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ABSTRACT
Wepresentthedesignandimplementationof anew garbagecollec-
tion framework that signi�cantly generalizesexisting copying col-
lectors. The Beltwayframework exploits andseparatesobjectage
andincrementality. It groupsobjectsin oneor moreincrementson
queuescalledbelts, collectsbeltsindependently, andcollectsincre-
mentson a belt in �rst-in-�rst-out order. We show that Beltway
con�gurations,selectedby commandline options,actandperform
thesameassemi-space,generational,andolder-�rst collectors,and
encompassall previouscopying collectorsof whichwe areaware.

The increasingrelianceon garbagecollectedlanguagessuchas
Java requiresthatthecollectorperformwell. Weshow thatthegen-
erality of Beltway enablesus to designandimplementnew collec-
tors thatarerobust to variationsin heapsizeandimprove total ex-
ecutiontime over thebestgenerationalcopying collectorsof which
we areawareby up to 40%,andon averageby 5 to 10%,for small
to moderateheapsizes.New garbagecollectionalgorithmsarerare,
andyet we de�ne not just one,but a new family of collectorsthat
subsumesprevious work. This generalityenablesus to explore a
largerdesignspaceandbuild bettercollectors.

Categoriesand SubjectDescriptors
D.3.4[Programming Languages]: Processors—Memorymanage-
ment(garbage collection)

GeneralTerms
Design,Performance,Algorithms

Keywords
Beltway, copying collection,generationalcollection,Java

1. Intr oduction
Programmersareturningmoreandmoretogarbage-collectedobject-
orientedlanguagesthat automatethe reclamationof memorythat
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the programcan no longer access. Garbagecollection (GC) im-
provesprogrammingproductivity by reducingerrorsthatresultfrom
explicit memorydeallocation,andunderpinssoundsoftwareengi-
neeringprinciplesof abstractionand modularity. CurrentGC al-
gorithms,however, still have a performanceoverhead.Figure1(a)
shows the fraction of time that six SPECJava programsspendin
GCasafunctionof heapsize,usingahighperformanceAppel-style
generationalcopying collector[3] in the JikesRVM [1, 2]. When
heapspaceis tight,GCcantakeupto 35%of executiontime. Appli-
cationsmayreducethis costsimplyby usinga largerheapin which
GC typically compriseslessof total executiontime. However, as
shown by Figure1(b) andby otherresearch[10], thebesttotal ex-
ecutiontime is not always achieved when GC time is minimized
by largeheapsizes.Applicationcache,memory, andTLB locality
maydegradewith largeheaps.For example,pagingdegradespseu-
dojbb's performanceat the large heapsizesin Figure1(b). Thus,
achieving highperformanceremainsachallenge,especiallyfor pro-
gramsandworkloadswith largememoryrequirements.

In more than forty yearsof research,a few key insightshave
shapedcopying garbagecollection. (1) Theweakgenerational hy-
pothesisthat`mostobjectsdieyoung'underpinsgenerationalgarbage
collectors,which preferentiallycollect the youngestobjects[34].
(2) As a corollaryto this observation,generationalcollectorsavoid
collectingold objects.(3) Usingincrementalityto improveresponse
timehasledto theuseof smallnurserygenerationsandto incremen-
tal algorithms[13, 24]. (4) Researchersalsousesmallnurseriesand
copying collectorsto improve datalocality [25, 38]. (5) More re-
cently, Stefanović et al. demonstratethatgiving thevery youngest
objectstime to diecanimprove collectorperformance[32].

TheBeltwaycollectionframework is the�rst to combineandex-
ploit all � ve insights�e xibly andef�ciently . In addition,Beltway
generalizesover previous work: we cancon�gure Beltway to be-
have as every other region-basedcopying collectorsof which we
areaware.A Beltway collectorusesincrementsandbeltsasshown
in Figure2. An incrementis the unit of collection. A belt groups
oneor moreincrementsinto a �rst-in-�rst-out (FIFO) queue.Belt-
way collectseachincrementon a belt independentlyin FIFO order,
andalsocollectseachbelt independently. Thepromotionpolicy de-
termineswhereto copy surviving objects,whetherto thesameor to
anotherbelt. Incrementsmake beltsmoregeneralthangenerations
sinceall objectswithin agenerationmustbecollectedenmasse, but
we collect incrementsindependentlyandtheremaybemultiple in-
crementson a belt. We demonstrateBeltway con�gurations(from
commandline parameters)thatbehaveassemi-spacecollectors,tra-
ditional generationalcopying collectors[34, 3], andolder-�rst col-
lectors[32]. To our knowledge,Beltway con�gurationsmatchall
previouscopying collectororganizations.

We further show that this generalityenablesus to combineall
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(b) Total applicationperformance.
Figure 1: Theimpactof heapsizeon theperformanceof six SPEC
benchmarksusingthe Appel-stylegenerationalcollector. Optimal
performanceis notalwaysattainedat thelargestheapsize.

the above ideaswithin a single collector. We presentthe design
and implementationof a rangeof copying collectorsthat exploit
the high mortality of youngobjects,canavoid collectingthe very
youngestobjects,avoid collecting previously copiedobjects,and
performcollectionincrementally. Our generalityincreasespointer
trackingcostsbut we develop several novel mechanismsto bound
thesecosts. For instance,we maintainthe fewest possiblecross-
incrementpointers,andwecantriggercollectionswhenthenumber
of cross-incrementpointersexceedsa threshold.

We show several con�gurations that reducegarbagecollection
costsvia reducedcopying andbetterheaputilization comparedto
the bestgenerationalcopying collectorof which we areaware[3].
Thesereductionsimprove total execution time over generational
collectorsby anaverageof 5 to 10%,andup to 35%on tight heaps,
for 6 Java SPECprograms.Our new collectorsthususeresources
moreeffectively thangenerationalcollectors.We alsopresentevi-
dencethatourframework enablesusto explorethetradeoff between
responsivenessandthroughput,but weleaveamorethoroughinves-
tigationof responsivenessto futurework.

The remainderof the paperis organizedas follows. We �rst
presenttheBeltwayframework for exploringcopying collectionand
theprogramcharacteristicsthat it exploits. Section3.1 shows how
to con�gure Beltway to implementa varietyof copying collectors.
We thenpresenttwo new collectorsdesignedto reducetotal exe-
cution time. Section3.3 introducesseveral novel mechanismsthat
makeourcollectorsef�cient. Section4 comparesthesecollectorsto
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Figure 2: A Beltway con�guration with threebelts,showing three
successive collections(top to bottom). The light arrows show allo-
cationsgoinginto thenursery, anddarker arrows representcopying
surviving objectsfrom the target to thesourceincrements.Darker
objectsareyounger.

generationalcollectorsanddemonstratesthat they reduceGC time
andtotalexecutiontimeon6Javaprograms.Section4.3offerssome
sampleresponsivenessresults.We �nd thatreducedtotal execution
time canalsobe combinedwith improved responsiveness,but this
areaneedsfurther exploration. We thenpresentrelatedwork and
conclude.

2. GeneralizingCopying GarbageCollection
The novelty of the Beltway framework is that it generalizesover
copying collectionby combiningall thekey ideasof copying GCin
a singlecollector. This section�rst outlinestheseideas. We then
describetheBeltway framework andhow it exploits theideas.

2.1 Key Ideasin Copying GC
Most objectsdie young. Theweakgenerational hypothesisis the
basisfor generationalgarbagecollection[34]. A generationalcol-
lectordividestheheapinto regionscalledgenerationsthat contain
progressively morematureobjects.Theyoungestgeneration,called
thenursery, is likely to containa largefractionof deadobjectsand
so is most frequentlytargetedfor collections. The collector pro-
motesobjectsthatsurviveby copying theminto thenext generation.

Avoid collecting old objects. A corollary is that thoseobjects
that do not die young tend to be long lived, suggestingthat older
generationsshouldbecollectedlessfrequently.

Give objects time to die. A further observation is that while
mostobjectsdie young,all objectsrequiresometime to die. The
older-�rst collector [32] exploits this observation by avoiding col-
lectingthevery youngestobjects.

Incr ementality impr ovesresponsiveness.Lengthandfrequency
of collection limits the responsivenessof garbagecollectedpro-
grams.Generationalcollectorsreduceaveragepausetimeby repeat-



edly collecting the nursery, andoccasionallycollecting the whole
heap.They thereforetendnot to improve on worstcasepausetime.
Otheralgorithmsaremoreaggressively incremental.For example,
theMatureObjectSpacecollector[24] collectsonly oneincrement
at a timeandnever collectsthewholeheap.

Copying GC can impr ove locality. Programsoftenaccessob-
jectsof a similar agetogether[20]. Copying collectorsexploit this
patternto improve locality with consequentbene�ts for cacheand
TLB behavior [38]. Collectorscopy olderobjectsnearto eachother
in the heap. This clusteringreducesthe incidenceof pointersthat
spanregionsof theheap,andthusavoidsretainingdeadobjectssim-
ply becausethey arereferencedby a deadobjectin anuncollected
region [35]. The nurseryattainslocality by keepingthe youngest
andmostfrequentlyaccessedobjectsneareachother.

Previously, no collectorhasexploitedall of theseideastogether.
Simplesemi-spacecollectorsimprove locality throughcopying, but
do notexploit any of theotherideas.Generationalcollectorsdonot
give the very youngestobjectstime to die and must occasionally
collect thewholeheap,soarenot fully incremental.Theolder-�rst
collectorcannotalwaysavoid frequentcopying of old objects,and
becauseit doesnot collect thewholeheapit is not complete, i.e., it
cannotguaranteeit will collectall garbage.

2.2 Beltway Collectors
Beltway collectorsdependon two very simpleorganizationalprin-
ciples.An incrementis anindependentlycollectibleregionof mem-
ory. A belt is a groupingof oneor more increments,collectedin
strict FIFO order(analogousto conveyor belts). By selectingdif-
ferentincrementsizes,beltorganizations,andpromotionpolicies,a
collectorin theBeltway framework canbecon�guredto implement
any of thewell-known copying collectionalgorithms.

Figure2 shows a Beltway collector with threebelts, eachwith
one or more increments. This collector promotessurvivors from
eachincrementin to thenext higherbelt. It copiessurvivors in the
highestbelt to the endof that belt. New allocationsgo to the last
incrementin thelowest,nurserybelt.

A Beltway collectorcan exploit eachof the � ve ideasoutlined
above asfollows. Belts generalizeover generationsby decoupling
incrementalityfrom the generationsize. Thus, the lowest belt is
analogousto the nurseryin a generationalcollector. By preferen-
tially collecting incrementsfrom the nurserybelt, we exploit the
weakgenerationalhypothesisandavoid collectingold objects.Be-
causeBeltway decouplescollectionandbelts, it canbe arbitrarily
incremental.Becausetheoldestincrementon a belt will alwaysbe
collected�rst (FIFO order),Beltway cangive objectstime to die.
Finally, thecopying, generational,andincrementalaspectsof Belt-
way improve the locality of surviving objects,andprovide locality
for theyoungestobjectsby allocatingthemtogetherin thenursery.

3. ConcreteInstancesof Beltway Collectors
To demonstratethe generalityof the Beltway framework, we de-
scribeBeltwaycon�gurationsthatcorrespondexactlyto well-known
copying collectors. We thendescribetwo new collectors,andthe
novel mechanismsthat arekey to implementingthesenew collec-
torsef�ciently .

3.1 Modeling Existing Copying Collectors
One factor in commonamongall copying collectorsis that they
musthold in reserve suf�cient memoryto accommodatea collec-
tion of thelargestpossibleincrement.Thiscopyreservespacemust
be largeenoughto accommodatetheworst casesurvival for a col-

lection, i.e. whenall objectssurvive.1 If the copy reserve is �x ed
at half theheap,asit is in thesemi-spacecollectorandgenerational
collector implementations,heaputilization andef�ciency cansuf-
fer. In theremainderof this sectionwe usethetermusablememory
to referto thetotal heapspacelesstheappropriatecopy reserve for
thatcollector.

Semi-spacecollectors arethe simplestcopying collectors[12].
They correspondto a trivial Beltway con�guration: a single belt
containinga singleincrement,aslargeasthe usablememory, col-
lectedwhenever it is full, as shown in Figure 3(a). We call this
con�gurationBSS, Beltway Semi-Space.BSScopiessurvivors into
a new incrementon thesamebelt.

Appel-style generational collectors have two generations[3].
They makeef�cient useof memoryby allowing thenurseryto grow
to consumeall usablememorynot consumedby thehighergenera-
tion. Consequently, they collect thenurseryonly whenbothgener-
ationsconsumeall usablememory. Appel correspondsto Beltway
con�gured with two belts,eachwith oneincrementcapableof ac-
commodatingall usablememory, asdepictedin Figure3(b). Wecall
thiscon�gurationBA2, BeltwayAppelwith twogenerations.When-
ever the two incrementsconsumeall usablememory, BA2 collects
thenurseryincrement,copying survivors to thehigherbelt. When
thehigherincrementconsumesall usablememory, BA2 collectsit,
copying survivorsto anew incrementon thesamebelt. (In practice,
if thenurserysizedropsbelow somesmall�x edthreshold,theheap
is consideredfull.)

Older-First Mix algorithms areanincrementalvariationon the
semi-spacecollector [19, 31]. They arecalledolder-�rst mix be-
causethey mix copiesandnewly allocatedobjectsin memory. This
Beltway con�guration, BOFM, shown in Figure3(c), hasonebelt
andmultiple increments.BOFM bothallocatesandcopiessurvivors
to the last incrementon thebelt, triggeringcollectionwhenthe in-
crementsconsumeall usablememory.

Older-First collectorsorganizetheheapbyobjectage[32]. They
collecta �x ed-sizewindow thatslidesthroughtheheapfrom older
to youngerobjects.Whentheheapis full, OF collectsthewindow,
returnsany free spaceto the nursery, and thenpositionsthe win-
dow for thenext collectionoverobjectsjustyoungerthanthosethat
survived. If it bumpsinto theallocationpoint, it resetsthewindow
to the oldestendof the heap. This Beltway con�guration, BOF,
illustratedin Figure3(d), hasan allocationbelt A anda copy belt
C whereincrementsare the size of the collection window. BOF
allocatesto thebackof belt A. Whenever all usablememoryis con-
sumed,BOF collectsthe�rst incrementin beltA, copying survivors
to thebackof beltC. If all usablespaceis consumedandA is empty,
then BOF `�ips' the belts, collectsthe �rst incrementin the new
beltA, andcopiesits survivorsto thelastincrementin thenew, now
empty, beltC. BOF thencontinuesto allocateto thebackof thenew
belt A.

3.2 NewBeltway Con�gurations
We now go beyond existing copying collectorsand describetwo
new collectorcon�gurations,BeltwayX.X andBeltwayX.X.100.

Beltway X.X collectors add incrementalityto Appel-stylegen-
erationalcollection. They have two belts, and eachbelt contains
incrementsof maximumsizeX, conventionallyexpressedasa per-
centageof usablememory. Thetwo beltscorrespondto generations,
andX re�ects thedegreeof incrementality. As with Appel's collec-
tor, the lower, nurserybelt grows until it consumesall remaining

1In factthecopy reservemustbeslightly moregenerousbecausethe
copieddatamaynot packaswell astheoriginal data,asanartifact
of objectalignmentandcopying order.
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Figure3: TheBeltwaycon�gurationsdescribedin Sections3.1and3.2.Eachdiagramshows acon�gurationof beltsandincrementsduring
thecopying of survivors.An arrow indicatestheallocationthattriggeredthecollection.

usablespace,at which point Beltway X.X collectstheoldestincre-
mentin thenursery. It promotessurvivorsto theyoungestincrement
in the higherbelt. When the higherbelt becomesfull, it collects
the oldestincrementin the higherbelt, andcopiessurvivors to the
youngestincrementin thesamebelt. Similar to generationalcollec-
tors,BeltwayX.X collectsthehigherbelt only whenthehigherbelt
is full andthenurserybelt is thusempty. However, it collectsonly
a �x edsizeincrement,ratherthantheentirebelt.

Beltway X.X combinesmostof the featuresof Appel's genera-
tional collector and the Older-First collector, and exploits all � ve
ideasoutlinedin Section2.1. In fact,BA2 is a specialcaseof Belt-
way X.X whereX is setto 100.WhenX � 100,thesteadystatedif-
fersfrom BA2 asfollows. Thenurserytypically containsoneincre-
mentthatvariesin sizeup to sizeX, andtheolderbelt containsthe
otherincrements.Togetherthey canoccupy nomorethantheusable
heapspace.For examplewith X � 33,wecanhavefour increments,
onepartially full andtwo completelyfull incrementson belt 1, and
onepartially full incrementon belt 0. Our framework and imple-
mentationalsosupportsBeltway X.Y collectorswhereX �� Y, but
we do not explore thesecon�gurationshere. Unfortunately, when
X � 100,BeltwayX.X lackscompleteness: it doesnotguaranteethe
eventualcollectionof all garbage,becauseit fails to collectgarbage
cyclesthatspanmorethanoneincrement.

Beltway X.X.100collectors addressthe failure of Beltway X.X
with respectto completenessby retainingthe two lower beltswith
incrementsof sizeX � 100, andaddinga third, highestbelt with
a single incrementthat may grow as large as the usablememory.
Any objectsBeltway X.X.100doesnot reclaimin thelower belts,it
promotesto the third belt, which it will collect in its entiretyonly
onceit hasgrown to consumeall usablememory. It thusguaran-
teeseventualcollectionof largedeadstructures.This con�guration
achievescompletenessat the expenseof incrementality(the worst
casecollectionincrementis thesameastheclassicsemi-spaceand
generationalcollectors).NotethatwhenX is equalto 100,Beltway
X.X.100implementsa three-generationalAppel-stylecollector.

Section4 showsthatBeltwayX.X.100almostalwaysoutperforms

theAppel collector, sometimesby asmuchas35% of total bench-
markrunningtime. An alternativeapproachto lackof completeness
in theBeltway X.X collectoris to usea complete,incrementalcol-
lector (suchasthe MatureObjectSpacecollector[24]) in placeof
thethird belt,but thatinvestigationis beyondthescopeof thiswork.

3.3 Realizing Ef�cient Beltway Collectors
Threebroadimplementationissuesarekey to the viability of our
approach.(1) Incrementalitydependsheavily on the useof write
barriers, sotheef�ciency of write barriersandtheir associateddata
structuresis critical. (2) Wefoundthatthebesttime to collectis not
alwayswhenthe heapis full. To this end,Beltway collectorsuse
collectiontriggers to preemptidenti�able performanceproblemsin
latercollections.(3) Finally, weexploit adynamicallysizedcopyre-
servebasedon theincrementsizeandheapoccupancy, which leads
to betterheaputilizationandultimatelybetterperformance.

3.3.1 FramesandWriteBarriers
In orderto collectincrementsindependentlyandef�ciently , garbage
collectorsmustrememberreferencesinto collectedincrementsfrom
therestof theheap.A simplesemi-spacecollectoravoidstheneed
for any suchmechanismby always collectingall usablememory.
Generationalcollectorsvery cheaplynoticeandrememberthecre-
ation of any referencesinto the nurseryfrom the restof the heap.
For example,they placethe nurseryin high memoryandobserve
thecreationof any pointersthatcrossa boundarybetweenhigh and
low memory[7]. Onealsomust instrumentthe mutator, (i.e., the
application)with a write barrierto rememberrelevantpointers.

Beltway collectorsimplementincrementsby using frames. A
frame is an alignedcontiguousregion of virtual memorythat can
accommodateanincrement.Framesreducethecostof incremental
collection in two ways. First, framesarepower-of-two alignedin
theaddressspace,andwe candistinguishinter-framepointersfrom
intra-framepointersusinga shift andcompare.Second,we main-
tain a numberassociatedwith eachframethat indicatestheframe's



relative collectionorder.
Whenweencounteraninter-framereference,weneedto remem-

ber it only if we might collect the target frame soonerthan the
sourceframe. We thereforedo not record all inter-frame refer-
ences.Further, if an incrementspansmultiple framesmarkedwith
thesamecollectiontime,we do notstorepointersbetweenthecon-
stituentframes. Although the barrier is not address-ordered,it is
uni-directionalwith respectto frames.For example,in theBOFM
collector (Figure3), only cross-incrementpointersin the right-to-
left directionmustbe remembered.Figure4 shows a basicimple-
mentationof this frame-based,unidirectionalwrite-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 ) // pointer is inter -frame
6 && (Belt .collect_ [t] < Belt.collect_ [s ])) {
7 // target will be collected before source
8 int rsidx = (s<<REMSET_SHIFT) | t;
9 GCTk_RememberedSet.insert (rsidx, source);

10 }
11 }

Figure4: ThebasicBeltway frame-basedwrite-barrier.

3.3.2 RememberedSets
The total numberof framesin a con�guration is limited by the in-
crementsize,thenumberof belts,andthetotal usablememory, and
is tightly bounded.We canthusmaintaindistinctrememberedsets,
remsets, for eachtarget-sourceframepair. At run time, we enter
eachinter-framereferencein theappropriateset. An advantageof
this approachis thatwe cantrivially deleteall remsetsrelatingto a
frame. We alsoignoreremsetsbetweentwo incrementsin the oc-
casionalcasewhenwe collect themtogether. For example,given
suf�cient copy reserve, if we areaboutto emptya lower belt and
�ll thenext higherbelt, we will collect the incrementon the lower
belt togetherwith the �rst incrementon the next belt. This opti-
mizationperformsa singlecollection,ratherthantwo in immediate
succession.

Becauseof thehigh write-barrieractivity in thenursery, we lim-
itedBeltwayX.X andBeltwayX.X.100to asingle,boundednursery
increment,which minimizeswrite-barrieractivity. JikesRVM in-
troducessubstantialwrite barrieroverheaddueto theinitializing of
eachobject's type (`TIB') pointer. The type object is older, usu-
ally much older, than the object. To eliminatethis overhead,we
usea singlenurseryincrementandextend the basicBeltway bar-
rier to �lter any pointerswherethe sourceis in the nursery. This
optimizationforegoesolder-�rst behavior within the nursery. Sys-
temswithout this overheadshouldbeableto bene�t from multiple
nurseryincrements.

3.3.3 CollectionTriggers
For a variety of reasons,it is not alwaysbestto collect only when
the heapis completelyfull. For instance,�x ed-sizenurserycol-
lectorscollect whenthe nurseryis full ratherthan whenthe heap
is full. In this section,we describea numberof collection trig-
gers that de�ne a rangeof additionalconditionsthat caninitiate a
garbagecollection. We exploredthreemechanisms,nursery, rem-
set, andtime-to-dietriggerswith multiple nurseryincrements,and
believe thatcon�gurationsof Beltwaywill bene�t from oneor more
of them. For theBeltway X.X andBeltway X.X.100con�gurations
we reportbelow, only thenurserytriggerthatlimits thenurseryto a
singleincrementproveduseful.

Nursery Trigger. Thesizeof thenurserybelt maybebounded
to ensurethat we frequentlycollect the youngobjectssincemany
die quickly. An obviousexampleof this triggeris theclassic�x ed-
sizenurserygenerationalcollectorwhich limits thenurseryto one
increment,wherethesizeof thatincrementis alwaysequalthemax-
imum nurserysize. In Beltway X.X andBeltway X.X.100, we use
this triggerto limit themaximumsize,but not theminimumsizeof
a singlenurseryincrement.

RemsetTrigger. Becauserememberedsetentriesarecollection
roots,asthe numberof remsetentriesgrows, the survival rate for
an incrementgoesup aswell asthe time to scanthe remsetitself.
A simple andvery effective solution to this problemis to trigger
collectionwhenever rememberedsetsgrow to somethreshold.

Time-to-Die Trigger. We may want to collect a nurseryin-
crementbeforeit reachesits maximumcapacity. For example,an
Appel-stylenurseryincrementcanaccommodateall theusablemem-
ory, but weoftencollectthenurserywhenit is only partiallyfull. By
usingtwo incrementson theyoungestbelt ratherthanone,we can
avoidcollectingtheveryyoungestobjects,whichwouldnotyethave
hadtime to die. Thetime-to-dietriggerensuresthatall objectswill
have at leastTTD time to die beforewe collect them(time is mea-
suredin bytesof allocation).Whentheheapis within TTD bytesof
beingfull, we canusethetime-to-dietrigger to ensurethatall new
allocationsgo into thesecondframe.If thesystemis allocatinginto
the �rst increment,it thenstartsallocatingobjectsinto the second
frame.Subsequently, whentheheap�lls, it collectsthe�rst frame,
whichmaynotbefull. This triggerpreventsthecollectorsfrom col-
lectingtheobjectsallocatedin thelastTTDbytesof allocation(i.e.,
whenthey aretooyoung).

We believe future con�gurationsof Beltway will be able to ex-
ploit all thesetriggersto improve collectorperformancefurther, but
we useonly thenurserytriggerin our results.

3.3.4 DynamicConservativeCopyReserve

As wepointedout in Section3.1,all copying collectorsneedacopy
reservespaceinto which to copy survivors. In orderto avoid failure
in theworst case,thecopy reserve mustbeslightly larger thanthe
largestpossiblecollectionincrement.Sincethe usablememoryis
theheapspacelessthecopy reserve, it is obviouslyadvantageousto
minimize the copy reserve. Finer-grainedincrementalcollectors,
suchas Mature Object Space(MOS) collectorsor Beltway X.X,
whereX � 100, have a distinct memoryutilization advantagebe-
causethey requireonly a smallcopy reserve. Classicalgenerational
andsemi-spacecollectorsmustreserve half theheap.

Beltwaycollectorsdynamicallycalculatea conservative minimal
copy reservethatwill alwaysaccommodatesurvivorsfrom theworst
casecollectionsequence.Thecopy reserve is eitherthe largestin-
crementsize, or the largestpotential incrementoccupancy at the
next collection. We determinemaximumpotentialoccupancy for
eachincrementby addingits currentoccupancy plusthemaximum
occupancy of any other incrementfrom which the collectorcould
copy into this one.

The dynamicconservative copy reserve is particularlyeffective
in theBeltway X.X.100collectorwherethe third belt is rarely full.
The copy reserve is thususuallydeterminedby the smallerincre-
mentsize. As the third belt �lls, the copy reserve grows until it is
�nally half of theheap(sothatthethird beltoccupancy andthecopy
reserve areequalin size). After we collect the third belt, thecopy
reserve automaticallyfalls backto a smallersize,therebycontinu-
ouslymaximizingusablememory.



Benchmark Description Min. heapsize Totalallocation GCs
202 jess An expertsystemshell 12MB 301MB 24–337
205 raytrace A ray tracingprogram 15MB 127MB 9–139
209 db Simulatesa databasemanagementsystem 22MB 102MB 5–115
213 javac TheSunJDK 1.02Java compilercompilingjess 32MB 266MB 10–100
228 jack Generatesa parserrepeatedly 20MB 320MB 16–135

pseudojbb Emulatesa 3-tier transactionprocessingsystem 70MB 381MB 4–126

Table1: Benchmarkcharacteristics:minimumheapsize,totalbytesallocated,andthenumberof GCsperformedby anAppel-stylecollector
at largeandsmallheapsrespectively.

4. Results
Thissectiondescribesourexperimentalsetting,includingourgarbage
collectorenvironment,hardware,andbenchmarks.Wethenpresent
GC time andtotal executiontime for Beltwayandgenerationalcol-
lectorswith a varietyof con�gurationparameters.Finally, we show
somesampleresponsivenessresults.

4.1 Experimental Setting
JikesRVM and GCTk. We useJikesRVM version2.0.2for our
implementationstudy. JikesRVM (formerlyJalapẽno) is ahighper-
formanceVM writtenin Javathatincludesanaggressiveoptimizing
compiler[1, 2]. We usedtheJikesRVM adaptivecompilerandits
fast build-time con�guration (which omits assertioncheckingand
pre-compilesasmuchaspossibleinto theJikesRVM bootimage).

We have recentlydevelopeda new GC toolkit for Jikes RVM
calledGCTk,whichincludesBeltwayaswell asimplementationsof
previous generationalcollectors. GCTk is an ef�cient and�e xible
platformfor GCexperimentationthatexploits theobject-orientation
of Java and the VM-in-Java propertyof Jikes RVM. Prior to de-
velopingBeltway, we implementeda numberof GC algorithmsin
GCTk. ThesecollectorsincludeAppel-styleand�x ed-nurserygen-
erationalcollectorswhoseperformancewe reportbelow. We found
their performanceto be similar to existing JikesRVM GC imple-
mentations. Existing Jikes RVM collectorsall statically partition
their heapinto small andlarge objectspaces,andunconditionally
utilize the largeobjectspace.Unfortunately, GCTk currentlydoes
notyet implementalargeobjectspace.Directcomparisonsbetween
GCTkandthenativeJikesRVM collectorsarethereforenotpossible
without signi�cant changesto oneof thesystems.

After developingthegenerationalcollectors,we tunedthemover
an eighteen-monthperiodof heavy usein several contexts [7, 8].
For example,they useaveryfastaddress-orderwrite barrier[7]. We
compareBeltway againstthesecollectors.Thesecollectorsarenot
limited in any wayby thegeneralizationsweemploy in Beltway. We
did however designGCTk usingobject-orientedtechniqueswhich
enablesthe reuseof key GC infrastructure. Of the 26 classesin
Beltway andin thegenerationalcollectors,23 arecommonto both.
We implementedtheBeltwaycollectorsin GCTkasasinglecollec-
tor with command-lineoptionsto specifythecon�guration.

Benchmarks. We usesix SPECbenchmarks,� ve drawn from
the SPECJVM98 suite,andpseudojbb, a slightly modi�ed vari-
ant of SPECJBB2000[28, 29]. Ratherthan running for a �x ed
time andmeasuringtransactionthroughput,pseudojbb executesa
�x ednumberof transactions.This modi�cation madeit possibleto
comparerunningtimesreasonably. DieckmanandHölzle presenta
thoroughanalysisof SPECJVM98 [17]. Table1 shows somechar-
acteristicsin oursystem:theminimumheapsizein whichanAppel-
stylecollectordoesnot fail, thebytesallocatedin this system,and
thenumberof GCsat largeandsmallheapsizes.

Weraneachprogram5 timesfor eachcollectorcon�gurationand
pickedthebestexecutiontime(i.e., theoneleastdisturbedby other
effectsin thesystem).Weseparatelyperformedastatisticsgathering

run for eachcon�gurationto measuretherateatwhichwrite barrier
fastandslow pathsweretaken. We rantheseprogramson 33 heap
sizes,rangingfrom thesmallestonein whichtheprogramcompletes
up to 3 timesthatsize.

Hardware. Our experimentaltiming runswere performedon
a MacintoshPowerMacG4, with a 733MHz processor, 32KB on-
chip L1 dataandinstructioncaches,a 256KB uni�ed L2 cache,a
1MB L3 off-chip cache,and128MBof memory, runningPPCLinux
2.4.10.

4.2 Throughput
ThissectionexaminestheGCandtotalapplicationperformancefor
a rangeof generational,Beltway X.X.100, andBeltway X.X collec-
tors. We begin by comparingBeltway con�gurations that match
Appel-style generationalcollectorsand show they perform simi-
larly. We thenturn to thechoiceof generationalcollector;we com-
pare�x ed-nurserycollectorswith a rangeof sizesto the �e xible-
nurseryAppel generationalcollector. Our experimentsshow that
Appel improvesperformance,typically by about50%,regardlessof
nurserysize.Wethereforeuseit asourmaincomparisonpoint.

Wethenexploretheeffectof incrementsizesonBeltwayX.X.100
and�nd that aslong asthe sizeis not too small,Beltway X.X.100
is not very sensitive to incrementsize. We alsocompareBeltway
X.X.100to Beltway X.X for oneincrementsize,and�nd their per-
formancecomparable.We �nally presentexecutionandcollection
timesfor Beltway X.X.100, Appel, anda �x ed-sizenurserycollec-
tor, whichshow thatBeltwayX.X.100generallyperformsmuchbet-
ter thangenerationalcollectors.

4.2.1 BeltwayasAppel
Figure5(a) comparesGC time, and(b) comparestotal application
time. In all the performancegraphs,the left y-axis is the perfor-
mancerelative to thebestin the�gure, theright y-axisis theactual
time,thebottomx-axisis theheapsizerelativeto theminimum,and
thetopx-axisis theactualheapsize.

Figure5 comparesAppel, Beltway 100.100(theAppel con�gu-
ration of Beltway), andBeltway 100.100.100, usingthe geometric
meanof our 6 benchmarks.Thesecollectorsadaptthenurserysize
to occupy all availablespacenotconsumedby thehighergeneration.
Garbagecollectiontimeis virtually thesamefor AppelandBeltway
100.100. Beltway 100.100.100, thelogical generalizationof Appel
to 3 generations,enjoys a collection time advantageat the small-
estheapsize,but hasthesameperformanceasAppel andBeltway
100.100atmostheapsizes.Thereis morevariationin thetotal time
resultsbecausetwo programs, 209 db andpseudojbb, arevery
sensitive to locality effects,whicharemagni�ed hereby smallvari-
ationsin thecollectors.For example,Appelusesasimpleboundary
crossingwrite barrierand thusmustscanthe boot imageon each
collection[3]. Beltway 100.100usesthe generalwrite barrierde-
scribedin Section3.3.1,which recordsasneededpointersfrom the
bootimage.

Most importantly, theseresultsshow thatBeltway X.X.100does
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Figure5: Comparisonof theAppel-stylecollectorwith Beltway two- andthree-generationAppel con�gurations.

notobtainperformanceimprovementsoverAppelby simplyadding
a third generation.

4.2.2 Incrementalityin GenerationalCollectors
Incrementalityis akey parameterfor bothgenerationalandBeltway
X.X.100collectors.This sectionmeasurestheperformanceof gen-
erationalcollectors,bothwith arangeof �x ednurserysizesandalso
with a�e xible nursery. It thenexplorestheimpactof incrementality
on theBeltwayX.X.100collector.

Figure 6 comparesthe performanceof four con�gurationsof a
�x ed-sizenurserygenerationalcollectorandanAppel-stylecollec-
tor, with respectto bothGC time andtotal time, usinga geometric
meanof performanceof all 6 benchmarks.The Appel collector's
superiorspaceutilization naturallymakesgoodtrade-offs between
frequency of collection and spaceutilization, which resultsin its
goodtotal andcollectorperformance.

In contrast,a small �x ed-sizenurseryincreasesthe frequency of
GCsandlimits time-to-diein thenursery. Bothdegradeoverall per-
formance. A large �x ed-sizenurseryreducesthe available space
for thehighergenerationandthusleadsto morefrequentfull heap
collectionsandworseoverall performance.Furthermore,thereser-
vationof a �x edproportionof theheapfor thenurserysigni�cantly
impactsthecollector's capacityto performin tight heaps.Thelack
of resultsfor small heapsizesin Figure6 illustratesthe failure of
thegenerationalcollectorto performatall in smallheapsizes.

Theseresultsshow that theAppel-stylecollectoris thebestper-
forming generationalcon�guration, a result that to our knowledge
hasnot previously appearedin the literature.On thebasisof these
results,we usetheAppel-stylecon�guration,andthebestperform-
ing �x ed-sizenurserycollectorwith nurserysizeof 25%in subse-
quentcomparisons.

4.2.3 Incrementalityin Beltway
Figure 7 comparesthe peformanceof Beltway X.X.100with four
differentincrementsizes.WecanseethatBeltwayX.X.100is fairly
robustacrossincrementsizes,althoughthesmall incrementsizeof
10 degradesperformance.This degradationcould be attributedto
more frequentnurserycollectionsand lesstime-to-die,or to a di-
minishedcapacityto collect large cyclesin the secondgeneration.
Thelatterwould increasetheloadon thethird generation,andlead
to a reductionin heaputilization becauseit alsowill increasethe
copy reserve. We usethe25.25.100con�guration in theremainder
of theresultssectionasit appearsto performwell, andit is anatural
point of comparisonwith the 25% �x ed-sizenurserygenerational
collector.

4.2.4 BeltwayX.X versusX.X.100

Figure8 comparesBeltway25.25to Beltway25.25.100to exploreif
sacri�cing completenessimprovesperformance.However, thegeo-
metricmeansfor thesetwo con�gurationsarethesame.A few pro-
gramsdoimproveslightly usingBeltway25.25, but 213 javac per-
formanceactuallydegradesbecauseBeltway 25.25never reclaims
a largecyclic garbagestructure.

4.2.5 GarbageCollectionTime
Figure9(a)shows thegeometricmeanof the time spentin GC for
Beltway 25.25.100, a �x ed-size25% nurserygenerationalcollec-
tor, andan Appel-stylecollector. The robustnessof Beltway with
respectto heapsize is clear. The Appel con�guration allows the
highergenerationto grow aslargeaspossibleandsoperformsbet-
ter thanthe �x ed nurserycon�guration, whereasBeltway X.X.100
exploits thesmall incrementsize,dynamiccopy reserve, andFIFO
behavior in thehighergenerationsto reduceGC overheadsubstan-
tially in smallheaps.

4.2.6 Total Time
Figure9(b) presentsthe geometricmeanof theprogramexecution
timesfor Beltway25.25.100, Appel-stylegenerational,anda �x ed-
size25%nurserygenerationalcollector. Figure10shows theresults
for eachbenchmark. In general,Beltway improves performance
signi�cantly in small to moderateheaps,andperformsexcellently
acrossall heapsizes.

Two interestingresultsstandout.First,Appelperformsverypoorly
in largeheapsfor pseudojbb becausetheprogramthrasheswhenits
nurserybecomestoo largeandspreadsout live datatoo much.Sec-
ondin 209 db, garbagecollectionis notadominantfactor. Again,
locality effectscausethevariationsin performanceacrossdifferent
heapsizesonall collectors.With theexceptionof 209 db andjbb,
Appel outperformsthe �x ednurserycollectorat all heapsizesand
all programs.

ComparingAppelto Beltway25.25.100Appel'sperformancedoes
notmatchBeltwayX.X.100until theheapgrowsto at least1.5times
the minimum heapsize (except for 209 db). In addition,Appel
needsat least2.5 timestheminimumheapsizefor 213 javac and
2 for 228 jack to matchBeltway X.X.100's performance.Belt-
way X.X.100usessmall andmoderateheapsmoreeffectively than
Appel andthe �x ednurserycollector, achieving goodperformance
even whenmemoryis constrained.In 202 jess, 205 raytrace,
213 javac, and 228 jack, Beltwayachieveswithin 5%of thebest

performancefor virtually everycon�guration. It thusperformswell
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Figure6: Impactof nurserysizeonperformanceof a two-generationcollector.
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Figure7: Impactof incrementsizeonperformanceof BeltwayX.X.100.
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Figure8: Comparisonsof Beltway25.25, Beltway25.25.100, andAppel-stylegenerationalrelative to best.
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Figure9: Performanceof Beltway25.25.100, Appel-style,and�x ed-size25%nurserygenerationalcollectorsrelative to best.

in a widevarietyof circumstances.

4.3 Responsiveness
We did not designBeltway to provide hardreal-timeperformance.
However, wedid expectthatsomecon�gurationswouldoffer better
responsivenessthanothercollectors,suchasAppel. Simplemea-
sures,suchasthe lengthof the longestGC pauseor a distribution
of pausetimes,do not take into accountclusteringof GCs,which
mightpreventmutatorprogressovera longerperiod.To ourknowl-
edgethis issuewas�rst consideredby Hölzle andUngar[22], with
respectto pausescausedby dynamiccompilation. We follow the
methodologyof ChengandBlelloch [13].

To incorporatesuchpossibilities,we measuremutatorutilization
(MU). We de�ne MU to be the fraction of time the mutatorruns
within aninterval � t0 � t1 � . Clearly, MU rangesover � 0 � 1� andhigher
MU meanstheGC is runningless. In our graphs,we presentmin-
imummutatorutilization (MMU). A point � w� m� lies on anMMU
curve if, for all intervals (windows) of length w or more that lie
entirely within the program's execution,the mutatorutilization is
at leastm. MMU curvesaremonotonicallyincreasing,with thex-
interceptbeingthemaximumGCpausefor therun,andtheasymp-
totic y-valuebeingoverall throughput(fractionof time spentin the
mutator).

Figure11 shows graphsof MMU curvesfor runsof 213 javac
at two heapsizes. In eachgraphthereare two groupsof curves.
Thoseto the left indicatebetterresponsiveness:higherMMU over
the sameor smallerintervals. On both graphs,Beltway 10.10and
10.10.100behave similarly, and offer better responsiveness(and
throughput)thanothercon�gurations. In thesecondgraph,we see
thatat largerheapsizes,themaximumpausetime is larger(because
the incrementsize is larger, being 10% of the usableheap,etc.),
andthat Beltway 33.33and33.33.100offer behavior intermediate
between10.10/10.10.100andAppel.

It is clear that somecon�gurationsof Beltway offer better re-
sponsivenessthanothers,including Appel. Thus Beltway can be
adjustedto provide betterresponsiveness,thoughwe have not yet
exploredthecon�gurationspacefully, or relatedit to characteristics
of variousbenchmarks,to offer a tuningstrategy.

5. RelatedWork
The Beltway framework combinesandexploits key insightsof in-
crementalgarbagecollection [6], segregating objectsto different
physicalregionsof theheapin orderto improvecollector(andsome-
timesmutator)performance.ThissectioncomparesBeltwaytoother

collectorswith respectto objectsegregation,pointertracking,pro-
motionpolicies,incrementality, completeness,andhybrids.

Themostcommonsegregationpolicy is by age:two or threeage-
basedregionsarecommon,but somecollectorsusemore[27]. Gen-
erationalage-basedcollectorsexploit theweakgenerationalhypoth-
esis[34]. Older-�rst collection [32] and renewal older-�rst (here
calledolder-�rst mix) [15, 19] arepremiseduponthejust allocated
(Older-First) or copied(renewal older-�rst) objectsbeinglikely to
stay reachablefor a while. Beltway con�gurationsexploit these
characteristicswith multiple incrementson FIFO belts. Beltway
X.X.100is complete,unlike older-�rst. More importantly, Belt-
waygeneralizesoverall thesepreviouscollectororganizations,and,
in addition, supportssegregationby objectcharacteristicssuchas
size [21], type [27], or allocation-site(e.g., segregation of long-
lived, immortal,or immutableobjects)[8, 14], althoughwe do not
explorethis typeof segregationin this paper.

Any referencesinto an incrementmustbe tracked if that incre-
ment is to be collectedindependently. Pointer tracking may use
rememberedsets[34], cardmarking[39], hardwaresupport[4, 9,
16,26], or acombinationof techniques.Card tables[39] areacom-
monalternative to theremsetswe usein Beltway. Cardtablestrade
a fastwrite-barrier(typically two or threemachineinstructions)for
increasedwork scanningat collectiontime. A marked entry in the
cardtablemeansthatoneor morepointerswerewritten to somead-
dresswithin theheaprange(thecard) correspondingto this mark;
thecollectormustscanthecardto �nd suchpointersandtesteach
one to discover whetherit is `interesting'. Beltway collectorsdo
not usecardtablesfor two reasons.First, JikesRVM lays out ar-
ray andscalarobjectsin differentdirectionsin theheap.Thus,the
startof oneobjectcannotbe determinedfrom the previous object.
Second,theperformanceof cardtablesor remsetsdependsstrongly
on applicationbehavior, andin particularon therelative frequency
of writes and remset/cardtablescanning. Earlier experience[23]
suggeststhatremsetsaregenerallyfaster.

To giveobjectsmoretimeto die,generationalcollectorsmayvary
thesizeof thenursery[3], useanallocationthresholdratherthana
capacity[40] to trigger collection,or move the boundarybetween
generationsto re�ect demographicchanges[35]. Beltway canuse
thesetechniques,but not the `threateningboundary'technique[5].
To prevent lessfrequentlycollectedincrementsfrom �lling prema-
turely, somecollectorsfurthersegregatesurviving objectsby ageto
mitigateearlypromotion[40]. For example,collectorscancontrol
promotionby recordingobjectages[36], or by organizinggenera-
tions into creationandsurvivor spacesor into bucket brigades[34,
37]. At collectiontime, thesemethodsmustaccesseveryobjectin
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(b) 205 raytrace
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(c) 209 db
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Figure10: Executiontimesfor Beltway25.25.100, Appel-style,and�x ed-nurserygenerationalcollectorsrelative to best.
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Figure11: MMU plotsfor 213 javac at two heapsizes.

the generation,whetherto promoteit, copy it within the genera-
tion, or incrementits age.Beltwaysubsumesandimprovesonthese
techniquesthroughmultiple incrementsandtime-to-dietriggersin
a belt. Not only doesit prevent prematurepromotion,it alsodoes
not touchobjectsprematurely.

By collectingoneregion at a time, region collectorsprovide in-
crementality[24]. Generationalcollectorsoffer improvedexpected
pause-times,but their needfor occasionalfull-heapcollectionspre-
ventsany worst-caseguarantee.TheBeltway framework allows in-
vestigationof throughputand pause-timetradeoffs. Beltway X.X
offers incrementalityat theexpenseof completeness,andBeltway
X.X.100providescompletenessat the costof occasionalfull-heap
collections.Onepossibility thatwe leave to futurework is adding
MatureObjectSpace[24] copying rulesto Beltway soasto obtain
completenesswithout full-heapcollections.

It is commonfor region collectorsto managedifferent regions
with differentpoliciesor throughdifferentmanagers.For example,
largeobjectareasor theoldestgenerationof agenerationalcollector
maybemanagedbyanon-moving collector. A MatureObjectSpace
(MOS) collectorhandlesolder generationsspecially, boundingthe
volumecopiedat any collectionandoffering (eventual)complete-
ness[24]. Someregionsmaynot bemanagedby a collectorat all,
eitherremaininguncollected[8], handledby staticanalysis[33], or
via a stack-like discipline[11, 18,30]. We couldcombineBeltway
with othercollectors,but suchexploration is beyond the scopeof
this paper.

6. Conclusion
We presenta new collectordesign,Beltway, that subsumesprevi-
ous work on copying collectors. The generalityof the Beltway
framework enablesthe implementationof new copying collectors
that combinekey ideasin the garbagecollectionliterature. We il-
lustratehow Beltway encompassesall of theprevious generational
andregion copying collectorsof which we areaware,andidentify
two new collectors,Beltway X.X and Beltway X.X.100. The de-
signandimplementationof thesecollectorsintroducestheneedfor
a numberof new mechanisms,includingtheuseof framesto mini-
mizewrite barriercosts,collectiontriggersto preemptfuturecollec-
tion problems,andadynamicconservativecopy reserveto makethe
mostef�cient useof heapspace.Using thesemechanisms,our re-
sultsshow thatBeltwayX.X.100outperformsbotha state-of-the-art
Appel-stylecollectoranda�x ed-sizenurserygenerationalcollector.
TheBeltwayframework providesanovel, verygeneral,andef�cient
designandimplementationthatresultsin bettercollectors,but more
importantly opensto further exploration a large designspacefor
copying regioncollectors.
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