634
10 35 32 3 675968 598 3674 637 637
10 35 33 2 675537 598 3679 643 643
10 35 34 1 673119 597 3670 636 636

11 4 1 3 3424861 8888 4316 4170 4170
11 4 2 2 8696827 8205 4262 4132 4132
11 4 3 1 8792578 7802 4224 4108 4108
11 5 1 4 2398681 8888 4316 4170 4170
11 5 2 3 2412548 5184 4021 3947 3947
11 5 3 2 4642961 4301 3987 3774 3774
11 5 4 1 4781096 4229 3996 3711 3711
11 6 1 5 2040481 8888 4316 4170 4170
11 6 2 4 1692238 4841 4008 3928 3928
11 6 3 3 1675450 3304 3926 2951 2951
11 6 4 2 2972053 2863 3847 2582 2582
11 6 5 1 3117662 2794 3864 2550 2550
11 7 1 6 1847645 8888 4316 4170 4170
11 7 2 5 1436990 4716 4037 3958 3958
11 7 3 4 1200888 3149 3889 2823 2823
11 7 4 3 1149594 2397 3798 2156 2156
11 7 5 2 2303501 2176 3816 1998 1998
11 7 6 1 2418731 2152 3817 1976 1976
11 8 1 7 1734422 8888 4316 4170 4170
11 8 2 6 1365213 4661 3936 3898 3898
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Table6.12.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
11 8 3 5 1039329 3093 3912 2795 2795
11 8 4 4 874352 2324 3822 2131 2131
11 8 5 3 966929 1896 3802 1760 1760
11 8 6 2 1795201 1739 3776 1624 1624
11 8 7 1 1905791 1711 3799 1622 1622
11 10 1 9 1596827 8888 4316 4170 4170
11 10 2 8 1198564 4588 4021 3934 3934
11 10 3 7 892715 3044 3898 2748 2748
11 10 4 6 707717 2278 3842 2105 2105
11 10 5 5 613348 1824 3792 1700 1700
11 10 6 4 588878 1527 3762 1445 1445
11 10 7 3 668509 1328 3769 1287 1287
11 10 8 2 1284229 1249 3739 1206 1206
11 10 9 1 1376638 1237 3749 1207 1207
11 12 1 11 1518730 8888 4316 4170 4170
11 12 2 10 1195129 4560 3985 3925 3925
11 12 3 9 825985 3021 3890 2724 2724
11 12 4 8 642937 2260 3861 2095 2095
11 12 5 7 527816 1806 3882 1753 1753
11 12 6 6 471964 1506 3770 1432 1432
11 12 7 5 435137 1293 3764 1251 1251
11 12 8 4 447431 1137 3753 1123 1123
11 12 9 3 518262 1022 3750 1030 1030
11 12 10 2 1004547 975 3699 957 957
11 12 11 1 1078490 968 3725 974 974
11 15 1 14 1450839 8888 4316 4170 4170
11 15 2 13 1117869 4528 4003 3911 3911
11 15 3 12 775520 3004 3881 2708 2708
11 15 4 11 580270 2247 3868 2092 2092
11 15 5 10 482586 1796 3776 1667 1667
11 15 6 9 414996 1496 3751 1401 1401
11 15 7 8 362876 1282 3752 1240 1240
11 15 8 7 333435 1122 3741 1104 1104
11 15 9 6 309888 998 3726 990 990
11 15 10 5 307668 900 3736 924 924
11 15 11 4 327314 821 3716 839 839
11 15 12 3 385295 760 3722 807 807
11 15 13 2 757413 734 3701 766 766
11 15 14 1 810667 729 3718 771 771
11 18 1 17 1408932 8888 4316 4170 4170
11 18 2 16 1060078 4509 4003 3924 3924
11 18 3 15 746981 2995 3928 2733 2733
11 18 4 14 566895 2241 3840 2071 2071
11 18 5 13 457060 1791 3790 1670 1670
11 18 6 12 388143 1491 3744 1397 1397
11 18 7 11 340638 1278 3744 1221 1221
11 18 8 10 301082 1118 3757 1111 1111
11 18 9 9 276301 994 3731 994 994
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Table6.12.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
11 18 10 8 255256 894 3736 914 914
11 18 11 7 242580 814 3728 844 844
11 18 12 6 236611 746 3714 789 789
11 18 13 5 233405 690 3709 737 737
11 18 14 4 249357 643 3710 696 696
11 18 15 3 301618 604 3704 656 656
11 18 16 2 613056 588 3681 641 641
11 18 17 1 654773 585 3719 657 657

12 2 1 1 4392162 4404 4360 4283 4283
12 3 1 2 1617622 4404 4360 4283 4283
12 3 2 1 4149809 3976 4318 3885 3885
12 4 1 3 1304469 4404 4360 4283 4283
12 4 2 2 908356 2412 4076 2417 2417
12 4 3 1 2120789 2072 3998 2088 2088
12 5 1 4 1190238 4404 4360 4283 4283
12 5 2 3 702541 2313 4030 2305 2305
12 5 3 2 586104 1558 3913 1609 1609
12 5 4 1 1417384 1403 3886 1463 1463
12 6 1 5 1128876 4404 4360 4283 4283
12 6 2 4 629174 2277 4036 2290 2290
12 6 3 3 460320 1516 3891 1558 1558
12 6 4 2 433706 1151 3846 1227 1227
12 6 5 1 1064167 1062 3829 1140 1140
12 8 1 7 1065570 4404 4360 4283 4283
12 8 2 6 569315 2247 4019 2250 2250
12 8 3 5 391781 1493 3896 1546 1546
12 8 4 4 312968 1119 3828 1185 1185
12 8 5 3 274698 898 3804 989 989
12 8 6 2 284271 755 3782 860 860
12 8 7 1 718010 716 3750 802 802
12 9 1 8 1047513 4404 4360 4283 4283
12 9 2 7 553727 2240 4031 2254 2254
12 9 3 6 380387 1488 3889 1532 1532
12 9 4 5 294040 1115 3848 1199 1199
12 9 5 4 249750 892 3799 980 980
12 9 6 3 228398 745 3774 844 844
12 9 7 2 246342 645 3752 741 741
12 9 8 1 614526 616 3746 718 718

13 2 1 1 862635 2156 3824 2006 2006
13 3 1 2 638274 2156 3824 2006 2006
13 3 2 1 480752 1188 3752 1169 1169
13 4 1 3 586894 2156 3824 2006 2006
13 4 2 2 334341 1117 3735 1101 1101
13 4 3 1 308568 765 3692 789 789
13 5 1 4 563813 2156 3824 2006 2006
13 5 2 3 303795 1102 3731 1083 1083
13 5 3 2 222709 736 3711 780 780
13 5 4 1 229407 565 3698 634 634
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Table6.13.Costsof block2GYF for JavaBYTEmark

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
18 2 1 1 150427 20 278 245 155
18 3 1 2 133592 20 278 245 155
18 3 2 1 87789 10 177 127 30
18 4 1 3 133592 20 278 245 155
18 4 2 2 71718 10 158 120 30
18 4 3 1 51493 6 54 19 17
18 5 1 4 133592 20 278 245 155
18 5 2 3 71718 10 158 120 30
18 5 3 2 51493 6 54 19 17
18 5 4 1 46855 5 137 106 16
18 6 1 5 133592 20 278 245 155
18 6 2 4 71718 10 158 120 30
18 6 3 3 51493 6 54 19 17
18 6 4 2 46855 5 137 106 16
18 6 5 1 37842 4 135 102 12
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Table6.14.Costsof block2GYF for Bloat-Bloat

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
16 16 1 15 5586489 2283 138221 57562 57551
16 16 2 14 4923038 1152 99475 40320 40309
16 16 3 13 4715154 768 81049 34907 34886
16 16 4 12 4769205 577 73694 30406 30395
16 16 5 11 4589356 461 61502 27895 27830
16 16 6 10 4853174 385 56370 24494 24444
16 16 7 9 5420551 331 47851 23193 23109
16 16 8 8 7350601 293 51422 22082 22007
16 16 9 7 10178457 266 52494 22512 22462
16 16 10 6 12715009 247 41721 20085 20035
16 16 11 5 15440731 235 46973 19895 19884
16 16 12 4 17860932 228 41700 19934 19902
16 16 13 3 19771607 227 44477 19375 19343
16 16 14 2 19725327 226 44760 20898 20877
16 19 1 18 5210358 2283 138221 57562 57551
16 19 2 17 4561459 1149 102098 41552 41531
16 19 3 16 4206513 766 83378 36196 36175
16 19 4 15 4035345 574 77174 31419 31369
16 19 5 14 3846856 460 60698 27618 27584
16 19 6 13 3663016 383 59087 25511 25446
16 19 7 12 3658250 328 43972 22859 22784
16 19 9 10 4123333 257 44681 21227 21216
16 19 10 9 4312733 231 43514 19989 19914
16 19 11 8 5610469 211 37932 18615 18511
16 19 12 7 7916579 197 38141 18474 18463
16 19 13 6 9843328 186 42388 18795 18763
16 19 14 5 11835670 179 38067 18845 18780
16 19 15 4 13750934 175 34301 17815 17740
16 19 16 3 14787025 174 31198 17706 17641
16 19 17 2 14995648 173 29905 16968 16909
16 19 18 1 15059949 174 30951 17398 17387
16 23 1 22 4755921 2283 138221 57562 57551
16 23 2 21 4277460 1147 102181 41750 41729
16 23 3 20 3541449 764 77768 34328 34294
16 23 5 18 3261615 459 64261 29390 29379
16 23 6 17 3264059 382 52547 24502 24437
16 23 8 15 3094966 286 44520 22355 22261
16 23 9 14 3164740 255 40299 21421 21346
16 23 10 13 3386693 230 41373 19424 19413
16 23 12 11 3176402 191 40740 17893 17834
16 23 13 10 3415013 177 35112 16928 16844
16 23 14 9 3616462 165 34185 16398 16377
16 23 16 7 5891127 146 26892 15109 15009
16 23 17 6 7105112 140 29045 15254 15179
16 23 18 5 9040941 136 30348 15064 14960
16 23 20 3 11275372 133 28565 14574 14563
16 23 21 2 11226326 132 28489 15143 15049
16 28 1 27 4544476 2283 138221 57562 57551
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Table6.14.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 28 3 25 3589931 763 81160 35987 35953
16 28 4 24 3366903 573 68538 29633 29622
16 28 6 22 2862583 381 58255 25603 25528
16 28 8 20 2647460 286 46183 20935 20870
16 28 9 19 2709352 254 41457 20849 20774
16 28 11 17 2634141 208 44445 18340 18256
16 28 13 15 2498540 176 33304 16469 16375
16 28 14 14 2585478 164 27113 15943 15893
16 28 16 12 3068428 144 32452 15417 15383
16 28 18 10 2701472 127 25602 14853 14737
16 28 19 9 3084709 121 28298 15007 14913
16 28 21 7 4676406 111 27621 13071 12996
16 28 22 6 5947201 107 25784 12594 12505
16 28 24 4 7868865 103 24832 13709 13644
16 28 25 3 8826807 103 24805 13321 13300
16 28 26 2 8747838 102 21833 12826 12769
16 34 1 33 4291518 2283 138221 57562 57551
16 34 3 31 3439548 763 78657 33458 33437
16 34 5 29 2769184 457 60106 28170 28105
16 34 7 27 2528534 326 49531 24670 24586
16 34 9 25 2371660 254 40173 21678 21644
16 34 11 23 2539118 208 43070 18229 18179
16 34 13 21 2296614 176 33782 16538 16504
16 34 15 19 2181897 152 34500 16923 16885
16 34 17 17 2133641 134 29449 15420 15382
16 34 19 15 2216944 120 25067 13516 13373
16 34 21 13 2333964 109 25622 13247 13143
16 34 23 11 2457187 100 27459 12480 12430
16 34 25 9 2671649 92 25743 12927 12843
16 34 27 7 3599351 86 19897 11355 11290
16 34 29 5 5338996 82 21322 10597 10503
16 34 30 4 6291831 81 28603 10834 10730
16 34 31 3 6777718 80 20715 11475 11406
16 34 32 2 6776128 80 21470 11452 11373
16 34 33 1 6794862 80 20580 11934 11854
16 41 1 40 4226891 2283 138221 57562 57551
16 41 4 37 2838193 571 73868 29873 29823
16 41 6 35 2571537 381 53400 24261 24196
16 41 9 32 2361250 254 43615 20838 20788
16 41 11 30 2165799 207 40903 18726 18667
16 41 14 27 1952919 163 29421 17415 17331
16 41 16 25 1833028 142 26706 15331 15215
16 41 18 23 2042049 127 27776 14072 13997
16 41 21 20 2081814 109 28024 13783 13772
16 41 23 18 2061719 99 30216 12104 12015
16 41 26 15 2067274 88 22882 11440 11346
16 41 28 13 1772593 81 19416 11441 11362
16 41 30 11 2065876 76 20434 11096 11033
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Table6.14.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 41 33 8 2789307 70 24420 11967 11956
16 41 35 6 3840382 66 24699 9914 9759
16 41 36 5 4395318 65 20141 10664 10567
16 41 38 3 5306929 64 16194 9373 9286
16 41 39 2 5365141 64 14874 8953 8866
16 41 40 1 5323811 64 18263 9603 9540
16 50 1 49 4127288 2283 138221 57562 57551
16 50 4 46 2840778 571 71090 31224 31190
16 50 7 43 2473833 326 48454 23025 22960
16 50 10 40 2223875 228 46367 19463 19379
16 50 13 37 2066038 175 35371 16772 16734
16 50 16 34 1839606 142 26070 14500 14411
16 50 19 31 1707548 120 21918 13348 13264
16 50 22 28 1787221 104 25131 12289 12255
16 50 25 25 1673430 91 21037 12034 11945
16 50 29 21 1830777 78 20259 10602 10495
16 50 32 18 1641796 71 18146 10997 10826
16 50 34 16 1844265 67 20112 10723 10607
16 50 37 13 1785598 62 17858 8802 8752
16 50 40 10 1876355 57 14914 8452 8395
16 50 43 7 2610637 53 16560 9338 9114
16 50 44 6 2751430 52 13988 8081 7886
16 50 46 4 3975994 51 18215 8299 8155
16 50 47 3 4150293 51 12772 7794 7651
16 50 48 2 4183439 51 15369 8165 8022
16 61 2 59 3406263 1143 103154 43019 43008
16 61 5 56 2655779 457 66112 27410 27399
16 61 9 52 2171871 253 38737 20819 20715
16 61 13 48 2036762 175 32764 16590 16531
16 61 16 45 1820670 142 27698 15242 15179
16 61 20 41 1783480 114 27345 14084 14009
16 61 24 37 1689622 95 21805 11651 11592
16 61 27 34 1572276 84 19899 10951 10780
16 61 31 30 1566295 73 19231 10933 10854
16 61 35 26 1500232 65 18748 9446 9346
16 61 38 23 1515549 60 15419 9194 9090
16 61 41 20 1427643 55 16147 9476 9296
16 61 45 16 1527134 50 19135 8898 8733
16 61 49 12 1605443 46 15542 8770 8626
16 61 52 9 1858955 44 16153 7524 7486
16 61 54 7 2110586 42 16600 8565 8428
16 61 56 5 2804623 41 12283 7311 7195
16 61 57 4 3220481 41 12032 7057 6950
16 61 58 3 3390473 41 11662 6885 6826
16 61 59 2 3383290 41 11423 6767 6729
16 74 2 72 3336876 1142 103805 42291 42270
16 74 7 67 2401535 327 50029 23593 23582
16 74 11 63 2014431 207 38607 17949 17855
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Table6.14.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 74 16 58 1714904 142 23467 14512 14423
16 74 20 54 1647755 114 27070 13811 13736
16 74 24 50 1501824 95 22471 11632 11567
16 74 29 45 1487522 78 21046 11350 11243
16 74 33 41 1559994 69 20952 10081 10049
16 74 38 36 1328676 60 16421 10059 9975
16 74 42 32 1294318 54 14559 8703 8640
16 74 47 27 1279195 48 12715 8305 8110
16 74 50 24 1228524 45 14028 7571 7327
16 74 55 19 1280122 41 12802 7248 7078
16 74 59 15 1229569 38 11813 6698 6566
16 74 63 11 1370257 36 11484 6504 6397
16 74 66 8 1574113 34 10915 6399 6232
16 74 68 6 2098259 33 16967 6983 6720
16 74 70 4 2665735 33 13181 6309 6165
16 74 71 3 2739037 33 10517 5919 5802

18 4 1 3 4622093 570 72966 29790 29763
18 4 2 2 8302477 314 54421 22866 22788
18 4 3 1 21830991 275 52980 21446 21419
18 5 1 4 3707512 570 72966 29790 29763
18 5 2 3 3632159 293 51088 21941 21863
18 5 3 2 5881079 204 38526 18657 18630
18 5 4 1 13954525 182 38983 17318 17240
18 6 1 5 3307593 570 72966 29790 29763
18 6 2 4 3198184 290 52796 21477 21399
18 6 3 3 3239610 195 44192 18102 18075
18 6 4 2 4548957 150 31893 16515 16472
18 6 5 1 10843589 139 40514 15456 15378
18 7 1 6 3294683 570 72966 29790 29763
18 7 2 5 2805684 289 50132 22121 22094
18 7 3 4 2585395 193 46445 18787 18760
18 7 4 3 2687127 145 31029 16153 16082
18 7 5 2 3683459 119 28146 14697 14670
18 7 6 1 8402643 110 31679 12856 12692
18 9 1 8 3002093 570 72966 29790 29763
18 9 2 7 2478270 287 47775 22259 22181
18 9 3 6 2252843 191 39315 17125 17082
18 9 4 5 2275782 144 36707 15021 14994
18 9 5 4 2095978 115 31195 11948 11905
18 9 6 3 2054571 96 21943 12993 12922
18 9 7 2 3052093 84 28081 11311 11240
18 9 8 1 6015511 79 21583 11164 11071
18 11 1 10 2925048 570 72966 29790 29763
18 11 2 9 2391805 286 47843 21175 21097
18 11 3 8 2031734 191 36649 18128 18101
18 11 4 7 2051116 143 35551 15875 15804
18 11 5 6 1988813 114 27543 13619 13455
18 11 6 5 1848633 95 27382 12787 12716
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Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
18 11 7 4 1910252 82 19197 11311 11268
18 11 8 3 1797397 72 22197 10198 10155
18 11 9 2 2288098 65 18059 9680 9653
18 11 10 1 4714305 62 16033 9512 9348
18 13 1 12 2918572 570 72966 29790 29763
18 13 2 11 2366567 286 49328 21484 21406
18 13 3 10 1951855 190 34928 17221 17178
18 13 4 9 1920328 143 25871 15004 14926
18 13 5 8 1841324 114 26412 14005 13934
18 13 6 7 1762570 95 25415 11947 11876
18 13 7 6 1527652 81 18489 11525 11432
18 13 8 5 1708842 71 21830 11883 11790
18 13 9 4 1525684 63 16450 9380 9201
18 13 10 3 1760958 57 22943 8903 8724
18 13 11 2 1884088 52 13341 7958 7776
18 13 12 1 3738735 50 15586 8604 8422
18 16 1 15 2777771 570 72966 29790 29763
18 16 2 14 2303418 286 51733 21781 21754
18 16 3 13 1970752 190 40744 17430 17387
18 16 4 12 1707050 143 24375 15077 15050
18 16 5 11 1790873 114 28575 14669 14626
18 16 6 10 1740203 95 24507 10773 10730
18 16 7 9 1439625 81 17409 10312 10241
18 16 8 8 1679801 71 17193 10285 10214
18 16 9 7 1372134 63 15318 9209 9138
18 16 10 6 1387484 57 14283 8355 8284
18 16 11 5 1450956 52 15358 8857 8814
18 16 12 4 1559009 47 18887 8843 8639
18 16 13 3 1469348 44 18440 6872 6708
18 16 14 2 1827829 41 14593 7162 6983
18 16 15 1 3172849 40 19985 7382 7218
18 19 1 18 2723131 570 72966 29790 29763
18 19 2 17 2085569 285 45139 21990 21912
18 19 3 16 1944007 190 37281 17249 17171
18 19 4 15 1707894 142 27078 14262 14191
18 19 5 14 1675897 114 26343 13775 13697
18 19 6 13 1523025 95 22063 11036 10958
18 19 7 12 1464939 81 21219 10881 10717
18 19 9 10 1468139 63 19207 9892 9821
18 19 10 9 1282650 57 15013 8238 8195
18 19 11 8 1434121 52 18730 8799 8772
18 19 12 7 1286892 47 12241 7601 7422
18 19 13 6 1335495 44 14036 8037 7959
18 19 14 5 1180920 40 12202 7617 7458
18 19 15 4 1468035 38 15174 7267 7196
18 19 16 3 1437407 36 14765 7122 7095
18 19 17 2 1579314 34 12692 6655 6612
18 19 18 1 2426435 33 9682 5760 5717
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Table6.14.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc

20 2 1 1 2149218 142 30260 14794 14767
20 3 1 2 1841768 142 30260 14794 14767
20 3 2 1 1770564 74 17152 10452 10425
20 4 1 3 1732852 142 30260 14794 14767
20 4 2 2 1534535 72 20434 10207 10180
20 4 3 1 1600108 49 16149 8357 8330
20 5 1 4 1744298 142 30260 14794 14767
20 5 2 3 1433614 71 17512 9962 9864
20 5 3 2 1255636 48 13795 7832 7805
20 5 4 1 1208917 36 12336 6189 6025

381



Table6.15.Costsof block2GYF for Toba

Configuration Copied Invoc W.b. insert W.b. add R.s.proc
16 22 1 21 12591818 2403 84765 82857 82856
16 22 2 20 11116641 1218 52894 51031 51029
16 22 3 19 10960736 813 38693 36930 36924
16 22 5 17 11093420 489 22824 20983 20977
16 22 6 16 12005563 410 23686 21864 21855
16 22 7 15 11443916 353 18766 16901 16894
16 22 9 13 12375984 278 19643 17699 17698
16 22 10 12 13704951 254 13923 12045 12032
16 22 11 11 15039560 233 13125 11207 11197
16 22 13 9 17733236 207 11234 9281 9274
16 22 14 8 19109783 197 8936 7052 7048
16 22 15 7 20250622 191 13478 11508 11504
16 22 16 6 20712410 185 7561 5656 5653
16 22 18 4 22789072 178 9251 7320 7317
16 22 19 3 23199960 178 10547 8637 8624
16 22 20 2 23689464 180 12352 10444 10433
16 27 1 26 11340734 2403 84765 82857 82856
16 27 2 25 9738692 1213 52521 50756 50754
16 27 4 23 8670448 608 31075 29314 29313
16 27 6 21 8282062 405 16000 14204 14202
16 27 7 20 7955917 347 21828 19985 19979
16 27 9 18 8175976 270 12257 10391 10380
16 27 11 16 8601306 222 12580 10687 10683
16 27 12 15 8354492 204 8229 6304 6294
16 27 14 13 9035349 177 7155 5240 5231
16 27 15 12 9575017 165 11475 9516 9509
16 27 17 10 10674668 149 9900 7944 7938
16 27 18 9 11919193 144 12640 10689 10688
16 27 20 7 13105182 134 10718 8767 8756
16 27 22 5 14364131 129 8743 6761 6759
16 27 23 4 15154400 127 9660 7705 7694
16 27 24 3 16033469 128 11758 9807 9805
16 33 1 32 10564261 2403 84765 82857 82856
16 33 3 30 9028210 807 40955 39165 39163
16 33 5 28 8156104 484 22948 21088 21081
16 33 7 26 7198084 346 18376 16571 16564
16 33 9 24 7049347 269 17206 15315 15306
16 33 11 22 6959029 221 14161 12317 12311
16 33 13 20 6394643 187 10545 8642 8640
16 33 15 18 6378196 162 11904 9847 9838
16 33 17 16 7149388 143 8680 6715 6707
16 33 19 14 7131125 129 8304 6348 6344
16 33 21 12 8107715 117 9343 7381 7365
16 33 22 11 7751164 113 5162 3199 3189
16 33 24 9 8671491 105 9494 7524 7512
16 33 26 7 9642086 100 9077 7112 7105
16 33 28 5 10675585 97 7554 5590 5586
16 33 29 4 11675117 96 6032 4030 4026
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 33 30 3 11878209 96 5096 3140 3136
16 33 31 2 11708491 96 5699 3737 3660
16 40 1 39 10432554 2403 84765 82857 82856
16 40 4 36 7559615 604 30687 28889 28887
16 40 6 34 6984337 403 22989 21241 21240
16 40 8 32 6949810 302 17666 15849 15840
16 40 11 29 6959041 221 15441 13595 13589
16 40 13 27 6501847 186 13414 11466 11462
16 40 16 24 5935176 151 6886 4990 4986
16 40 18 22 5919640 135 15694 13748 13747
16 40 20 20 5765725 121 11005 9037 9009
16 40 23 17 5685343 106 6305 4327 4318
16 40 25 15 5799969 98 7608 5646 5636
16 40 27 13 6444446 91 8725 6721 6717
16 40 30 10 6493485 83 7241 5241 5228
16 40 32 8 7236589 79 5177 3231 3154
16 40 34 6 7213034 76 6507 4546 4540
16 40 36 4 8458649 74 5860 3884 3880
16 40 37 3 8586463 74 5044 3052 2975
16 40 38 2 8609610 74 4895 2910 2833
16 48 1 47 9781248 2403 84765 82857 82856
16 48 4 44 7494067 603 27394 25681 25675
16 48 7 41 6537490 344 14724 12877 12867
16 48 10 38 6175641 241 16706 14780 14767
16 48 13 35 5750707 185 13007 11076 10999
16 48 16 32 5570895 151 9764 7842 7835
16 48 19 29 5655561 127 8151 6211 6207
16 48 22 26 5414857 110 7225 5205 5194
16 48 24 24 5105442 101 7644 5660 5657
16 48 27 21 5149220 90 6613 4631 4627
16 48 30 18 4733472 81 9013 7033 7024
16 48 33 15 5189342 74 4071 2092 2082
16 48 36 12 5387710 68 6844 4847 4834
16 48 38 10 5227761 65 5964 3974 3961
16 48 41 7 6057491 61 4382 2402 2394
16 48 43 5 6225060 60 4168 2173 2166
16 48 44 4 6661744 59 5098 3095 3076
16 48 45 3 6712723 59 4663 2674 2659
16 48 46 2 6836726 59 3909 1921 1902
16 59 2 57 8493361 1206 51896 50043 50042
16 59 5 54 7252753 482 19739 18013 18006
16 59 9 50 6069469 268 17780 15895 15889
16 59 12 47 5965181 201 12681 10779 10772
16 59 16 43 5497062 151 11574 9686 9680
16 59 19 40 5140408 127 8123 6173 6167
16 59 23 36 4657626 104 9120 7175 7166
16 59 27 32 4552709 89 7107 5144 5136
16 59 30 29 4490860 80 10620 8629 8620
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 59 34 25 4261642 71 4628 2640 2625
16 59 37 22 4384321 65 6613 4625 4606
16 59 40 19 4555863 60 5078 3110 3102
16 59 44 15 4223257 55 4810 2834 2812
16 59 47 12 4443330 52 3943 1936 1932
16 59 50 9 4449340 49 4127 2161 2143
16 59 52 7 4644286 48 5661 3647 3639
16 59 54 5 4820466 47 7077 5098 5087
16 59 55 4 5183566 46 4223 2239 2231
16 59 56 3 5565407 47 3330 1364 1363
16 59 57 2 5361499 46 3953 1968 1959
16 71 2 69 8321666 1205 52031 50199 50198
16 71 6 65 6581044 401 22261 20442 20436
16 71 11 60 5715827 219 12724 10822 10816
16 71 15 56 5030439 160 8188 6249 6246
16 71 19 52 4636679 127 5599 3698 3696
16 71 23 48 4715487 104 12675 10737 10667
16 71 28 43 4518681 86 13611 11654 11644
16 71 32 39 4303274 75 9619 7641 7634
16 71 36 35 3961441 67 7770 5790 5782
16 71 40 31 3866383 60 8603 6606 6599
16 71 45 26 4030186 54 6916 4898 4891
16 71 48 23 3527695 50 3762 1775 1743
16 71 53 18 3677191 46 12256 10278 10201
16 71 57 14 3484212 42 3855 1884 1829
16 71 60 11 3753255 40 5338 3377 3344
16 71 63 8 3728420 39 3236 1259 1245
16 71 65 6 3804178 38 3608 1659 1592
16 71 67 4 4002838 37 5144 3165 3098
16 71 68 3 4078398 37 5542 3539 3472
16 87 3 84 7601796 802 32741 31072 31066
16 87 8 79 5905616 300 21196 19360 19349
16 87 13 74 5164095 185 14423 12515 12506
16 87 18 69 4861538 134 6553 4580 4579
16 87 23 64 4490055 104 8656 6727 6657
16 87 29 58 4311287 83 7407 5451 5441
16 87 34 53 4048794 71 7875 5885 5883
16 87 39 48 3896050 61 6980 4997 4983
16 87 44 43 3647852 54 4649 2673 2646
16 87 50 37 3586602 48 7705 5719 5704
16 87 55 32 3354195 44 5254 3243 3236
16 87 59 28 3195691 41 4562 2580 2578
16 87 64 23 3099474 38 6441 4460 4459
16 87 70 17 2824376 34 5383 3394 3361
16 87 74 13 3098261 32 6192 4226 4168
16 87 77 10 3199763 31 3879 1904 1844
16 87 80 7 2653134 30 3252 1289 1101
16 87 82 5 3259716 30 4265 2300 2273
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
16 87 83 4 3433080 30 8004 6040 6027
16 87 84 3 3462159 30 7215 5246 5176
16 106 3 103 7486683 802 36104 34255 34253
16 106 10 96 5474652 240 12390 10496 10483
16 106 16 90 4681580 150 10516 8571 8558
16 106 22 84 4522876 109 4773 2843 2830
16 106 29 77 4108770 83 5859 3894 3884
16 106 35 71 3988817 68 5116 3122 3114
16 106 41 65 3840313 59 7363 5373 5372
16 106 48 58 3518283 50 4034 2056 2052
16 106 54 52 3239133 44 4360 2370 2307
16 106 60 46 3064149 40 5147 3136 3124
16 106 67 39 3063955 36 5219 3240 3236
16 106 72 34 2427058 33 3894 1897 1868
16 106 78 28 2911797 31 3394 1435 1433
16 106 85 21 2766662 28 3532 1552 1507
16 106 90 16 2555843 27 6111 4120 4109
16 106 94 12 2662781 26 3060 1096 1090
16 106 98 8 2242414 24 2941 983 896
16 106 100 6 2536890 24 4437 2465 2405
16 106 101 5 2607726 24 5781 3797 3764
16 106 102 4 2990573 24 3689 1707 1675

18 6 1 5 8785525 595 25811 24063 24061
18 6 2 4 11367580 318 14194 12402 12400
18 6 3 3 13779210 222 12634 10725 10723
18 6 4 2 18418008 183 9538 7564 7558
18 6 5 1 22253449 174 12444 10549 10543
18 7 1 6 8362063 595 25811 24063 24061
18 7 2 5 8014919 309 16231 14419 14417
18 7 3 4 8441619 208 15082 13181 13172
18 7 4 3 10108059 161 8959 7065 7061
18 7 5 2 13141873 138 11645 9686 9677
18 7 6 1 16152005 132 6675 4735 4726
18 9 1 8 8003237 595 25811 24063 24061
18 9 2 7 7165137 305 15189 13311 13309
18 9 3 6 6765654 203 11410 9474 9470
18 9 4 5 6496695 153 8762 6811 6802
18 9 5 4 6974175 124 6820 4861 4859
18 9 6 3 6966905 104 9226 7233 7218
18 9 7 2 8488453 93 5630 3684 3673
18 9 8 1 10660231 90 8639 6663 6648
18 10 1 9 7791229 595 25811 24063 24061
18 10 2 8 7023681 304 12618 10809 10807
18 10 3 7 6711466 203 9147 7263 7261
18 10 4 6 6009993 152 13521 11589 11580
18 10 5 5 5809424 122 11904 9940 9931
18 10 6 4 5972714 102 6813 4834 4828
18 10 7 3 6487686 89 6147 4181 4166
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
18 10 8 2 7063723 80 5235 3263 3259
18 10 9 1 9183237 78 5572 3583 3568
18 12 1 11 7335812 595 25811 24063 24061
18 12 2 10 6504339 302 15221 13396 13394
18 12 3 9 6234046 201 9713 7808 7804
18 12 4 8 5638418 151 7403 5475 5466
18 12 5 7 5254524 121 5352 3425 3423
18 12 6 6 5629985 101 6541 4558 4552
18 12 7 5 5212972 87 8797 6796 6794
18 12 8 4 5259212 76 7752 5804 5795
18 12 9 3 5178472 69 7888 5868 5866
18 12 10 2 5899102 64 4857 2846 2844
18 12 11 1 7172210 62 10408 8430 8428
18 15 1 14 7062422 595 25811 24063 24061
18 15 2 13 6327451 301 13313 11456 11454
18 15 3 12 5585677 200 8876 6933 6924
18 15 4 11 5106319 150 8033 6098 6089
18 15 5 10 4533484 120 7918 5965 5956
18 15 6 9 4952296 100 8889 6907 6901
18 15 7 8 4641514 86 5316 3370 3361
18 15 8 7 4341541 75 6280 4279 4273
18 15 9 6 4157497 67 5486 3495 3489
18 15 10 5 4087995 60 4826 2844 2821
18 15 11 4 4298552 55 4197 2221 2206
18 15 12 3 4599576 51 3880 1899 1876
18 15 13 2 4244387 48 4220 2250 2244
18 15 14 1 5396474 47 7631 5643 5639
18 18 1 17 7057831 595 25811 24063 24061
18 18 2 16 5996465 300 14665 12802 12800
18 18 3 15 5543018 200 13017 11102 11100
18 18 4 14 4987962 150 9130 7173 7171
18 18 5 13 4559158 120 6668 4717 4715
18 18 6 12 4487482 100 11268 9299 9297
18 18 7 11 4359409 85 7118 5131 5122
18 18 8 10 4271401 75 5209 3229 3225
18 18 9 9 4046367 67 4940 2942 2940
18 18 10 8 3848551 60 5901 3907 3903
18 18 11 7 3771743 55 4282 2283 2281
18 18 12 6 3767137 50 4285 2313 2304
18 18 13 5 3747181 46 3605 1630 1612
18 18 14 4 3693446 43 3588 1621 1610
18 18 15 3 3709924 41 6677 4707 4698
18 18 16 2 3625418 38 2983 1026 994
18 18 17 1 4230538 37 4930 2917 2875
18 22 1 21 6815179 595 25811 24063 24061
18 22 2 20 5829377 299 17519 15647 15638
18 22 3 19 5299992 199 15791 13856 13852
18 22 5 17 4616395 119 6684 4761 4746
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
18 22 6 16 4413488 100 7964 6021 6019
18 22 7 15 4283250 85 7128 5138 5123
18 22 9 13 4037535 66 6405 4426 4417
18 22 10 12 3870386 60 5218 3248 3246
18 22 11 11 3743816 54 5668 3649 3640
18 22 13 9 3407540 46 4013 2041 2037
18 22 14 8 3323226 42 5476 3486 3454
18 22 15 7 3099585 40 3600 1628 1624
18 22 16 6 3173735 37 4453 2470 2433
18 22 18 4 2998176 33 2952 982 945
18 22 19 3 2860781 32 4048 2088 2079
18 22 20 2 2966343 30 5775 3823 3777
18 22 21 1 3445157 30 5878 3906 3891
18 27 1 26 6737603 595 25811 24063 24061
18 27 2 25 5998228 299 19823 17991 17989
18 27 4 23 4846012 149 9242 7342 7338
18 27 6 21 4431588 99 7309 5342 5327
18 27 7 20 4084153 85 4811 2832 2826
18 27 9 18 3894656 66 4177 2198 2183
18 27 11 16 3709213 54 4640 2643 2628
18 27 12 15 3487484 49 4503 2510 2481
18 27 14 13 3262968 42 4274 2290 2258
18 27 15 12 2843891 40 4229 2242 2240
18 27 17 10 2912449 35 5951 3982 3971
18 27 18 9 2953653 33 4490 2512 2503
18 27 20 7 2694418 30 4957 2994 2985
18 27 22 5 2615701 27 3955 1976 1958
18 27 23 4 2112657 26 2966 1014 1005
18 27 24 3 2513627 25 2989 1011 988
18 27 25 2 2641062 24 3548 1584 1542
18 27 26 1 2780389 24 3401 1444 1438

20 2 1 1 7144539 148 9442 7539 7527
20 3 1 2 5336057 148 9442 7539 7527
20 3 2 1 5489077 83 4418 2477 2465
20 4 1 3 5138698 148 9442 7539 7527
20 4 2 2 4123868 77 8482 6526 6519
20 4 3 1 4451954 54 7233 5257 5245
20 5 1 4 5029654 148 9442 7539 7527
20 5 2 3 3975144 76 7546 5578 5566
20 5 3 2 3641446 51 3520 1549 1542
20 5 4 1 3583989 39 6719 4756 4715
20 6 1 5 4984286 148 9442 7539 7527
20 6 2 4 4042792 75 4698 2744 2737
20 6 3 3 3592622 50 4367 2394 2370
20 6 4 2 2977875 38 6879 4892 4880
20 6 5 1 2515719 31 3528 1584 1577
20 7 1 6 4880934 148 9442 7539 7527
20 7 2 5 3914284 75 4714 2747 2735
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Table6.15.continued

Configuration Copied Invoc W.b. Insert W.b. Add R.s.proc
20 7 3 4 3401516 50 4261 2283 2276
20 7 4 3 3094451 37 3748 1778 1737
20 7 5 2 2650357 30 6596 4645 4621
20 7 6 1 2290351 25 2963 997 923
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Figure 6.2.Copying andpointercosttradeoff: Interactive-TextEditing.
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Figure 6.3.Copying andpointercosttradeoff: StandardNonInteractive.
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Figure6.4. Copying andpointercosttradeoff: HeapSim.
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Figure6.6.Copying andpointercosttradeoff: Lambda-Fact6.
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Figure6.7. Copying andpointercosttradeoff: Swim.
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Figure 6.8.Copying andpointercosttradeoff: Tomcatv.
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Figure6.9.Copying andpointercosttradeoff: Tree-Replace-Binary.
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Figure6.42.Relativeinvocationcounts:Interactive-TextEditing, V Ï 2955.
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Figure6.43.Relativeinvocationcounts:StandardNonInteractive, V Ï 1414.
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Figure6.44.Relativeinvocationcounts:StandardNonInteractive, V Ï 1723.
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Figure6.45.Relativeinvocationcounts:StandardNonInteractive, V Ï 2101.
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Figure6.46.Relativeinvocationcounts:StandardNonInteractive, V Ï 2561.
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Figure6.47.Relativeinvocationcounts:StandardNonInteractive, V Ï 3122.
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Figure6.48.Relativeinvocationcounts:StandardNonInteractive, V Ï 3805.
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Figure6.49.Relativeinvocationcounts:StandardNonInteractive, V Ï 4639.
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Figure6.50.Relativeinvocationcounts:StandardNonInteractive, V Ï 5655.
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Figure6.51.Relativeinvocationcounts:StandardNonInteractive, V Ï 6894.
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Figure 6.52.Relativeinvocationcounts:HeapSim, V Ï 113397.
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Figure 6.53.Relativeinvocationcounts:HeapSim, V Ï 138231.
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Figure 6.54.Relativeinvocationcounts:HeapSim, V Ï 168503.
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Figure 6.55.Relativeinvocationcounts:HeapSim, V Ï 205405.
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Figure 6.56.Relativeinvocationcounts:HeapSim, V Ï 250387.
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Figure 6.57.Relativeinvocationcounts:HeapSim, V Ï 305221.
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Figure 6.58.Relativeinvocationcounts:HeapSim, V Ï 372063.
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Figure 6.59.Relativeinvocationcounts:Lambda-Fact5,V Ï 7673.
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Figure 6.60.Relativeinvocationcounts:Lambda-Fact5,V Ï 9354.
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Figure 6.61.Relativeinvocationcounts:Lambda-Fact5,V Ï 11402.
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Figure 6.62.Relativeinvocationcounts:Lambda-Fact5,V Ï 13899.
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Figure 6.63.Relativeinvocationcounts:Lambda-Fact5,V Ï 16943.
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Figure 6.64.Relativeinvocationcounts:Lambda-Fact5,V Ï 20654.
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Figure 6.65.Relativeinvocationcounts:Lambda-Fact5,V Ï 25177.
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Figure 6.66.Relativeinvocationcounts:Lambda-Fact6,V Ï 16669.
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Figure 6.67.Relativeinvocationcounts:Lambda-Fact6,V Ï 20320.
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Figure 6.68.Relativeinvocationcounts:Lambda-Fact6,V Ï 24770.
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Figure 6.69.Relativeinvocationcounts:Lambda-Fact6,V Ï 30194.
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Figure 6.70.Relativeinvocationcounts:Lambda-Fact6,V Ï 36807.
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Figure 6.71.Relativeinvocationcounts:Lambda-Fact6,V Ï 44868.
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Figure 6.72.Relativeinvocationcounts:Lambda-Fact6,V Ï 54693.
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Figure 6.73.Relativeinvocationcounts:Lambda-Fact6,V Ï 66671.
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Figure 6.74.Relativeinvocationcounts:Lambda-Fact6,V Ï 81272.
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Figure 6.75.Relativeinvocationcounts:Swim, V Ï 21383.
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Figure 6.76.Relativeinvocationcounts:Swim, V Ï 26066.
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Figure 6.77.Relativeinvocationcounts:Swim, V Ï 31774.
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Figure 6.78.Relativeinvocationcounts:Swim, V Ï 38733.
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Figure 6.79.Relativeinvocationcounts:Swim, V Ï 47215.
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Figure 6.80.Relativeinvocationcounts:Swim, V Ï 57555.
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Figure 6.81.Relativeinvocationcounts:Swim, V Ï 70160.
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Figure 6.82.Relativeinvocationcounts:Swim, V Ï 85524.
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Figure6.83.Relativeinvocationcounts:Swim, V Ï 104254.
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Figure6.84.Relative invocationcounts:Tomcatv, V Ï 37292.
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Figure6.85.Relative invocationcounts:Tomcatv, V Ï 45459.
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Figure6.86.Relative invocationcounts:Tomcatv, V Ï 55414.
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Figure6.87.Relative invocationcounts:Tomcatv, V Ï 67550.

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
nu

m
be

r 
of

 c
ol

le
ct

io
ns

Î

Fraction collected g (of total heap size 82343)

Tomcatv

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
nu

m
be

r 
of

 c
ol

le
ct

io
ns

Î

Nursery size (fraction of total heap size 82343)

Tomcatv

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure6.88.Relative invocationcounts:Tomcatv, V Ï 82343.
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Figure6.89.Relative invocationcounts:Tomcatv, V Ï 100376.
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Figure6.90.Relative invocationcounts:Tomcatv, V Ï 122358.

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
nu

m
be

r 
of

 c
ol

le
ct

io
ns

Î

Fraction collected g (of total heap size 149154)

Tomcatv

FC-TOF
FC-TYF
FC-DOF
FC-DYF
FC-ROF

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
nu

m
be

r 
of

 c
ol

le
ct

io
ns

Î

Nursery size (fraction of total heap size 149154)

Tomcatv

2GYF
3GYF

(a) FC schemes (b) GYF schemes

Figure6.91.Relative invocationcounts:Tomcatv, V Ï 149154.
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Figure6.92.Relative invocationcounts:Tomcatv, V Ï 181818.
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Figure 6.93.Relativeinvocationcounts:Tree-Replace-Binary, V Ï 11926.
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Figure 6.94.Relativeinvocationcounts:Tree-Replace-Binary, V Ï 14538.
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Figure 6.95.Relativeinvocationcounts:Tree-Replace-Binary, V Ï 17722.
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Figure 6.96.Relativeinvocationcounts:Tree-Replace-Binary, V Ï 21603.
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Figure 6.97.Relativeinvocationcounts:Tree-Replace-Binary, V Ï 26334.
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Figure 6.98.Relativeinvocationcounts:Tree-Replace-Random, V Ï 15985.
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Figure 6.99.Relativeinvocationcounts:Tree-Replace-Random, V Ï 19486.
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Figure 6.100.Relativeinvocationcounts:Tree-Replace-Random, V Ï 23754.
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Figure 6.101.Relativeinvocationcounts:Tree-Replace-Random, V Ï 28956.
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Figure 6.102.Relativeinvocationcounts:Tree-Replace-Random, V Ï 35297.
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Figure 6.103.Relativeinvocationcounts:Tree-Replace-Random, V Ï 43027.
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Figure 6.104.Relativeinvocationcounts:Tree-Replace-Random, V Ï 52450.
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Figure 6.105.Relativeinvocationcounts:Tree-Replace-Random, V Ï 63936.
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Figure6.106.Relativeinvocationcounts:Richards, V Ï 1826.
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Figure6.107.Relativeinvocationcounts:Richards, V Ï 2225.
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Figure6.108.Relativeinvocationcounts:Richards, V Ï 2713.
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Figure6.109.Relativeinvocationcounts:Richards, V Ï 3307.
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Figure6.110.Relativeinvocationcounts:Richards, V Ï 4032.
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Figure6.111.Relativeinvocationcounts:Richards, V Ï 4914.
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Figure6.112.Relativeinvocationcounts:Richards, V Ï 5991.
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Figure6.113.Relativeinvocationcounts:Richards, V Ï 7303.
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Figure 6.115.Relativeinvocationcounts:JavaBYTEmark, V Ï 72807.
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Figure 6.116.Relativeinvocationcounts:JavaBYTEmark, V Ï 88752.
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Figure 6.117.Relativeinvocationcounts:JavaBYTEmark, V Ï 108188.
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Figure 6.118.Relativeinvocationcounts:JavaBYTEmark, V Ï 131881.
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Figure 6.119.Relativeinvocationcounts:Bloat-Bloat, V Ï 246766.
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Figure 6.120.Relativeinvocationcounts:Bloat-Bloat, V Ï 300808.
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Figure 6.121.Relativeinvocationcounts:Bloat-Bloat, V Ï 366682.
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Figure 6.122.Relativeinvocationcounts:Bloat-Bloat, V Ï 446984.
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Figure 6.123.Relativeinvocationcounts:Bloat-Bloat, V Ï 544872.
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Figure 6.124.Relativeinvocationcounts:Bloat-Bloat, V Ï 664195.
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Figure 6.125.Relativeinvocationcounts:Bloat-Bloat, V Ï 809650.
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Figure 6.126.Relativeinvocationcounts:Bloat-Bloat, V Ï 986959.
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Figure 6.127.Relativeinvocationcounts:Toba, V Ï 353843.
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Figure 6.129.Relativeinvocationcounts:Toba, V Ï 525794.
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Figure 6.130.Relativeinvocationcounts:Toba, V Ï 640941.
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Figure 6.131.Relativeinvocationcounts:Toba, V Ï 781303.
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Figure 6.132.Relativeinvocationcounts:Toba, V Ï 952404.
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Figure 6.133.Relativeinvocationcounts:Toba, V Ï 1160976.
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Figure 6.134.Relativeinvocationcounts:Toba, V Ï 1415223.
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459



CHAPTER 7

CONCLUDING REMARKS

In this study, we have exploreda heretoforeneglectedalternative to generationalgarbage

collection and found it to be competitive with generationalalgorithms,and in many cases

superiorto them.We introducedasimplenew algorithm,calleddeferredolder-first, within the

classificationof age-basedalgorithms.We describedanefficient implementationof the new

algorithm,its heaporganization,copying mechanisms,andpointer-maintenancemechanisms

(Chapter3). We demonstrated,in a comparative trace-basedsimulationstudy, that the new

algorithmachievesa significantly lower copying cost thangenerationalcollectionon many

programs,sometimesasmuchas11 timeslower (Chapter5). We showed that, even though

thepointer-maintenancecostof thenew algorithmis usuallyhigherthanthatof generational

collection,thetotalcostisneverthelessloweronmany programs,sometimesasmuchas4 times

(Chapter6). Theseresultswereunexpectedin light of theprior understandingof generational

collectorperformance,which suggestedthatcollectingamongtheyoungestdataachievesthe

bestperformance.

Usingprofiling of anage-orderedheap,our investigationprovidesinsightinto thecopying

performanceof the new algorithm,andshows how it genuinelyconcentrateseffort on those

objectages,neithertheyoungestnor theoldestin the heap,which resultin the lowestcopy-

ing cost. Our new algorithmis very simple,andnon-adaptive, yet its performanceis good.

While muchwork hasbeendevotedto the designof adaptive generationalalgorithms,adap-

tive versionsof our alternative, or indeed,otheralternatives,areunexplored,but, according

to our results,promising.Thusthefield of garbagecollection,evenin thesimplestsettingof

stop-and-copy uniprocessoralgorithms,is reopenedfor study.
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In our examinationof the pointer-maintenancestructuresto supportthe demandsof new

algorithms,we foundthatpreceptsfor thedesignof pointermaintenancefrom existingstudies

of generationalcollectiondonot carryover to alternativealgorithms(for instance,thenumber

of duplicaterememberedset insertionsis muchgreaterin generationalcollection),andthus

pointermaintenancedesignis alsoopenfor furtherstudy. Furthermore,theinvestigationof the

positionaldistribution of pointersdispellsthe oft-cited notion that younger-to-olderpointers

dominateevenin object-orientedlanguages.

This work hasexposedthefactsabouttheperformanceof copying garbagecollectional-

gorithms,the factorsaffecting it, and the limits of its possibleimprovement. However, the

settingsin which the experimentalresultswereobtainedwerenecessarilylimited, andother

settingsremainto beexplored.

We usedtrace-basedsimulation,albeit in conjunctionwith a prototypeimplementation

of the collectors. However, tracesdo not capturestackprocessingcostsnor the interactions

betweenthe collectorand the mutator. A desirablefollow-up study is to integratethe sev-

eral collectorswe describedwith a runningmutatorsystem,suchasa Java virtual machine.

This integrationwill permittheverificationof thedesignwe outlinedfor implementation,the

validationof the costmodelswe assumed(Chapter3), the measurementof memorylocality

effects,andthefinal verdictin theform of absolutetiming of differentalgorithms.

In this study, we eschewed analyticalmodellingof garbagecollectioncosts. Modelling

the actionsof a collectorpresupposesthe availability of analyticalmodelsfor the behavior

of themutator. Whereassomemodelshave beenattemptedfor objectlifetimes,with unclear

utility, modelsfor pointerstructureareentirelyunexplored.Thesuccessof thedeferredolder-

first collectorasanapproximationof the idealqueuecollector(Chapter1), theheapprofiles

(Chapter5), andthepointerdistributions(Chapter6) indicateahighdegreeof spatio-temporal

correlationof object lifetimes andof pointer structure,suggestingthat first-orderstatistical

modelswill beinadequate.
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Our investigationfocusedon theapplicationof collectorsto theentireheap,from themost

recentlyallocatedobjectsto the oldestones. As we discoveredin the studyof demiseposi-

tionsaswell asof pointerdirections,andentirelyin accordancewith intuitiveexpectations,an

advantageis possiblein largeandlong-runningsystemsif ana priori division is imposedon

theheap,in whichthemostrecentlyallocateddataaremanagedseparatelyto lowerthepointer

maintenanceoverheadfor storesinto new objects,theoldestdataareidentifiedaspermanent

(by programmerdeclaration,or adaptively) to excludethemfrom considerationentirely, and

themiddleportion, representinganactive maturespace,is managedby a deferred-older-first

algorithm.Indeed,this observationcanbeseenasthebasisfor definingpolicieson top of the

mechanismsdescribedfor theMatureObjectSpaceandits train algorithm[HudsonandMoss,

1992;SeligmannandGrarup,1995].

Theevaluationof differentalgorithmsappliedto a maturespacecould, in principle,pro-

ceedasin this study. Thetraceof maturespaceobjectscanbeobtainedeitherasthesequence

of objectspromotedout of a concreteyounger-spacecollector, or, moreabstractly, asthesub-

sequenceof objectswith lifetimes above a fixed thresholdextractedfrom a full sequenceof

allocatedobjects.Sincethe volumeof objectspresentedto the maturespacecollectoris, by

design,muchsmallerthanthe total volumeof allocation,then,in orderfor thematurespace

collectorto beexercisedsufficiently (Section4.2.2.2)thetotalallocationmustbeconsiderably

larger. We believe that it will prove infeasibleto obtainaccuratetracesasfor this study, and

thatdirectimplementationandmeasurementwill beespeciallyneededfor thematurespace.
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