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ABSTRACT

Copying garbage collectors have a number of advantagesiower
copying collectors, including cheap allocation and avujdirag-
mentation. However, in order to provide completeness (the-g
antee to reclaim each garbage object eventually), starodgndng
collectors require space equal to twice the size of the maxim
live data for a program. We presentraark-copycollection algo-
rithm (MC) that extends generational copying collectionl aig-
nificantly reduces the heap space required to run a progra@. M
reduces space overhead by 75-85% compared with standard cop
ing garbage collectors, increasing the range of applioatibat can

use copying garbage collection. We show that when MC is given
the same amount of space as a generational copying colléctor
improves total execution time of Java benchmarks signifigzan

tight heaps, and by 5-10% in moderate size heaps. We also com
pare the performance of MC with a (non-generational) mar&ep
collector and a hybrid copying/mark-sweep generationbéctor.

We find that MC can run in heaps comparable in size to the min-
imum heap space required by mark-sweep. We also find that for
most benchmarks MC is significantly faster than mark-sweep i
small and moderate size heaps. When compared with the hybrid
collector, MC improves total execution time by about 5% fome
benchmarks, partly by increasing the speed of executioheofp-
plication code.

Categories and Subject Descriptors

D.3.4 [Programming Language$: Processors-Memory manage-
ment(garbage collection)
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1. INTRODUCTION

Java is becoming increasingly popular as a programming.kzye
because of the advantages that it provides, includingysafbject
orientation, and portability. Garbage collection, whishain im-
portant feature of Java, relieves programmers from thedsucd
explicitly freeing allocated memory, making applicatiansre re-
liable. However, garbage collection does have an overhehaith
can be significant especially when the amount of space &lriis
small.

Copying garbage collectors operate by occasionally sogrthie
application heap (or portions of it) and copying the liveagieable)
objects found into a new area in the heap. Since copyingolle
tors always copy objects into contiguous regions, heapsageth
by copying collectors exhibit little fragmentation. Alssince free
space in the heap is contiguous, allocation is very cheaparit
be performed easily by incrementing a pointer across anaghus
portion of the heap. Another advantage of copying collecier
that they are relatively simple to implement. However, numgty-
ing collectors have a significant space overhead and canndhr
heaps smaller than twice the maximum live data size of a progr

Among current copying collectors, generational collestdr2,
20] are the most widely used. Generational copying colksotd
vide the heap into multiple regions callgdnerations Generations
segregate objects in the heap by age. A two-generation rgpyi
collector (2G) uses two regions, an allocation region dadlaurs-
ery, and a promotion region consisting of two semi-spacesaalle
theold generation There are two common types of 2G collectors.
A fixed-size nursery collectdFG) maintains a constant size nurs-
ery, while avariable-size nursery collectpe.g., in the manner of
Appel [3] (VG), allows the nursery to consume up to half thaibv
able space in the heap. VG collectors usually perform bétear
FG collectors, but at the expense of longer average pausesdp
during which application program execution is suspendeat dier
to perform garbage collection).

Figure 1 illustrates the functioning of a generational éogy
collector. The collector triggers garbage collection guémne the
nursery fills up (Figure 1(a)), and copies reachable nurgbjgcts
into a semi-space of the old generation (Semispace 1 in the fig
ure). When the old generation grows to occupy about halffhee
available (Figure 1(b)), the collector copies reachabjedaib in the
old generation into the other (free) semi-space (Figurgdai(d (d)).
Generational collection is based on the hypothesis that ofpscts
live a very short time, while a small percentage live muclgkm
The short-lived objects are thus weeded out by frequentemyrs
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Figure 1: Generational Copying Collection

collections and the space occupied by dead long-lived tbjsc
reclaimed by the less frequent older generation collestion

Since a generational copying collector requires an enénsis
space as a region into which to copy survivors during old gene
tion collections (full collections), heap occupancy caverexceed
half the heap space. It thus requires space equal to at\gastthe
maximum live size of a program to be able to operate. Gergraiti
copying collectors usually achieve good performance ohlyeap
sizes that are at least 2.5-3 times the maximum live sizes fEhi
striction can be quite significant for programs that havgddive
sizes. Also, the space overhead usually rules out the usengfrg
ational copying collection for embedded systems, wheresplaee
available is very limited.

is not complete: it suffers from the same problem as OF. THe Be
way.X.X.100 collector solves the completeness problemduljrey
a third belt with a single increment, performing a full calien
when the third belt grows as large as half the heap space.e Sinc
the Beltway collectors determine the amount of space redéior
copying dynamically, the Beltway.X.X.100 collector doegumore
than half the heap space. However, since the third belt ¢amow
to be larger than half the heap space, the Beltway.X.X.108ctor
has the same problem as the generational copying collénttre
general case it cannot run in a heap smaller than twice thé- max
mum live data size for a program.

Our mark-copy (MC) algorithm extends generational copying
collection, and allows control over the maximum size to \iarice

Recently, some schemes have been proposed that require lessld generation can grow, while still providing completesie8y

space than generational copying collectors. The Oldet FDE)
collector [19, 17, 18] exploits the fact that generationapying
collectors prematurely copy the very youngest objects énntlrs-
ery. It lays out objects in the heap in order of decreasingaamgk
slides a fixed size window across the heap starting from tihesol
objects. At each collection, it copies reachable objecis &ne in
the window, and then slides the window towards younger dbjec
Thus it usually avoids copying the youngest objects. Whemin-
dow bumps into the allocation point (i.e., encounters thengest
objects), it is reset to the oldest end of the heap. OF gdperal
duces the amount of copying and outperforms generatiopsing
collectors. Also, it requires additional space only eqoahe size
of one collection window, not an entire semi-space. HoweVéris
notcomplete it will never reclaim cycles of garbage that are larger
than the collection window.

The Beltway collectors [5] include two configurations thatp
form significantly better than a generational copying aithe The
Beltway.X.X collector adds incrementality to the geneaéil copy-
ing collector by dividing the generations (calledlty into fixed
size increments. It collects only one increment at a timachdhe
additional free space required at any time is equal to thement
size. However, for any increment value below 100%, the ctile

removing the restriction on the usable fraction of the hgzaxs,
MC can run in very tight heaps. By using the available spaceemo
efficiently, MC can provide better execution times than otapy-

ing collectors. The efficient use of space makes MC very usefu
for reducing memory requirements, and suitable even foa aav
plications on embedded systems (so long as they do not have re
time constraints). A fully incremental version of the MC adighm
can meet real time constraints. We describe such a collecthis
paper but leave its implementation and evaluation to futumek.

We have implemented, and here evaluate, non-incremerdadan
tially incremental versions of MC.

2. FIXED VS. BOUNDED NURSERIES

We first take a closer look at the space utilization of the Figctor
compared with the VG collector. VG triggers full collectiarhen
the heap is half full. Although it is usually unlikely that abjects
in the heap will survive (be reachable in the program), thiector
uses this trigger to ensure that there is always enough spaopy
surviving objects, even in the worst case. In contrast,eMA can
use up to half the space available in the heap, it usually doedt
triggers a full collection when the heap occupancy excédd®) —

N whereH is the heap size and is the nursery size. This is to
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Figure 2: Performance of an FG collector and a BG collector réative to the best performance forjavac

ensure that there is enough space to collect the old gemematen

if all objects in the nursery survive collection. Thus, vesyall
nurseries allow better utilization of space but performlesion
more often. They also tend to have high survival rates (meace

of bytes copied), because in smaller nurseries, the nudgegcts
have not had as long to die. While larger nurseries have lower
survival rates, they do not utilize space as well. For exargnt FG
collector with a nursery whose size is 10% of the total hegtsp
will generally trigger a full collection when the old gengoa size
grows to a little over 40% of the total space. This effectiossl

of space can be quite significant when the collector is rupiira
tight heap. Poor space utilization is one of the primaryaaagor
the poor performance of FG in tight heaps, as compared to Ge V
collector.

A simple modification of the FG collector demonstrates the ef
fect that early triggering of full collections has on coliecperfor-
mance. When the available space for FG drops below the nurser
size, instead of triggering a full collection, we reduce thesery
size similarly to what VG does. We continue to run the coblect
with progressively smaller nurseries until either the hisdpalf full
or the nursery size drops below a threshold. We call thisunded-
size nursery collectofBG). It differs from VG in that the nursery

3.1 Heap Layout and Collection Procedure

MC extends generational copying collection. Like general
copying collection, it can be implemented with a variabile surs-
ery (VG-MC), a bounded-size nursery (BG-MC), or a fixed-size
nursery (FG-MC). As previously noted, we do not consider FG-
MC here. While MC collection has no restriction on the numifer
generations, we consider only two generations.

MC divides the heap into two areas: a nursery, and an old gener
ation that has two regions. The nursery is identical to a igeiomal
collector’s nursery, but the old generation regions ar&dmalown
into a number ofwindows The windows are of equal size, and
each window corresponds to the smallest increment in thged
eration that can be collected. The windows are numbered from
to n, with lower numbered windows collected before higher num-
bered windows. Given a heap of sideand an old generation with
nwindows, the amount of copy reserve space requirét/is and
the old generation can grow to siee—H /n.

MC performs all allocation in the nursery, and promotes sur-
vivors of nursery collection into the old generation. Likgenera-
tional copying collector, MC uses a write barrier to recoainper
stores that point from the old generation into the nurserhis T
is done to avoid having to scan the entire heap to find nursery

size never exceeds a predefined bound. Figure 2 shows GC timesyypyivors. After each nursery collection, the collectoecks the

and execution times for both BG and FG relative to the best tim
either collector achieves for thavac benchmark (Table 1 details
our benchmark suite). We ran both collectors with nursergssi
equal to 20% of the total heap space. The BG collector’'s nurs-
ery lower bound was 512KB. The graphs show that by using the
available heap space better and performing fewer full cbas,

BG can perform significantly better than FG in small and matker
size heaps. At larger heap sizes, the performance of thedllexe
tors is similar since FG needs to perform very few full cdileas.

We implemented both BG and VG versions of MC, omitting an FG
version as not being worthwhile to consider.

3. MARK-COPY COLLECTION

We now describe MC collection in more detail. We first lookfad t
heap layout for MC and the collection algorithm. We then abers
the remembered set overhead and space utilization of MQ.Wex
describe a variant of MC that eliminates the need for remeetbe
sets by using an extra header word per object. Finally weritkesc
how to make MC partially and fully incremental.

amount of free space remaining in the heap. If it finds tha fre
space in the heap has dropped to the size of a single windatv (a |
tle more than that in practice), it invokes a full collectioAs the
first step in the full collection, the collector performs dl fobeap
mark starting from the roots (stack(s), statics). While mierk-

ing is in progress, the collector calculates the total vauhlive
objects in each old generation window. At the same time, it co
structs remembered sets for each of these windows. Thesarem
bered sets are unidirectional: they record slots in highenbered
windows that point to objects in lower numbered windows. The
point is to record pointers whose target may be copied befae
source, a condition that requires updating the source gointhen
the collector copies the target object. At the end of the rphdse,
the collector knows the exact amount of live data in each aind

It has also constructed a remembered set for each window. The
remembered set entries for each window have the followiog-pr
erties: they are live (not an overestimate of the live sé®ytare
current (i.e., they really point into the window); and theg anique
(i.e., the remembered set does not contain any duplicates).
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Once the old generation mark phase is complete, the callecto
performs the copy phase. The copy phase is broken down into a
number ofpasseseach pass copying a subset of the windows in
the old generation. The collector has the option either pf/owm
the old generation windows one after the other without perfiog
any allocation in between, or of interleaving copying witlrs:
ery allocation. We focus on the first technique here, as oaf go
is increased throughput and not lower pause times, andstishe
incremental possibilities in Section 3.4. Since the cotie&nows
the exact volume of live data in each old generation windoa an
also the total free space available in the heap, it may daihedti-
ple windows in a single pass. However, since the remembeitsd s
are unidirectional, the windows must be collected striatlprder
of window number, and not in any arbitrary order. One way to
overcome this restriction is to build bidirectional remeardd sets,
which store pointers into each window from objects in allesth
windows. However, this would increase the space overheaigeof
remembered sets and complicate their management. We dopiot s
port bidirectional remembered sets in our current implesatém.

Figure 3 shows the virtual memory layout of the collector-per
forming copying in a heap whose old generation regions are di
vided into nine windows each. Since each old generatioronegi
is divided into nine windows, the old generation can occupyaul
90% of the total heap space. Before copying commences, tige ni
windows in the low region are all full and the heap has enough
free space for a single window in the high region (Figure)3(&)
this particular case, we assume that the amount of live datach
low region window is exactly 50%. The first copy pass scares liv
objects in the first two windows in the low region and copiesnth
into the first window of the high region. The roots for the ection
are the stack(s), statics, and remembered set slots. Wipgingo
is complete, the total amount of mapped virtual memory exjtined

total heap space. At this point, the space consumed by the firs
two windows in the low region is released (unmapped), as show
in Figure 3(b). This means that the mapped space after thpleem
tion of one copying pass is 80% of the maximum total heap space
This now allows objects from four windows in the low region to
be copied in the next pass. Finally in the third pass, theatbje
from the last three windows are copied, leaving the heap @srsh

in Figure 3(c).

Figure 4 shows a detailed example of a full collection using.M
For this example we assume that all objects allocated in ¢ag h
have the same size, and that the heap can accommodate atimost 1
objects. The heap consists of an old generation with 4 wisdow
Each of these windows can hold exactly 2 objects. R1 and R2 are
root pointers. Figure 4(a) shows a nursery collection, tvirie-
sults in objects G and H being copied into the old generati®n.
is copied because it is reachable from a root, and H is coped b
cause it is reachable from an object (E) in the old generathin
this point, the old generation is full (Figure 4(b)). MC firstr-
forms a full heap mark and finds objects B, C, D, and G to be live.
During the mark phase it builds a unidirectional remembeseid
for each window. After the mark phase (Figure 4(c)), the neme
bered set for the first window contains a single entry«(B). All
other remembered sets are empty, since there are no paimtiers
the windows from live objects in higher numbered windowd. (I
we used bidirectional remembered sets, the second windaidwo
contain an entry to record the pointer from B to D.) In the foay
pass, there is enough space to copy two objects. Since theifirs
dow contains one live object (B) and the second window caostai
two live objects (C, D), only the first window can be processed
this pass. MC copies B to a high region window and then unmaps
the space occupied by the first window (Figure 4(d)). It alddsaa
remembered set entry to the second window, to record theguoin
from B to D (since B is now in a higher numbered window than
D, and B needs to be updated when D is moved). The old genera-
tion now contains enough free space to copy 3 objects. Ing¢ke n
copying pass, MC copies the other 3 live objects and thers fupe
the space occupied by windows 2, 3, and 4 (Figure 4(e)).

The mark phase of the MC collector serves two purposes:

e By calculating the free space in each window, the mark phase
minimizes the number of passes the copy phase needs to
make in order to copy all the data. For example, for an old
generation with nine windows and an overall survival rate
of 10%, MC needs only one copying pass. This is because
the copy reserve of 10% is enough to accommodate all the
collection survivors. However, in the worst case, when the
survival rate is over 90%, it will need nine passes to copy the
data. One should, however, note that for survival rates over
50% a standard copying collector would not even be able to
run the program in this space.

By building remembered sets, the mark phase ensures that
the copy phase needs to perform only a single scan over the
old generation objects in spite of having to perform the eopy
ing in multiple passes.

From the above description, we can see that the amount of spac
reserved for copying can be made extremely small by inangasi
the number of old generation windows. However, the minimum
copy reserve space needs to be at least as large as the &Ghjgpest
allocated in the heap. By allowing control over the copy rese
the collector is able to run in very tight heaps. It also matkes
memory footprint of the collector much more predictablentizat
of a typical copying collector. For a heap of sidethe footprint of
a generational copying collector varies betwegf2 andH, i.e., by
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a factor of 2. However, given an old generation thatmagndows,
the footprint of the MC collector varies betwekh— H/n andH,
a factor ofn/(n—1). Since we can control the value ofwe can
minimize the variation (subject to the maximum object size)
Also, MC defers full collections until the free space dropsvd
to one window. Standard copying collectors perform fullleci

generally many fewer) over the stacks and statics may beregtju
This could be significant if there are a large number of thsead
the thread stacks are very deep. This overhead could beagdyc
storing these slots in the remembered sets during the maeph
However, doing so would require additional space. While we d
not offer details here, we found that scanning stacks anidstid

tions when the heap becomes half full. Hence, when MC and othe not make a large contribution to GC time for our benchmarkesui

copying collectors are given the same amount of space, MC wil
perform many fewer full collections. This decreased fulleo
tion frequency gives objects in the old generation a loniee to
die, resulting in much less copying than regular copyingection.

Another way to think of this is that MC increases #féectiveheap
size.

3.2 Remembered Sets

The MC collector builds remembered sets at two differentizoi
during program execution. While the mutator is running, khite
barrier inserts slots into the nursery remembered set.ig ignti-
cal to what a generational copying collector does and oesughie

MC collectors do have some disadvantages compared with gen-¢sme amount of space. During the mark phase of a full cadlecti

erational copying collectors. Each full collection for MGlhgcan
every live object in the heap twice, once while marking andeon
while copying. The mark phase requires additional spaceafor
mark stack and there is a copying remembered set overhesad, Al
for an old generation consisting nfwindows, up ton passes (but

MC constructs unidirectional remembered sets to recordters
between windows in the old generation. These remembersd set
are not required by a generational copying collector ancharad-
ditional space overhead for MC. However, the nursery andjefd
eration remembered sets do not co-exist in a non-incrernki@a
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collector, since MC performs old generation marking oniteaf
nursery collection completes. We look at the overhead ofjeld
eration remembered sets here.

copy reserve is reduced by a larger amount than the corrdsmpn
increase in remembered set size. Increasing the numbendbws
beyond 50 causes the space utilization to improve slightigven

Normally we would expect the remembered set space overheadto deteriorate a little.

to increase as the number of old generation windows incsease
This does not necessarily happen, for a couple of reasomst, Fi
the set size depends on the locations of the objects in thgeuld
eration, i.e., if objects that reference each other lieeckngether

in the old generation, then increasing the number of windatlls
not have a significant impact. Second, an increase in the eumb
of windows increases the amount of usable space in the hédgp. T
in turn changes the points at which collection occurs, anttée
the amount of live data in the heap during full collectionn
the remembered set entries are accurate and depend on thatamo
of live data in the heap, a change in the volume of live datddcou
reduce the remembered set size.

Figure 5(a) shows the variation in the maximum overall remem
bered set size as one varies the number of windows, for heap si
which are 1.2, 3, and 5 times the maximum live size (13MB, 33MB
55MB), for javac. The horizontal axis represents the number of
windows and is drawn to a logarithmic scale. We look at the re-
membered set sizes for an old generation with number of wisdo
ranging from 5 to 100. Although we do not use more than 20 win-
dows in the old generation with the non-incremental cotlgdt is
important to see what the remembered set overhead is witiga la
number of windows, since an incremental collector mightniee
use 100 or more windows to ensure a low pause time.

The remembered set sizes drop initially in the smaller heaps
and then generally increase as the number of windows isdeetk
The size in the smallest heap is about 1.35MB with 7 windoves an
about 1.57MB with 100 windows. The size in the largest heap is
about five times larger with 100 windows than with 5. Howeifer,
we look at the remembered set size as a fraction of the totgd he

3.3 MC without Remembered Sets

Although the remembered set overhead for MC is not usually ve
high, in the worst case remembered sets could grow to beges lar
as the heap. We describe in this section a variant of MC tted us
an extra header word per object in the old generation (MCHW),
eliminating the need for remembered sets and thus bountimg t
worst case space utilization. However, unlike MC, MCHW cean b
used only as a non-incremental collector.

The heap layout for MCHW is identical to the layout for MC.
MCHW performs allocation in the nursery and promotes samav
to the old generation. MCHW adds an extra header word to each
object that is copied into the old generation. When the fpees
in the heap drops down to the size of a single window, it ingoke
full collection. Like MC, MCHW performs a full collection itwo
phases.

During the mark phase, MCHW marks all objects reachable from
roots. While performing the marking, it maintaindiee offset ar-
ray that stores the sum of the sizes of the live objects foundrdno fa
each window. It also maintains a bitmap that indicates thatlons
of the live objects. While marking a reachable object, tHeector
computes dogical addresdor the object. The logical address is a
combination of the window to which the object belongs anditree
offset of the object within the window. The logical addresstored
in the extra header word reserved for the object and it inelscthe
location to which the object will be copied in the next phaSeery
time a slot referencing the object is found, the contenthefsiot
are replaced with the logical address of the object. Figwsldvs
the logical address layout used for MCHW. The lowest bit t4ce

space, it is not very large even when we use 100 windows (12% in 1 to indicate that the value stored is a logical address.g@bjre

the smallest heap and 2.6% in the largest heap).

word aligned and the machine is byte addressed, so ordihgegto

Figure 5(b) shows the space utilization for MC as we increase pointers always have zeroes in the two low order bits.) Thadtai
the number of old generation windows. We calculate the space bits store the live offset, and the high order bits store thedaw

utilization for a given number of windowsusing the formulgH —
(H/n) —R)/H, whereH is the heap sizeil /n is the copy reserve

size, anRis the maximum remembered set size. For all heap sizes,

we obtain significant gains in space utilization until thenter of

number.

Once the mark phase is complete, the live offset array amsitai
the sum of sizes of the live objects in each window. The cellec
tor now calculates a cumulative live offset (CLO), which &ach

old generation windows grows to about 40. This is because the window is the sum of the offsets of all preceding windows. rigsi

this information, the new address for any heap object isutatied



[ Window| Live Offset B Once the grouping is done, we copy objects within the firsigro
and give the freed memory (less one window) to the nurseogaill
Figure 6: Logical address layout for MCHW tor (i.e., we can use up to half of those windows for nurseligcat
tion, subject also to the BG bound on nursery size). We theumne
program execution and the program runs until the nursesyitl,
which we then collect. At this point, we copy the next group of
windows in the old generation. We repeat this process of-alte
nating program execution with nursery then old generati@uy
CSA+CLO[Window(LA)}+LiveOffset(LA) collection until the entire old generation is copied, thpeeading
the old generation copying work across several nursergciidins.
In the case that an old generation collection does not freegmn
space, we repeatedly collect old generation groups untifree
enough memory for the nursery. A problem MCIC can run into is
that a large number of full windows may lie next to each otlner i
the heap. This causes the collector to perform a large nuotber
consecutive copy passes, resulting in a longer pause. Quit@so
for this problem is to use bidirectional remembered setschval-
low MCIC to collect windows in any order, so that it can cotlec
windows that are mostly full along with windows that are nypst

using the logical address (LA) of the object and the startesklof
the copy space (CSA) using the formula:

The MCHW collector requires that the entire copy space be con
tiguous (in virtual memory). Otherwise it will need to perfoan
extra pass over the live objects to determine the correcttative
live offset (since objects may span two windows). Once tifeetd
are calculated, the collector starts the copy phase. ltsfiats the
roots and updates pointers into the heap using the aboveil@rih
then scans the bitmap, processing one window at a time. Ebr ea
live object in the window being processed, it updates anytpos
that the object contains using the above formula, and theieso

Ejk;gsgbli(;ttetro %i;g;ﬁa?l :g/zagg'g(;ngpgt\?v?nggvT ;:Suldﬁi empty. Bidirectional remembered sets, however, have iaddit
S acé occu ILi)ed b thg window ajnd then rocessés thrgxr]\ext ThePace overhead and increase write barrier Cost.
P P y P ’ We can also extend the incremental copying so that it does not

copy phase terminates when all windows have been processed. . o :
o perform old generation copying immediately after nursesijec-
As can be seen from the description, MCHW does bound the tion. We call this thesplit-phaseapproach. In the split-phase ap-

\(/)vtc))_;scttcallﬁg :p:gg fl:)trlhaza};)tilfn:é It _rri]lu'sriiz %?fhzdg[[tr'sgw?;mr 0 proach, after we copy the first group of windows in the old gene
imLterPS% o?the heap spacepWhen objects are word I:ﬂignagip(on ation, we allow the program to run until the nur sery_becohrmg
bit per 32-bit word). However, since it adds an extra wordaote full. At this point, we copy the next oldlgeneratlon windovogp.
object, the layout of. the old géneration is not as compadiasor We then allow the program to run until the nursery bec_:ome_s (en
MC w,hich could cause negative locality effects and alsocedhe tirely) full, at which point we perform a nursery collectiorhis

’ approach tends to spread out the copying pauses better.

effective heap size. There are some policy considerations in MCIC collectioneOn
3.4 Incremental Collection is when to trigger old generation marking. We should markesom
what in advance of filling the old generation, to reduce thesjinl-

ity of the collector’s needing to collect several groups iettiately
after one nursery collection. However, if we mark too muchdn
vance, then there are two negative effects: old objects hetvkad

as much time to die, so we reclaim fewer dead ones; and mean-
while we have more objects promoted from the nursery, whieh w
cannot reclaim until theextold generation collection. It is clear
that in general MCIC will need more space than MC to perform
reasonably, and will likely do more total work than MC. Thésan
expected tradeoff for incrementality in collection.

A second policy consideration is how often to collect old gen
eration groups. The policy we gave above is to collect onegro
after each nursery collection (or, in split-phase, betwesrh nurs-
ery collection and the next one). However, we could wait foren
than one nursery collection, e.g., until nursery colletiimes not
leave enough blocks for nursery allocation. We would thdleco
one group, hoping to free enough memory for nursery allooati
to proceed. Doing group collection as rarely as possiblerdef
reclaiming old generation memory, so we expect it will putreno
pressure on the nursery and cause more frequent nurseec-coll
tions. It might also require agarlier marking trigger.

A third policy variation is to allow collection of more thame
group at (or between) nursery collections. Since the goab is
bound maximum pause time, if the maximum nursery size is more
than one window, sal windows, then, since a nursery collection
could copyk windows of objects, we could allow MCIC to collect
up tok groups (or, enough from-space windows to Killo-space
windows), if there is space available. Collecting groupsneo re-
claims their free space sooner, allowing larger nursedgs, The
point is that once we have marked, the only reason to wait-to re
claim dead objects is to spread pauses out: even if more algrge

Until now we have dealt only with batched collection of wimdoin

the old generation. Although the collector performs theyagin
increments, it performs multiple passes one after the athtrall

the copying is finished. This scheme is meant to optimizeutine
put and does not necessarily give good maximum pause tinmes. T
maximum pause time is typically close to that of the genenaii
copying collectors. A fully incremental version of BG-MGttes
some loss in throughput for reduced maximum pause times. We
now describe how we can construct a fully incremental versio
MCI, of the BG-MC collector, describing a partially incremtal
version along the way.

BG-MC consists of three different collection phases: nmyrse
collection, old generation marking, and old generatiornyaap In
order to make the collector fully incremental, we need tortabu
the amount of copying and marking work done in each phase. The
amount of copying performed during nursery collection iartted
because the size of the nursery is bounded. The copying arid ma
ing work done in the other two phases can also be bounded. We
first describe how the collector can perform incrementalyaap
while using a non-incremental mark phase (MCIC, IC ifocre-
mental copyiny We then describe how to make the mark phase
incremental (MCI).

Incremental old generation copyingiVhen the marking of the
old generation is complete, we know the exact amount of diatia t
will be copied out of each of the old generation windows. dsin
this information, we divide the old generation copying weadtoss
one or more nursery collections. We first group the old gditera
windows based on the amount of live data in each window. Each
group consists of one or more adjacent old generation windows,
with the condition that the total amount of live data in a grasi
less than or equal to the size of a single old generation windo



ation objects die, we will not reclaim them until thextold gener-
ation marking and copying.

The MCIC collector has additional overhead compared wi¢h th
MC collector. First, it performs a larger number of garbagé c
lections. Second, it must use a more complex write barrie€ M
needs to track pointers into only the nursery, whereas M@tia
to track pointers into both the nursery and the uncollectatign
of the old generation. This means that a simple directiorrétbw
barrier cannot be used with the incremental copying calle@in-
less one runs the algorithm in a large address space, elgjts6ds

with reproducible results. We first ran each benchmark 7diwith
the adaptive run-time system, logging the names of methuats t
were optimized and their optimization levels. We then deteed
the methods that were optimized in a majority of the runs, thed
highest level to which each of these methods was optimizea in
majority of runs. We ran our experiments with only these rod¢h
always optimized (to that optimization level) and all otimeeth-
ods always baseline compiled. The resulting system beh&vio
repeatable, and does very nearly the same total allocagiartygi-
cal adaptive system run; it differs from adaptive systerabeir in

has been proposed for OF). Remembered set sizes also tead to bthat it tends to invoke the optimizing compiler before thelaga-

larger for MCIC.

Incremental marking:MCIC performs non-incremental mark-
ing when it triggers old generation collection. We can botimal
amount of marking work by replacing the non-incremental knar
phase with incremental marking. Incremental marking cafopm
small amounts of marking work along with each collectionewen
during allocation. In order to support incremental markiing col-
lector requires a more complex write barrier: it must log pointer
assignment whose target is an unmarked object in the regiog b
marked. This will ensure that all reachable old generatinjeais
are marked.

Replacing non-incremental marking with incremental nmagki
will affect performance. Incremental marking must be srhuch
sooner than a non-incremental mark phase, to ensure thiingar
completes before the collector runs out of space. As a coeseg,

tion has built up its live data set, whereas adaptive rung tern-
voke the (memory-hungry) optimizing compiler in the thidktioe
application. Thus, adaptive system maximum live size téad®
bigger (and unpredictable). However, the pseudo-adaptistem,
since its average and peak live sizes are closer to one aniathds
to run closer to its peak. Thus, when scaled by live size, griseu
adaptive is consistently closer to its peak memory usage robr
the time.

Jikes RVM is itself written in Java, and some system clasaas c
be compiled either at run time or at system build time. We atedp
all the system classes at build time to avoid any non-apptica
compilation at run time. The system classes are stored inr a re
gion called théboot imagethat is separate from the program heap.
We used the Java memory management toolkit (JMTK), standard
with Jikes RVM 2.2.2, as the base collector framework. JMTFk a

the set of objects marked at the end of the mark phase will be anready supplied the generational collector and mark-swedpos

overestimate (larger, compared with MCIC) of the true seeath-
able objects in the old generation. This in turn will incredke
amount of copying work. The more complex write barrier wiia
reduce the performance of the collector.

Implementation:We have implemented a version of MCIC that
performs incremental copying and uses unidirectional rebexed
sets. We describe some of the results from this collectoreang
the implementation of MCI to future work.

4. RESULTS

We describe in this section our experimental setup, detdithe
collector implementation, the benchmarks we used, andrexpe
mental results comparing the collectors. We compare spage o
heads, copying costs, GC times, and total execution timethé
VG, VG-MC, and VG-MCHW collectors. We also compare GC
times and total execution times of VG-MC with a (non-geriersl)
mark-sweep collector (MS) and a hybrid copying/mark-swgep-
erational collector that uses a variable size nursery (V&:NFor
the MC collectors, we use 20 windows in the old generatior. Fo
each benchmark, we ran the collectors in heaps ranging fnem t
minimum space required to run the benchmark to 8 times the max
imum live size.

4.1 Experimental Setup

We implemented our collector in Jikes RVM 2.2.2 [1, 2]. Jikes
RVM does not have an interpreter: it compiles all bytecode to
native code before execution. Jikes RVM has two compilers, a
baseline compiler that essentially macro-expands eackcoge
into non-optimized machine code, and an optimizing compile
also has an adaptive run-time system that first baseline itesnp
all methods and later optimizes methods that execute fretyue
Methods can be optimized at three different levels dependim
the execution frequency. However, the adaptive system does
produce reproducible results, since it uses timers and pyize
different methods in different runs.

We used gseudo-adaptiveonfiguration to run our experiments

tors. JIMTk also provided us with most of the generic fundidyp
required by a copying collector, so it aided rapid deploynodour
two new collectors.

We ran our experiments on a Macintosh PowerPC with two 533
MHz G4 7410 processors (though the system uses only one of
them), 32 KB on-chip L1 data and instruction caches, 1 MB adifi
L2 cache and 640 MB of memory, running PPC Linux 2.4.10. We
performed our experiments with the machine in single useteno

4.2 Implementation Details

We first describe the implementation of the non-incremewnga
sion of MC. The collector divides the entire usable virtuddieess
space into a number oggions The lowest region stores boot im-
age objects, the next region stores immortal objects, ardra t
region stores large objects. All these regions come by tiefatine
JMTk framework, for any collector. MC allocates objectsglar
than 8KB into the large object region, and this region is ngaxda
by the IMTk mark-sweep collector (the size threshold fovcat
tion into this region is 8KB for all collectors that we compdrMC
against). JMTk rounds up the size of large objects to whoiepa
(4KB), and allocates and frees them in page-grained units.

The type information block (TIB) objects, which include the
tual method dispatch vectors, etc., and which are pointdtbto
the header of each object of their type, are allocated by Jiiibk
immortal space. This has a couple of benefits for the MC ctec
First, the TIB objects do not have to be copied when perfogmin
collection. Second, the remembered set overhead is reduged
nificantly since we do not store pointers into immortal spadhe
remembered sets.

MC creates two more regions, one for the old generation and
one for the nursery. The old generation is divided into a neimb
of fixed sizeframes A frame is the largest contiguous chunk of
memory into which allocation can be performed. The frame siz
in our implementation is 8MB. Each frame accommodates at mos
one old generation window. Old generation windows can, ewe
span multiple frames. The portion of the address spacemwiéhi



Benchmark Description Maximum Total
live size (MB) | Allocation (MB)

202 jess a Java expert system shell 4.0 291
_209.db a small data management program 105 85
213 javac a Java compiler 11.0 285
_222 mpegaudio| an MPEG audio decoder 3.0 27
_227_-mtrt a dual-threaded ray tracer 10.0 145
228 jack a parser generator 4.5 329
pseudojbb SPEC JBB200 with a fixed number of transactigns  28.0 334
health simulation of a health care system 67.5 552

Table 1: Description of the benchmarks used in the experimes

frame that is not occupied by a window is left unused. Sinee th which it ran (rounding up to the next MB) with a VG collectoath
frames are power-of-two aligned, only a single shift is iegflito did notuse a large object space (except for the thread stacks), and
find the frame number of a heap object during garbage cadlecti dividing the result by 2.

MC uses a fast write barrier that records only pointer sttras .
cross the boundary separating the nursery region from #teofe 4.4 Space Accounting

the heap; this is the same barrier used by the generatiopgingp In all the experiments we ran, the VG collector used the $igeci
collectors. The write barrier is partially inlined [6]: tl®de that heap space to allocate heap objects and nursery rememtsdred s
tests for a store of an interesting pointer is inlined, aredcibde that entries. The nursery remembered set space was not accdanted
inserts interesting slots into a remembered set is out ef lEach separately. MC also used the heap space in the same manmer. Ho
frame has an associated remembered set. The remembered set gyer, the old generation remembered sets were accountettdor
implemented as a sequential store buffer [9]. Remembetsds®  each run completed, by adding the maximum space occupied by
used to store the addresses of slots that reside in the hedb@n  the remembered sets to the heap space. MCHW used the specified

boot image and that contain interesting pointers. heap space to store heap objects (along with an extra headdy, w
The MCHW implementation uses the same memory layout as the nursery remembered set, and a bitmap.

MC, except for the layout of the old generation. The old ganer
tion for MCHW is not divided into power-of-two aligned frame 4.5 Mark-Copy Space Overheads

Instea(_i, it. is divided into page-size aligned_windows whefnlia Table 2 shows the remembered set space overhead for all eight
collection is performed. This ensures that objects arealéa con- benchmarks, for an MC collector that has 20 windows in the old

EQUOUSW inl th‘la old gd%neration (Wrr‘]i_Ch avc()ji_d_s andextra paﬁe generation. For each benchmark, the table shows the remethbe
helilp to ca ﬁ” atfe addresses). ;— IS conhltlor] does not dg? set size for heap sizes ranging from 1.1 to 6 times the live Sihe
old true when frames are used since the window size and framepe 5, sjzes do not include the remembered set size. They do how

size are usually not equal. ever include a 7.5% copy reserve (we trigger a full collectiden

We glso implemented the MCIC collector. .The vyrite barriar fo the free space drops down to 1.5 windows, so that the cotldots
MCIC is slower than the one used for MC, since simple boundary . se nurseries smaller than 2.5% of the heap space). Bach e

cr.ossing checks are n.ot. adequate. The full heap.mark for M.IQIC try in the table represents the remembered set size as anpefce
triggered sooner than it is for MC (when the heap is 85% filhis the heap size. An entry with a '~ indicates that MC did not-per

is because delaying the marking until the heap is almostdutis form a full collection for the heap size, and hence did notstarct
to cause multiple copying passes to be clustered togethesjrg remembered sets.

long copying pauses in addition to the marking pause. For four of the eight benchmarks, the remembered set ovérhea
for MC is always less than 5% of the maximum live size. jaeac

4.3 Benchmarks the overhead is about 11% of the live size, andhealth the over-

We compare results from eight benchmarks, six from the SPEC head is about 15%. The total minimum space overhead for MC
JVMO8 suite [15], plugpseudojbb, andhealth. pseudojbb is a varies between 12% and 25% of the maximum live size.

modified version of the SPEC JBB2000 benchmark [1$eu- The header word overhead for MCHW is higher than the remem-

dojbb executes a fixed number of transactions (70000), which al- bered set overhead for MC. Table 3 shows the overhead foight e
lows better comparison of the performance of the differenit ¢~ benchmarks. We calculate the overhead by dividing the meade
lectors. health is an object oriented Java version of the Olden C Word size (4 bytes) by the average old generation object(size
benchmark [14]. We do not present results from two SPEC JvM98 cluding the header word). This is because the header worttiech

benchmarks,201_compress and_205_raytrace. -201_compress only to old generation objects. The space overhead for MCHEW i
mostly allocates large objects, which are placed in largeadb ~ about 5-10% higher than the overhead for MC, still constilgra
space. Since the large object space for all the collectonsizaged ~ lower than the generational copying overhead.

using mark-sweep, this benchmark is not interesting forstwaly. .
227 mirt is a dual threaded version c205_raytrace. Since the 4.6~ Copying Costs

results for the two benchmarks are very similar, we pressults We examine here the copying characteristics of VG-MC and VG.
only for _227_mtrt. We ran all SPEC benchmarks using the default Although the performance of copying collectors is influehdgy
parameters, and ignoring explicit GC requests. Hremalth, we set factors such as locality, the total amount of data copieddgsad
the number of levels to 8 and maximum time to 200. performance indicator and can explain differences in dvpea-

Table 1 describes each of the benchmarks we used. We calcu-formance. For generational collectors, the amount of cupys
lated the live size for a benchmark by finding the smallesphira strongly related to the number of full collections. We firsbk



Heap size relative to maximum live size Header Word
Benchmark 11] 12 15] 2] 3] 4]s6 Benchmark overhead
_202jess 88%| 83%| 51%| 1.4% - - - 202 jess 9.0-10.7%
209.db 16%| 1.5% | 1.0% | 0.8% | 0.3% - - _209.db 13.5-13.7%
213 javac 10.3% | 9.2% | 7.1% | 4.8% | 3.7% | 2.8% | — _213javac 13.9-14.1%
222 mpegaudio|| 4.4% | 3.7%| 2.9% | 2.0% | - - - _222 mpegaudio| 9.7-11.0%
_227_-mtrt 29% | 2.1%| 1.6% - - - - 227 mtrt 14.5-15.9%
228 jack 51%| 2.7% | 2.6% | 0.9% | 0.6% - - _228jack 11.3-11.6%
pseudojbb 17%| 1.6%| 1.2% | 0.8% | - - |- pseudojbb 5.2-6.6%
health 14.2% | 11.9%| - - - - — health 18.2-18.5%

Table 2: Remembered set size as a percent of the heap size, € using 20

windows in the old generation

at the full collection behavior of VG-MC and VG for two bench-
marks, and then see how this affects the amount of data copied

Figure 7 shows the number of full heap collections performed
by VG-MC and VG forjavac andpseudojbb. The horizontal axis
represents the total space used relative to the maximunsitneg
and is drawn to a logarithmic scale. The vertical axis regmesthe
total number of full collections performed. Fawvac, VG-MC has
a significant advantage until the heap has grown to 4.5 titmes t
maximum live size. In space that is about 2.3 times the maximu
live size, VG-MC performs as few as three full collectionsGV
performs approximately five times as many full collectiohshis
point. The performance fgoseudojbb is even better, with VG-
MC performing only one full collection in space that is abowb
times the maximum live size. VG catches up with VG-MC only
when the space grows to five times the maximum live size.

VG-MC performs many fewer full collections because it dsfer
full collection until the heap is almost full, while VG haspgerform
them when the heap is half full. The survival rate of objentthie
old generation is much higher than nursery objects, sineelth
generation typically contains long lived objects. For epéamfor
VG runningjavac in a heap that is 2.3 times the live size, 66% of
old generation data survives on average, while only 21% tf nta
the nursery survives. By deferring full collections, VG-Mes
the old generation objects a longer time to die, thus sicgmfig
reducing the survival rate, which in turn reduces the totabant
of copying work. Therefore, even though VG-MC potentialbed
more work at each full collection, the lower frequency akoivto
do much less work overall.

Figure 8 shows the effect of the number of full collectiongtom
amount of copying performed by the collectors. The graplesvsh
the relativemark/consratio, the ratio of total bytes marked and
copied (“marked”) to total bytes allocated (“cons’ed”)r ¥#6G-MC
and VG, forjavac andpseudojbb. Forjavac, VG copies approx-
imately two times more data than VG-MC in space that is about
2.3 times the maximum live size. At four times the live siz& V
copies 30% more data than VG-MC. In heaps that are six tinees th
live size or larger, VG-MC does not perform full collectioaad
the copying cost for VG is 20-25% higher. Fpseudojbb, the
copying cost for VG is twice as much as that for VG-MC, in space
that is about 2.5 times the maximum live size. In heaps batwee
2.5-4.5 times the live size, the cost is at least 50% highezntt-
ally, at six times the live size, the collectors perform rolygequal
amounts of copying. We look at the effect this reduced capiias
on overall performance of the collectors in the next section

4.7 Mark-Copy vs. Copying Collection

Figure 9 shows GC times for VG-MC, VG-MCHW, and VG, rela-
tive to the best GC time for the eight benchmarks. Figure bsh

Table 3: Average header word space
overhead for MCHW

the total execution times for the collectors relative tolblest total
execution time. Although we measured the performance of BG-
MC, we omit the results in the graphs in order to make them leg-
ible. We briefly discuss the results for BG-MC at the end of the
section. In the graphs, the vertical axis represents velditines,
and is drawn to a logarithmic scale. The horizontal axiseepnts
total space relative to the maximum live size, and is alswdr®

a logarithmic scale, so as to show greater detail for smakap
sizes.

For all eight benchmarks, the MC collectors clearly run incinu
smaller space than VG. Since VG uses a large object spaceh(whi
is managed by a mark-sweep collector), it can run in heagbth}i
smaller than twice the maximum live size (it does not haveeto r
serve any space for copying large objects). For all of thelen
marks, the VG collector does much worse than the MC collsctor
when the space available is around twice the maximum live siz

javac: When the space available is about 2.3 times the maximum
live size, the GC time for VG is twice as high as that for VG-MC.
In space that is about four times the maximum live size, the GC
time for VG is 1.5 times higher. When the total space grows to
about five times the live size, the GC time for VG is 15% higher
than that for VG-MC. The GC time for VG-MC drops sharply at
this point because it does not perform any full collectiofise GC
time for VG is 50-60% higher than that for VG-MC in space that
is six times the maximum live size or larger.

The shapes of the curves for the relative execution timesiare
ilar. In space that is about 2.3 times the maximum live siatglt
execution time with VG is 40% higher than with VG-MC. VG con-
sistently performs within 10% of VG-MC only in heaps largean
4.5 times the live size. At eight times the live size, the Iteta
ecution time for VG is 5% worse than that for VG-MC. The GC
and total execution time curves for VG-MC and VG are very sim-
ilar in shape to the curves for the copying costs, which shiwars
VG-MC obtains the performance improvement by reducing eopy
ing cost significantly.

VG-MCHW, which uses an extra word per object in the old gen-
eration, has a slightly higher space overhead than VG-M@Gght
heaps, itis significantly slower than VG-MC. When the spaeéla
able is larger than twice the live size, it performs at mostwétse
than VG-MC, and is typically within a few percent of VG-MC. It
outperforms VG at most heap sizes.

db: This benchmark builds alarge linked list, which it repebted
traverses during execution. This leads to locality issi&s-MC
performs better than VG until the space grows to about thineest
the maximum live size. The performance of all collectorsrddgs
in large heaps (possibly due to locality effects on TLB ne$se
VG-MCHW is significantly slower than VG-MC in small heaps
and about 5-8% worse than VG and VG-MC in heaps that are 2.25
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Figure 7: Number of full heap collections performed forjavac and pseudojbb
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Figure 8: Relative Mark/Cons ratio for javac and pseudojbb

times the live size or larger. This is possibly because offfect

the header word has on the cache.

jess, mpegaudio, mtrt, and jack: The results for these bench-
marks are similar. VG starts off with total execution timémat
25-50% worse than VG-MC. Its performance is typically withi
10% of VG-MC only in heaps that are 2.5-3 times the live size
or larger, and it performs almost as well as VG-MC at eighesm
the maximum live size. VG-MCHW generally performs within a
few percent of VG-MC in heaps larger than twice the live sare]
outperforms VG in heaps that are 3—4 times the live size ollema

pseudojbb: The total execution time for VG at 2.25 times the
live size is 30% worse than that for VG-MC. VG comes within 10%
of VG-MC in space that is 2.75 times the live size. VG performs
almost as well as VG-MC in space that is five times the live size
larger. VG-MCHW is 5-20% slower than VG-MC in tight heaps.
In heaps larger than twice the live size, its performancédiathe

same as VG-MC.

health: Here, the curve for VG-MC is noisy in the smaller heap
sizes. This is because, for some of the small heap sizesethe r
membered set overhead for VG-MC is very large (up to 14MB).
This overhead causes configurations that use less heaptepas=

up a large amount of total space.

The execution time of VG converges much more quickly for

health than for the other benchmarks. At about 2.25 times the live
size, VG performs 5% better than VG-MC, and in heaps largaer th
three times the live size, VG performs as well as VG-MC. How-
ever, since the live size is quite large, the actual addifialemory
required by VG to perform as well as VG-MC is approximately
67MB. VG-MCHW performs about 3-5% worse than VG-MC and
VG in heaps that are 2.5 times the live size or larger, agassipty
due to locality effects caused by the additional word peectj
Summary: VG-MC and VG-MCHW are capable of running in
much smaller heaps than VG. The minimum space overhead for
VG-MC is between 1.12-1.25 times the maximum live size, and
5-10% higher for VG-MCHW. The space advantage is clear in the
plots for pseudojbb andhealth. The minimum space required to
run pseudojbb using VG is 25MB higher than the space required
by MC. The additional space required by VG faalth is 50MB.
VG-MC consistently performs better than VG in small and mod-
erate size heaps. For VG, garbage collection is up to eigtegi
slower in small heaps and is 1.2-2 times slower in moderate si
heaps. Overall execution time is significantly higher in Bimeaps,
and is typically 5-10% higher in moderate size heaps. Fordiive
the eight benchmarks, VG-MC performs within 6% of the bestex
cution time, in space that is slightly larger than twice theximum
live size. VG-MC achieves the improved performance by zititj
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Figure 9: GC times for VG-MC, VG-MCHW, and VG relative to the b est GC time
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Figure 10: Total execution times for VG-MC, VG-MCHW, and VG r elative to the best total execution time



the heap space better and performing less copying. Fudaahs
for VG-MC typically take 20% more time (per byte copied) than
full collections for VG. However, VG-MC performs full colitions
much less frequently, thus reducing the copying and GC eeath
considerably in small and moderate size heaps.

The performance of VG-MCHW is usually significantly worse
than VG-MC in tight heaps. In heaps larger than twice the max-
imum live size, it typically performs less than 10% worsed &
usually within a few percent of VG-MC. It does not outperform
VG-MC for a couple of reasons. First, the remembered setover
head for the benchmarks we experimented with is smallertthan
extra word overhead for VG-MCHW. Second, VG-MCHW suffers
from some locality effects because of the extra word addedtt
object in the old generation. VG-MCHW typically outperfam
VG in small and moderate size heaps. However, VG performs bet
ter than VG-MCHW fordb andhealth because of locality effects.

total execution times relative to the best execution timie for-
izontal axis in all graphs represents total space and isritava
logarithmic scale. The vertical axis on the graphs repitssesi-
ative times and is also drawn to a logarithmic scale. We now de
scribe the performance of the three collectors for eacheogtpht
benchmarks.

javac: In heap sizes between 1.4-3 times the live size, VG-
MS performs slightly worse than VG-MC at a few points due to
slightly higher mutator (program, as opposed to collectiones.
VG-MS performs 2-5% slower than VG-MC in heaps larger than
3.25 times the live size, due to slightly higher GC times amntitor
times. Mutator times for VG-MS are higher possibly becau&e V
MC compacts the old generation data and hence achieves $s@mhew
better locality (both collectors use an identical writerte). MS is
significantly slower in heaps smaller than three times tedize,
and it eventually performs as well as VG-MS.

We also measured the performance of BG-MC, using a nursery db: In heaps larger than 1.5 times the live size, VG-MC is 5-

that occupied at most 20% of the heap space. However, we tid no
present the results in this section. We found that BG-MCqrearé
quite well when compared with VG-MC. For all benchmarks, ex-
ecution times with BG-MC were less than 10% worse than with
VG-MC at all heap sizes, and usually within a few percent of VG
MC while providing a bound on the nursery pause times.

4.8 Mark-Copy vs. Mark-Sweep

We now relate MC to mark-sweep collection. We compare the per
formance of a (non-generational) mark-sweep collector)(M a
hybrid copying/mark-sweep generational collector (VGMth
VG-MC. MS collectors can run in much smaller heaps than stan-
dard copying collectors. In the best case, to be able to ruma p
gram, MS requires space that is slightly more than the maximu
live size for a program. However, MS usually suffers from saie-
gree of fragmentation, and the amount of additional spameimed
depends on the degree of fragmentation. MC, on the other, hand
does not suffer from fragmentation. Like other copying ectibrs,

it avoids fragmentation by regularly copying and compagtine
data. However, MC does require space for copying and formeme
bered sets.

The MS collector we use for the comparison comes with the
Jikes RVM 2.2.2 release. The collector uses segregatetifte¢o
manage the heap memory, with 51 different size classes éaatep
size class for every 4 bytes for the rang8g63], every 8 bytes for the
range[64,127), every 16 bytes for rangd 28 255, every 32 bytes
for the rangd256,511], every 256 bytes for the ran¢®@12 2047,
and every 1024 bytes for the ran{9488197). The Jikes RVM
MS collector divides the entire heap into a pool of blocksheaf
which can be assigned to a free list for any of the size clagses
object is allocated in the free list for the smallest sizesglthat
can accommodate it. After garbage collection, if a blockdnees
empty, it is returned to the free block pool. All objects larghan
8KB are handled by a large object allocator, which roundshjeat
sizes to whole pages(4KB).

The VG-MS collector we use is a two generation collector that
uses a variable size nursery. Nursery survivors are copied i
the old generation, which is managed using the MS colleater d
scribed above. VG-MS has a couple of advantages comparbld wit
MS. First, it exploits the generational hypothesis, fitbgrout short
lived objects and performing much less allocation into M&csp
because of which it triggers many fewer full collectionsrtidsS.
Second, it uses bump pointer allocation in the nursery, vhée
duces allocation cost significantly.

Figure 11 shows GC times relative to the best GC time for VG-
MC, VG-MS, and MS for the eight benchmarks. Figure 12 shows

10% faster than VG-MS. This happens even though the GC times
for VG-MC and VG-MS are approximately the same, which sug-
gests that VG-MC might be compacting and ordering objects in
manner that improves locality significantly, thus lowerimgtator
time. MS has the lowest GC time in heaps larger than five titmes t
live size, but it performs 5-10% worse than VG-MC.

jess, jack, mpegaudio: Total execution times for VG-MS are
significantly higher than that for VG-MC in heaps smallenttia5
times the live size, and about 1-3% higher than that for VG-MC
in heaps larger than 2.5 times the maximum live size.jéss and
jack, the performance of MS is significantly worse than the genera
tional collectors at all heap sizes. Fopegaudio, the performance
of MS is consistently within 5% of the generational collestonly
in heaps larger than 3.5 times the live size.

mtrt: In heaps larger than 1.5 times the live size, VG-MS is 5%
slower than VG-MC due to higher GC times and mutator times.
MS performs significantly worse than both generationalemtirs
at all heap sizes.

pseudojbb: VG-MS performs 3-5% worse than VG-MC at most
heap sizes, again due to a combination of higher GC and mutato
times. The performance of MS is worse than the generatiaial ¢
lectors at all heap sizes. Interestingly, MS has the low&sti@e
in heaps larger than five times the live size. However, it i8%—
slower than VG-MC due to higher mutator times.

health: VG-MC suffers from large remembered set overheads
in small heaps making the curve noisy. It performs 5-10% wors
than VG-MS in some small heaps. However, in heaps larger than
2.5 times the live size, VG-MC performs 5% better than VG-MS.
MS has the lowest GC time of all three collectors in heapselarg
than 4.5 times the live size, but, it has the highest executimes.

Summary: VG-MC can run in space that is comparable to the
minimum required by VG-MS. MS usually has a higher fragmen-
tation overhead than VG-MS and thus requires somewhatrlarge
heaps to be able to run successfully. Both VG-MC and VG-MS
run significantly faster than MS for most benchmarks in sraat
moderate size heaps, affirming the generational hypoth&ie
GC times for VG-MC are slightly lower or about the same as¢hos
for VG-MS. However, fojavac, mtrt, pseudojbb, andhealth the
total execution times for VG-MS are up to 5% higher than those
for VG-MC. For db, execution times are 5-10% higher. Since
both collectors use an identical write barrier, our gueghas this
performance improvement happens because data in the addegen
tion is compacted by VG-MC, because of which it achievesabett
cache locality and/or TLB performance. Hmgalth, VG-MC suf-
fers from somewhat large remembered sets, which makesrits pe
formance worse than that of VG-MS in small heaps.
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5. PAUSE TIME

We now look at the pause time characteristics of MC. We cansid
more than just the maximum pause times that occurred, sieset
do not indicate how the collection pauses are distributest tve
running of the program. For example, a collector might cause-
ries of short pauses whose effect is similar to a long pauki&hw
cannot be detected by looking only at the maximum pause time o
the collector. Instead, we look at theutator utilizationcurves for
the collectors, following the methodology of Cheng and Bieh
[7]. They define theutilization for any time window to be the frac-
tion of the time that the mutator (the program, as opposetido t
collector) executes within the window. The minimum utitioa
across all windows of the same size is calledrttisimum mutator
utilization (MMU) for that window size. An interesting property of
this definition is that a larger window can actually hdower uti-
lization than a smaller one. To avoid this, we extend the difin
of MMU to what we call thebounded minimum mutator utilization
(BMU). The BMU for a given window size is the minimum mutator
utilization for all windows of that sizer greater.

Figure 13 shows BMU curves fgavac for heap sizes equal to
two and three times the maximum live size (22MB, 33MB). The x-
intercept of the curves indicates the maximum pause tinbttan
asymptotic y-value indicates the fraction of the total tiosed for
mutator execution (average utilization). The three cuimesach
graph are for VG-MC, MCIC, and a speculative fully incremen-
tal MC collector (MCI). Since it is difficult to factor out therite
barrier cost, the VG-MC curve actually represents utii@atn-
clusive of the write barrier. The real mutator utilizatioiilvbe a
little lower. For MCIC, however, we factor in the additionadst
of the complex write barrier by apportioning the additiomaltator
time (difference between mutator time for MCIC and VG-MC) to
the GC time. This does assume that the write barrier oveshaa
spread uniformly over the execution.

To predict the performance of MCI, we take each mark pause for
MCIC and distribute it equally among the copy pauses prigh&
mark. We charge the mark an additional 20% before we dig&ibu
it. A real collector with an incremental mark would probaloly
worse. This is because the amount of live data found by aatolie
with an incremental mark is usually larger than the amounhéb
by a collector with a non-incremental mark. However, theveur
does give an idea of the expected collector performance.

VG-MC has the highest y-intercept value, since it has the bes

overall mutator utilization, but it also has the largesitercept
value since it performs non-incremental marking and capyirhe
slope of the curve is also steep, showing that for windowsmath
larger than the maximum pause time, the utilization is highe
x-intercept for MCIC is much smaller, because of the incnreme
tality of copying, but this incrementality also lowers theecall
throughput (asymptotic y-value). MCIC is about 5% slowearth
VG-MC. The speculative MCI collector has a maximum pausetim
of around 150ms. It allows a minimum utilization of about 2886

a window slightly larger than the maximum pause time. The-ove
all utilization (asymptotic y-value) for the MCI collectas only
slightly lower than that for MCIC. In practice, we expect tthé
ference to be somewhat larger. These results show that the MC
collector can be made completely incremental while stithoting
good throughput. With more tuning we expect to get lower paus
than the values we show here.

6. OTHER RELATED WORK

In the introduction we discussed copying collectors mosatly
related to our work. We now consider other similar copyinthte
nigues.

Lang and Dupont [11] describe a collector that performseancr
mental compaction in a heap managed by a mark-sweep collec-
tor. Ben-Yitzhak et al. [4] propose a collector similar torigsand
Dupont’s, but that is also parallel. Lang and Dupont divideheap
into equal size segments. At each collection, the collectarks
the entire heap, and then compacts one segment. Thus the col-
lector is primarily mark-sweep, but the compaction helpsvar-
coming fragmentation. MC is primarily a copying collectand
its incremental copying (whether batched or distributegrdime)
reduces copy reserve overhead. For a heap consistimgsefj-
ments, the Lang and Dupont collector performiill heap marks
in order to compact each segment once. MC occasionally mpasfo
onefull heap mark, but then compacts the entire heap with no fur-
ther marking. Further, MC can compact multiple segmentsim o
pass, thus minimizing the number of passes required to ccimpa
the heap. MC does have a remembered set overhead that the Lang
and Dupont collector does not have.

The MCI collector is similar to the Mature Object Space (MOS,
or Train) collector [8]. MOS divides the old generation irgtqual
sized windows calledars In MOS, cars bound the amount of
copying performed in each collection. The difference betw@OS



and MCl is in the manner in which they provide completeness. F
MCI, the full heap mark ensures completeness. MOS grouss car
into logical units calledrains, and performs copying in a manner
that moves any large cycle of garbage into a single trainchvhi
can then be reclaimed in its entirety. Our experiments with
(not detailed here) indicate that it tends to copy a largelarhof
unreachable data before the data is moved to a separateatin
reclaimed. We expect that the full heap mark performed by MCI
operates with significantly reduced overhead. Detailedpzoiaon
of MCI with MOS is beyond the scope of this paper.

One might also compare MC with mark-sweep-compact (MSC),
using compaction of the entire old generation. This diffieosn
the Lang and Dupont collector in that it compacts the entaaph
and differs from MC in that it uses sliding compaction rattrean
copying. MSC has a space advantage over MC, namely the one
window copy reserve space plus the old generation rememhbere
sets of MC. However, MSC is more difficult to implement, and
inherently makes more passes over the compacted objectss, Th
we expect MSC to run substantially slower than MC, even gitsen
(modest) space advantage.

7. CONCLUSIONS

We have presented a new style of copying collector, MC, tigat s
nificantly reduces space requirements compared to stacdayd

ing collectors. We showed that MC collectors can run in space
that is as small as 1.12—1.25 times the maximum live size oda p
gram, while standard copying collectors usually require times
the maximum live size. This increases the range of apptinatihat
can use copying garbage collection. We have shown that MC col
lectors outperform generational copying collectors inaqized
heaps; they do so by significantly reducing the amount of iogpy
Overall performance with MC is significantly better in tigigaps,
and is typically around 5-10% better in moderate size heWfss.

(3]
(4]

(5]

(6]

(8]

El

[20]

[11]

compared MC against a mark-sweep (MS) collector and a hybrid [12]

copying/mark-sweep generational collector (VG-MS); wevead

that MC can run in heaps that are comparable in size to the min-
imum for MS and VG-MS. For most benchmarks, MC is signifi-
cantly faster than MS in small and moderate size heaps. Wiman ¢
pared with VG-MS, MC improves total execution time by abdit 5

for some benchmarks. The improvements are caused both ley low
GC times and by better locality. We also described partiafig
fully incremental versions of MC, which better bound pauseet

and offer improved mutator utilization for shorter time lssa
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