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ABSTRACT

We presenthe designandimplementatiorof anen garbagecollec-
tion framework that signi cantly generalizegxisting copying col-
lectors. The Beltwayframeavork exploits and separate®bjectage
andincrementality It groupsobjectsin oneor moreincrementson
queuegalledbelts collectsbeltsindependentlyandcollectsincre-
mentson a belt in rst-in- rst-out order We shawv that Beltway
con gurations,selectecby commandine options,actandperform
the sameassemi-spacegenerationalandolder rst collectors,and
encompasall previous copying collectorsof whichwe areaware.
The increasingrelianceon garbagecollectedlanguagesuchas
Jararequireghatthe collectorperformwell. We shav thatthe gen-
erality of Beltway enablesusto designandimplementnew collec-
torsthatarerobustto variationsin heapsizeandimprove total ex-
ecutiontime over the bestgenerationatopying collectorsof which
we areawareby up to 40%, andon averageby 5 to 10%, for small
to moderaténeapsizes.New garbagecollectionalgorithmsarerare,
andyet we de ne not just one,but a new family of collectorsthat
subsumegprevious work. This generalityenablesus to explore a
largerdesignspaceandbuild bettercollectors.

Categoriesand Subject Descriptors

D.3.4[Programming Language$. Processors-Memorymanae-
ment(garbage collection)

General Terms
Design,PerformanceAlgorithms
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Beltway, copying collection,generationatollection,Java

1. Intr oduction

Programmerareturningmoreandmoreto garbage-collectedbject-
orientedlanguageghat automatethe reclamationof memorythat
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the programcan no longer access. Garbagecollection (GC) im-
provesprogrammingproductvity by reducingerrorsthatresultfrom
explicit memorydeallocation and underpinssoundsoftware engi-
neeringprinciplesof abstractionand modularity CurrentGC al-
gorithms,however, still have a performanceoverhead.Figure1(a)
shaws the fraction of time that six SPECJava programsspendin
GCasafunctionof heapsize,usingahighperformanceé\ppel-style
generationatopying collector[3] in the JikesRVM [1, 2]. When
heapspacss tight, GC cantake upto 35%of executiontime. Appli-
cationsmayreducethis costsimply by usinga largerheapin which
GC typically comprisedessof total executiontime. However, as
shavn by Figure1(b) andby otherresearci10], the besttotal ex-
ecutiontime is not always achiezed when GC time is minimized
by large heapsizes. Applicationcache memory and TLB locality
maydegradewith largeheaps For example pagingdegradegseu-
dojbb's performanceat the large heapsizesin Figure 1(b). Thus,
achiezing high performanceemainsa challengegspeciallyfor pro-
gramsandworkloadswith large memoryrequirements.

In more than forty yearsof researcha few key insights have
shapedcopying garbagecollection. (1) The weakgenegational hy-
pothesighat mostobjectsdieyoung' underpingenerationagarbage
collectors,which preferentiallycollect the youngestobjects[34].
(2) As a corollaryto this obsenation, generationatollectorsavoid
collectingold objects.(3) Usingincrementalityto improve response
time hasledto theuseof smallnurserygenerationsndto incremen-
tal algorithmg[13, 24]. (4) Researcheralsousesmallnurseriesand
copying collectorsto improve datalocality [25, 38]. (5) More re-
cently Stefainwi€ etal. demonstratéhat giving the very youngest
objectstime to die canimprove collectorperformancg32].

TheBeltwaycollectionframework is the rst to combineandex-
ploit all ve insights e xibly andefciently. In addition, Beltway
generalizever previous work: we cancon gure Beltway to be-
have as every other region-basedcopying collectorsof which we
areaware. A Beltway collectorusesncrementandbeltsasshavn
in Figure2. An incrementis the unit of collection. A belt groups
oneor moreincrementsnto a rst-in- rst-out (FIFO) queue.Belt-
way collectseachincrementon a beltindependentlyn FIFO order
andalsocollectseachbeltindependentlyThe promotionpolicy de-
termineswhereto copy surviving objects,whetherto thesameor to
anotherbelt. Incrementsnale beltsmoregenerathangenerations
sinceall objectswithin ageneratiomustbe collectedenmassebut
we collectincrementdndependenthandtheremay be multiple in-
crementon a belt. We demonstratdeltway con gurations(from
commandine parametershatbehae assemi-spaceollectors tra-
ditional generationatopying collectors[34, 3], andolder rst col-
lectors[32]. To our knowledge, Beltway con gurationsmatchall
previouscopying collectororganizations.

We further shav that this generalityenablesus to combineall
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Figure 1: Theimpactof heapsizeonthe performancef six SPEC
benchmarksising the Appel-stylegenerationatollector Optimal
performances not alwaysattainedat the largestheapsize.

the above ideaswithin a single collector We presentthe design
and implementationof a rangeof copying collectorsthat exploit
the high mortality of young objects,canavoid collectingthe very
youngestobjects,avoid collecting previously copied objects,and
performcollectionincrementally Our generalityincreasegointer
tracking costsbut we develop several novel mechanismso bound
thesecosts. For instance,we maintainthe fewest possiblecross-
incrementpointers,andwe cantriggercollectionswhenthenumber
of cross-incremerpointersexceedsathreshold.

We shaw several con gurationsthat reducegarbagecollection
costsvia reducedcopying and betterheaputilization comparedo
the bestgenerationatopying collectorof which we areaware[3].
Thesereductionsimprove total executiontime over generational
collectorsby anaverageof 5 to 10%,andup to 35%ontight heaps,
for 6 Java SPECprograms.Our new collectorsthususeresources
more effectively thangenerationatollectors. We alsopresentvi-
dencethatourframevork enablesusto explorethetradeof between
responsienesandthroughputbut we leave amorethoroughinves-
tigationof responsienesdo futurework.

The remainderof the paperis organizedas follows. We rst
presentheBeltway framavork for exploring copying collectionand
the programcharacteristicshatit exploits. Section3.1 shavs how
to con gure Beltway to implementa variety of copying collectors.
We then presenttwo new collectorsdesignedo reducetotal exe-
cutiontime. Section3.3 introducesseveral novel mechanismshat
malke our collectorsef cient. Sectiord compareshesecollectorsto
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Figure 2: A Beltway con gurationwith threebelts,shaving three
successie collections(top to bottom). The light arrows shav allo-
cationsgoinginto the nursery anddarker arrans representopying
surviving objectsfrom the targetto the sourceincrements.Darker
objectsareyounger

generationatollectorsanddemonstratethatthey reduceGC time
andtotal executiontime on 6 Javaprograms Sectiord.3offerssome
sampleresponsienessesults.We nd thatreducedotal execution
time canalsobe combinedwith improved responsienesshut this
areaneedsfurther exploration. We then presentrelatedwork and
conclude.

2. Generalizing Copying Garbage Collection

The novelty of the Beltway framework is that it generalizeover
copying collectionby combiningall the key ideasof copying GCin
a singlecollector This section rst outlinestheseideas. We then
describethe Beltway framewvork andhow it exploitstheideas.

2.1 Keyldeasin Copying GC

Most objectsdie young. Theweakgeneational hypothesiss the
basisfor generationabarbagecollection[34]. A generationatol-
lector dividesthe heapinto regionscalledgeneationsthat contain
progressiely morematureobjects.Theyoungesgenerationcalled
thenursery; is likely to containa large fraction of deadobjectsand
so is mostfrequentlytargetedfor collections. The collector pro-
motesobjectsthatsurvive by copying theminto thenext generation.

Avoid collecting old objects. A corollaryis thatthoseobjects
that do not die youngtendto be long lived, suggestinghat older
generationshouldbe collectediessfrequently

Give objectstime to die. A further obsenation is that while
mostobjectsdie young, all objectsrequiresometime to die. The
older rst collector[32] exploits this obseration by avoiding col-
lectingthevery youngesbbijects.

Incr ementalityimpr ovesresponsveness.Lengthandfrequeng
of collection limits the responsienessof garbagecollected pro-
grams.Generationatollectorsreduceaveragepausdime by repeat-



edly collecting the nursery and occasionallycollecting the whole

heap.They thereforetendnotto improve on worstcasepausdime.

Otheralgorithmsaremoreaggressiely incremental.For example,
the MatureObjectSpacecollector[24] collectsonly oneincrement
atatime andnever collectsthewhole heap.

Copying GC canimprove locality. Programsoftenaccesob-
jectsof a similar agetogether{20]. Copying collectorsexploit this
patternto improve locality with consequenbene ts for cacheand
TLB behaior [38]. Collectorscopy olderobjectsnearto eachother
in the heap. This clusteringreduceghe incidenceof pointersthat
spanregionsof theheapandthusavoidsretainingdeadobjectssim-
ply becausehey arereferencedy a deadobjectin anuncollected
region [35]. The nurseryattainslocality by keepingthe youngest
andmostfrequentlyaccessedbjectsneareachother

Previously, no collectorhasexploited all of theseideastogether
Simplesemi-spaceollectorsimprove locality throughcopying, but
do not exploit ary of the otherideas.Generationatollectorsdo not
give the very youngestobjectstime to die and must occasionally
collectthewhole heap,soarenot fully incremental. The older rst
collectorcannotalwaysavoid frequentcopying of old objects,and
becausét doesnot collectthe whole heapit is not completei.e., it
cannotguarantedt will collectall garbage.

2.2 Beltway Collectors

Beltway collectorsdependon two very simple organizationaprin-
ciples.An increments anindependentlyollectibleregion of mem-
ory. A beltis a groupingof one or moreincrementscollectedin
strict FIFO order (analogougo corveyor belts). By selectingdif-
ferentincrementsizes belt organizationsandpromotionpolicies,a
collectorin the Beltway framevork canbe con guredto implement
ary of thewell-known copying collectionalgorithms.

Figure 2 shavs a Beltway collector with threebelts, eachwith
one or more increments. This collector promotessurvivors from
eachincrementin to the next higherbelt. It copiessurvivorsin the
highestbelt to the end of that belt. New allocationsgo to the last
incrementn thelowest,nurserybelt.

A Beltway collector can exploit eachof the ve ideasoutlined
above asfollows. Belts generalizeover generationdy decoupling
incrementalityfrom the generationsize. Thus, the lowestbelt is
analogoudo the nurseryin a generationatollector By preferen-
tially collectingincrementsfrom the nurserybelt, we exploit the
weakgenerationahypothesisandavoid collectingold objects.Be-
causeBeltway decouplescollectionandbelts, it canbe arbitrarily
incremental.Becausehe oldestincrementon a belt will alwaysbe
collected rst (FIFO order), Beltway cangive objectstime to die.
Finally, the copying, generationalandincrementabspectf Belt-
way improve thelocality of surviving objects,andprovide locality
for theyoungesbbjectsby allocatingthemtogetherin thenursery

3. Concretelnstancesof Beltway Collectors

To demonstratehe generalityof the Beltway framevork, we de-
scribeBeltwaycon gurationsthatcorrespondxactlyto well-knovn
copying collectors. We then describetwo new collectors,andthe
novel mechanismshat are key to implementingthesenew collec-
torsefciently.

3.1 Modeling Existing Copying Collectors

One factorin commonamongall copying collectorsis that they
musthold in resere sufcient memoryto accommodata collec-
tion of thelargestpossibleincrement.This copyreservespacenust
be large enoughto accommodatéhe worst casesurvival for a col-

lection, i.e. whenall objectssurvivel If the copy resereis x ed
athalftheheap,asit is in thesemi-spaceollectorandgenerational
collectorimplementationsheaputilization andef ciency cansuf-
fer. In theremaindeof this sectionwe usethetermusablememory
to referto thetotal heapspacdessthe appropriatecopy resene for
thatcollector

Semi-spacecollectors arethe simplestcopying collectors[12].
They correspondo a trivial Beltway con guration: a single belt
containinga singleincrement,aslarge asthe usablememory col-
lectedwheneer it is full, asshovn in Figure 3(a). We call this
con guration BSS Beltway Semi-SpaceBSScopiessurvivorsinto
anewv incrementonthe samebelt.

Appel-style generational collectors have two generationg3].
They male ef cient useof memoryby allowing thenurseryto grow
to consumaeall usablememorynot consumedy the highergenera-
tion. Consequentlythey collectthe nurseryonly whenboth gener
ationsconsumeall usablememory Appel correspondso Beltway
con gured with two belts, eachwith oneincrementcapableof ac-
commodatingll usablememory asdepictedn Figure3(b). We call
thiscon gurationBA2, Beltway Appelwith two generationsWhen-
ever the two incrementsconsumeall usablememory BA2 collects
the nurseryincrement,copying survivorsto the higherbelt. When
the higherincrementconsumesll usablememory BA2 collectsit,
copying survivorsto anew incremenbonthesamebelt. (In practice,
if thenurserysizedropsbelov somesmall x edthresholdtheheap
is consideredull.)

Older-First Mix algorithms areanincrementablariationon the
semi-spaceollector[19, 31]. They are calledolder rst mix be-
causethey mix copiesandnewly allocatedobjectsin memory This
Beltway con guration, BOFM, shavn in Figure 3(c), hasonebelt
andmultipleincrementsBOFM bothallocatesandcopiessurvivors
to thelastincrementon the belt, triggering collectionwhenthein-
crementconsumaeall usablememory

Older-First collectorsorganizetheheapby objectage[32]. They
collecta x ed-sizewindow thatslidesthroughthe heapfrom older
to youngerobjects.Whenthe heapis full, OF collectsthe window,
returnsary free spaceto the nursery and then positionsthe win-
dow for thenext collectionover objectsjustyoungerthanthosethat
survived. If it bumpsinto the allocationpoint, it resetg¢hewindown
to the oldestend of the heap. This Beltway con guration, BOF,
illustratedin Figure 3(d), hasan allocationbelt A anda copy belt
C whereincrementsare the size of the collection windov. BOF
allocatego the backof belt A. Wheneer all usablememoryis con-
sumedBOF collectsthe rst incremenin belt A, copying survivors
to thebackof beltC. If all usablespacéds consumedndA is empty
thenBOF " ips' the belts, collectsthe rst incrementin the new
belt A, andcopiesits survivorsto thelastincrementn thenew, now
empty beltC. BOF thencontinuedo allocateto thebackof thenew
beltA.

3.2 NewBeltway Con gurations

We now go beyond existing copying collectorsand describetwo
new collectorcon gurations,Beltway X.X andBeltway X.X.100
Beltway X.X collectors addincrementalityto Appel-stylegen-
erationalcollection. They have two belts, and eachbelt contains
incrementof maximumsize X, corventionally expressedasa per
centageof usablememory Thetwo beltscorrespondo generations,
andX re ects thedegreeof incrementality As with Appel's collec-
tor, the lower, nurserybelt grows until it consumesll remaining

Ln factthecopy resene mustbeslightly moregenerousecaus¢he
copieddatamay not packaswell asthe original data,asanartifact
of objectalignmentandcopying order
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Figure 3: TheBeltway con gurationsdescribedn Sections3.1and3.2. Eachdiagramshavs a con guration of beltsandincrementsiuring
thecopying of survivors. An arrov indicatesthe allocationthattriggeredthe collection.

usablespace at which point Beltway X.X collectsthe oldestincre-

mentin thenursery It promotessurvivorsto theyoungestncrement
in the higherbelt. Whenthe higherbelt becomedull, it collects
the oldestincrementin the higherbelt, andcopiessurvivorsto the

youngesincremenin thesamebelt. Similarto generationatollec-

tors, Beltway X.X collectsthe higherbelt only whenthe higherbelt

is full andthe nurserybeltis thusempty However, it collectsonly

a x edsizeincrementyatherthanthe entirebelt.

Beltway X.X combinesmostof the featuresof Appel's genera-
tional collector and the OlderFirst collector and exploits all ve
ideasoutlinedin Section2.1. In fact,BA2 is a specialcaseof Belt-
way X.X whereX is setto 100. WhenX < 100,the steadystatedif-
fersfrom BA2 asfollows. The nurserytypically containsoneincre-
mentthatvariesin sizeup to size X, andthe olderbelt containsthe
otherincrementsTogethetthey canoccupy nomorethantheusable
heapspace For examplewith X = 33, we canhave four increments,
onepartially full andtwo completelyfull incrementsonbelt1, and
one partially full incrementon belt 0. Our framevork andimple-
mentationalso supportsBeltway X.Y collectorswhereX # Y, but
we do not explore thesecon gurationshere. Unfortunately when
X < 100,Beltway X.X lackscompletenesst doesnotguarante¢he
eventualcollectionof all garbagebecausét failsto collectgarbage
cyclesthatspanmorethanoneincrement.

Beltway X.X.100collectors addresghe failure of Beltway X.X
with respecto completenesby retainingthe two lower beltswith
incrementsof size X < 100, and addinga third, highestbelt with
a single incrementthat may grow aslarge as the usablememory
Any objectsBeltway X.X.100doesnotreclaimin thelower belts, it
promotesto the third belt, which it will collectin its entiretyonly
onceit hasgrown to consumeall usablememory It thusguaran-
teeseventualcollectionof large deadstructuresThis con guration
achieves completenesat the expenseof incrementality(the worst
casecollectionincrementis the sameasthe classicsemi-spacend
generationatollectors).NotethatwhenX is equalto 100, Beltway
X.X.100implementsathree-generation#ppel-stylecollector

Sectiord shavsthatBeltway X.X.100almostalwaysoutperforms

the Appel collector sometimesy asmuchas35% of total bench-
markrunningtime. An alternatve approactto lack of completeness
in the Beltway X.X collectoris to usea complete incrementakol-
lector (suchasthe Mature ObjectSpacecollector[24]) in placeof
thethird belt, but thatinvestigatioris beyondthe scopeof thiswork.

3.3 Realizing Ef cient Beltway Collectors

Threebroadimplementationissuesare key to the viability of our

approach. (1) Incrementalitydependsheavily on the useof write

barriers, sothe ef ciency of write barriersandtheir associatedata
structuress critical. (2) We foundthatthebesttime to collectis not
alwayswhenthe heapis full. To this end, Beltway collectorsuse
collectiontriggers to preemptidenti able performancegroblemsn

latercollections.(3) Finally, we exploit adynamicallysizedcopyre-

servebasedn theincrementsizeandheapoccupanyg, whichleads
to betterheaputilization andultimately betterperformance.

3.3.1 FramesandWrite Barriers

In orderto collectincrementsndependenthandef ciently, garbage
collectorsmustremembereferenceinto collectedncrementgrom
therestof theheap.A simplesemi-spaceollectoravoidsthe need
for ary suchmechanisnmby always collectingall usablememory
Generationatollectorsvery cheaplynoticeandremembethe cre-
ation of ary referencesnto the nurseryfrom the restof the heap.
For example,they placethe nurseryin high memoryand obsere
thecreationof ary pointersthatcrossa boundarybetweerhigh and
low memory[7]. Onealsomustinstrumentthe mutator, (i.e., the
application)with awrite barrierto rememberelevantpointers.
Beltway collectorsimplementincrementsby using frames A
frameis an alignedcontiguousregion of virtual memorythat can
accommodatanincrement.Frameseducethe costof incremental
collectionin two ways. First, framesare pover-of-two alignedin
theaddresspaceandwe candistinguishinter-framepointersfrom
intra-framepointersusing a shift and compare.Secondwe main-
tain anumberassociatedvith eachframethatindicatesthe frame's



relative collectionorder

Whenwe encounteaninter-framereferenceye needto remem-
ber it only if we might collect the tamget frame soonerthan the
sourceframe. We thereforedo not record all inter-frame refer
ences.Further if anincrementspansmultiple framesmarked with
the samecollectiontime, we do not storepointersbetweerthe con-
stituentframes. Although the barrieris not address-orderedt, is
uni-directionalwith respecto frames. For example,in the BOFM
collector (Figure 3), only cross-incremenpointersin the right-to-
left directionmustbe rememberedFigure4 shavs a basicimple-
mentationof this frame-basedynidirectionalwrite-barrier We par
tially inline thewrite barrier[7].

1 public  static final  void writeBarrier ( ADDRESSsource
2 ADDRESStarget ) {
3 int s = (source >>>FRAME_SIZE_LOG;

4 int t = (target >>>FRAME_SIZE_LOG;

5 if (s != t) /I pointer is inter -frame

6 && (Belt .collect_ [t < Belt.collect_ s {

7 /I target will be collected before  source

8 int rsidx = (S<<REMSET_SHIFT) | t;

9 GCTk_RememberedSet.insert  (rsidx, source);

10 }

1}

Figure 4: ThebasicBeltway frame-basedvrite-barrier

3.3.2 RemembeadSets

Thetotal numberof framesin a con guration s limited by thein-
crementsize,the numberof belts,andthetotal usablememory and
is tightly bounded We canthusmaintaindistinctrememberedets,
remsetsfor eachtarget-sourcdrame pair. At run time, we enter
eachinter-framereferencan the appropriateset. An advantageof
this approachs thatwe cantrivially deleteall remsetgelatingto a
frame. We alsoignore remsetshetweentwo incrementsn the oc-
casionalcasewhenwe collectthemtogether For example,given
sufcient copy resere, if we areaboutto emptya lower belt and
Il the next higherbelt, we will collecttheincrementon the lower
belt togetherwith the rst incrementon the next belt. This opti-
mizationperformsa singlecollection,ratherthantwo in immediate
succession.

Becausef the high write-barrieractivity in the nursery we lim-
ited Beltway X.X andBeltway X.X.100to asingle,boundechursery
increment,which minimizeswrite-barrieractivity. JikesRVM in-
troducessubstantialvrite barrieroverheaddueto theinitializing of
eachobjects type (TIB") pointer The type objectis older, usu-
ally much older, thanthe object. To eliminatethis overhead,we
usea single nurseryincrementand extend the basic Beltway bar
rier to lter ary pointerswherethe sourceis in the nursery This
optimizationforegoesolder rst behaior within the nursery Sys-
temswithout this overheadshouldbe ableto bene t from multiple
nurseryincrements.

3.3.3 CollectionTriggers

For a variety of reasonsit is not alwaysbestto collectonly when
the heapis completelyfull. For instance, x ed-sizenurserycol-

lectorscollect whenthe nurseryis full ratherthanwhenthe heap
is full. In this section,we describea numberof collection trig-

gers that de ne a rangeof additionalconditionsthat caninitiate a
garbagecollection. We exploredthreemechanismsnursery, rem-
set andtime-to-dietriggerswith multiple nurseryincrementsand
believe thatcon gurationsof Beltwaywill bene t from oneor more
of them. For the Beltway X.X andBeltway X.X.100con gurations
we reportbelow, only the nurserytriggerthatlimits thenurseryto a
singleincrementproved useful.

Nursery Trigger. Thesizeof the nurserybelt may be bounded
to ensurethat we frequentlycollect the young objectssincemary
die quickly. An ohbviousexampleof this triggeris the classic x ed-
size nurserygenerationatollectorwhich limits the nurseryto one
incrementwherethesizeof thatincrements alwaysequalthemax-
imum nurserysize. In Beltway X.X and Beltway X.X.10Q we use
thistriggerto limit the maximumsize,but notthe minimumsizeof
asinglenurseryincrement.

RemsetTrigger. Becauseememberedetentriesarecollection
roots, asthe numberof remsetentriesgrows, the survival rate for
anincrementgoesup aswell asthe time to scanthe remsetitself.
A simple andvery effective solutionto this problemis to trigger
collectionwhenaer rememberedetsgrown to somethreshold.

Time-to-Die Trigger. We may want to collect a nurseryin-
crementbeforeit reachedts maximumcapacity For example,an
Appel-stylenursernyincrementanaccommodatall theusablemem-
ory, butwe oftencollectthenurserywhenit is only partially full. By
usingtwo incrementson the youngestelt ratherthanone,we can
avoid collectingtheveryyoungesbbjectswhichwouldnotyethave
hadtime to die. Thetime-to-dietriggerensureghatall objectswill
have atleastTTD time to die beforewe collectthem(time is mea-
suredin bytesof allocation).Whenthe heapis within TTD bytesof
beingfull, we canusethetime-to-dietriggerto ensurethatall new
allocationggointo thesecondrame.If thesystemis allocatinginto
the rst increment,it thenstartsallocatingobjectsinto the second
frame. Subsequent|ywhentheheapllls, it collectsthe rst frame,
which maynotbefull. Thistriggerpreventsthe collectorsfrom col-
lectingthe objectsallocatedn thelast TTD bytesof allocation(i.e.,
whenthey aretooyoung).

We believe future con gurationsof Beltway will be ableto ex-
ploit all thesetriggersto improve collectorperformancdurther, but
we useonly the nurserytriggerin our results.

3.3.4 DynamicConservativeCopyReserve

As we pointedoutin Section3.1,all copying collectorsneeda copy
reservespacanto whichto copy survivors. In orderto avoid failure
in the worst case the copy resere mustbe slightly largerthanthe
largestpossiblecollectionincrement. Sincethe usablememoryis
theheapspacdessthecopy resenre, it is obviously advantageouso
minimize the copy resere. Finergrainedincrementalcollectors,
such as Mature Object Space(MOS) collectorsor Beltway X.X,
where X« 100, have a distinct memory utilization advantagebe-
causehey requireonly a smallcopy resere. Classicagenerational
andsemi-spaceollectorsmustresenre half theheap.

Beltway collectorsdynamicallycalculatea conserative minimal
copy reserethatwill awaysaccommodatsurvivorsfrom theworst
casecollectionsequenceThe copy resere is eitherthe largestin-
crementsize, or the largest potentialincrementoccupang at the
next collection. We determinemaximum potentialoccupang for
eachincrementby addingits currentoccupang plusthe maximum
occupang of ary otherincrementfrom which the collector could
copy into thisone.

The dynamicconserative copy resere is particularly effective
in the Beltway X.X.100collectorwherethe third belt is rarelyfull.
The copy resenre is thus usually determinedby the smallerincre-
mentsize. As thethird belt Ils, the copy resere grows until it is

nally half of theheap(sothatthethird beltoccupang andthecopy

resene areequalin size). After we collectthe third belt, the copy
resene automaticallyfalls backto a smallersize, therebycontinu-
ouslymaximizingusablememory



Benchmark | Description Min. heapsize | Totalallocation| GCs
_202_jess An expertsystemshell 12MB 301MB 24-337
_205_raytrace | A raytracingprogram 15MB 127MB 9-139
_209_db Simulatesa databasenanagemergystem 22MB 102MB 5-115
_213_javac The SunJDK 1.02Java compilercompilingjess 32MB 266MB 10-100
_228_jack Generates parserepeatedly 20MB 320MB 16-135
pseudojbb Emulatesa 3-tier transactiomprocessingystem 70MB 381MB 4-126

Table 1: Benchmarlcharacteristicsminimumheapsize,total bytesallocated andthe numberof GCsperformedoy anAppel-stylecollector

atlargeandsmallheapgespectiely.

4. Results

Thissectiondescribesurexperimentaketting,includingourgarbage
collectorervironment,hardware,andbenchmarksWe thenpresent
GC time andtotal executiontime for Beltway andgenerationatol-
lectorswith avariety of con guration parameterskinally, we shav
somesampleresponsienesgesults.

4.1 Experimental Setting

JikesRVM and GCTk. We useJikesRVM version2.0.2for our
implementatiorstudy JikesRVM (formerly Jalap&o)is a high per
formanceVM writtenin Javathatincludesanaggressie optimizing
compiler[1, 2]. We usedthe JikesRVM adaptivecompilerandits
fast build-time con guration (which omits assertioncheckingand
pre-compilesasmuchaspossibleinto the JikesRVM bootimage).

We have recently developeda nenv GC toolkit for Jikes RVM
calledGCTk, whichincludesBeltway aswell asimplementationsf
previous generationatollectors. GCTkis an ef cient and e xible
platformfor GC experimentatiorthatexploits the object-orientation
of Java and the VM-in-Java property of Jikes RVM. Prior to de-
veloping Beltway, we implementeda numberof GC algorithmsin
GCTk. Thesecollectorsinclude Appel-styleand x ed-nursengen-
erationalcollectorswhoseperformanceve reportbelon. We found
their performanceo be similar to existing JikesRVM GC imple-
mentations. Existing Jikes RVM collectorsall statically partition
their heapinto small and large objectspacesand unconditionally
utilize the large objectspace.Unfortunately GCTk currentlydoes
notyetimplementalargeobjectspace Directcomparisondetween
GCTkandthenative JikesRVM collectorsarethereforenotpossible
without signi cant changego oneof the systems.

After developingthe generationatollectors we tunedthemover
an eighteen-monttperiod of heary usein several contets [7, 8].
For example they useaveryfastaddress-ordenrite barrier[7]. We
compareBeltway againstthesecollectors. Thesecollectorsarenot
limited in arny way by thegeneralizationgre employ in Beltway. We
did howvever designGCTk using object-orientedechniqueswvhich
enablesthe reuseof key GC infrastructure. Of the 26 classesn
Beltway andin the generationatollectors,23 arecommonto both.
We implementedhe Beltway collectorsin GCTkasa singlecollec-
tor with command-lineoptionsto specifythe con guration.

Benchmarks. We usesix SPECbenchmarks, ve dravn from
the SPECJVM98 suite, and pseudojbb, a slightly modi ed vari-
ant of SPECJBB2000[28, 29]. Ratherthanrunningfor a x ed
time andmeasuringransactiorthroughput pseudojbb executesa
x ed numberof transactionsThis modi cation madeit possibleto
comparerunningtimesreasonablyDieckmanandHdlzle presenta
thoroughanalysisof SPECJVM98[17]. Tablel shavs somechar
acteristicsn our system:theminimumheapsizein whichanAppel-
style collectordoesnot fail, the bytesallocatedin this system,and
thenumberof GCsatlargeandsmallheapsizes.

We raneachprograms timesfor eachcollectorcon gurationand
picked the bestexecutiontime (i.e., the oneleastdisturbedby other
effectsin thesystem) We separatelyperformedastatisticgyathering

runfor eachcon gurationto measurgherateatwhichwrite barrier
fastandslow pathsweretaken. We rantheseprogramson 33 heap
sizesrangingfrom thesmallesbnein whichtheprogramcompletes
upto 3timesthatsize.

Hardware. Our experimentaltiming runswere performedon
a MacintoshPowverMac G4, with a 733MHz processqr32KB on-
chip L1 dataandinstructioncachesa 256KB uni ed L2 cachea
1MB L3 off-chip cacheand128MB of memory runningPPCLinux
2.4.10.

4.2 Throughput

This sectionexaminesthe GC andtotal applicationperformancdor
arangeof generationalBeltway X.X.10Q andBeltway X.X collec-
tors. We begin by comparingBeltway con gurationsthat match
Appel-style generationakollectorsand shav they perform simi-
larly. We thenturnto the choiceof generationatollector;we com-
pare x ed-nurserycollectorswith a rangeof sizesto the e xible-
nurseryAppel generationatollector Our experimentsshov that
Appelimprovesperformancetypically by about50%, regardlesof
nurserysize.We thereforeuseit asour maincomparisorpoint.

Wethenexploretheeffect of incrementizeson Beltway X.X.100
and nd thataslong asthe sizeis not too small, Beltway X.X.100
is not very sensitve to incrementsize. We also compareBeltway
X.X.100to Beltway X.X for oneincrementsize,and nd their per
formancecomparable We nally presentexecutionandcollection
timesfor Beltway X.X.10Q Appel, anda x ed-sizenurserycollec-
tor, which shav thatBeltway X.X.100generallyperformsmuchbet-
terthangenerationatollectors.

4.2.1 BeltwayasAppel

Figure5(a) comparesGC time, and(b) comparedotal application
time. In all the performancegraphs,the left y-axis is the perfor
mancerelative to the bestin the gure, theright y-axisis theactual
time, thebottomx-axisis theheapsizerelative to theminimum,and
thetop x-axisis theactualheapsize.

Figure5 comparesAppel, Beltway 100.100(the Appel con gu-
ration of Beltway), and Beltway 100.100.10Qusingthe geometric
meanof our 6 benchmarksThesecollectorsadaptthe nurserysize
to occupy all availablespacenotconsumedby thehighergeneration.
Garbageollectiontimeis virtually thesamefor AppelandBeltway
100.100 Beltway 100.100.100thelogical generalizatiorof Appel
to 3 generationsenjoys a collectiontime adwantageat the small-
estheapsize,but hasthe sameperformanceas Appel andBeltway
100.100at mostheapsizes.Thereis morevariationin thetotaltime
resultsbecausewo programs,209_db and pseudojbb, are very
sensitve to locality effects,which aremagni ed hereby smallvari-
ationsin the collectors.For example Appel usesa simpleboundary
crossingwrite barrierand thus must scanthe bootimageon each
collection[3]. Beltway 100.100usesthe generalwrite barrierde-
scribedin Section3.3.1,which recordsasneededpointersfrom the
bootimage.

Mostimportantly theseresultsshaw that Beltway X.X.100does
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Figure 5: Comparisorof the Appel-stylecollectorwith Beltway two- andthree-generatioAppel con gurations.

notobtainperformancemprovementover Appel by simply adding
athird generation.

4.2.2 Incrementalityin Geneational Collectors

Incrementalityis akey parametefor bothgenerationaandBeltway
X.X.100collectors. This sectionmeasureshe performanceof gen-
erationalcollectors bothwith arangeof x ednurserysizesandalso
with a e xible nursery It thenexplorestheimpactof incrementality
onthe Beltway X.X.100collector

Figure 6 compareshe performanceof four con gurationsof a
x ed-sizenurserygenerationatollectorandan Appel-stylecollec-
tor, with respecto both GC time andtotal time, usinga geometric
meanof performanceof all 6 benchmarks.The Appel collectors
superiorspaceutilization naturally makes goodtrade-ofs between
frequeng of collection and spaceutilization, which resultsin its
goodtotal andcollectorperformance.

In contrastasmall x ed-sizenurseryincreaseshe frequeng of
GCsandlimits time-to-diein the nursery Both degradeoverall per
formance. A large x ed-sizenurseryreducesthe available space
for the highergeneratiorandthusleadsto morefrequentfull heap
collectionsandworseoverall performance Furthermorethe reser
vationof a x edproportionof the heapfor the nurserysigni cantly
impactsthe collector’s capacityto performin tight heaps.Thelack
of resultsfor small heapsizesin Figure6 illustratesthe failure of
thegenerationatollectorto performatall in smallheapsizes.

Theseresultsshav thatthe Appel-stylecollectoris the bestper
forming generationaton guration, a resultthatto our knovledge
hasnot previously appearedn the literature. On the basisof these
results,we usethe Appel-stylecon guration, andthebestperform-
ing x ed-sizenurserycollectorwith nurserysize of 25%in subse-
guentcomparisons.

4.2.3 Incrementalityin Beltway

Figure 7 compareghe peformanceof Beltway X.X.100with four
differentincrementsizes.We canseethat Beltway X.X.100is fairly
robustacrossncrementsizes,althoughthe smallincrementsize of
10 dggradesperformance.This degradationcould be attributedto
more frequentnurserycollectionsand lesstime-to-die, or to a di-
minishedcapacityto collectlarge cyclesin the secondgeneration.
Thelatterwould increaseheloadon the third generationandlead
to a reductionin heaputilization becauset alsowill increasethe
copy resene. We usethe 25.25.100con gurationin the remainder
of theresultssectionasit appearso performwell, andit is anatural
point of comparisonwith the 25% x ed-sizenurserygenerational
collector

4.2.4 BeltwayX.X versusx.X.100

Figure8 compare8eltway 25.25to Beltway 25.25.1000 exploreif

sacri cing completenessnprovesperformanceHowever, thegeo-
metric meandor thesetwo con gurationsarethe same A few pro-
gramsdoimprove slightly usingBeltway 25.25 but _213_javac per

formanceactually degradesbecauseBeltway 25.25never reclaims
alargecyclic garbagestructure.

4.2.5 Garbage CollectionTime

Figure9(a) shavs the geometricmeanof the time spentin GC for
Beltway 25.25.100 a x ed-size25% nurserygenerationatollec-
tor, andan Appel-stylecollector The robustnesf Beltway with
respectto heapsizeis clear The Appel con guration allows the
highergeneratiorto grow aslarge aspossibleandso performsbet-
ter thanthe x ed nurserycon guration, whereasBeltway X.X.100
exploits the smallincrementsize,dynamiccopy resere, andFIFO
behaior in the highergenerationso reduceGC overheadsubstan-
tially in smallheaps.

4.2.6 Total Time

Figure9(b) presentgshe geometricmeanof the programexecution
timesfor Beltway 25.25.100Appel-stylegenerationalanda x ed-
size25%nurserygenerationatollector Figure10shavstheresults
for eachbenchmark. In general,Beltway improves performance
signi cantly in smallto moderateheaps,and performsexcellently
acrossall heapsizes.

Two interestingesultsstandoutFirst, Appelperformsvery poorly
in largeheapdor pseudojbb becaus¢he programthrashesvhenits
nurserybecomedoo largeandspread®ut live datatoo much. Sec-
ondin _209_db, garbagecollectionis notadominantfactor Again,
locality effectscausethe variationsin performanceacrosdifferent
heapsizeson all collectors.With theexceptionof _209_db andjbb,
Appel outperformsthe x ed nurserycollectorat all heapsizesand
all programs.

ComparingAppelto Beltway 25.25.100ppel's performanceloes
notmatchBeltway X.X.100until theheapgrowvsto atleastl.5times
the minimum heapsize (exceptfor _209_db). In addition, Appel
needsat least2.5timesthe minimumheapsizefor 213 _javac and
2 for _228_jack to matchBeltway X.X.100s performance. Belt-
way X.X.100usessmall and moderateneapsmore effectively than
Appel andthe x ednurserycollector achiering goodperformance
even whenmemoryis constrained.ln _202_jess, _205_raytrace,
_213_javac, and_228_jack, Beltway achieveswithin 5% of thebest
performancdor virtually every con guration. It thusperformswell
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Figure9: Performancef Beltway 25.25.100Appel-style,and x ed-size25% nurserygenerationatollectorsrelative to best.

in awide variety of circumstances.

4.3 Responsveness

We did not designBeltway to provide hardreal-timeperformance.
However, we did expectthatsomecon gurationswould offer better
responsienessthanother collectors,suchas Appel. Simplemea-
sures,suchasthe lengthof the longestGC pauseor a distribution
of pausetimes, do not take into accountclusteringof GCs, which
might preventmutatorprogressover alongerperiod. To our knowl-
edgethisissuewas rst consideredy Holzle andUngar[22], with
respectto pausescausedby dynamiccompilation. We follow the
methodologyof ChengandBlelloch[13].

To incorporatesuchpossibilities we measurenutatorutilization
(MU). We de ne MU to be the fraction of time the mutatorruns
within anintenal [to,t1). Clearly MU rangesover [0,1] andhigher
MU meanghe GCis runningless. In our graphs,we presentmin-
imummutator utilization (MMU). A paint (w,m) lies onanMMU
curwe if, for all intervals (windows) of lengthw or more that lie
entirely within the programs execution,the mutator utilization is
atleastm. MMU curvesaremonotonicallyincreasingwith the x-
interceptbeingthe maximumGC pausefor therun, andtheasymp-
totic y-value beingoverall throughput(fraction of time spentin the
mutator).

Figure 11 shavs graphsof MMU curvesfor runsof 213 _javac
at two heapsizes. In eachgraphtherearetwo groupsof curves.
Thoseto the left indicatebetterresponsieness:higherMMU over
the sameor smallerintervals. On both graphs,Beltway 10.10and
10.10.100behae similarly, and offer better responsieness(and
throughput)thanothercon gurations. In the secondgraph,we see
thatatlargerheapsizesthemaximumpausedimeis larger(because
the incrementsize s larger, being 10% of the usableheap,etc.),
andthat Beltway 33.33and 33.33.100offer behaior intermediate
betweernl0.1010.10.100andAppel.

It is clearthat somecon gurations of Beltway offer betterre-
sponsienessthan others,including Appel. Thus Beltway can be
adjustedto provide betterresponsienessthoughwe have not yet
exploredthecon gurationspaceully, or relatedit to characteristics
of variousbenchmarksto offer atuning strateyy.

5. RelatedWork

The Beltway framavork combinesand exploits key insightsof in-

crementalgarbagecollection [6], segregating objectsto different
physicalregionsof theheapn ordertoimprove collector(andsome-
timesmutator)performanceThissectioncompare8eltwayto other

collectorswith respecto objectsegregation, pointertracking, pro-
motion policies,incrementalitycompletenessndhybrids.

Themostcommonsegregationpolicy is by age:two or threeage-
basedegionsarecommon but somecollectorsusemore[27]. Gen-
erationalage-basedollectorsexploit theweakgenerationahypoth-
esis[34]. Older rst collection [32] and renaval older rst (here
calledolder rst mix) [15, 19] arepremiseduponthejustallocated
(OlderFirst) or copied(renaval older rst) objectsbeinglikely to
stay reachable€for a while. Beltway con gurations exploit these
characteristicsvith multiple incrementson FIFO belts. Beltway
X.X.100is complete,unlike older rst. More importantly Belt-
way generalizesver all thesepreviouscollectororganizationsand,
in addition, supportssegregation by objectcharacteristicsuchas
size [21], type [27], or allocation-site(e.g., segregation of long-
lived,immortal, or immutableobjects)[8, 14], althoughwe do not
explorethistype of segregationin this paper

Any referencesnto anincrementmustbe tracked if thatincre-
mentis to be collectedindependently Pointertracking may use
rememberedets[34], card marking [39], hardware support[4, 9,
16, 26], or acombinatiorof techniquesCard tables[39] areacom-
monalternatve to theremsetave usein Beltway. Cardtablestrade
afastwrite-barrier(typically two or threemachinenstructions)for
increasedvork scanningat collectiontime. A marked entryin the
cardtablemeanghatoneor morepointerswerewrittento somead-
dresswithin the heaprange(the card) correspondindo this mark;
the collectormustscanthe cardto nd suchpointersandtesteach
oneto discover whetherit is “interesting'. Beltway collectorsdo
not usecardtablesfor two reasons.First, JikesRVM lays out ar
ray andscalarobjectsin differentdirectionsin the heap. Thus,the
startof oneobjectcannotbe determinedrom the previous object.
Secondthe performancef cardtablesor remsetslependstrongly
on applicationbehaior, andin particularon the relative frequeng
of writes and remset/cardable scanning. Earlier experience[23]
suggestshatremsetsaregenerallyfaster

To give objectsmoretimeto die, generationatollectorsmayvary
the sizeof the nursery[3], useanallocationthresholdratherthana
capacity[40] to trigger collection, or move the boundarybetween
generationgo re ect demographichangeq35]. Beltway canuse
thesetechniquesbut not the “threateningooundary'technique5].
To preventlessfrequentlycollectedincrementdrom lling prema-
turely, somecollectorsfurthersegregatesurviving objectsby ageto
mitigate early promotion[40]. For example,collectorscancontrol
promotionby recordingobjectages[36], or by organizinggenera-
tionsinto creationandsurvivor spacer into bucket brigadeq34,
37]. At collectiontime, thesemethodanustaccessvery objectin
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the generationwhetherto promoteit, copy it within the genera-
tion, orincrementts age.Beltway subsumeandimprovesonthese
techniqgueshroughmultiple incrementsandtime-to-dietriggersin
a belt. Not only doesit prevent prematuregpromotion,it alsodoes
nottouchobjectsprematurely

By collectingoneregion at a time, region collectorsprovide in-
crementality{24]. Generationatollectorsoffer improved expected
pause-timeshut their needfor occasionafull-heapcollectionspre-
ventsary worst-casguaranteeThe Beltway framevork allows in-
vestigationof throughputand pause-timeradeofs. Beltway X.X
offersincrementalityat the expenseof completenessand Beltway
X.X.100provides completenesst the costof occasionafull-heap
collections. One possibility that we leave to future work is adding
Mature ObjectSpace24] copying rulesto Beltway so asto obtain
completeneswithout full-heapcollections.

It is commonfor region collectorsto managedifferent regions
with differentpoliciesor throughdifferentmanagersFor example,
largeobjectarea®r theoldestgeneratiorof agenerationatollector
maybemanagedby anon-ming collector A MatureObjectSpace
(MOS) collectorhandlesolder generationspecially boundingthe
volume copiedat ary collectionand offering (eventual)complete-
ness[24]. Someregionsmay not be managedy a collectorat all,
eitherremaininguncollected8], handledby staticanalysig33], or
via a stack-like discipline[11, 18, 30]. We could combineBeltway
with othercollectors,but suchexplorationis beyond the scopeof
this paper

6. Conclusion

We presenta new collectordesign,Beltway, that subsumeprevi-
ous work on copying collectors. The generalityof the Beltway
framavork enablesthe implementationof new copying collectors
that combinekey ideasin the garbagecollectionliterature. We il-
lustratehow Beltway encompassesll of the previous generational
andregion copying collectorsof which we are aware,andidentify
two new collectors,Beltway X.X and Beltway X.X.100 The de-
signandimplementatiorof thesecollectorsintroducesthe needfor
a numberof new mechanismsincludingthe useof framesto mini-
mizewrite barriercosts collectiontriggersto preempfuturecollec-
tion problemsandadynamicconserative copy resereto make the
mostefcient useof heapspace.Usingthesemechanismsour re-
sultsshawv thatBeltway X.X.100outperformsbotha state-of-the-art
Appel-stylecollectoranda x ed-sizenurserygenerationatollector
TheBeltway frameawvork providesanovel, very generalandef cient
designandimplementatiorthatresultsin bettercollectors but more
importantly opensto further exploration a large designspacefor
copying region collectors.
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