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Abstract

We introduce a new replication-baseal copying garbage coll ection techni que. W
have i mpl enented one sinpl e vari ation of this nethod to provi de i ncrenental garbage
collection on stock hardware with no special operating systemor virtual nenory
support. The performance of the prototype inplenentation is excellent: major
garbage collection pauses are conpletely elimnated with only a slight increase in
mnor collection pause tines.

Unlike the standard copying al gori thm the replication-based nethod does not
destroy the original replica when a copy is created. Instead, miltiple copies may
exist, and various standard strategies for naintaini ng consistency may be applied.
In our inplementation for Standard ML of New Jersey, the mitator continues to
use the fromspace replicas until the collector has achieved a consistent replica of
all live data in to-space.

W present a design for a concurrent garbage collector using the replication-
based techm que. W also expect replication-based gc methods to be useful in
providing services for persistence and distribution, and briefly discuss these pos-
sibilities.

Keywords: replication, gabag dletiay imremetd ddletiay carurret odlec
tiqy red-tiragrlae dletian

1 Introduction
Cayirg grbae dledian (GO is anirprtat rewy rasgat techriqe, ht

its glicatiantes been lagdy linted tosititias tht cantderde @rases. Tlere
lewve been mreras sdees fa imraatd @ carurat apirg dlectas thdt ae
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“red tim” 1.e that lint @pases to sl borkd itends.  Red-tira dlectas
irterleme gatae ddletian with paranexeatiay ths speadig at the cqpirg
wrk sothe the imdvidd itarytias ae wdirsive. Tese inraatd dletas
fdl itoae d twgays: thse thet reqire spdd haedwe [6], ad thoe tht e
vrtid ey proection [2].

Te dsadatage o tedriges Wich we spad laedae is thit they ae ut
prtdle Blnqes wichise dler geraingsytensypat sichas the dilitytocar
trd the virtild ey systamae dten it patadle, ad can ke pdihtivdy cstly
de to tle ct d trgp hading @ sinla gerdias. We pgse a rewtednige
fa irdemtirgimraatd ad cavurat apirg adlectas tht reqires o spead
sypat frawthe ladae a qeraing system Inalitian 1t ppatses to ke wefd
fa dher dgrithmtht we aping to poid fetires sch & pasistat dta ad
dstrihted captirg

Whirst irtradee ar gyed aproach bsed an radstruative aping a refi-
ctian Next v atlire ar eparimatd irdemtaion ad pesat pdinmeey pe-
farare resuants wich drostrde its exdlat red-timbdmia. Firdly w
dsass the apicaiand the reficatiarkeed tednqe to camurat dletiay ad
sipwst dler apictias.

2 The Gereral Method

Cpirg adlection wrls by aping dl o the did dta frarae regan (fravspace)
toatther (tospre), leaiigtle grlag behind Wassumtle ready is failia wth
tle bsic tedniqe d apirg dledian s el @ tle mtiond’ grerdiad odledian
Te ley qurdias d apirg adlection ae & fdlos:

o Copy andject frarfrasspace irto tospre, leming a favad g parter in the
aigd frazspace dyject.

e Forward afrarspe parter irto tospae, 1if recessary appiig tle dyect 1t ref-
ererres; ad redrectirg the parter to the tospae oy

e Scan atospe djet, faovadigdl o the dyet’s parters.

Te ntada e pafamtle fdlowg qerdias @ dyects: read a fdd wite a
fdd ad cape partes fa eqdity Traetd @reqires thet these qerdias
be irterl eelle wth the qeratias o the grlae dleda atlireddoe. (@orret
@les nrhstricter reqiraats, dsassed insection 5 blow)

Sirre the stadhd aqping tedn qe oermites frazspree djects wth favadg
partes intle (opy qerdiay 1t inraratd odlectas reqire thet the ntaa we
aly tle tespre aqy d andyect. Brartanths isaiat, tle dletian dgnthm
nst rdy anlowled ladaesypat. (E.g lrdare sypat fa fdlomgfaverd g
parters a traprg dl dterts to axves the uscared prtias o tospre.)

In catrast, ar tednqge sitgy replicates tle frawpee djet in tospre. A
favadrg parter is gdaed in a spad ward reserved & tle Fead d tle frasspace
dyect.  Srmee tle aigrd dyect is b dstrged by tle aqping gerdiay ay e
d tle dyet 1y catine to rferare the aigr dject. Hower, lecase nitife
apes d andyect oy enst, read ard wite qerdias nst adee to ae o seerd
axsistary paods.



If read are parmitted to access dther aqy wite qeratias nst radfy hith to
sprcee ad fravspae reics. Asq parte-hsed eqdity tests nst fdlowtle fa-
vadrg parters inady to emure tht aly tospre (o aly frarspae) parters ae
caped Inroe sqhisticated systern, vere cqirgis wed fa prpses dler thn
@ad thee my ke nre thn tw rglics d an dject, the ntda st radfy
al l redics (fo ths prpse v en e the fowdrg dan dralar by laing a
‘rersitg parter’ in tle rewst reflica). Tn this system read qertias cn be fredy
irterlemed wth ay d the @qgerdias, ht uth saa asistary pdads the
wite qerdias my reqire sydraizaian wth the dleda, ad cae 1oy be e
qired to amre tha tle mtata des b wite fraxspee parters irto pevasly
scared tospae refics.

hs gred pdod o readrg ay qy ad witing dl aqpes 1s a stadhed ae
wed far martang redicted dia, so w e the tam‘tedicaiarbsed apying’.
Adher pesihility is to lme wite quratias madfy aly tle rewst vasian  an
dyect, invhchcae the read qeratias fa mut abl e dyects nist d vgs read the revest
wvasian Insetian i we dsass ths pesihlity wchray e pdadle fa carurat
qlicdias.

Nte tht these qeratias ae dstint fravtht  qpting the ‘rat set’ ;) thet set
d parters drectly vsiHe to the ntata (regstas, tle stak etc.). A sampdrt in
the @pooss, these partas st be pted  In a stached inraatd dleca,
ths is dre inalady dter the “flip lyasirge ‘fawd qeraimto stat tle @
Wh a replicatianbiwed d grithmit is pssiHe to Hay this step util jst hfae tle
fip dter apirgdl live dtairto tespee. By g ths tednqge, tle dleta cn
asue th the mtaba wes aly frawspe dyects. Inths cse, there 1s o wed far
the dledta to sydraize wth tle ntaa exet very hidly & fip tira Mice
tht ths vandiauis it flly gyerd | & 1t des 1t poide far roe sqhisti cated wes
d apirg

Te adatae d the dve tednqe is that it dlosfa inraatd dletiaonwth
o spad hadme @ OS syprt, ht vt ae tle dsadatags? Hrst, it reqires
ae etra wad pr dyedt fa tle fovadig parter.  krturdy ths etra wed
cn dten ke dsated irto dher dyject leads vrds which ae dready presart. T
secartd dsadkartage is thes the camistercy pratoed. rayrele wites (ard possiHy reads
d ntdle djedts) e eqrsive. K som lagegs ths wdd ke usdisfatay
lecase ntdias ae com e, fa gqlicdive lagegs lile ML, invhich
sick dfects ae less freqat ad ntdle djets ae dealy dstirgisted by a tye
swtamn ths rutimcst 1s pddly it a pdlem Fe thrd dsadatag is tht
apirglaat gebyge ht ths is mimitdle ast  ayinraatd rethod addl
sich grbae 18 dscardd by the rext adletion Te fid dsadatage is tht tests
parter eqdity lecan e exasive. His v ke asaias dsadatae fa hisp
farly lagegs were the we d eq is carm Tt is pdaly less irpatat fa N
lecase eqdity testirg is dready epasive, adt & freqetly sed

3 Implemtation

Wiae hilt a pddye irdaatdio d a relicaiarbemed inraatd dleta
fa N (esiar ). Inadr to qicly test tle wility d tle redicatiarhsed
retlod w doe to irdemt asirde aidiand tle gyed redictian dgrithn



Inths vaidiay the ntaa wes aly tle framspee rdics. Tadae, the ntaa
reed 1t adere to a aasisterry pdad, ardsoaly ae sl dae to the NN
capler s reqired Te rest d tle irgemtaion wrk reqired radfidtias to
the stached NN gatae odledtar.

NN 185 asimde greraiad cpingadledar [1], wthtwgreraias kom
& rewspae ad ddspee. Te rewspee 18 wed far ety dlocated dita, ad the
ddspre catams dta iichhes suvived & lest ae adletion Wn the rewspace
fils, a‘mmy’ dlectianis pafarad aqping dta frarile rewspace to the d dspace.
Te apiler kegs arecad (tle ‘stae list’) o dl wites to ntdle djedts so the
refererces frartle ddspaee irto the rewspre can ke fard dng o dledian
W tle ddspee flls, a‘ma’ apigdledianis pafamal Mo dletias ae
typcdly shot ad mrdsrytive, bt ma dledias ae dtenlaghy

@ irdamtadimlenes o cdlectias @ they ae, ht rdes tle ma adlec
tigs imreatd, diigsaapptiand tle ma dletia & exch o dledian
Tere ae sevad remas fa ths doce Hist, it aad hg the dlota dlade
the favadig vrd i1stead it 1s atbd den dyects ae aped franewtodd "hs
aad adae to tle capler ladad's dlagiapirntives. Soad sine the @s
incatrd drirganmo cdlectiay 1t is casenat ad deptodimreaatd wka
thet tira B lintingtle anrnt d inraetd wkdre & echrimr dledian w
canleepass nid, wthnafata o, say thee tires & lagas fa amo dledian
dae

Wise tle strategy; dsailed doe, f aly g tle rat st den tle @
is capete. Te ntda cn tlaedae aly see frampe dyeds. Wise tle stae
list drirgeach @increrat to yhe tospre vasias and rescan themif recsssary,
Te N capler vasian @ legs algd dl mdias dich stae pres, fa
we by the greatiad dledtian dgrithn Wiadfed tle midian 1 to i uk
dl ntaias, so thi the inraatd dleda can e tospre. hs aadd the
reed to radfy tle capiler to al a wite-dl-redicss pdtoed.

Inadr to asue that tle galage dleda tammees, e nst gmatee thet dl
live dtawll be reficated intospe bfae fraxspace oafbs wth rewdta cqued
ly the mor dlectias. Wvat to restrict tle anit & @wrk doe in each
imrarat, ht still amre thet a ‘fip tdes dae befae frazspae is fdl. Qlerase
wen frawspae fils, the imraatd dleda wll ae to prfana lag aart &
reantg g wrk wichwll be tatamit to araa grtage adlecion pase.

Intle pddye irdantaiay w gaatee thit ths wil ot bapen by reqinng
the inrematd cdledar to aqy e djeds irto tospre thmn e atbd to fran
spre by the o dletion Fadfae, tle draion o tle inramtd «dlecta’s
mes cn ke catrdled by aguting the size d tle rewspee ad the aart
altiad inraatd apirg dre.

4 Masuremits

Te intid pafarare msuants fa ar pddye irdaatdia ae shom in
tale 1 Te tale dsailbes the gatage cdleta pases Whichoccured drirg asirge
test e Te test e capled asigifeat pat d the N capler, ad ws
rin witat pgrg adivity an a DEStatian 0020 eqiped wth 8 Md mn
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"He 1 Pase timps fa stpadagy w. imrawtd odletas.

raay Fe inrawtd dleta capady dines tle ma dledian pases
2 to 5secarh wth wich eery SN wer is agyadedy failiar.

Te nirar pases resued far the aigr dlecdar repesat the Hay cased by a
adlediand ddspee intorewspee. Fe i pase tirafar the inrematd odlectar
induts tle greriad cdlection  ddspre irto rewspree and dso the wrk dre
by the irreratd dgrithtraspating djeds in the frarspae (ddspe) to the
tospae.

Te statisticd dstribtion d the rimr pase tirves ae bth wirad | wth pe
rored rabs & & a e tirad les thn Jim ht wth a lag tal to sevad
hrded mlisecark. @ cdlecta inresses the mak, ht 1ts pefararce qyeas to
le irteractive eragh to raan acetadie to was.

Te ressured rem aze timfa ar dleda is 57 nllisecark. Wexedt to
redee tlet fgre to fma les by vavg the catrd rasas d ar irdem
tdian  Rduirg tle size d tle rewspee ad the fratian  inreretd vk dre
Wil shorten these pases. Bease ar cdleda 1s inramatd , v cndso at shat the
inraatad dledion adtivityif it becaes too lagly

Te tdtd gatege adlectian tirmis increased by rae then 5ed ative to vasian (6
d tle N, Watidpie bng dle toredre ths to qpadmdy Iy sinde
atinirias d ar edsting cok (v biee ot o this inesse is de totle fat the
the padype njamtaia pafarma ‘Ap gerdia twe & dten & the staded
dgrithm Fae is 0 mitda timoateadin tle arrat idaatdio

Hyjeds tctd oertead
aped sze btes  %ep
dl dyeds M MM 18 %%
e aly 1®M 1M ™ Do

"He2 Sue oateadd faadigwrd fa imraatd dleda.

"He 2 dhos the tatd spee oalead  ar swtem Te tdd size resuants
gwenintle tdle bt irduk tle oatead fa faovadigvad, adtle preatae
fore rmmues tle anit d oatead htes & a proatae o the tdd legp size
idrig oatead T padye irdaatdio wes asqade favadigwadfa



eay djedt, Wichresdts ina ey hgh spee oatead d 208ecase a mjaity d
djects are twwrdreards (‘cas cdls’) wthabeady wrd Thwer, ve canredie
the space oerbead by starirg the favaed g parter ad the leady irfardianin the
saavrd Inths sdag aregicaed dyect s keady 1rfardinanaly the rewst
apy Ay qeratian i chreeds the keadr irfamaiannst fdlofavad rgparters
to locate the rewst cqy o the dyect. Intle witerewst patod, ths qirzaion
cn'te gliedto dl dyects, dirmmting the spre oalead atirdy

Ibeer, intle wite-d]l camistary pdod, een the rewst redics o ntdde
djects reqire ‘hdwdig pirtas’, so ths gqtinrdion cant ke aylied to them
In ths cxe tle spre oatead vald te redred to jist Yid tle legy & stomin
the tdle. (atan gedias schs size wldred to fdlowtle favad g parter
dan s wWl & dle loved ratimgadias sich s tag deds.

5 Concurrent (Ollection

Te santednqe is qyicdle to a canrrat systeminvichtle dleda adtle
mtaa rninprdld, & sqade thead o asirde poss. hs is aly madatae
in rdti-processa syterm, wen the dledta v be rung an ae poesa vhle
tle miaa (o mtaas) is runing o the dlesinsindepoesa syptem ae is
rerdy saiftirg catrd oer wen the dleda rus, Wichis partless.

Ina camurat sytem it aly nst tle saatic qeraias o tle cdleda ad
ntaa e indparhit, & dsassed doe, ht tle idvidd radire istndtias
each st e iterlemdle. hs is a mh stragy cadtian ht it 1s ot lad to
saisfy ina caorrat vasiand tle imraatd odlecta dsaibed aoe.

Rrst casidy vether runigar pddype inremtd dlecta cavuratly wth
the mtabar vl dprodee readfwite caflcts. TFe niaa alyread @ wites fran
space repicss. e adlectar readk fravspece refices, bt wites aly tospe refics.
Te dlecta dsowites the favardrg wrds o frazspce reics, Wichtle ntaa
s 1t acess. "his tle ddledar wll ot interfere wthtle ntata. If the favadrg
verd ad the Teady wrd ae rerged, then the ddledtar ad the ntatar cald caflat
wile acessirg ths ved Wweer, & lag s tle dleda can daidly yhie the
leady ward to irstdl tle fawadrg parter, thee is o dugr.  Te niaa vl
athe read tle fravspae reficds keady vad befae 1t 1s camtten a fdlowtle
favadrg parter to tle tospae redica

MNwasidr dethr the miaa wll itafee wth the dleda. Tt cn aly
irterfere hy witirg a vard the dlectar is reedig, Bt & wast ths wald case the
dletta to aqy the wag e to tespre ad & sanpart ths nstde wld ke
carected intle proeess & ying tospaee torefbet ntaa wites. s the ntda
dxs 1t itterfere wth tle dledtar.

At dl o tle sydraizationreedd tordle ar pradye inreratd dleda
carurat is dready resat intle inramtd odledta, hecare the dfds  ntaa
stares are carmicated to the cdlectar irdrectly thragh the stae list. Trdemting
a carurat dledta is sirdy a mte f meagg the ladff o tle curat rats
ad the stae list, ad sychaizirg to favad the rat parter seb vien the dledian
ternees.



6 Related Works

Rd-tira imraatd o curat grtae dledian s leen tle gd o my re
scarch pgjets intle pst. Reat wekicuds the by Hlis, Ti, ad 4l [2, dich
earflifis the we d the virtd-raay sytento artrd the @hdmiar, ad H-
stead [5, wirg ledwre irpoerats. Te fist red-timoping dleda, by Bler

[ reqires spdd hadme, ad poed the vy fa my dler suh stam Sa
exstirg d griths wrk an stock lrdire wtlot qerding systemsuygant, sich s
those by Bads [4 adlaer Neth[§, ht roe d these stowsichsd] timand spee
oerlead & ar tednqe.

7 Fuwe Wk

Stre tle oalead fa ths mwtednige gpeas to ke avgtdle w Miew 1t wil
e e ven glied to severd dher irteresting (@rd ded dgrithsm Tese dher
dgrithmcn dl e we d apingto atiewe saawdl addher thin dleding
grbag, admy e dle to shae soarutimarda staag wts wth the griae
dledar.

@ such dgrithmis wed to irdemt pasistat staage. @ d w ls im
Perated a pasistat, staae sytembised an aqyirg djects frantke legp irto a
pasistat bep [7]. Ama prfarace bttlaeck is the reed to scan the attive leap
fa pires to djects vhich hwe been aqped  Nidstrutive aqyirg wll dinmte
ths scn

Ware dso irterested in wirg apirg to irdeast redwism far dstrihted
captirg, siwhas thse reqired by djedt repisitaies. Inthese dstrihtingcanptirg
sytan davhchwll te redicaed & arade rahireis cpedirtoarssag: hify,
lireaizrgit fa trasmssianprpses.  Aanrokstrative apirg wil gedtly lessen
the oalead d schapes. Asq w atiapte asirde iteface betwen tle locd @
dhsaribed lere and the gdal (dstrihited) @reqired insich asystem

Afid psihlityis tle tedriqe  Haedhsh casirg, Mre tle stantries to
et if tw (imidle) djets ae idaticd. If tley ae then they can be rrged
his rege e e irdeaated by rotstrativdy adig a favad g parter fran
ae dject to the dler. "his tednige my gedly redee tle anrt o ke space
reeckd

Wae eterdigar irdemtdionin these drectias adegdaigsaaids fa
‘Gurtuistic” @[], invichtle tirmgd grlae dledias is dwsen to rimrize
dsrutinveres. Ware inestiging trigeying @ wthn tle wa-ideration lap
imad ady bfae patting fa impt, ad dter lag vats fa 1mpt. A astat, w
ae abgsanvaysirde ok todsdle tle inreratd tedn ge wen tle mtata
1s captebard revarting to tle e dfiaeat stpaday dledtiay the pass &
wichwll nt be rticed drirg the capte Hay

8 (clwioms

Whese irtrodred a patsing reweqping @tedriqe, redicatiarbesed apirg
Tis tednqe is espradly vl suted to lagegs lile Wl ere ntdias ae rae.



Wihae irdanted a sirfe imraatd @fa SN hsed o this tedriqe
ad ke dtared pdinery dastomgar idato be wrldle. Ware catinirg
wrk to e rd ated dgrithmeqdly pratica.

Acknoul edgnent s: Sctt Ittles ad Jars Obde wddlile to thak TICs Ss-
term Rsearch (ater fa sypat = surer irtars, drirg vich tira ths ida v
aigly arawed Sdt Ntles ad [3id Rerce wald lile to thak Rter lee far
sypat wthtle irdemtaian Tads dsotoJdn Rgyfa hs sgstiantorerg:
tle favadrgparter adbkeady wrd Geg Mrisett poidd myhoas o Hifd
casasdian Tals to oy Adssay Mk Jddn Hlen Sed ad the Vami
gapfa padreadrg
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