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氏 名 湯 淺 太

(論 文 内容 の要 旨)

人 工知 能研究 な どに広 く使 われ るLispな どの言語 で は ,デ ー タを リス ト構造

によ って表 現 す る。す な わ ち デー タをそ の一 部(car)と ,以 後の情 報を含 む セル

の位 置 を示 す ポ イ ンタ(cdr)を 合せ たセル の列で表 現す る。 これ によ りデー タの

加 除 ・変更 が容 易 にで き,不 定 長 デ ー タの処 理 に便利 だが,反 面 多量 の記憶 を

要す る。 記 憶容 量 は有 限で あ り.使 用ず み の セルの適 切 な再利 用 を計 らな い と,

飢 餓 状 態 にな って,コ ン ピュー タで の処 理 が不可 能 に な る。一 度使 った セルの

うち不要 にな った ものを回 収 して再 利用 す る処 理 が,標 題 に い うごみ集 めであ

る。

従来 の リス ト処 理 シ ステ ムで は,ご み集 め の処理 の 間 はプ ログ ラムの 実行 を

中断す る一 括 型 が普通 だ った。 この処 理 は,と き と して プ ログ ラムの実行 以上

の時 間 を要 し,目 的 に よ って は非 常 な危険 性 を は らん で いた。

その た め計算 処 理 と並行 して行 う実 時間 ごみ集 めの方 法が 研究 され,い くっ

か の手 法が 提案 されて い る。 しか しその多 くは ごみ集 め専 用 の 中央処 理装 置 を

付 加 す る もので,通 例 の汎 用 コ ンピュ ータに は不 向 きで あ った。

以 上 の よ うな背景 の下 で,申 請者 は一 般 の コ ン ピュー タに適 用可 能 な効 率 よ

い実 時 間 ごみ集 め の算法 を初 めて考 案 した。 その算法 は,ご み集 め処 理 を個 々

の処 理時 間 は無 視 して よ いほ どの細 か い単位 に分 割 し,基 本機 能中で一 度 に一

単 位 ずっ 実行 す る ことを基本 原理 とす る。 具 体的 には,セ ル を新 に使 った とき

には格 別 の処 理 をせ ず,リ ス トセ ルを ヒー プ上 に ア ロケ ー トす る とき(Lispで

いえ ば,cons関 数 が呼 び 出 された際)と,リ ス トセ ルを破壊 的 に操作 す る とき

(Lispで いえ ばrplacaとrplacdが 呼 び 出 され た際)に,ご み 集 め処 理 を部 分 的 に

実 行 す る。 しか も全体 と して記 憶 の余 裕が あ る限度 以下 にな った と き,初 めて

ごみ集 め処理 を実行 開 始す る。

申請 者 は優 れ た算 法 を提 唱 した だ けで な く,そ の正 当性 を数学 的 に厳 密 に証

明 した。 ごみ 集 め処 理 中 に も,プ ログ ラムは実行 され て いて状況 の変 化 が生 じ

得 る ため に,こ れ はか な り困難 な作 業で あ る。 申請 者 は,ま ず この算 法 が対 象



とする リス ト処理 システムのモデルを与え,こ れに対する具体的なプ ログラム

の形で算法を記述 した。そ して リス ト処理機 能の実行の前後 につねに保存 され

る不変特性(invariamt)を いくつか挙げ,そ れ らを帰納法 によって証明する方法

を とった。 ここで不変特性全体を,複 数の レベルに分 けて証明す る手法 によ り.

困難な証明をかなり簡易化す ることに成功 して いる。

この方法は,今 後計算機科学におけ る多 くの実時間算法の正当性の証明に有

効に活用できることが期待 され る。

最後に申請者 は,実 際にコンピュータに実現 した場合の具体的な評価 を行 い,

最悪の場合で も,20%程 度の記憶容量の余裕があれば,飢 餓状態は生 じないこ

とを示 している。 このために も証明 のために導入 した不変特性を活用 し,必 要

とす る記憶容量やごみ集め回数が どのよ うに増減す るかを詳 しく解析 して いる。

これはプ ログラムの正当性検証技法が性能評価に も有効であることを示 した例

と して,興 味深 い。



氏 名 湯 淺 太

(論文審査の結果の要 旨)

リス ト処理 システムにおいて,実 時間ごみ集めが重要であることは,論 文内

容の要 旨中に述べた通 りである。特にロボ ットのような実時間制御を要 する応

用 においては,実 行中断の一括型 ごみ処理では,そ の間に大事故を招 く危険性

さえあ る。

申諸者の提案 した実時間ごみ集めの算法は,特 別の付加装置のない汎用計算

機 に適用できること,現 存の リス ト処理 システムへ容易に応用で きること,シ

ステム全体の処理効率の低下が僅かであること,余 分に要す る記憶が比較的少

いことな どで,実 用上 に極 めて高い価値 をもっ。

さらに重大な成果は,提 唱 した算法に正当性の証明をつけた ことである。 こ

れまで提唱された多 くの算法で は,し ば しば算法 その ものがあいまいで,適 用

限界が明確でな く,経 験的 に正 しいようだ と判断 される例が多か った。 ごみ集

め処理中にもプログラムの実行は進んで状況が変化するので,各 セルを正 しく

不要か否か判断す るのは容易でないことを考えて も,こ の証 明が簡単なもので

はな いことが推案 され る。 じっさいこのような厳密 な証明に成功 したごみ集め

算法は,初 めてであ り,こ の点で も申請者 の独創性が高 く評価 され る。 申請者

のとった不変特性を挙げて帰納法で証明する手法は,計 算機科学において標準

的な ものであるが,不 変特性を複数の レベルに分けて証明するなど,巧 妙な技

法を駆使 している。 この方法 は類似の諸問題の証明にも有効 と思われ る。

さらにこの不変特性を リス ト処理 システムの動作解析に適用 し,正 確な性能

評価 を与え,プ ログラムの正当性検証技法が性 能評価に も有用な ことを示 して

いる。

本論文は一言で いえば,計 算機科学の永年の懸案 の難問に,ほ ぼ決定的 とい

って もよい解決策を提案 し,し か もその正当性を厳密に証明 した上,性 能評価

までを行 った ものであり,計 算機科学の数学的基礎 と して,極 めて優れた成果

であ る。

この論文はすでに内外か ら高 い評価を受 けて いる・例えばUCLAのBerry教



授 は 「自分 は この問題 を14年 間研究 して多 くの論 文 を書 いたが,こ れ はnovel

algorithmの 他,そ の正統 性 の証 明 にunusualtechniqueを 駆 使 して お り・重 要

な寄 与で あ る」 と評 して い るほ どで あ る。

参 考論 文 は16篇 あ る。 その 内 には 申請 者 の作成 したKyotoCommonLispの

マニ ュアル や,開 発 した システ ムの解説 書 も含 まれ て い る。 参考 論 文 の多 くは,

所 属 研 究 機 関 に お いて 共 同で 開発 して きた プ ログ ラム検証 系 イオ タ言 語 お よ

びそ のプ ログ ラム作成 支援 シス テムの学 術報 告 ・ソフ トウ ェア開発手 法 の研 究

で あ る。KyotoCommonLispは すで に国際 的 に も高 く評 価 され,日 本 の ソ フ

1ウ ェア業界 に も大 きな刺 激 を与 えた製 品 で あ る。 このよ うに,申 請 者 は,計

算機 科学 の 理論 的研究 に優 れ た成果 を 挙 げただ けで な く,ソ フ トウ ェアの作 成

・開発 の実 際面 に も抜 群 の能 力を発 揮 して いる。

よ って本 論文 は,理 学博 士 の学位 論 文 と して 価値 あ る もの と認 め る。

な お,主 論文 お よび参考 論 文の 内容 を中心 と して,こ れ に関連 した研 究分 野

につ いて試 問 した結 果,合 格 と認 めた。
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Abstract

Algorithmsofrealtimegarbagecollectionarepresented,whichareintendedforIist

processingsystemsongeneral-purposemachines,i・e・,VonNeumannstyleserialcomputers

withasingleprocessor.Onrhesemachines,realtimegarbagecollectioninevitablyputs

someoverheadontheoverallexecutionefficiencyofthelistprocessingsystem,because

so皿eofthelistprocessingprimitivesmustcheckthestatusofthegarbagecollection.By

avoidingsuchacheckduringexecutionoffrequentlyusedoperationssuchaspoinrer

references(e.g.,Lispcaralldcdr)andstackmanipulations,thepresentedalgorithms

reducetheexecutionoverheadtoagreatextent.Althoughthesealgorithmsdonot

supportcompactionofthewholedataspace,theyefficientlysupport"partialcornpaction"

suchasarrayrelocation.Arigorousproofofthealgorith皿sisgiven,firsrbypostulating

severalinvariantsthatholdbetweencallstothelistprocessingprimitives,andthenby

provingtheinvariantsbyinduction.Theproved三nvariantsarethenusedforthe

evaluationofthepresentedalgorith皿s.

1.IntrOdUCtiOn

Garbagecollectionisthemostpopularmethodtoreclaimdiscardedlistcellsinlist

processingsystemssuchasLisp.Althoughthereareseveralvariatlonsofgarbage

collection,theyshareesselltiallythesamescheme:Availablecellsarecollectedtogether

toformafree～istandonecellisremovedfromthefreelisteachtimethelistprocessing

programrequiresanewcell.Whenthefreehstexhaustsorbecomestooshort,thelist

processingprogramistemporarilysuspendedandtheprogramofgarbagecollection(the

garbagecollector)beginstorun.Thewholeprocessofthegarbagecollectorconsistsof

twomajorphases.Theη 乙αrた ρhctsedetermineswhichcellsareinuse(orαcc2∬ めZe),by

traversingllststructuresinuse.Thesこ{,eρ ρ ρ1とαsethenputsallinaccessiblecellsintothe

freelist.Inaddition,som61istprocessingsystemshavethecompactionphase(or

relocationphase)inwhichallaccessiblecellsaremovedintoacontiguous.memoryarea

andpointerreferencestotherelocatedcellsareupdatedappropriately.Afterthe

executionofthegarbagecollector,theexecutionofthelistprocessingprogramis

resumed.

Theprimarydisadvantageofgarbagecollectionisthatitperiodicallysuspendsthe

mainlistprocessingprogram.Roughlyspeakillg,thetimeforagarbagecollectionis

estimatedasαA+β.V,whereAisthenumberofaccessiblecellswhenthegarbage

collectorisinvokedand.Visthesizeofthewholememoryspace.αandβareso皿e
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positivefactors.AsthelistprocessingProgramusesmorecells,thetimeforeachgarbage

collectionandthusthesuspensiontimeofthemainlistprocessingProgrambeco皿es

longer.Asreportedin[15],fortypicallistprocessingprograms,eachgarbagecollectioll

takesfromseveralsecondstoseveraltenseconds.Itisdifficultforaninteractiveor

realtimelistprocessingsystemtoprovideadequateservicewhenitfrequentlysuspends

theexecutionofthemainprogramforsuchalongtime.ThisistypicallythecaseofAI

(ArtificialIntelligence)apPlicationsforwhichlistprocessingsystemsaremostlyused・

Forexample,iftheprogramcontrolsarobotinaproductlineofacarfactory・therobot

willstopitsmovementperiodicallywhilethelinekeepsmoving.Astheresult,mostcars

fromthefactorycannotbesoldbecausesomepartsmaybemissingorthebodiesInaybe

partiallypainted,dependingontheroleoftherobot.Intheworstcase,themove皿entof

therobotasynchronouswithotherfacilitiesmaycauseadisastrousaccident.

IIIordertoremovethissuspellsiolloflistprocessingprograms,severalalgorith皿sof

"realtime"garbagecollectionhavebeenproposed[1
,2,5,6,10,11,14,15].Arealtimegarbage

collectorrunsinparallelwiththemainprogramsothatthetimeforeachlistprocessing

primitiveisboundedbysomesmallconstant.Mosてoftheserealtimealgorith皿sare

intendedformulti-processormachines.Thebasicideaistouseoneprocessorforgarbage

collectionwhileanotherprocessorisresponsiblefortheexecutionofthemaillprogra皿.

Unfortunately.thosealgorithmsarenotappropriateforgeneral-purposemachinesonwhich

mallylistprocessingsystemsarerunnil19.Here,generα1-purρosemαehinesrefertoVon

Neumannstylecomputerswithasillgleprocessor,suchasMC68000andVAX。Forthese.

machines,nosupportsareexpectedfromtheunderlyinghardwarenorfro皿thefirmware.

Ifthealgorithmsweresimulatedongenera1-purposemachines,theoverallsystem

efficiencywouldbereducedtoagreatextentbecauseofthefrequentswitchingbetween

themainprocessandthegarbagecollectionprocess.Nowadays,so皿eLispmachillesare

availableascommercialproducts,buttherearemuchmoreLispsyste皿s(orlistprocessing

systemsillgeneral)inuseongeneral-purposemachines.ItseemsthatmanyfurtherLisp

systemswillbecomeavailableongeneraレpurpose皿achinesinthefurure.Hellcetheneed

foranefficientrealtimealgorithmforgelleral-purposemachines.

Ontheotherhand,Baker●srealtimealgorithm[1]isinherentlyserialalldhasbeen

implementedonsin葺le-processormachines[13].However,thisalgorithrnputsanextra

burdenonoperationsofpointerreferences(i.e.,carandcdrillLisp).1皿plementationsof

thisalgorithm,therefore,usespecialpurposehardware[11]toachieve皿oderate

performance.Theoverheadofimpiementingthemongeneral-purposemachinesisregarded

extremelyhigh[3].evenwiththesupportofthefirmware[18].

Thispaperpresentsanddiscussesalgorithmsofrealtimegarbagecollectionon

general-purposemachines.Thesealgorithmsweredesignedwithtwoprincipleskeptin

mind.Arealtimegarbagecollectionongeneral-purposemachinesinevitablyputssome

overheadontheexecutionefficiencyofthelistprocessingsysteln.Theprimaryreasonis

thatsomeofthelistprocessingprimitivesmustcheckthecurrentstatusofgarbage

collection.Suchacheckisunnecessaryinconventionallistprocessingsystemswithstop

garbagecollector.Inordertoreducethetotaloverheadduetotherealtime-nessof

garbagecollection・ourfirstdesignprincipleisthatthepossibleoverheadonfrequently

usedpri皿itivesshouldbesmallorevennone・Inparticular,thepresentedalgorithmswere
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designedsothattheyputnooverheadontheoperationsofpointerreferences ,

assignments,andstackmanipulations ,whiletheyputanextraburdenondestructivelist

operationssuchasrpIacaandrpIacdinLisp.

Theotherdesignprincipleisthatitshouldbeeasytoapplythealgorithmsto

conventionalsystemswithstopgarbagecollector.NotallapPlicationsoflistprocessing

systemsrequirerealtime-ness,butratherthetotalexecutiontimemaybemorei皿portant

formanyapplications.Thus,wewouldliketohavetwoversionsofasamelistprocessing

systems(onewithstopcollectorandtheotherwithrealtimeone)andtohavethechance

toselectoneofthemdependingontheapplication.

Inthenextsection,weexplainthebasicideaofourrealtimealgoriてh皿s,firstby

introducingasimplelistprocessingsystemwithIlostackmechanismalldwithonlya

singlekindofcells,andthenbyextendingitintoarealtimesystem.Thecorrectness

proofofthissimplerealti皿esystemisgiveninSection3.Section4discussesthe

dynamicbehavioroftherealti皿esystem.Thealgorithmsarethenappliedtoasystem

withstackmechanisminSection5andtoasystemwithmultiplekindsofcellsinSection

6.Finally,inSection7,wewillshowthatthealgorithmsareeasilyappliedtoasystem

witharrayco皿paction.ThediscussionsinSections3and4arealsoapplicabletothese

extensions,withminormodifications.

Inordertoprovidearigorousproofandevaluationofthealgorithms,weobviously

havetopresentthealgorithmsrigorously.Forthispurpose,weuseslightlychanged

versionofPasca1[8]inthispaper.Deviationsfro皿Pascalare:

LTypedeclarationsforpara皿etersandvariablesareomittedifthereisnofear

ofambiguity.Namely,weusetheconventionthatx,y,z,andparevariables

ofthepointertypeandiandjareintegervariables.

2.Weallowunderscores-inidentifiers.

3.Weusepointerarithmeticandpointercolnparison,si皿ilartothoseintheC

language[9].Whenapointerρpoilltstothei-thelementofanarray,then

theexpressionp+1representsapointertotheご+1-thelement.Similarly,

comparisonsontwopointersaredefinedintermsofthearrayindex,on

conditionthatbothofthepointerspoillttoelementsofasamearray.For

instance,whenρandqpointtothel-thandノ ーthele皿ents,respectively,ofan

array,thenρ 〈qistrueifandonlyifiisstrictlylessthan.ノ.

2.Themethod

Inthissection,weexplainthebasicideaofourrealtimegarbagecollectionalgorithms・

Beforegoingtotheexplanation,wefirstpresentasirnple,Lisp-1ikelistprocessingsystem

withcon▽entionalstoPgarbagecollection.Thissystemissi皿PleinthatitsupPortsonlya

・i・g1・typ・ ・fcell・(・ ・'lscells)・ndth・ ・itd…n・ ・h・v・th・ ・tackmech・ ・i・m・This
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system,however,hastheessentialaspectsofreallistprocessingsyste皿.

Aeonsce～1(orsimplyacell)isarecordobjectconsistingofthreefields:mark,car,

andcdr

typeceIl=record

mark:Boolean;

car:pointer:

cdr:pointer;

end

Apointermaybeni1,0relseitpointstoeitheracelloranatom.Cellsareallocatedin

theheapH,whichisanarrayofN+】cells.

varH:array[0。 。N]ofcell

ThesystemactuallyusesH[0]toH[N-1]astheheapandthusmaximumofNcellsare

available.ThelastlocationofH(H[N])isreservedsothattheexpression"p+i"主s

meaningfulwheneverρpointstoace1LWeintroducet"'oconstantpoilltersHbtmand

Htop,whichpointtothefirstlocationoftheheap(Le.,H[0])andthelastlocationofthe

heap(i.e.,H[N-1]),respectively.Atomsareallocatedso皿ewherenotintheheap・To

distingUishpointerstocellsfromthosetoato皿s,weusethefunctionconsp.consp(ρ)

istrueifandonlyifthepointerρpointstoace11.

ThesystemhasanarrayRconsistingofNRpointers,whereNRisasmallfixed

number.TheuserprogramcanaccessandmodifythecontentsofRbyprimitive

operationsLgetrandLsetrLgetr(Dreturnsthe'-thelementofRandLsetr(i,ρ)

replacestheご 一thelementofRwithρ.PointersinRarecalledrootρoご η亡ersandonlythose

cellsreachabledirectlyorindirectlyfromtherootpointersareaccessible.Othercellsare

inaccessibleandthusaregarbage.Thepurposeofgarbagecollectionistoarrallge

inaccessiblecellssothattheym[ayberecycledforfurtheruse・Itistheresponsibilityof

theuserprogramtopreventallcellsinusefrombeinggarbage-collectedunexpectedly.

IIIparticular,thesystemassumesthatolllyaccessiblepointersarepassedaspointer

argumentstoprlmltlveoperatlons・

InadditiontoLgetrandLsetr,thesystemprovidesprimitiveoperationsLcons ,

Lcar,Lcdr,Lrplaca,LrpIacd,andLeq,eachofwhichcorrespondstoaLispfunctionin

theobviousmanner.UnlikeLisp,Lconsinthesystemdoesnotreturnavalue,butisa

procedurethatcausesasideeffect.Lcons(i,x,y)allocatesanewcellwithxandyinits

carandcdrfieldsand,inaddition,storesthecellpointerintoR[こ].Forexample,in

ordertosetanewlistconsistingoft"'onilsintoR[1],theuserprogramiswrittenas

Lcons(1,nil,nil):

Lcons(1,nil,Lgetr(1));

Fig.1illustratesanimplemelltationofoursimplelistprocessingsystemwith
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conventionalstopgarbagecollection .ThesystemisinitializedbyinitOwhichis

invokedoncewhenthesystembeginstorun ,Allavailablecellsarelinkedthroughtheir

carfieldstoformthefreelistwhosefirstelementispointedtobytheglobalvariable

free_list.Thisinitializationofthefreelistisaconventiontosimphfytheexplanation .

Availablecellscouldbeallocateddirectlyfromtheheapuntilthefirstgarbagecollection

occurs,asinmostLispsystems.

Thegarbagecollectorisinvokedwhenthefreelistexhausts.Duringthemarkphase ,

thegarbagecollectormarks(i.e. ,turnstruethemarkfieldsof)allaccessiblecellsby

recursivelytraversingliststructuresbytheuseofthegarbagecollectionstackgcs .

Thenduringthesweepphase,theheapissequentiallyparsedsothatallinaccessiblecells ,

i.e.allnon-markedcells,arecollectedintothefreelist.Notetheuseofthepush

operationgcs_push.Thebodyofthemarkphaseloopsimplyrepeatsthepushandpop

operationsandtheactualmarkingisdonebygcs_push(x),whlchpushesxontogcsonly

ifxpointstoanon-markedce11.Thismechanismmayseeminefficientsinceapointer

maybepopedfromgcsimmediate正yafteritispushed.However,aslightchangewill

QvercomethisinefficiencyasillustratedinFig。2。Ourintentionistokeepthealgorithms

simpleandclear.

Nowweextendtheabovesystemsothatitbearealtimesystem(seeFig.3).

Intherealtimeversion,thegarbagecollectionproceedswhiletheuserprogramkeeps

running.Sinceweassumeonlyasingleprocessor,thetwoprocessescannotproceedin

reallyparalleLInstead,thewholeprocessofgarbagecollectionisdividedinto"chunks",

eachofwhichcanbeexecutedintimelessthansomeconstanttime,andisexecutedill

certain"situation"Thesituationwechoseiswhenacellisrequiredbytheuserprogram,

i.e.,whenLconsisinvoked.ThisideaiscreditedtoBaker[1].Sincecellsarerequested

whilegarbagecollectionisinprogress,wecannotwaituntilthefreelistexhausts.Instead,

agarbagecollectionbeginswhenthenumberofthefreelistcellsbecomeslessthana

certainnumberM.Tokeepthecurrentnumberoffreelistcells,weintroduceaninteger

variablefree_count.

Anotherproble皿arisesonthefreelistduringthesweepPhase.InthestopcoUector,

thefreelistissetemptyrightbeforethesweepphase.Withtherealtimecollector,the

mainprogramkeepsrequiringcellsevenduringthesweepphase.Ifthesystemsetsthe

freelistemptyatthebeginningofthesweepphase,thenthesweepingstepsmusてbe

repeateduntilanon-markedcellisfoundintheheapduringthenextcallofLcons・This

methoddestroystherealtime-nessofthecollector,sincethereisnos皿allupPerboundfor

thetimerequiredtofindanon-markedce11.Rather,ourrealtimesystemleavesthe

freelistbutcollectsonlythosenon一 皿arkedcellsthatarenotinthefreelistyet.To

determinewhetheranon-markedcellisinthefreelist,weusethecdrfieldsoffreelist

cells,whicharenotusedinthestopcollector.Theruleofthumbisthat,anon--marked

cellisinthefreelistifandonlyifitscdrfieldhasapointerlea>e_me,whichis

distinguishedfro皿anymeaningfulpointersandwhichtheuserprogramcannotaccess

directly.

Th・p・ ・cedurema・kOi・Fig・3impl・m・ ・t・a・i・glech・nk・fth・m・ ・kphase・
tI
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皿arksklcellseachtimeitiscalled,withklbeingasmallconstant。Ifthereareless

thanklcenstobemarked,thatis,ifgcsbecomesemptybeforethebodyofthewhile

statementisrepeatedklti皿es,thentheexecutionofmark()endsimmediately・Precisely

speaking,therefore,mark()marksklcellsaslongasltispossible・Similarly・the

proceduresweepOimplemelltsachunkofthemarkphaseandtakescareofk2cellsas

longasitispossible.The午orcontrolvariablepusedinthesweepPhaseloopofFig・1is

replacedbytheg1Qbalvariablesweepersothatcallstosweep()cancontinuouslyProcess

thewholeheap.Thegiobalvariablephasekeepstrackofthecurrentstateofgarbage

collection.Itsvalueismark_phaseduring皿arkphase,sweeP_phaseduringsweepPhase・

andidlingotherwise.

Themostimportantfeatureofourrealtimesystemisthat,duringasweepphase,it

collectsthoseandonlythosecellsthatare三naccessiblenorinthefreelistatthebeginning

ofthegarbagecollectiol1.Althoughsomecellsmaybecomegarbageduringthegarbage

collection,theyarenotcollecteduntilthenextgarbagecollection,Inordertorealize

thisfeatureofthesystem,thesystemneedstohavethefollowingproperties.

1.Allaccessiblecellsatthebeginningofthegarbagecollectiollareeventually

markedduringthe皿arkphase.

2.Newlyallocatedcellsdurillgthegarbagecollectiollare .nevercollectedduring

thesweepPhaseofthatgarbagecollection.

Theifstatement

ifphase mark_phasethengcs_push(x^。car);

inthedefinitionofLrpiacainFig.3andtheifstatementofLrplacdareaddedforthe

firstproperty.IftheliststructuresusedInthemainprogra皿areneverchangedduring

themarkphase,thenrepeatedcallsofmark()certainlymarkallaccessiblecellsasinthe

caseofthestopcollector.Ho"'ever,Lrplacamaypossiblymodifytheliststructuresand

thus,withouttheifstatement,thereisthepossibilitythatanaccessiblecellisnot

markedduringmarkphase.Thisismainlybecausemark()cannotmarkacelloncethe

cellbecomesIlon-reachablefrom(pointerson)gcs・Forexa皿ple,supPosethatthe

followingstatementsareexecutedimmediatelyafteragarbagecollectionbegins.

Lsetr(2,Lcar(Lgetr(1)));

Lrplaca(Lgetr(1),niI);

Fig・4illustratesthestatusoftherelevantcellswhenLrplacaisinvoked.Assumethat

thecel1βinthefigureispointedtoonlybythecarfieldofthece11α.IfLrplaca

simplyreplacedthecarfieldofα ・thel1βwouldnotbereachablefromgcsallymoreand

thuswouldloosethechancetogetmarked・Astheresult,βmightbecollectedasa

garbageduringthesweepphasewhileitstillremainsaccessible.Thissituationcannot

occursincethepointertoβispushedontogcsbythestatementgcs _push(x^.car)at

thebeginningofLrplaca(x,y).Asofthesecondproperty,thestatement
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P^.mark:=(P≧sweeper);

mLcons(i,x,y)isaddedforthisproperty.Duringthemarkphase ,th.isstatement

effectivelymarksallnewlya110catedcells.Duringthesweepphase ,thisstatementmarks

onlythosenewlyallocatedcellsthatarenotyetprocessedbysweep()。Othernewly

allocatedcellsduringthesweepphaseneednotbemarkedsincesweep()processeseach

cellonlyonce.Ofcourse.thesediscussionsdonotInakesurethatthesystemcertainly

hastheabovefeature,Weneedarigorousproof,whichwewillgiveinthenextsection.

TherealtimesystemputsnoextraburdenontheprimitivesLcar,Lcdr,Lsetr,

Lgetr,andLeq.AboutLcons,thecallstomark()andsweep()canbeexpandedinline

illthebodyofLcons.Moreover,becauseklalldk2areconstants,theloopsinthese

procedurescanbeexpandedintostraight-1inecode.ThustheessentialoverheadofLcons

willberelativelysmallcomparedwiththeovera11executiontimeofLcons.Lrpiacaand

Lrplacdsufferfromtheoverheadduetorealtime-ness,buttheseoperationsareusedless

frequentlythanotherpri皿itivesinactuallistprocesslngprograms.Theymaybeused

internallyforassign皿entstovariablesinthoseLispsystemsthatimplementvariable

bindingsbyassociationlists[12].EveninsuchLispsystems,localvariablesincompiled

programsareusuallyallocatedonthestackandassignmentstovariablescanbe

implementedbyLsetraswillbeshowninSection5.Inordertofinishtheefficiency

discussionsonourrealtimesystem,westillneedtoanalyzehowmanytimesthegarbage

collectorisinvoked.Thisanalysisrequirestheunderstandingofsomepropertiesofthe

garbagecollector,whichwewillpresentinthenextsectionintermsofinvariants.Thus

weleavetheanalysistoSection4.

Whatisasimportantasexecutionefficiencyisthesizeofprimitiveoperations,since

inmanylistprocessingsystems,somepri皿itiveoperationsareexpandedinlineincompiled

code.Usually,callstoLcons(oritsequivalent)arenotexpandedinlinebecausethebody

ofLconsistoolargeeveninconventionalsystems.CallstoLrplacaandLrplacdare

rareincompiledprograms.Sinceeachoftheotherprimitivesisofthesamesizeinthe

realtimesystemasintheconventionalsystem,therealtimesystempromisesthatthesize'

ofcompiledcodeiskeptsmall.

Nowweneedtosh6wthememoryoverheadoftherealtimesystem.Firstofa11,gcs

needsnoextraspace.Asofthesizeoftheheap,weneedtoanalyzethedynamic

behaviorofthesystem,whichisthemaintopicofSection4.

3.Proof

Oneofthereasonsthattheconventionalstopgarbagecollectionhasbeensowidely

accept・disitssi皿Pli・ity・Th・p・ ・cess・fg・ ・b・gec・11ecti・np・ ・ceed・with・utinte「vention

・fth・u…p・ ・gram.E・ ・nth・ ・11・cati・n・f・freecelli・d・nei・d・p・nd・ntly・fth・

garb・gec・llect・ ・.Th・ ・iti・clea・th・tth・markph・ ・em・ ・k・all・nd・nlyaccessiblecells・

。ndth。tth。 、weepPh・ ・ec・11ec・sal1・ ・d・nly・ ・n-m・ ・k・d(9・ ・b・9・)ce11・ ・Thi・isnotthe

case。f。urrealti皿ea19・ ・ith皿,h・w・ver.Th・wh・1・p・ ・cess・fgarb・gec・11ectionis
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dividedintochunks,eachQfwhichisexecutedwhiletheexecutionoftheuserprogra皿

proceeds.Evenduringthegarbagecollection,theuserprogramcontinuestorequlrenew

cellsandmakegarbagecells.Thecorrectnessisthusbeyondourintuitionandweneeda

rigorousproofforthealgorithm.

Asalreadymentionedintheprevioussection,themostimportantfeatureofour

realtimesystemisthefollowing.

Theorem・3.1.Thoseandolllythosecellsthatarenotaccessiblenorinthefreelistatthe

beginningofagarbagecollectionwillbeputintothefreelisrduringthesweepPhase・

Inordertoprovethis,wepostulateseveralsysteminvarictntsthatcharacterizetherealti皿e

system.Here,asy8亡eminva)・ian亡(orinvariants,forshort)referstoapropertyofthe

systemthatholdsbetweencallstoprimitiveoperations.Exceptforthoseinvarianてsthat

aredirectconsequencesofotherinvariants,weproveeachinvariantbyinductiononthe

callofprimitiveoperations.Thatis,inordertoproveaninvariant,"・eneedtoshowthat

thepropertyholdsinitially,i.e.,iエnmediatelyafterthesyste皿initializationprocedure

init().alldtoshowてhatthepropertyholdsafterexeeutionofeachprimitiveoperation,

byassumingthatα ～～invariants(including,theinvariallttoprove)holdbeforethe

execution.Wealsoassumethatpointerargumentstotheprimitiveoperatiollareall

accessible.Sincethecompleteproofistoolongtofitthispaper,weolllygivearough

sketchoftheproof.However,thereadershouldkeepitinmindthattheproofis

essentiallyproceededby
Iinduction・

Thefirstfourillvariantsareconcernedwithgcsandsweeper

1ηぴαrごαη亡3.1.gcsisemptyduringidlingandsweepphases.

Proof'Initially.gcsisemptyandthesystemisinidlingPhase.Whenphaseisturned

frommark-phasetosweep_phase,gcsiscertainlyempty・Sillcetheprocedure

gcs-push・whichistheonlyoperationtoaugmentgcs,isinvokedonlyduringmark

phase,gcsremainsemptyuntilphasebecomessweep_phase.Q.E.D.

1ηひαrごα'lt3.2.gcsconsistsonlyofpointerstomarkedcells.

Proof'Whenacellpointerispushedongcs,themarkfieldofthepointedcellissetto

true・Thismarkfieldremainstrueaslongasthecellpointerisongcs ,sincemark

fieldsofcellsareturnedfalseonlybytheproceduresweep().whichisnevercalled

duringmarkphase.Q .E.D.

1nvarictnt3.3.AsinglepointerapPearsongcsatmostonce.

Prooプ8Acellpointerispushedontogcsonlywhenthepointedcellisllotyetmarked ,

butanypointeralreadyongcspointstoamarkedce1LQ .E.D.
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1肌 ・αrictnt3.4.ThevalueofthevariablesweeperisacellpointerorisequaltoHtop州 .

Inparticular,sweeper=Htop+lduringidlingphase ,andsweeperHbtmduringmark

phase.

Prooプ'Initially,sweeper=Htop+1.sweeperisnotchangedduringidlingand皿ark

phases・Whenphaseisturnedtomark-phase,sweeperissettoHbtm.Duringsweep

phase.sweeperisincrementedaslongasitpointstoace11.Whellphaseisturnedto

idling,sweeperHtop+1again.Q.E.D.

Dげinition3.1.Whensweeperpointstotheノ ーthcellH[ブ],theε 一thce正hntheheap(i.e. ,

H[i])issaidtobeαbovesweeperifi≧ ノ.Otherwise,thecellissaidtobeE)elowsweeper

Notethat,byInvariant3.4,anycellisbelowsweeperduringidlingphase,andanycellis

abovesweeperduringmarkphase.

1)efinition3.2.Ace11η こissaidtobeη ～α}・kαbleiffthereisasequenceofdistinctcell

pointersqo,qt,_,qn(n>0)suchthat

l.qoisongCS,

2.eitherqi^.car=qiや 乳orqi^.cdr=qi?1(0≦i〈n),

3.qi^.mark=false(0〈i≦n),and

4.qnpointstoη ～.

Notethat,sinceη しmark=qn^.mark=false,amarkedcellcannotbemarkable.

Invαriαnt3.5.lea㌧ ・e_nleisinaccessible.

∬nひ αrごαη亡3.6.1eave』eisnotreachablefromgcs.

∫nひ αriαnt3.7.Acellisafreelistcelliffitscdrfieldisleave_me.

Invαrictnt3.8.ThefreelistislooP-free.Thatis,foreachfreelistcel1η ～,thereisno

sequenceofcellpointersqo,_,qn(n≧0)suchthat

1.qo=η ～.car,

2.qi^.car=qi+1(0≦i〈n),and

3.qnpointstoη し

1η ぴαriαnt3.9.Nocellbelowsweeperismarked.

1nぴ αrごαη亡3.1θ.Eachaccessiblecellabovesweeperiseithermarkedormarkable.

B・f・reg・i・gt・th・p…f・ ・fInvari・ ・t・3・5・ ・3・10・w・p・ …1・t・th・eei・vari・ntswhich
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aredirectconsequencesoftheseinvariants・

1nvαriαn亡3.11.Nofreelistcellisaccessible(byInvariants3.5and3.7),

InしTαriant3.12.Nofreelistceliisreachablefrom.gcs(byInvariants3.6and3.7).

Inぴ αriαnt3.1.3.DuringsweepPhase,anyaccessiblecellabovesweeperismarked(by

Invariants3.10and3.1).

1)rooブoプInこ ・αriαn亡3.5'AninaccessiblepointermaybecomeaccessibleonlybyLcon・By

Lcons(i,x,y)、onlythepointertothefirstfreelistcellbecomesaccessible,becauseboth

thecarandthecdrfieldsofthecellarereplacedbyalreadyaccessiblepointersxandy.

Sinceleave_nleisnotacellpointer,1tcannotbeidenticaltothepointertothefirst

freelistcellandthusleave_meneverbeco皿esaccessible.Q.E.D.

乃 ℃ofoブInこ,ω'ictnt3.6:Lcons,Lrplaca,andLrplacdaretheonlyprimitiveoperations

thataffectthereachabilityfromgcs.Theproceduresmark()andsweep(),whichare

calledfro皿Lcons,donotaugmentthesetofpointersreachablefromgcsbecausethe

pointerspushedongcsbymark()arealreadyreachablefromgcsandsweepOiscalled

onlyinsweepphaseduringwhichgcsremainsempty(Invariant3.1).AlthoughLcons

replacesthecarandthecdrfieldsofthefirstfreelistcel1,thisdoesnotaffectthe

reachabilityfromgcs,becausethefirstfreelistcellitselfisnotreachablefromgcs

('lnvariant3.12).Whenphaseisturnedfromidlingtomark-phase,onlytheaccessible

pointersbecomenewlyreachablefromgcs,butlea)e』eisnotaccessiblethen(Invariant

3.5).Thus,leave_mecannotbecomereachablefromgcsbyLcons.ByLrplaca(x,y)

(orLrplacd(x,y)),onlythosepointersthatarereachablefromx^.car(orx^。cdr)or

fromymaybecomereachablefromgcs.Sincethesepointersareaccessible,noneofthe皿

isidenticaltolea>e_me.Q.E.D.

ProoズoプInし ・αrごαη亡3.7'ByinductionhypothesisofInvariants3.11and3.12,thesetof

freelistcellslsmodifiedonlybysweepOandLcons.WhenswとepOaddsacellintothe

freelist,thecdrfieldofthecellisreplacedbyleave-me.Whenacellisremovedfrom

thefreelistbyLcons(i・x・y),thecdrfieldofthecellisreplacedbytheaccessible

pointerywh三chisdistinctfromIeave」1e・Notethattheillductionhypothesisof

Invariant3・8makessurethatLcons(i・x・y)reallyremovesacellfromthefreelist .Q.E.D.

1)rooプ01ρ1肌,ctriαnt3.8'sweep()addsacellintothefreelistonlywhenthecdrfieldof

thecellisdistinctfromlea)e_me.BytheinductionhypothesisofInvariallt3.7,thiscell

isnotalreadyinthefreelist.Q.E.D.

Prooプofノ ηぴαriαnt3.∫':Thesystemneverturnstruethemarkfieldsofcellsbelow

sweeper:Whenevergcs-push(x)iscalled,sweeper=Hbtmandthusnocellisbelow
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sweeperWhensweeperisincrementedbysweep(),themarkfieldofthecellpointed

tobysweeperisturnedfalseifitistruebefore.Q.E.D.

Prooヂ σヂ1η し7ω剛ictnt3.10'Whenafreelistcellbecomesaccessible,itsmarkfieldissettrue

ifitisabovesweeperImmediatelyaftertherootpointersarepushedontogcsby

Lcons,thosecellsdirectlypointedtobyrootpointersaremarkedalldotheraccessible

cellsbecomemarkablesincenocelh、 ・asmarkedbefore(Invariants3.9and3.4).sweep()

obviouslypreservesInvariant3.10.Whatre皿ainstoshowisthatInvariant3.10holdsafter

theexecutionofmark(),Lrplaca,alldLrplacd.

ToshowthatInvariant3.10holdsaftertheexecutionofmark(),itsufficestoprove

that,foreachcellmthatismarkablebeforetheexecutionoftheloopbody

P:=9CS_POP();

gcs_push(Pハ.car);

gcs-push(P^.cdr);

ofmark(),

executlon.

suchthat

eitherη ～remainsmarkableorthemarkfieldofmbecomestrueafterthe

Toprovethis,letqo,q豊,_,qn(n>0)beasequenceofdistinctcellpointers

1.qoisongcs,

2.eitherqi^.car=qi.10rqi^.cdr=qi.t(0≦i〈n),

3.qi^。mark=false(0〈i≦n),and

4.qnpointstont・

Ifbothp^.carandp^.cdraredistinctfromq1,_,qn,thenthesepropertiesarepreserved

bytheloopbodyandthusntremainsmarkable.Ifpハ.car=qhforsomeh(0〈h≦n)but

p^.cdrisdistinctfro皿q1,_,qn,or,conversely,ifp^.cdr=qhforsomeh(0〈h≦n)but

p^.carisdistillctfromq1,_,qn,thenaftertheloopbody,

1.qhisongcs,

2.eitherqi^.car=qi+torqi^.cdr=qi.1(h≦i〈n)・

3.qh^.mark=true,

4.qi^.mark=false(h〈i≦n),and

5.qnpointstont・

Thatis,mremainsmarkableifhnandη ～ismarkedotherwise.Finally,ifp^。car=qM

andp^.cdr=qh2forso皿ehlandh2(0〈h1≦n・0〈h2≦n)・thenleth=max(h1・h2)・Thenthe

・b・v・p・ ・P・ ・ti・s・fq、,..,q.h・ld・ndthus・afterth・1・ ・pb・dy・ ・itherm・e皿 ・in・mark・b1・

ormismarked.

Similarly,t・ ・h・wth・tI・vari・nt3・10h・1d・aftertheexecuti・n・fL・placaand

L,placd,it、uffice・t・p・ ・v・th・t,f・reachcellntth・ti・m・ ・k・b1・b・f・ ・etheexecution・

。itherm,em。i。 、mark。b1。 ・・th・ma・kfi・ld・fmbec・m・ ・t・ueaft・ ・theexecu・i・n・Since

、h。p。 。。fisalm・ ・tth・ ・am・f・ ・b・ ・hL・placaa・dL・p・acd・we・nlyp・ ・vethisfo「
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Lrplaca.Letqo,q1,_,qn(n>0)beasequenceofdistinctce11pointersasabove・If

x^.carisdistinctfromqQ,q1,_,qn,thenthepropertiesofthissequencearepreserved

byLrplacaandthereforeη ～remainsmarkable.Ifx^.car=qo,thengcs_push(x^.car)

doesnothingbecausex^.car^.mark=qQ-.nlarktrue(Invariant3・2)・Ifx^・car=q巾

i.e.,1fx^.carpointstoη ～,thengcs_push(x^.car)turnsthemarkfieldofη ～true・Thus

mismarkedafterLビplaca.Ifx^.car三qjforsomej(0〈j〈n),thenafter

gcs_push(x^。car),

LqjisongCS,

2.eitherqi^。car=ql+10rqi^.cdr=qi.1(j≦iくn),

3.qi".mark=faIse(jくi≦n),and

4,qnpointstom

hold.Thusη ～remainsmarkableaftergcs_push(×^.car).Ifxisdistinctfromanyqi

(」 ≦i〈n),thenmobviouslyremains皿arkableafterthestatement"x^。car:-y"SupPose

qh=xforsomeh(j≦h〈n).Ifqhハ.cdrisdistinctfromqh.1,thenqh^.car=qh.i,i.e.,

x^.car=qh.i.Thusqj=qh.1(=×^.car)forO<j〈h+1〈n,butthiscontradictsthe

assumptiollthatqo,q1,_,q口aredistinctpointers.Therefore,qh^.cdr=qh.1.Thismeans

thattheabovepropertiesofthesequenceqj,_,q.holdandthusnzre皿ainsmarkable,

evellafterthestatement"x^.car:=y"Q.E.D.

1ηひαrごαη亡3.14.Eachcellreachablefromgcsiseithermarkedormarkable.

Proof'1皿 皿ediatelyaftertherootpointersarepushedontogcsbyLcons,only

accessiblecellsarereachablefromgcs.AsalreadyshownintheproofofInvariant3.10,

accessiblecellsareeithermarkedormarkableatthattime.Nocellbeco皿esIlewly

reachablefromgcsbymark()and,asshownintheproofofInvariallt3.10,cellsthatare

eithermarkedormarkablebeforetheexecutionofmark()areeithermarkedormarkable

aftertheexecution.Nocellisreachablefromgcswhensweep()iscalledduringsweep

phase。ThusLconspreservesInvariant3.14.ByLrplaca(x,y)(orLrplacd(×,y)),only

thosecellsthatarereachablefromx^・car(orx^・cdr)orfro皿y皿aybecomenewly

reachablefromgcs.Sincethesecellsareaccessible,theyareeithermarkedormarkable

already(Invariant3.10).Q.E.D .

Inordertosi皿plifythediscussionsthatfollow,we脚paint騨'cellswithtwocolorswhen

phaseisturnedfromidlingtomark_phase.Thosecellsthataretheneitheraccessible

orinthefreelistarepaintedinredandothercellsarepaintedinb1αck.Inaddition
,at

anymomentduringtheexecutionofthesystem,wecallacellasanαctivecellifitis

theneithermarked,reachablefromgcs,orinthefreelist.Cellsnotactivearecalled

inctctive.Notethat,byInvariallt3.10,accessiblecellsareactiveand,equivalently,inactive

cellsareinaccessible.BeforeprovingTheorem3.1,wereclai皿onemoresyste皿invariant .

1肌,αriαnt3.15.Foreachce11ノ ηabovesweeper,η ～isactiveifandonlyifη ～isred.

Proof'PrimitiveoperatiollsotherthanLconsdonotchangesweeper Thus,inorderto
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showthattheseoperationspreserveInvariant3 .15,itsufficestoshowthattheypreserve

theactivenessofcells.ThisisobviousexceptforLrplacaandLrplacd
,sinceother

prlmltlveoperationsdonotaffectmarkfields,thereachabilityfromgcs,northefreelist.

SinceLrplacadoesnotturnmarkfieldsfalse
,markedcellsremainmarked.Thefreelist

isnotchangedbyLrplaca.AsshownilltheproofofInvariant3 .10,markablecellseither

remainmarkableorgetmarked .ThusactivecellsremainactiveafterLrplaca.

C・nv・ ・s・1y,inactivecells(i.・.,cellsn・tactiv・)・em・ininactiv・f・ ・th・f・11・wing・eas・ns.

AsshownintheproofofInvariant3.6,noinaccessiblecellbecomesreachablefromgcsby

Lrplaca.Sinceinactivecellsareinaccessible,noinactivecellbecomes皿arkableby

Lrpiaca・SinceLrplacadoesnotmarkinaccessiblecellsasshownintheproofof

Invariant3,5,inactivecellsremainnon-marked.Similarly,LrpIacdisshowntopreserve

theactivenesspropertyofcells.Now,letusprovethatInvariant3.15holdsaftereach

callofLcons.Wedividethisproofintothreecasesaccordingtothephasebeforethe

ca1L

i)Casephase=idling:Ifphaseremainsidlingafterthecal1,thennocellis

abovesweeperbecausesweeper=Htop+lthen.Ifthecallturnsphasefromidlingto

mark_phase,thenallandonlyaccessiblecellsbecomereachablefromgcs,onecellis

removedfromthefreelistandismarked,andotherfreelistcellsremainillthefreelist.

SincesweeperissettoHbtm,Invariant3.15holdsafterthecal1.

ii)Casephase=mark_phase:Theproceduremark()preservestheactiveness

propertyofcells,becausetheabovediscussiononLrpIacaappliesalsotomark().

Obviously,therestofthecallofLconsalsopreservestheactivenessproperty.Thus

afterthecall,acellisactiveiffitisactivebeforetheca11.Sinceallcellsareabove

sweeperbeforethecall,bytheinductionhypothesisofInvariant3.15itself,weconclude

that,aftertheca11,acellisactiveiffitisred.

iii)Casephasesweep_phase:Letmbeanarbitrarycellthatisabovesweeper

afterthecallofLcons.Theoperationtoremoveace11fromthefreelistdoesnotaffect

theactivenesspropertyofln,because,ifmhappenstobethecellremovedfromthe

freelist,thenmiscertainly皿arkedaftertheoperation.Sillcemre皿ainsabovesweeper

duringtheexecutionofsweep(),mismarkedaftersweepOiffmismarkedbefore,and

ntisinthefreelistaftersweep()iffη ～isinthefreelistbefore.Notethatmcannotbe

reachablefromgcssincegcsisemptyduringsweepphase.Thussweep()alsopreserves

theactivenesspropertyofm.Therefore,thiscallofLconsdoespreservetheactiveness

propertyofm.BytheillductionhypothesisofInvariant3.15itself,aftertheca110f

Lcons,misactiveiffmisred.QE.D.

NowwearereadytoproveTheorem3.1givenatthebeginningofthissection.

Proofof7heorem.3.1'Itsufficestoprovethatsweep()eventuallyputsallblackcells

intothefreelistbutitneverputsredcellsintothefreelist・Bythedefinitionof

sweep(),acallofsweep()putsacellmintothefreelistiffmsatisfie .sthefollowing

conditionsbeforethecallofsweep()(and,therefore,beforethecallofLcons)・

1.misabovesweeper

2.η!isnotmarked.

3.misnotinthefreelist.



13

Inaddition,sincegcsisempty.

4.misnotmarkable

Thatis,misinactiveandabovesweeperByInvariant3.15,misablackcellbutnota

redce11.Onてheotherhand,eachblackcellsatisfiestheseconditionsaslongasitis

abovesweeperThuswhensweeperellcountersablackce11,thatcelliscertainlyput

intothef「eelist'QE.D.

4。Thedynamicbehavior

Inthissection,weanalyzesthedynamicbehaviorofourrealtimesystem.In

particular,weareinterestedinthestatusofthefreelistduringtheexecutionofagiven

userprogram.Fromtheallalysis,wepostulateasufficientconditiononthesystem

parametersN,ト1,k1,andk2toavQidthe"nostorage"errorduringexecutionofLcons.

ThisconditionsuggestssafevaluesofNandltforthegivellprogramand,inaddition,

providesanesti皿atiollofmemoryoverheadofourrealtimesystem.Alsointhissection,

weestimatethenumberQftimesthegarbagecollectorisinvokedduringexecutionofthe

givenp・ ・9・am.1・th・f・11・wi・gdi・cussi・n・.w…tu・allym・ke:'u・e・fth・ ・y・t・m

invariantsprovedintheprevioussection,asthetheoreticalbasisofthediscussions,

Inordertomeasurethecourseofcomputation,weusethenu皿beroftimesthat

Lconsisillvoked:"attime亡'。means"atthe亡 一thcallofLcons"Givenauserprogra皿,

1et7bethetotalnumberoftimesthatLconsisinvoked.(Iftheprogramistorun

endlessly,thenletTbe◎ 。.)LetF(のand,4(のbethenu皿beroffreelistcellsandthe

numberofaccessiblecells,respectively.attime亡(亡=1,2,_,7).Notethat,4(亡)depends

onlyonthegivenprogram,butnotonthesystemparametersN,M,kl,andk2,

LetustraceF(亡).Clearly,F(1)=NsinceallthecellsareffeelistcellswhenLconsis

calledforthefirsttime.Then,duringtheidlingphase,onecellisremovedfromthe

freehsteachtimeLconsiscalled,butnocellisaddedintothefreelist.Thus、F(の 電F(亡_

1)-LWhenthenumberofthefreelistcellsbecomesequaltoM,phaseisturnedto

ma「k-phaseandthefirstgarbagecollectionbegins・SupPosethatthefirstgarbage

collectionbeginsduringthea-thcallofLconsandendsduringthec-thcal1 .Also

supPosethat,duringthefirstgarbagecollection,phaseisswitchedfrommark _Phaseto

sweep_phasebytheb-thcallofLcons(i,x,y).Clearly.

F(a)=M

Duringthemarkphase・gcs-.popOiscalledexactlykltimesforeachcallofLcons
,

exceptforthelastcall.Asdiscussedintheprevioussection,pointerstocellsthatare

accessibleatt=aarepushedontogcsexactlyollce,butpointerstoothercellsarenever

pushedontogcs.Therefore,gcs_popOiscalledexactly.4(a)times.Thus

b-a「A(a)/kl1
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(「xlgiv・sth・i・t・g・ …su・hth・t'・ ≧x>ll-1.1・ ・ident・11y,Lx」giv・sth・i・t・g・ ・llsu・hth・t

n+1>x≧ η・)DuringthesweepPhase,thevalueofsweePerisincrementedbyk2foreach

callofLconsexceptforthelastca11.Sincesweeperistota11yincrementedbyN
,

c-b=「N/k21

Tosimplifythe

assumptlon,

calcuiation,hereafterweassumethatN/k2isaninteger. Withthis

c-b呂N/k2

Sincenocellisaddedintothefreelistduringthemarkphase,

F(の=F(a)一(亡 一a) foraくtくb

Ontheotherhand,thevalueofF(亡)duringthesweepPhasedependsonthedistribution

oftheblackcells(i.e.,thosecellsthatarenotaccessiblenotinthefreelistat亡 一a)over

theheap.Forご=0,1,_,N/k2,let8(のbetheIlumberofblackcellsamongthefirstご*k2

cellsH[0],_,H[i*k2-1]intheheap.8(ご)givesthenumberofblackcellsthatareput

intothefreelistbythefirsticallsofsweep().Thefirstcallofsweep()occursduring

the(b+1)-thcallofLconsandthus,attime亡(b+1≦ 亡≦c+1),8(亡 一b1)blackcellshave

beenputintothefreelist.Sinceonecellisremovedfromthefreelistbyeachcallof

Lcons,weobtain

F(亡)=F(b)+8(亡b-1)一(t-b)

=1=7(a)+8(亡 一b-1)一(亡 一a) fQrb+1Stくc+1

Thus,8(ご),togetherwithF(a)(=卜1),N,k1,andk2,completelydefinesF(のfora≦ 亡≦c+L

AIthoughthefunctionF(のthusdefinedmaypossiblyhavenegativevalues,thesystem

causesthe"nostorage"errorwhenthenumberoffreelistcells(i.e.,thevalueof

free-count)isgoingtobenegative.Inorderforthefirstgarbagecollectiontoproceed

successfully,itisnecessaryandsufficientthatF(亡)≧Ofora11亡(a≦ 亡≦c+1)・

Thedistribution

followingconditions・

functionB(i)canbeanarbitraryfunctionthatsatisfiesthe

1.B(0)=0

2.B(i-1)≦B(i)≦B(i-1)+k2

3.B(N/k2)=N-,4(a)-F(a)(={

fori=1,2,...,N/k2

numberofblackcells})

Since

B(こ)=B(N/k2)

一(8(N/k2)-8(N/k2-1))

●●・
尋

一(B(i+1)-B(i))
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2N-.4(a)-F(a)一(N/k2-i)*k2

=i*k2-A(a)-F(a)

andsince8(i)isnon-negative,

B(己)〉

0

2k*
・
こ 一A(a)-F(a)

(Kご ≦d)

(d+Kご ≦N/k2)

whered=L(.4(a)+F(a))/k2」.Fromthis,weobtainthelowerboundFib(のofF(の.

F(a)一(亡 一a)(a≦t≦b+d+1)

Flb(亡)=

F(a)+((亡 一b-1)*k2-.4(a)-F(a))一(亡 一a)

(b+d+2くt〈c+1)

Notethatintheextremecasewhenallblackcellsarelocatedatthehigherpartofthe

heap,F(のisidenticaltoF;b(の.Flb(亡)decreasesmonotonicallywhena≦ 亡≦b+d+1,but

increasesmonotonicallywhenb+d+2≦t≦c+1.Asi皿plecalculationtellsthatFlb(b+d+D〈

Flb(b+d+2).ThusEb(亡)takesthesmallestvaluewhen亡=b+d+1,andasufficientcondition

forF(t)20(a≧t≧c+1)is

F(a)一(b+L(A(a)-F(a))/k2」+1-a)≧0(4.1)

whichisequivalentto

F(a)≧(.4(a)*(1/k1+1/k2)+1)/(1-1/k2)

Usually,itisdifficulttofindthevalueofA(a),butてhemaxi皿umnu皿berofaccessible

cells.4m。.iSrelativelyeasytoestimate.ByuSing.4m。.,weobtainthefollowingSufficient

conditionforF(t)>0.

M≧(・4ma箕*(1/k1+1/k2)+1)/(1-1/k2)(4 .2)

TheabovediscussionholdsalsoforthesecondgarbagecollectionifF(の=Matthe

beginningofthesecondgarbagecollection・ThisconditionissatisfiedifF(亡))tM

immediatelyafterthefirstgarbagecollection,i.e.,ifF(c+1)≧M.Since

F(c+1)冨F(a)+8(c-b)一(c-a+1)

呂F(a)+(N- ,4(a)-F(a))一 「A(a)/k11N/k2-1

≧N-Ama翼 「,4max/kllN/k2-1

>N*(1-1/k2)一.4mo属*(1+1/k1)-2

thesufficientconditionforF(c+1)≧ ト1is
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N*(1-1/k2)一.4mox*(1+1/k1)-2≧ 卜1 (4.3)

Thesamediscussionholdsforsuccessivegarbagecollections.Therefore
,weobtaillthe

followingtheorem.

7ハeoreη ～4.1.Givenalistprocessingprogramonourrealtimesystem
,ifboth(4.2)and

(4.3)hold,thenallgarbagecollectionproceedssuccessfully.

Theorem4.1isusefultofindsafevaluesof卜1andNforagivenprogra皿.Practically ,we

canignore'響+1"in(4.2)and'L2"in(4.3),sinceN,FS,and,4〔 。.aremuchlargerand,

moreover,(4.2)and(4.3)arederivedfrolntheworstcaseanalysis。Thepracticallysafe

.valuesare,therefore,

M=Amax*(1/k1+1/k2)〆(1-1/k2)

N-Amax*(1+2/kI-1/(kI*k2))/(1-1/k2)2

Forinstance,ifk1=k2=20,thenM=O.IOSAm。 、andN1.216.4m、 、.Incomparisol1,forthe

conventionalsystemwithstopgarbagecollectorinFig.1,thesmallestsafevalueforNis

Am。..Inthiscase,therefore,therealtimeSystemneedS21.6%morememoryfortheheap.

Nowwewillestimatethenumberoftimesthegarbagecollectorisillvoked,assuming

thatNand卜1satisfybot}1(4.2)and(4.3).Supposethatthei-thgarbagecollectionbegins 　
duringtheai-thcallofLconsandendsduringtheci-thca11.Asalreadyshown,

Ci=「,4(ai)/kl1+N/k2+ai

Immediatelyaftertheご 一thgarbagecollection,thenu皿beroffreelistcellsare

F(ci+1)=N*(1-1/k2)一.4(ai)一 「.4(ai)/k11-l

Then,thesystemisinidlingphaseunti1オ=ai.亀andthus,

F(t);F(Ci+1)一(亡 一Ci-1)forCi+1≦ ご≦ai+1

SinceF(ai+1)3卜1,

F(Ci+1)一(ai.1Cド1)=M

Fromthis,weobtain

aiや1-aiN-.4(ai)Mfori=1,2,…

Thisformula,togetherwiththeinitialvalueofa,N-M+1,completelyspecifiesthe

・equ・ ・ce{・ 、}.Ifweassum・th・tA(亡)i・identicalt・ac・n・t・nロ ー ・then

ai=ど*(N-』4fiiean-M)+Amean+1
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andweobtainaveryroughestimationofthenumberofgarbagecollectionsas

7ソ(N-Amenn-M)

(RememberTisthenumberoftimesLconsiscalledduringtheexecutionofthegiven

program.)FortheconventionalsystemwithstoPgarbagecollectorgivenmFig・1・the

sequence{ai}isdefinedby

1.at=N十1

2.ai.1-ai=N-.4(ai) fori=L2,,..

Again,undertheassumptlonA(の=Am。an,thenumberofgarbagecollectionsisestimated

as

7▼/(N-Amean)

ThisexpressionsupportsthewidelybelievedrulethatthelargerNis,thelesstimesthe

garbagecollectorisinvoked.Althoughthisruledoesnotapplyinsomecases(indeed,itア
isnotdifficulttofindacounterexample),thisruleseemstoapplyinmostcases.

Similarly.theroughestimationfortherealtimesystemabovesuggeststhatthesmallerM

isandthelargerNis,thelesstimesthegarbagecollectorisinvoked.

WehavealreadyseenthatthesafevaluesforNandMare,respectively,1.216.4m。 属alld

O.105Amax,incasek1=k2=20.Ifweassume.4mx=2Ame。n,thenforthesevaluesofNand

M,thenumberofgarbagecollectionisaboutO.82T/.Am。 。nfortherealtimesystem.IIl

contrast,withthesafevalueofN=Ama属fortheconventionalsyste皿,thenumberof

garbagecollectioniSabout7▼/.4me。n.Thus,withtheSeSafevaluesofNandM,therealtime

systemcauseslessgarbagecollectionthantheconventionalsyste皿.Ontheotherhalld,it

isclearthat,withthesamesizeofheap,therealtimesystemcausesmoregarbage

collectiollthantheconvelltionalsystem.Forillstance,withtheheapsizeN=1.216,4max,the

conventionalsystemcallsthegarbagecollectoraboutO.7Tん4mea.ti皿es.Thustherealtime

systemcauses17%moregarbagecollectionthantheconventionalsystem.

5.Systelnstack

Inthissection,weextendourrealtimesystemsothattheuserprogramcanhandle

thesystemstαck'・Thesystemstackcontainspointersalldistypicallyusedforargument

passingandvariableallocation・Thesyste皿stackisliketherootarrayRinthatpointers

onthesystemstackareregardedasrootpointers.UnlikeR,however,thesizeofthe

systemstackdiffersfromtimetotimeandthemaxi皿u皿sizeofthesystemstackNSSis

assumedmuchlargerthanNR,thesizeofR.Theprimitiveoperatiollsonthesystemstack

aress_empty(),ss_push(x),andss_pop().ss_empty()returnstrueifthesyste皿

stackisempty.andreturnsfalseotherwise.ss-push(x)pushesthepointerxontothe

systemstack・ss-poP()popsupthesystemstackandreturnsthepointerpreviouslyat
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thetopofthesystemstack.

Tosimplifythediscussionsonthesystemstack ,wesimplyexpandRsothatitcan

containuptoNR+NSSpointers.

varR:array[1..(NR+NSS)]ofpointer;

Bythisconvention,Lsetr(i,x)andLgetr(i)areusedalsotoaccessthesystemstack .

AnewvariableSStopkeepstheindexofthetopofthesystemstackwithinR.Initially,

SStopissettoNR.Thethreeprimitiveoperatiollsollthesystemstackisdefinedasin

Fig.5.Now,thepoilltersR[1],_,R[SStop]aretheonlyrQotpointersandthoseandonly

thosecellsthatarereachabledirectlyorindirectlyfromtheserootpointersareaccessible.

Forthismodel,thealgorithmspreselltedinFig.3correctlywork,ifwerewrltethe

forlooptoinitializegarbagecollectionasfollows.

for :=1toSStopdogcs _push(R[i])

However,ifSStopisrelativelylarge,thentheexecutionofLconswilltakealongtilne

whenphaseisswitchedfromidlingtomark_phase.Thisviolatestherealtime-nessof

thesystem。Insteadofprocessingtherootpointersatatime,ourrevisedsyste皿

processesatmostafixednu皿berofrootpointerseachtimeLconsiscalled(seeFig.6).

Sincethecontelltsofthesystemstackwillbechangedascomputationproceeds,weneed

tosavethecontentsofthesystemstack"'hengarbagecollectionbegins.Orelse,we

cannotmakesurethatallaccessiblecellsatthebeginningofgarbagecollectionare

eventuallymarkedduringthemarkphase.Forthispurpose,weilltroduceallotherstack,

calledthesαvestczek,whichisimple皿entedbyanarrayS)andaglobalvariableS)top.

var

va「

S):array[1.(NR+NSS)]ofpointer:

S)tOP:integer;

WhenLconsiscalledinidlingPhase,ifthelengthofthefreelistbecomestooshort,then

allpointersinthesystemstackarecopiedintoS)bycops_systemLstack(SStoP)and

thevalueofSStoPissavedintoS)toP.Then,duringthemarkphase,Lconsprocessesat

mostk3pointersonthesavestackeachtimegcsbecomesemptyafterthecallofmark().

Here,k3isasmallconstant,likeklandk2.Thecopyingoperation

coPy_system_stack(SStoP)canbedirectlyimplementedbytheunderlyinghardware,

usingtheso-calledbiocktransfermechanismwhichalmostallgeneral-purposemachilles

supPort.SillcethesizeofthesystemstackisatmostNR+NSSalldsinceNSSisbetween

s6mekilobytesandsometenkilobytesinmostlistprocessingsyste皿s・wecanassumethat

thecopyingoperationtakesonlyaveryshorttime.

PrimitiveoperationsotherthanLconsarethesa皿easthoseilltherealtimesyste皿

withoutthesystemstack,IIIparticular,therevisedrealtimesystemputsnoextraburden

onthemostfrequentlyusedoperationsLcarandLcdrAsalreadyseeninSection3・by

expandingmark()andsweeP()inlineandbyexpandingtheloopsintheseproceduresinto

straight-linec・d・,theess・nti・1・v・ ・head・nL・ ・nsisre1・tiv・ly・m・11・ln・dditi・n・since
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k3isaconstant,theforlooptoprocessthesavestackcanbealsoexpandedinto

straight-linecode.Moreover,there▽isedsystemputsnoextraburdenonstack

operationsincludingdirectaccesstothestackentitiesbyLsetrandLgetrThismeans

th・tthec・mpil・rcan・xp・ndsrack・P・ ・ati・n・inlin・in・ ・mpil・d・ ・d・wlth・ut・nyp・n・lty

bothincodesizeandinexecutionefficiency.

ThecorrectnessdiscussiollsinSection3apPly.withminorchanges,totherevised

system.Firstofa11,weaddanInvariant.

Inひ αrian亡5.1.Thesavestackisemptyduringidlingandsweepphases.

Then,weredefinetheIlotionof"markable"sothat,inadditiontogcs,thesavestackcan

beregardedastheoriginofmarkablecells.

1)efini亡 ごoη5.1.Acel1η1isntαrkαbleiffthereisasequenceofdistinctcellpointersqo,qh

_,qn(n>0)suchthat

1.qoiseitherongcsoronthesavestack,

2.eitherqiハ.carニq聰?10rqiハ.cdr=qi←1(0≦i〈n),

3,qi〔.mark=fa4se(0〈i≦n),and

4.qnpointston～.

AIlotherchangeistoreplaceIIlvariallt3.2withastrongercolldition.

ノηひαriαn亡5.2.leave_meisnotreachablefromgcsnorfromthesavestack.

And,accordingly,wemustreplaceInvariant3.12with

1nvctrictnt5.3.Nofreelistcellisreachablefromgcsnorfromthesavestack.

ThesechangesareIlecessarytomakesurethatthestatements

PA.car:;X;

P^●cdr:=y;

P^.mark:=(P≧sweeper);

inthebodyofLconsdonotaffectthemarkabilityofcells(inthesenseofDefinition

5.1).Finally.thenotionof"active"shouldberedefinedasfollows.Acellisαc亡 こびeifitis

marked・reachableeitherfromgcsorfromthesavestack,orinthefreelist.Theproofis

similartotheoneinSection3andislefttothereader.

Asfortheanalysis『inSection4,themarkphasemaytakemoretimethan「,4(a)/k11,

sincenotonlythelastbutalsoothercallstomark()mayinvokegcs_poP()1essthankl

times.LetSStopObethevalueofSStopat亡=a.Assumethat,duringthemarkphase ,

gcsbecomesempty(andthussomepointersonthesavestackareprocessed)at亡=d1,_,

dn.1(a〈d1〈_〈dn〈d個=b).Clearly.n昌 「sStopo/k31.Alsoassumethat,after亡=di(ご=1,2,

_,n),gcs_popOiscalledeitimesuntilthesavestackisprocessednexttime.Thenwe
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have

di., max(「el/k11,1)+di fori=1,2,...,n.

Whenphaseisturnedtomark -phaseat亡a,gcsisempty.ThusthenexttimeLcons

i'scalled,thesavestackiscertainlyprocessed.Thereforedl=a+1.Letq,andribe

respectivelythequotientandtheremainderofeidividedbykI.Then,thetimeforthe

markphaseiscalculatedasfollows.

b-a

=(d,-a)+Σ={i11≦i≦n}[d, や1-di]

=1+Σ{i11≦i≦n}[max(「ei/k11 ,1)]

=1+Σ={ilr,≠0}[qi+1]+Σ={どlriニ0&qi≠0}[ql]+Σ={ilr,=qi=0}[1]

=1+Σ={iI1≦i≦n}[qi]+Σ{ilri≠0}[1]+Σ={ilr,=q,=0}[1]

=1+Σ{iI1≦i≦n}[(ei-rl)/k1]+n一 Σ二{iIri=0&qi≠0}[1]

≦1+L4(a)/k1」+「Sstopo/k31

≦1+L4(a)/k1」+(NR+NsS)/k3

(Σ{ilP(i)}[f(i)]meansthesumofプ(のforallintegerεthatsatisfiesP(の.)Here,to

si皿plifythecalculation,wehaveassumedthat(NR+NSS)/k3isaninてeger.Ontheother

hand,thetimeforthesweepphase(i.e.,c-b)issameasinSection4,and(4.1)issti11

sufficientforF(の ≧0(a≧ 亡≧c+1).Byreplacing"b-a"in(4.1)"'1ththeaboveupperbound,

weobtainasufficientconditionfor(4.1).

M≧(.4max*(1/k1+1/k2)+(NR+NSS)/k3)/(1-1/k2) (5ユ)

Since

F(c+1) =」F'(a)+(N-A(a)-F(a))一(b-a)-N/k2-1

≧N*(1-1/k2)-Amex*(1+1/k1)一(NR+NSS)/k3-1

thesufficientconditionforF(c+1)≧Mis

N*(1-1/k2)-Amax*(1+1/k1)一(NR+NSS)/k3-1≧M (52)

7heorem5.1.Givenauserprogramforourrealtirnesystemwiththesystemstack,

(5.1)and(5.2)hold,thenallgarbagecollectionproceedssuccessfully.

ifboth

Letusignore'●-1"in(5.2).ThenthepracticallysafevalueofNis

A_*(1・1/k1-1/(kl・K2))/(i-1/k2)2

plUStheCOnStant

(2*k2-1)*(NR+NSS)/(k3*(K2-1))
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IIIcasek1=k2=K3=20,therealti皿esystemwiththesystemstackneeds1・216・4m・ 渥+

0ユ02(NR+NSS)cellsintheheap.Inaddition,thesystemneedsthespaceforthesave

stackwhichshouldcolltainuptoNR+NSScells.Thus,therealtimesyste皿11eeds1・216・4max

+1.102(NR+NSS)morespacethantheconventionalsystemwiththesystemstack・

6.Multiplekindsofcells

Sofar,wehaveassumedthatonlyasingletypeofcells(i.e.,conscells)areavailable.

Inthissection,weextendourrealtimesystemsothatitsupportsotherkindsofcellsas

well,suchassymbolcellsinLispsystems.Usually,cellsofasametypeoccupyafixed

sizeofmemoryand,therefore,iffreelistsareusedtomaintainavailablecells,eachcell

typeαhasitsownfreelistαfree_list.Thesystemkeepstrackofthemaximumnumber

ofallocatablecellsNα,separatelyforeachtypeα.Apointercanpointstoacellofany

typeand,givenapointer,thesystemcalldeter皿inewhichtypeofcellsthepointerpoints

to.Inordertosimplifyourdiscussion,weassumethatcellsha》etwocommonfieldstype

andmark:Thetypefielddeterminesthetypeofthecel1,alldnlarkisusedbythe

garbagecollectorasbefore.Theotherfieldscolltalnpointers,andthenumberofthese

pointerfieldsisfixedforeachtype.Foreachtypeα,1etfi,_,fn.bethenamesofthe

pointerfields.Thenwehavethefollowingprimitiveoperationsoneachtypeα ・.

1.TheallocationprocedureLαcons(i,xl,.。.,xn.),whichallocatesanacell

fromafree-list,assignsxjtothe1ρjfieldofthece11,andsetsthepointer

tothecellintoR[i].

2.TheretrievalfunctionsLα((x),_,Lαt'n。(x),similartoLcar(×).

receivesapointertoanαcellandreturnsthepointerinthefj

cell.

EachLαlej(x)

fieldofthe

3.TheupdateproceduresLαrpIacプ1(x,y),_,Lαrplacプn
。(×,s),similarto

Lrplaca(x,y).EachLαrplacfj(x,y)receivestwopointers,thefirstolle

point .ingtoanαce11,andreplacestheズjfieldofxwithy.

AsinSection2,thesyste皿initializationprocedureinit()preparesfreelistssothateach

freelistafree_listconsistsofNαcellsoftypeα.Withoutlossofgenerality
,wecan

assumethatcellsinthefreelistfortypeαarelinkedthroughtheirプ 置fields .

Forthismodelwithmultiplecelltypes,ourrealtimesyste皿inFig.3isextendedas

follows・EachallocationprocedureLαcons(i・x1・ ・…xn .)beginswiththesamegarbage

collectiondispatcherasthatinLconsinFig・3,exceptthatthedispatcherinLαcons(i,x1,

・…xn。)usesanα 一specificnumberト1αinsteadofM(seeFig・7)・Thatis ,garbage

collectionbeginswhenthesizeofαfree_IistbecomeslessthanorequaltoMαforsome

typeα ・Therestofeachallocationprocedureissi皿ilartothatofLcons.LikeLcar ,

eachretrievalfunctionLα プj(x)simplyreturnsthevalueofx・^fj・LikeLrplaca,each

updateprocedureLarplacヂj(× ・y)checksthecurrentphasebeforereplacing×^.ヂjwithy。

Ifthesystemiscurrentlyinmarkphase,thenitexecutesgcs-push(x^イj),
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ProcedureLαrplact'j(x,S・);

beginifphase=

X^.ヂ 」:=y

end:

mark_phasethen gcs_push(xハ 。fj);

Theloopbodyofmark()mustbemodifiedsothatitpushesallthepointersinthepointer

fields.Theproceduresweep(),whenitencountersanon-markedαcellnotinthe

freelist,putsthecellintoαfree _list.Bothmark()andsweep()checkthetypeofa

ce11bythetypefieldofthecell.Thecallofconsp(x)皿ustbereplacedbyacalltothe

booleanfunctionthatreturnstrueifandonlyifitsargumentisacellpointer.Qther

primitiveoperationssuchasLsetr(i,x)andLeq(x,y)neednorbechanged.

TheproofinSection3appliesalsotothissystem.

istoreplaceInvariant3.7with

Theonlychangewehavetomake

Invαriαnt6.1.Thefreelistforeachtypeisloop-free.

Inordertomakesurethattheallocationproceduresbeexecutedsuccessfully,wehaveto

P「ove

Invαriαn亡6.2.Foreachtypeα,thefreelistoftypeαconsistsonlyofαcells.

butthisisobviousbeeausesweep()

ofthecell.

addsanon-markedcellintothefreelistofthetype

Letusseethesufficielltconditionforsuccessfulgarbagecollections.AsinSection4,

wemeasurethecourseofcomputationbythetotalnumberoftlmesthattheallocation

proceduresarecalled.LetA(のbethetotalnumberofaccessiblecells.Foreachcelltype

α,leて1)α(亡)bethenumberoftimesthatLαconsiscalled,untiltime亡.Also,1etFα(亡)

and.4α(亡)bethenumberoffreelistcellsandthenumberofaccessiblecells,respectively,

oftypeαatti皿e亡.Obviously,atanytime亡,0≦Dα(の 女alldthesumofDα(のforall

typesisequalto亡.AsinSection4,assumethatagarbagecollectionbeginsat亡=aand

endsat亡=c.Alsoassumethatphaseisturnedfrommark_phasetosweep_phaseat亡=

bduringthegarbagecollection.Fα(a)maybelargerthanMα,sincethegarbage

collectionmaybetriggeredbytheallocationprocedureofthecelltypeotherthanα ・

Fα(a)≧Ma

Thetimeforthe皿arkphaseandtheti皿eforthesweepPhasearethesameasinSection

4.

b a=「A(a)/kl1

c-b=N/k2

Here,NisthesomeofNαforalltypea.AsillSection4,weassumethatN/k2isan

mt・9・ ・.In・dditi・n,・ ・eassum・th・tN・/k2isa1…ni・t・ger・Byth・ ・ameca1・u1・tionas
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illSection4,wecanseethatduringthegarbagecollection,Fα(亡)takesthesmallestvalue

Fα(a)一(Dα(b+d+D-0α(a))

at亡=b+d+1,whered=(N-Nα)/k2+L(,4α(a)+Fα(a))/k2」.Dα(b+d+1)-Z)α(a),which

representsthenumberoftimesthatLαconsiscalledbetween亡=aand亡=b+d+1・is

boundedby(b+d+1)-a.ThusthesufficientconditionforFα(の ≧Ofora≦ 亡≦c+1is

Fα(a)一(b+(N-Nα)/k2+L(.4α(a)-Fα(a))/k2」+1-a)≧O

whiChiSeqUivalenttO

Fα(a)≧((N-Nα)/k2+.4α(a)/k1+.4(a)/k2+1)/(1-1/k2)

ByuSingAαmx(maximumvalueof」 α(亡)),alldbyuSingA…(maximumvalueof,4(の),

weobtainthefollowingsufficientconditionforFα(亡)≧0(a≦ 亡≦c+1).

Mα ≧((N-Nα)/k2+.4αmnx/kl+.4ma瓦/k2+1)/(1-1/k2)(6。1)

Since

Fα(c+1)=Fα(a)+(Nα 一.4α(a)-Fα(a))一(D.(c+1)-0α(a))

≧Nα 一.4α(a)一(c-a-1)

>Nα 一N/k2-」 αmax-Amax/k1-2

thesufficientconditionforFα(c+1)≧Mαis

Na-N/k2-.4αmax.4mnx/k1-2≧Mα (6.2)

7▼heorem6・1・Givenalistprocessingprogramonourrealtimesystemwithmultiplekindsof

cells,ifboth(6・1)and(6・2)holdforeachtypeα,thenallgarbagecollectionproceeds

successfu11y.

ThesimilarextensionasinSection5ellablestherealtimesyste皿withmultiplekinds

ofcellstosupPortthesystemstackand"'eobtainthefollowingtheorem.Here,NSSand

k3arethoseintroducedinSection5.

Theorem6.2.GivenalistprocessingProgramonourrealtimesystemwithmultiplekinds

ofcellsandwiththesyste皿stack,ifboth

卜1α ≧((N-Nα)/k2+,4αmax/k1+.4mox/k2+(NR+NSS)/k3)/(1-1/k2)

and
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Nα 一N/k2-」 αmax-.4,nax/kl-(NR+NSS)/k3-1≧ 卜1α

holdforeachtypeα,thenallgarbagecollectionendssuccessfully.

Unfortunately,theconditionsofTheorems6.1and6.2自retoostrong:Accordingto

Theorem6.Litissafetoset

卜1α=((N-Nα)/k2+Aαma属/k1+」m。 瓦/k2+1)/(1-1/k2)

foreachtypeα,butthisvalueof卜1αseemstoolargeifAα 門、xismuchsmallerthar1.4m。 、.

Theprimaryreasonforthisisthat,intheabovecalculation,wereplacedDa(亡)-0α(亡 ●)

byt一 亡り.Thedifferencebetweentheset"・ovaluesisquitelargeforthosecelltypesthat

arescarcelyusedbythegivenprogram.Inordertoobtainamorepracticalestimation,

weassumethatthegivenprogram"proportional1ジusescelltypes.Thatis,weassume

thatthereisanon-negativenumberCαforeachtypeαsuchthat

1.Dα(の=Cα*ご

2..4α(亡)=Cα*A(亡)

3.thesumofCαforalltypeαisl

Underthisassumption,(6.1)and(6.2)arerespectivelyreplacedby

Mα ≧Cα*((N-Nα)/k2+.4rno翼*(1/k1+Cα/k2)+1)/(1-Cα/k2)

and

Nα 一Cα*N/k2-Ama瓦*(Cα+Cα/k1)-2*Cα ≧ 卜1α

Thus,asufficlentconditiononNαandNforFα(の ≧Ois

Nα 一N*(2*Cα/k2-Cα2/k22)

≧.4m、 属*(Cα+2*Cα/k1-Cα2/(k1*k2))+(3*Cα 一2*Cα2/k2)

Letusignore(3*Cα 一2*Cα2/k2)inthisinequahty.Then,byaddingthisinequalityfor

alltypeα,weobtainasufficientconditiononN.

N*(1-2/k2+1/(η ～*k22))≧,4mox*(1+2/k1-1/(η ～*k1*k2))

wheremisthenumberofcelltypes.NowapracticallysafevalueofNis

N=.4max*(1+2/k1-1/(η ～*k1*k2))/(1-2/k2+1/(η 芝*k22))

Notethat,ifm=1,thenthissafevalueisidenticaltothatgiveninSection4.Asm

increases,thissafevalueofNalsoincreases.Forexa皿ple,N=1・220'4m・ ・incasekl=k2=

20andm=3.Inthiscase,therealtimesystemneeds22.0%morespaceastheheapthanthe

COnVentiOnalSyStem.
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7.Arraysandrelocation

OurrealtimesystemcansupPortarrayssimplybyregardingthemasvariable-length

cells.Thearraya110cationprocedureLmake_arras(i・j・x)。whichallocatesanarrayofj

elementswithallinitialelementsxandassigns(thepointerto)ittoR[口,maybedefined

similarlytotheallocationproceduresinSection6.Laref(x・j),whichreturnsthej-th

elementof(thearraypointedtoby)x,andLaset(x,j,y.).whichreplacesthej-th

elementofxbyy,maybedefinedsi皿ilar1}・totheretrievalfunctionsandtheupdate

procedures,respectively,presentedinSection6.Inorderfortheexecutiontimeof

mark()tobeboundedbyaconstant,weneedspecialtreatmentwhenthepointerpopedby

P:=9CS_POP();

pointstoan'。arraycell"Ifmark()pushedalltheelementsofthearrayatonce,thenthe

realtime-nessofthesystemwouldbelost,sincethenumberofele皿entsinanarrayisnot

boundedbyareasonablysmallconstant.Ifweassu皿ethattheelementsofanarrayare

allocatedinconsecutivelocations,whichisusually廿1ecase,thentheuseofthesave

stackinSection5willovercomethisdifficulty.Thatis,whenmark()recognizesthatp

pointstoanarray.mark()copiestheelementsintothesavestacksothattheymaylater

betakencareof.Byusingblocktransfer,thetimeforthiscopyingwillbenegligible.In

casethattheuserprogramusesmanyshortarrays,itmaybe皿oreefficientifmark()

itselftakescareofthosearrayswhosesizesaresma正lerthansomesmallconstallt,

i皿 皿ediatelywhenthepointerstothemarepopedfromgcs.

InmanymodernLisps,arraysaretreatedas"first-class"datatypes.Theyareobjects

thatcanbeassignedtovariables,consedintoliststructures,andsoon.There ,itis
expectedthatthestorageoccupiedbyarraysthatareIlotusedanymoreberecycledfor

furtheruse.Unlikefixed-sizedcells,simplelinkingoffreearraysmaycausethe

situationthatthereisnoconsecutivespacelargeenoughforanewarray.whilethetotal

sizeofrecycledspaceislargeenoughforthearray.Toavoidsuchasituation ,itis
expectedthatthegarbagecollectorrelocates(orcompacts)arraysinusesothatthey

maybepackedilltoaconsecutivememoryarea.

Inordertodiscusshowourrealtimealgorithmscanbeappliedforarrayrelocation
,we

usethefollowingmodel・whichisbasedontheMinskygarbagecollectiol1[1 ,4,7]restricted

onarrays・Eacharrayisrepresentedbyafixed-sizedheaderandabody.Theheader

containsusefulinformationonthearray.suchasthelengththearray.Theelementsof

thearrayarestoredinthebody.Sincethesizeofarrayheadersisfixed ,thesystemcan

treatarrayheadersintheミimilarwayasotherfixed-sizedcells.Inparticular ,array

headersareallocatedintheheapandheadersofnon-usedarrays皿aybelinkedtogether

toformafreelistofarrayheaders.Arraybodies,ontheotherhalld,areallocatedin ,a

separatespace・Thebodyofanarrayoccupiesconsecutivelocationsinthatspaceandthe

headerofthearrayholdsthefirstsuchlocation・Referencetoanarrayisperformedvia

theheader:Nopointercandirectlypointtoarrayelements・Thespaceforarraybodies

isdividedintotwosemisρ αces・Duringexecutionoftheuserprogra皿,allarraybodiesare
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allocatedinoneofthesemispace.Durillgthemarkphase ,whenthegarbagecollectoris

goingtomarkanarrayheader,thearraybodyiscopiedintotheothersemispaceand,at

thesa皿etime,theQldlocationofthebodystoredintheheaderisupdated.Bycopying

arraybodiesintosuccessivelocations ,bodiesofaccessiblearraysarecompactedinthe'●to"

se皿ispace(tospαce)attheendofthegarbagecollection.Thecontentsintheold

semispace(fromsρ αce)areてhendiscardedalldbodiesofnewarraysareallocatedinthe

tospace.Nexttimethegarbagecollectorisinvoked ,theroleofthetwosemispacesis

interchanged;Theprevioustospaceisusedasthefromspaceandthepreviousfromspace

isusedasthetospace.Notethat,sincethelocationofanarraybodyisstoredonlyin

theheader,thissystemneednotleavetheso-called"forwardingaddress鯉[1,3]inarray

bodies.

Apphcationofourrealtimealgorithmstothismodelisquitestraightforward.The

proceduremark()nowcopiesarraybodiesintotwoplaces:tothetospaceandtothesave

stack.ThecopyingProcessescanbedolleinashortti皿e,byusingblocktransfer.

Duringgarbagecollection,bodiesofnewarraysareallocatedinthetospace,notinthe

fromspace.Thusthetospaceconsistsofcopiesofaccessiblearraybodiesandnewarray

bodies.sweep()collectsnon-marked(i.e.,inaccessible)arrayheadersintoafreelist,but

doesnothingwitharraybodies.

Actually,mark()needstocopyarraybodiesonlyintothetospace,ifthesyste皿

takescareofpointersinthetospaceaswellaspointersinthesavestack.Bymaking

onlyonecopyforeachaccessiblearray,thesizeofthesavestackcanremainsmall,and

thuswecansavememoryspace.Asalreadystated,thetospacecontainsnewlyallocated

bodiesaswel1,whichneednotbetakencareof.ItisnotdifficUlttodistinguishcopied

bodiesfromnewlyallocatedbodies.Onemethodistoaddanextradatu皿intothetospace,

whenabodyiscopiedfromthefromspaceorabodyisnewlyallocated.Eachsuchdatum

shouldcontaintwokindsofinformation:whetherthefollowingbodyiscopiedornewly

allocatedandhowlongthebodyis.Withthisinformation,thesystemcaneasilyand

efficientlyignorene"・1yallocatedbodiesinthetospace.

8.Conclusionsandfuturework

Wepresentedalgorithmsforrealtimegarbagecollectioninlistprocessingsystems

runningongenera1-purposemachines.Thesealgorithmsenablethelistprocessingsystem

toexecuteeachlistprocessingprimitivew三thinas皿allconstanttimeandthusnotto

suspendexecutionoflistprocessingprogramsduringgarbagecollection.Althoughthe

executionefficiencydecreaseswiththerealtimegarbagecollection,theoverheadiskept

smallbecausethealgorithmsputnooverheadonfrequentlyusedprimitivessuchas

pointerreferences,variablereferencesandassignments,andstackmanipulations.IIIorder

toseethememoryoverheadofthealgorithms,wehaveshownsufficientconditionsonthe

sizeoftheheaptokeeptheprogramrunningwithoutexhaustingthefreelist.These

conditionsaretoostronginthatthesizeoftheheapcanbemuchsmallerinactual

situations.Nevertheless,theyhaveprovedthatthememoryoverheadofourrealtime

algorithmsisrelativelysmall.Applicationofthealgorithmstoalreadyexistinglist

processingsystemsiseasysinceitdoesnotrequiremodificationonthedata
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representation.Theprimarydisad▽antageofthealgorithmsisthattheydonotsupport

compactionofthewholedataspace.However,wehaveseenthatthealgorith皿s

efficientlysupportarrayrelocationwhichishighlydesiredinmoderrllistprocesslng

systems・

Sincegarbagecollectionproceedswhiletheuserprogramkeepsrunning,てhe

correctnessofthealgorithmsarenotobviousandtheproofismuchmorecomplicatedthan

theproofoftheconventionalstopcollector.Inordertoovercomethepotentialdifficulty

oftheproof,wepostulatedseveralsyste皿invariants,eachofwhichcanbeproved

relativelyeasily.Wenaturallyusedinductiononcallstotheprimitiveoperationsforthe

proofofeachinvariant.Theinvariantswerethenusedasthetheoreticalbasisforthe

evaluationofthealgorithms.Oneimportantthingwelearnedfromthisstudyisthat

proofofanalgorith皿isusefulnotonlyforthecorrectnessbutalsoforthestrict

discussiononthealgorithm.

Thealgorithmspresentedinthispaperareplannedtobeimplementedinaportable

Com皿onLisp[17]system,calledKyotoCo皿 皿onLisp[19],whichisalreadyrunningunder

severaloperatingsystemsonseveralgeneral-purposemachines,includingVAXand

MC68000.ThekernelofthissystemiswrittenintheClanguageandwiththeuseof

preprocessormacrosofC,allversiollsofthesystemsharethesamesourceprograms.This

systemallocatesdatacellsintheheapandessentiallyusestheso-calledBIBOP(BIgBag

OfPages)method[16]tomanagethem.Variable-1engthdatasuchasarraysandhash

tables(intermsofCommonLisp)areallocatedinanotherspaceandaregarbage-collected

bycopyingcompaction.Implementationoftherealtimealgorithmsinthissystemis

straightforwardandweexpecrthatthesamesourceprogramscanbesharedalsobythe

co皿ingversionsofthesystemwithrealtimegarbagecollection.
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Fig・1・Thec・nventi・n・i・yst・mwithst・Pgarb・gec。Ilect。,

Varfree_llSt:POinter;

procedureinit();

beginfree_list:=n口;

forp:=HbtmtoHtopdo

beginp^.mark:=false;

P^●car:=free_list;

free_list:=P

end;

fori:=1toNRdoR[iユ:=nil

end<ofinit>;

procedureLcons(i,x,y):

beginiffree_list言nilthen

begingc();=

iffree一 口st=n日thenerror("nostorage")

end;

P:=free_1「st;

free_list:=Pハgcar;

P^●car:=X:

Pハ.cdr:=y;

R[i]:昌P

end〈ofLcons>:

functionLcar(x):pointer;Lcar:=xハ.car;

functionLcdr(x):pointer;Lcdr:=x^.cdr;

procedureLrplaca(x,y);×A.car:=y:

procedureLrpiacd()(,y);xハ.cdr:電y;

functionLeq(x,y):BOolean;Leq:xニy;

ρrocedureLsetr(1,x);R[i];=x:

funcrtionLgetr(i):pointer:Lgetr:=R[iユ;

30



proceduregc();

begin〈initialization>

9CS_init();

fori:=1toNRdogcs_push(R[i]);

(markphase>

whiIenotgcs_elllpt～()do

beginp:=gcs_POP();

gcs_push(PA.car);

gCS_puSh(PA.Cdr)

end;

〈sweepphase>

forp:=HbtnltoHtopdo

ifp^.nlarkthen

P^。mark:=false

elsebeginp^.car:=free-list;

free_list:=P

end

end〈ofgc>;

〈primitiveoperationsongcs>

vargcs:array[1..NGCS]ofpointer;

vargcs_tOP:integer;

prOceduregcs_init();gcs_tOP:=1:

proceduregcs_push(x.);

ifconsp(×)and(notx^.mark)then

beginx^.mark:=true;

9CS[9CS_tOP]:=X;

gCS_tOP:=gCS_tOP+1

end;

functiongcs_poP:pointer;

begingcs_toP:gcs_tOP-1;

gCS_POP:=gcS[gCS_tOP]

end;

fしlnctiongcs_emptY:Boolean;

gcs_empty:=(gcs_tOP1);

31
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Fig.2.Analternativedefinitionofgc()

procedllregc();

begin(initiahzation>

9CS_lnlt();

fori:二1toNRdogcs _push(R[i]);

<markphase>

whilenotgcs_empty()do

beginp:=gcs_POP():

whileconsp(P)and(notp^.mark)do

beginpハ.mark:=true;

gcs_push(P^.cdr);

P:=Pハ ●car

end

end;

〈sweepphase>

forP:=HbtmtoHtopdo

ifp^.markthenpハ.mark:=false;

elsebeginP^.car:=free_目st;

free_list:ニP

end

end(ofgc>;
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Fig.3.Therealtimesystem

(Operationsnotdescribedhereare sameasinFig.1)

varfree_count:integer:

typephases=(idling,mark_phase,sweep_phase):

varphase:phases;

VarSweeper=POinter;

procedureinit();

beginfree_list:=nil;

forp:=HbtmtoHtOpdo

beginp^.mark:=false

PA.car:=free_list;

P^.cdr:=leave-me;

free_list:=P

end;

free_count:=N;

phase:=idling;

sweeper:-HtOP+1:

fori:量1toNRdoR[1]:冒nil;

9CS_init()

end〈ofinit>;

procedureLcons(i,x,y);

begin〈garbagecollectiondispatcher}

ifphase=mark_phasethen

beginmark();

ifgcs_empty()thenphase:=sweep_phase

end

elseifphase=sweep_phasethen

beginsweep():

ifsweeper>Htopthenphase:二id口ng

end

elseiffree_cOunt≦Mthen

beginphase:=mark_phase;

sweeper:=Hbtm:

fori:=1toNRdogcs_push(R[i])

end;

iffree_countくOthenerrorC'nostorage1●);

P:=free_list;

free_list:=PA。ear:



free_cOunt:ニfree _cOunt-1;

ハ 　 コP
。car・=X.

Pハ.cdr:=y;

P^.mark:=(P≧Sweeper);

R[i1:=P

end〈ofLcons>:

proceduremark()

begini:=1:

whilei≦Kland(nOtgcs _empty())do

beginp:=gcs_POP();

gcs_push(P^.car);

gcs_push(P凸.cdr);

1:=1+1

end

end〈ofmark>;

proceduresweep();

begini:=1;

whilei≦K2andsweeper≦Htopdo

beginifsweeperハ.nlarkthen

sweeper^.mark:=false;

elseifnotsweeper^.cdr=leave_methen

beginsweeper^.car:=free_list;

sweeper^.cdr:=lea)e_me;

free_list:=sweeper:

free_count:=free-count+1

end;

SWeeper:=SWeeper+1;

i:=i+l

end

end〈ofsweep>;

procedureLrplaca(x,y);

beginifphase=mark_phasethengcs_push(x^.car);

ハ コリX
●car・-y

end;

procedureLrplacd(x,y);

beginifphase-mark_phasethen

x^.cdr:=y

end;

gcs_push(x^。cdr);

34
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Fig.4.Thestatusofcells

(Thearrows'→ 層representpointerreferences.Truthvaluesofmarkfieldsare

representedby1(fortrue)andO(forfalse).)

9CS[9CS_tOP=1:

R[NR]:

R[2]:

R[1]:

β

α

1

9CS
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Fig.5.Primitiveoperationsonthesystemstack

proceduress_push(x);

beginSStop:二SStoP+1;

R[SStOP]:=x

end;

functionss_poP:Pointer;

beginss_poP:=R[SStoP];

SStOP==SStopl

end;

functionss_empty:Boolean;ss_empty:= (SStop=NR);
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Fig.6.Lconsoftherealtimesystemwiththesystemstack

(OperationsnotdescribedherearesameasinFig.3)

prOcedureLcOns(i,x,y);

begin〈garbageco11ectiondispatcher>

ifphasenlark_phasethen

beginmark();

ifgcs_empty()then

ifS)tOP>0

(processingthesavestack>

thenfori:=S㌧ltopdowntomax(S)toP-k3,1)

dogcs_push(S)[i])

elsephase:=sweep_phase

end

elseifphase=sweep_phasethen

beginsweep();

ifsweeper)Htopthenphase:=idling

end

elseiffree_count《Mthen

beginphase:=mark_phase;

sweeper:=Hbtm:

(savecontentsofsystemstack>

copy_system_stack(SStoP);

S)tOP:=SStOP

end;

iffree_count≦Othenerror("nostorage't):

P:=free_list:

free_list:=PA●car:

free_count:=free_cOunt-1;

PA.car:=X;

P^。cdr:=y;

P^.mark:=(P2sweeper);

R[i]:=P

end〈ofLcons>;
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Fig.7.Theallocationprocedurefortypeα

procedureLαcOns(i・x電 ・x2・..。 ・xna);

begin(garbagecollectiondispatcher>

ifphasb;nlark-phasethen

beginmark():

ifgcs_empty()thenphase:=sweep_phase

end

elseifphasesweep_phasethen

beginsweep():

ifsweeper>Htopthenphase:=id日ng

end

elseifαfree_count≦Mαthen

beginphase:=mark_phase;

sweeper:=Hbtm;

fori:ニltoNRdogcs-push(R[i])

end;

ifαfree_countくOthenerror('tnostoragefortyPeαL');

P:=αfree_list:

αfree-list:=P^.fi;

αfree_cOunt:=αfree_cOunt-1;

●

●

●

◎

ハ

ハ

ハ

(

D
「

P

D
「

P

fi:・X1;

た:=X2:

D● ●

ズn":=Xn.:

mark:=(P ≧Sweeper):

R[日:=P

end(ofLcons>:
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