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Abstract

As programming languages with managed runtimes become i
creasingly popular, it is essential that virtual machinesimple-
mented ef ciently. The performance of the memory managdmen
subsystem can be a de ning factor in the performance of the vi
tual machine as a whole. We present a technique by which garba
collector performance can be improved.

We describe an algorithm that combines a standard geneshtio
copying collector with a mark and compact collector. We obse
that, since most objects do not survive a garbage collectton
is not necessary to reserve space to copy them all. The result
is a generational copying collector that operates with allsma
copy reserve overhead than traditional Appel-style ctdiesc We
maintain correctness in the worst case through the use d&f amar
compact collection. When the reduced copy reserve over,@ws
compacting phase ensures that all data are accommodated.

We have implemented this algorithm within the framework of
Jikes RVM and MMTK. For most benchmarks examined, our ex-
periments show that performance is comparable to or bétbera
standard generational copying collector.

n-

Categories and Subject DescriptorsD.3.4 [Programming Lan-
guage¥ Processors—memory management (garbage collection)

General Terms Algorithms, Design, Performance, Experimenta-
tion

Keywords Java, garbage collection, generational collector, copy-
ing collector, mark and compact

1. Introduction

With the current popularity of VM-based languages such &a Ja
or C# comes the need for high-performance virtual machifAes.
vital component of any such system is the garbage colleitor;
ef ciency can determine the speed of the system as a wholis. Th
paper presents a technique through which garbage colepdo
formance can be improved.

The advantages and disadvantages of many popular uniproces
sor garbage collection techniques have been widely dieduds.
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Generational copying collectors have been shown to impcaeke
performance through spatial locality, but suffer the spaerhead
of a copy reserve. Generational mark and sweep collecteratde
to use all available space, but can lead to a fragmented Beap-
pacting collectors provide both spatial locality and goeah uti-
lization, but require multiple sweeps of the heap, leadmgdor
performance.

The algorithm outlined in this paper combines the positee f
tures of generational copying and compacting collectotsethaves
as a generational copying collector, but uses a far smailey oe-
serve. When that copy reserve is found to be insuf cientaitsf
back on a compacting collector to copy all remaining objegisce
the compacting collector is rarely used, the performancelpgre-
lated to compaction is seldom encountered. However, thecestl
copy reserve allows garbage collections to occur less énetty)
leading to less time spent in garbage collection, and higherall
throughput.

All garbage collection algorithms must account for the wors
case in order to maintain correctness. The worst case hwhavi
of a copying garbage collector occurs when all objects sarvi
a collection. In this case, every object must be copied frbe t
old space to the new, leading to long collection pauses. More
signi cant, however, is the space required by those objefpsce
must be reserved to receive these objects should the wasst ca
arise.

In practice, however, the worst case virtually never occlirs
deed, the survival rate of objects in the nursery of a geiverait
collector is very low — we observe it to be frequently belov#d0
As a result, 90% of the space allocated as a copy reserve fsdvas
Clearly this is unsatisfactory; less space available tocaitexator
means that fewer objects can be allocated between colesctis
a consequence, the space wasted by the copy reserve leadssto m
frequent collections, using processor time that could stgasd
to the mutator. Additionally, these frequent collectiongegbjects
less time to die, meaning that short-lived objects are cbpi®
the mature space. Not only does this add to the copying oadrhe
but it lls the mature space faster, leading to more frequeajor
collections.

The algorithm we propose eliminates the need for this wasted
space. Since the vast majority of collections do not reqthies
full copy reserve, we provide only what is needed in the commo
case. In doing so, we reduce the collection frequency, apdave
performance.

However, the worst case behavior remains, and must be ac-
counted for. In our system, we do not aim for high performance
in the worst case - we simply require correctness. As suclenwh
our estimate of the required copy reserve is too low, and dpéed
objects over ow, we switch to a compacting collector. Thikas



us to rearrange the objects in their current space, withitntad-
ing any further memory. We aim to set aside suf cient spaae fo
the copy reserve as to make expensive compacting colleatzoa.
Indeed, in the vast majority of cases it is not necessaryltbdak

on the compacting collector at all, meaning that the onlfedince
between our algorithm and a traditional generational aapyiol-
lector is that of space utilization.

The remainder of this paper is structured as follows: Secio
provides an overview of the work upon which we build. Section
3 details the design of our collection algorithm, while $mtt4
discusses closely related work. Section 5 outlines sonteeafiore
interesting points of our implementation, for which expsental
results are given in Section 6. Finally, Section 7 concludes

2. Background

The algorithm presented in this paper combines a geneghtion
copying collector with a mark compact collector. This sectout-
lines the background upon which this work builds.

2.1 Generational Collectors

Generational collectors are a class of garbage collecaretploit

the age of objects to improve performance [2]. They are based
on thegenerational hypothesetheweak generational hypothesis
states that most objects die young [3], while $treng generational
hypothesisstates that the older an object is, the less likely it is to
die.

The heap managed by a generational collector is divided into
two or more spaces, or generations [4]. The simplest gaopedt
collectors have a small nursery where objects are allocated
a larger mature space where they are promoted after sugvivin
collection.

The nursery space is generally allocated to by a simple bump-
pointer. Since all allocation is to the nursery, this singdithe allo-
cation process. Once an object has survived a nursery totiet
is promoted to the mature space. Collection within the neegpace
can be performed using a different algorithm from the nyrdeor
example, a generational mark sweep collector allocatesctshjn
the nursery using a bump pointer, but when they are copiekleto t
mature space uses a free list allocator. The mature spaberns t
managed by a mark and sweep collector.

The main bene t of splitting the heap into generations is tha
it is no longer necessary to collect the entire heap in a singl
operation. By collecting only the nursery space, garbadectn
pauses can be greatly decreased. However since the majbrity
objects in the nursery are garbage (due to the weak geneahtio
hypothesis), this minor collection also frees more spaca th
collection of an equivalent-sized region of a non-segedjaieap.

2.2 Appel's Generational Copying Collector

Appel's generational copying collector uses a variabfedinurs-
ery and a single mature generation [5]. The mature spacens ma
aged by a semi-space copying collector. New objects aresaéd

to the nursery using a bump-pointer allocator. When theamyris
full, a minor collection is triggered in which live objecteeecopied

to the mature space. When the mature space llIs, space &imead

by a major copying collection.

2.3 Copy Reserves

The major drawback to Appel's algorithm, as with most copgyin
collectors, is the overhead of the copy reserve. In the voarse, it

is possible for all objects to survive a garbage collectlarorder

to accommodate this eventuality, suf cient space must bhasiee

to copy all objects. This space is referred to as the copyvesh

the case of a simple semi-space collector the copy resecoeiars

for half the total heap size. In general, the size of the ceggtve
must be equal to the size of the space being collected in dase a
objects survive.

The copy reserve reduces the effective size of the heap. As a
result, the garbage collector must be triggered more frete
since objects cannot be allocated to the copy reserve, feyects
can be allocated before available memory is exhausted. g lar
copy reserve means that less space is available for atbocatnd
when the available memory is decreased, the collector numst r
more frequently.

2.4 Mark and Compact Collectors

Mark and compact collectors aim to gain the memory layout ad-
vantages of a copying collector while eliminating the needd
copy reserve. In a mark and compact collector, all live disjece
marked by a tracing phase [6]. All marked objects are theorrel
cated towards the “start” of the heap (where the start of gaph

is de ned as low memory addresses, and the end is high memory
addresses). In this way, garbage objects are overwrittdnlige
objects retained.

Since objects are not moved from one space to another, a copy
reserve is not necessary. In the worst case, where all skjeict
vive, a mark and compact collector simply does not performn an
compaction. As a result, the whole heap can be used by the appl
cation without the overhead of the copy reserve. Also, wtiike
copying overhead remains, it is likely to be present to acleds-
gree. Long-lived objects will cluster towards the startte# space,
having been moved there in previous collections. As a repatt
tions of the heap may not need to move in some collections.

While the design of a compacting collector would appear to be
optimal in terms of space usage, the implementation offenses
dif culties. Since objects move inside the heap, it is nseceg to
maintain forwarding pointers, as in a copying collectorwduer
this proves to be more of a challenge in the compacting case.

In a copying collector, the address to which an object haa bee
moved can be stored in its old location. This way, any subsetu
references to that object can be updated. This is possibk in
copying collector because the old space is guaranteed rio¢ to
discarded before the collection completes. This is not Heedn
a compacting collector. It is possible for a forwarded objedbe
overwritten before all references to it have been updated.

Updating references in a compacting collector without hgvi
to maintain external data structures has been the focusmé so
research [7, 8]. Generally these algorithms require nielt#uldi-
tional passes over the heap, leading to longer pause timieh wh
make compacting collectors impractical.

3. Design

The size of the nursery varies depending on the occupancy of This section presents the design of the hybrid generaticogy-

the mature space. Initially, when there are no objects imtagrire
space, the nursery takes up half of the heap. This is all theesp
available, after taking into account the copy reserve.

When itis detected that a minor collection will cause thesety
to shrink below a predetermined threshold, a major cobbegti
which includes the mature space, is triggered. During a majo
collection, all reachable objects in either the nursery ature
from-space are copied into the mature to-space.

ing/compacting collector.

3.1 Algorithm Overview

The key observation underlining this work is that the fulpgo
reserve in an Appel-style collector is very rarely requiredieed,

it has been observed in that the majority of cases, only a tiny
percentage of the copy reserve is used [9]. We introduce hadet
of reducing this space overhead substantially.



Rather than allocating half of the available heap to the copy
reserve, we instead set aside a smaller percentage. Weaefer
copy reserve size as the percentage of the maximum copyeeser
required, so a 10% copy reserve would actually occupy 5%ef th
total heap.

In the vast majority of cases, a well-chosen copy resene siz
will accommodate all surviving objects. However, in all@ighms
it is necessary to account for worst-case performance.isnith
stance, the worst case is where the survivors during a tiolfec
require more space than the allocated copy reserve provites
is possible because the space from which objects are bepigdco
can be larger than the copy reserve.

In this case, a compacting collection is triggered. Rathant
copying survivors from the nursery to the mature space, anfr

The situation where a compaction is required in the mature
space is analogous.

3.2.2 Compaction Algorithm

Since the compaction phase occurs only when no further copy
reserve space remains, it is vital that no allocation ocatif space
can be made available. This means that the compaction #igori
itself must not perform any allocation. The compacting &thm
is designed to operate only over memory already assignelgeto t
process, ensuring that the maximum heap size is never etblat

The key dif culty in designing a non-allocating compactiogl-
lector is that of forwarding pointers. In a copying colletcfbis pos-
sible to overwrite copied objects with forwarding pointesiaice the
contents already exist in the copy reserve. However thistipos-

the mature from-space to the mature to-space in the casde1 of agjple with a compacting collector. If a forwarding pointeens to

major collection, objects are instead compacted, and theve
en-masse. This is performed without allocating furthergsagf
memory. This fallback mechanism provides correctnessda &
worst-case behavior.

3.2 Fallback Technique

Should the copy reserve prove to be insuf cient during aemibn,
a compaction algorithm is activated. The collection cartdwirom
copying to compacting without having to restart. This isdee
both copying and compacting collectors require a trace efitke
objects; in the copying case this is combined with copyinbilev
in the compacting case it is a separate phase.

3.2.1 Switching Collectors

When it is observed that no space remains in the copy reseve,
tracing routine switches from copying objects to simply kirag
them. This way, the trace can continue uninterrupted. When t
trace is complete, an object can be in one of three statesacin
able (and hence garbage), copied or marked. This situatiting-
trated in gure 1(a). Here the black objects have been euadua
into the copy reserve, lling it. The dark gray objects havise-
quently been marked, and the light gray objects are unrééeha
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Figure 1. Compacting collection

The compaction algorithm involves several linear sweepghef
heap, as described in Section 3.2.2. During the rst of theesas,
all references to copied objects are updated. This elimintte
need for copied objects to be retained for their forwardiatpd
As a result, the only important data remaining in the nurssry
contained inside marked objects.

The remaining live objects in the nursery are then compacted
the front of the nursery, as shown in Figure 1(b). The whitespn
the nursery now contains no live objects, and so can be reethi
The copy reserve and compacted nursery objects then beane p
of the mature space, and the free space is divided betweew a ne
nursery and a new copy reserve, as shown in Figure 1(c).

be installed in an object which was then itself later ovetten dur-
ing compaction, subsequent reads of that pointer would\zich
Forwarding pointers could be maintained in a separate date-s
ture, but such a solution would require allocation. Altérey, an
additional header word could be added to each object to &tore
warding pointers. However, since the compacting collestarsed
infrequently in this algorithm, it would be wasteful to adtra
space overhead to every object.

Jonkers proposed a technique for managing forwarding @aint
during a compacting collection [10]. This algorithm has élgwan-
tage over others in that it tracks forwarding pointers withallo-
cating additional storage. It is performed through the négple of
reference chaining.

The insight behind reference chaining is that in order t@pro
erly update pointers it is necessary to record either theoblbjeing
moved or the references to that object. Traditional apgresitrack
the former, and references are updated in a scan of the haep. T
chaining algorithm instead associates references to atihjth
that object itself, and updates pointers as soon as thendésti
of the object is known. This solves the problem of managirrg fo
warded pointers, and does not require allocation.

In order to identify objects with chained references, the ofs
one word per object is required by the algorithm. The locatb
this word is used to point to the head of the reference chaim fr
that object. The contents of the word is moved to the refgrrin
object, and replaced upon completion of the algorithm, \iliti
exception of one bit that indicates whether the currenteamstof
the word refers to a reference chain. Thus, the only spachead
of the algorithm is that one bit.

In order to identify objects with chained references, then€o
paction algorithm requires two complete sweeps of the heag:
to update forward references, the other to update backveded-r
ences, and to compact objects. While linear sweeping is miere
cient than tracing (due to improved spatial locality), Seeaddi-
tional operations make compacting collections far moresazsjye
than standard copying collections. This is particularlyetduring
minor collections, where a full trace of the heap is not ndiyna
required.

4. Related Work

There are several pieces of work that use a reduced copyeeser
in order to improve generational copying collector perfanoe.
Additionally, some research has been performed in dyndipica
switching between multiple collection techniques in ortieex-
ploit the best properties of each.

4.1 Reduced Copy Reserve

The parallel copying collector implemented in Sun Micrdeyss
Hotspot virtual machine [11] makes use of a similar techait
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minimize copy reserve overhead. However, Hotspot uses d- xe
size nursery, rather than an Appel-style variable-sizadery. We
believe that the variable-sized nursery reduces the spasedin
workloads with a low nursery survival rate.

Velascoet al make use of the same observation as this work
[12]. They determine that the survival rate of collectiossfar
below the space normally allocated to the copy reserve ingpeA
style collector.

Their work differs from ours in several ways. They adopt atstr
egy of dynamically tuning the nursery copy reserve size|ave
set the copy reserve as constant during execution. Thegstiggv-
eral simple heuristics to determine the optimal copy reseize. In
each case, the prior history of the survival rate is combinid a
“security margin” at each collection to determine the spaeail-
able for the next series of allocations. A danger of this apgh is | R Sfpee | Reserve
that it may lead to over-estimation of the copy reserve remguént, ocaton o |
as a single unusually high survival rate can poison the kiciri (c) Eliminating nepotism )

Additionally, the work described by Velase al reduces only
the nursery copy reserve. This misses the opportunity et
the memory used by the mature space. While the nursery space I i S e Ny
is larger shortly after a full collection, as the mature spdls up y
the amount of space required as a copy reserve similarlgéusgs. (d) Restarting collection Allocation poiter
Shortly before a full garbage collection, the mature spammid -
nates the available memory in the heap, meaning that optigliz | Ma‘"r’ace
only the nursery will have little effect. >

The most important difference, however, lies in the recpver
strategy in the case of a missed prediction. While the design
lined in this paper performs a compacting collection, thdiea

MR

(b) Over owing the copy reserve

Nursery

‘ Reserve

(e) Tnsuf cient nepotism

work instead relies on the principle of nepotism. This refey Figure 2. Reducing survival rate through nepotism
garbage objects in the nursery being kept reachable by gaudia
jects in the mature space. In Figure 2(a), several objecttirfed The MC collector is primarily aimed at memory-constrained
in black) in the mature space are no longer live. Howevegesin  sjtuations, such as embedded processors, cell phones . Fbé
the mature space is not traced during a minor collectiory, keep work described in this paper does not necessarily aim toceethe
some objects in the nursery, which are not reachable fromrire  minimum heap size necessary to run programs (although such a
gram roots, alive through nepotism. Velasetoal rely on the fact  jmprovement is often observed), rather to increase totalishput
that by performing a full collection they will not only fregoumem- by making better use of the memory available. As will be shown
ory from the mature space but also reduce the survival rateeof  in Section 6, the copying/compacting algorithm performst béth
nursery by eliminating these redundant links. larger heap sizes, where the bene ts of its space managemsaet
Figure 2(b) shows this strategy. A minor collection has been the most impact.
performed, and the live objects in the nursery are founddaire Additionally, MC? uses an incremental approach to the marking

more space than the copy reserve can supply. In Figure B€), t phase. This technique interleaves small amounts of mantimg

unreachable objects in the mature space have been remawkd, a ing allocation, rather than performing a single monolitimiarking

so the objects kept alive through nepotism are no longer seentrace over the heap. While this strategy reduces pause (sines

as reachable. Figure 2(d) shows the successful completitteo  |ess work is required during a collection), it increasesdplex-

collection, since without the additional objects retairtacbugh ity of the allocation sequence, and requires a mechanisnallto f

nepotism, all live objects tin the copy reserve. _back upon in case the incremental marking is unable to keep up
This argument is awed, as can be seen in Figure 2(e). Even if with the allocation rate. Since the generational copyiogfoacting

the objects retained through nepotism were removed, thettdw  collector does not aim to make real-time guarantees, weectws

still be insuf cient space in the copy reserve. In the woiase, all emphasize simplicity over pause times.

objects could survive a collection. In order to maintairreotness, Indeed, the primary advantage of the copying/compactirg co
an algorithm must be able to perform a collection under these |ector over MG is its simplicity. In the vast majority of cases,
circumstances; it is for this reason that the 100% copy veseas the collector behaves as a more ef cient version of Appetig-o
required in the original generational copying collectosida. In inal generational copying collector. On the rare occastbasthe
the case where most or all objects survive, the algorithrfineat copying collector runs out of space, it falls back on a maré an
by Velascoet alwould fail. compact collector. This hybrid approach takes advantagevof

The solution proposed in this paper is able to handle thetwors e|l-understood algorithms, making implementation lezslex.
case safely. Should all objects survive, those that t in topy

reserve will be moved. The remaining objects will be com@dct 4.2 Dynamic Collector Switching

inside the nursery, requiring no additional space. . . . . .
The MC collgctorqprodgced by Sachindprmu al [13] divides A major part of our algorithm is the ability to switch seandigbe-

the mature space of a generational collector into framezh e~ Ween gerlliratlonaldcopylnlg atnd r(]:o_mpaptlng dcoltle((:jtotrs.gma-
which can be collected separately. The result of this isttietopy ;{loustxvor ats useda .S'{n' ar”ect nlquJe |r]t(r)]r e\rN?].l etf]rﬂ men
reserve required by the collector is limited by the framesanly ime the most appropriate collector algorithm. While théezior

one frame is needed, since in the worst case the data copéed is prqposgq in this work switches algor[thm only asa faII.ba.(Elcm.
complete frame ' anism, it is clear that such a mechanism can be used in isoltti

improve performance.
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Figure 3. Generational copy/compact collector's heap layout

Printezis proposes an algorithm that switches betweergwsin
mark and sweep and a mark and compact collector to manage
generation in a generational collector [14]. He observes ¢lach
collector performs differently under different workloads mark
and sweep collector offers faster old generation collectimes,
while the mark and compact collector performs nursery atiot
more ef ciently, and avoids the problem of fragmentation.

Based on this observation, the author describes a systeamwhi
observes the current workload ahdt swapsdepending on which
algorithm is more appropriate. If a program is observed tfopm
a large number of old-space collections it is more appropria
to use a mark and sweep approach. Conversely, if a workload
performs frequent nursery collections with few survivasnark
and compact collector will provide better performance.

Somanet al make use of a similar switching technique [15].
They observe that, since modern server environments majviaa
number of different applications with different memory beiors,

a single collection algorithm is unlikely to perform bestihcases.
Given this fact, they propose a system of application-sp&eC
that can use the most appropriate collector for the algorith

Somanet al differ from Printezis in several ways. They make
use of Jikes RVM's many implemented collector algorithnis, a
lowing them the exibility to choose the most appropriaterfr a
large pool. Additionally, their system uses annotatiorseldzon ex-
ecution pro les in order to guide the selection of algorithAs a
result, their system does not incur a warm-up penalty whidestp-
propriate collector is chosen.

5. Implementation Details

This section describes some of the interesting features mhple-
mentation of the collector proposed in Section 3. The imglem
tation was based on the Appel-style generational copyitigator
supplied with MMTk [16] running with Jikes RVM [17].

5.1 Heap Layout

Figure 3 shows the layout of the heap for our hybrid colledtor
follows a similar design to that described by Appel, with isiddal
spaces due to MMTKk's implementation.

Spaces in MMTk have virtual address ranges xed at build time
This allows references to space limits to be propagatedrastaats
during compilation rather than being stored and refereasedhri-
ables at runtime. However, the full address range is raisdyg fior a
given space. The size of a space is managed logically, bytaain
ing a record of the number of pages assigned to each space. Thi
way the nursery and mature spaces can be resized dynanacally
cording to the requirements of the algorithm.

The large object space is managed by Baker's treadmill colle
tion algorithm [18]. This incremental, concurrent col@obperates
over a free-list allocated space. Objects larger than ehsestiold
are allocated in this space, with memory allocated in a ysged
granularity.

The mature space comprises two copying semi-spaces. Apart
from brief periods during garbage collection, only one sspace

S active at any time. Allocation to the mature space is peréal

only during garbage collection, when objects are copiethftbe
nursery or from one semi-space to the other. Allocation & th
mature space is performed by a bump-pointer allocator.

The implementation of the mature space in MMTk differs from
that described by Appel in that it does not remap the location
the old-space. In the algorithm outlined by Appel, upon eagion
of all nursery and mature space objects into the copy restrge
memory containing live objects is remapped to the startehtap.
This is done to allow the nursery to be resized by simply stdi
the location of the copy reserve space. Such a mechanisnt is no
necessary in MMTk since the virtual address space allodatdte
nursery is greater than the maximum size to which the nursany
grow.

The nursery is the space in which all new allocation occuis. |
a copy space, and is allocated to by a bump pointer. The uisser
placed at the end of the heap in order to simplify write bacae.
To maintain remembered sets of all references into the nuitsis
necessary to determine on every pointer store whether thet tia
in the nursery and the source outside. By placing the nuieie
end of the heap, only a single comparison is necessary for &ac
these tests.

5.2 Mark Stage

At the start of a collection, a count is made of the number @fyco
reserve pages remaining. This number is calculated as argage
of the copy reserve required by Appel's collector. As pages a
allocated to the mature space for surviving objects, thimtds
decremented. When it reaches zero the copy reserve is fidllaa
compacting collection must be triggered.

Upon the triggering of a compacting collection, the behavio
of object tracing changes. Previously, when an object waado
to be reachable, it was copied to the mature space and replace
with a pointer to its new location. Under the compacting exctibr,
objects are instead marked and left in place. Once the gatiase
is complete, an object in a compacting space can be in onee# th
states: forwarded, marked or garbage.

During the mark stage of a major collection, a total of the
sizes of live mature space objects to be compacted is maéadai
This indicates the amount of space required by compactedrenat
objects, and is used to determine the nal placement of catepkh
nursery objects.

5.3 Sweeping

Compaction follows Jonkers' algorithm described in Set8d®.2.
The algorithm requires the temporary use of one word perctbje

The boot space is made up of the classes and data structuresand must be able to overwrite one bit. In this implementatiba

generated as part of the build process. This space is nerkagm
collected, and does not grow beyond the original size of tha-b
image. By placing the boot space rst in the virtual addrgsace,

offsets of code and data structures can be calculated at tiuié

regardless of the layout of the rest of the heap.

The immortal space is also never garbage collected, an@ us
to store data that will exist for the lifetime of the virtuabehine.
This includes parts of the classloader and certain garhalggetion
data structures. Since objects in the immortal space newee nit
is safe to use them during certain phases of garbage coltegtien
data in the heap must be regarded as inconsistent.

word per object used by the algorithm is a pointer inside teler
to per-class metadata. Since this is an aligned pointdoyvitrder
bit is always zero, and can thus be overwritten.

Some optimizations to the algorithm are made possible by im-
plementation in MMTk. The chaining algorithm calls for tworo-
plete sweeps over the heap: one to update forward referethees
other to compact and update backward references. Howewie i
generational system it is not necessary for these sweepsver ¢
the entire heap.

On a minor collection, there is no need to sweep the entirp hea
for references to the nursery. This information has alrelaeign



logged in the remembered sets maintained by the write bardAes
aresult, the rst sweep of the heap requires processingeimem-
bered sets and sweeping the nursery. This is a major impmvem
over the expense of sweeping every space in the system.

The initial sweep in a major collection, however, requirestt
the majority of the heap be swept. There exists no equivatent
the remembered sets for the mature space, meaning thaemoint
may exist anywhere in the heap. As a small optimization, it is

MMTk maps scratch memory to that range. However, when object
are evacuated from that address range, MMTk simply stopgjusi
the memory, rather than unmapping it. This saves the ovdrhea
of remapping when the same address range is needed again. As a
result, the standard MMTKk collectors will often have morenmogy
mapped than the maximum heap size would allow.

This is not possible when remapping is required, as in the cas
of the generational copying/compacting collector. In tase it is

not necessary to sweep the metadata space. This is because thpossible that a new physical address range will be mapped to a

metadata space is only used by the garbage collector, amat is n
used to determine liveness in other parts of the heap.

A dif culty arises in sweeping the heap during major collec-
tions. The version of MMTk upon which the implementation is
based did not support linear sweeping through memory. Al co
lection algorithms were implemented using tracing. As altethe
MMTk implementation had different assumptions from those r
quired for a sweeping collector.

given virtual address range. It is important to ensure tloatwo
physical addresses are mapped to the same virtual addoesgoidl
this, memory is unmapped whenever it is not in use.

6. Experimental Results

This section presents the results of running the new garbalge
lection algorithm with a series of benchmarks. The alganithas

During a sweep, all objects encountered are scanned and thei implemented by modifying the GenCopy collector distriloLieith

pointers processed. In order for this to function correetlypoint-
ers must be valid. Whether they point to live or dead objesits,
pointers should refer to an object header. Pointers thatofloea
solve to an object header are dangling references, and adrde
errors.

Sweeping an immortal space is susceptible to this kind afrerr
By de nition, an immortal space is never garbage collectéow-
ever, occasionally objects in an immortal space becomeaahre
able from the program roots. In a tracing collector is is seaey
only that all objects reachable from the program roots halig v
references. Dangling pointers in unreachable objectsneiler be
seen, since such an object will not be visited by a trace. Mewa
sweeping collector will encounter such references.

To work around this problem, two arrays are maintained to
record liveness of objects in the immortal and boot spachesd&
arrays maintain a bit per addressable word in these spages U
marking an object, the bit corresponding to that objectades is
set. Sweeping is performed by traversing these arrays évrdete
liveness, rather than by by sweeping the spaces themsé@lhis.

solution is not ideal, since it wastes space and causes d smal

Jikes RVM version 2.3.4. Benchmarks were run using a machine
with an Intel Pentium 4 processor running at 2.26GHz and with
512 Mb of RAM. The Operating System was Mandrake Linux 9.2,

using kernel version 2.4.22-10mdk.

6.1 Methodology

Timing and garbage collection information for each of thesed
benchmarks was gathered. Both generational copying aretaien
tional mark sweep collectors were analyzed for comparisidh w
the new generational copying/compacting collector.

The methodology used to obtain the numbers was the same for
each collector. First, a VM was built con gured with the appri-
ate collector. Next, each benchmark was run 11 times witlsina
gle VM invocation. The rstrun served as a warm-up, comjla|
necessary methods using Jikes RVM's optimizing compileoé
level 2). This eliminated the overhead of compilation fronbse-
quent runs. The results for the compilation run were diss@rdhe
remaining ten runs were used as timing runs. A full-heap ageb
collection was performed before each timing run.

time overhead in the marking phase. However in the absence of6.2 Measurements

garbage collection in the immortal and boot spaces, it ies&ary
for correctness.

5.4 Block Copy
The compacting phase of the algorithm requires that objeets

The total elapsed time (both mutator and GC) was measured for
each benchmark. Additionally, a count was maintained ohbot
major and minor collections. In the case of the GenCC allgar;t
the number of nursery and mature compactions was also noted.

In the remainder of this section, the traditional generatio

objects are compacted within their space, they must be loiogied
to the appropriate location at the end of the mature spactheln
case of minor collections, this requires only remappingntinesery
objects. In major collections, both the nursery and old meatu

mark sweep collector aGenMSand the new generational copy-
ing/compacting collector a5enCC

6.3 Benchmarks

spaces must be remapped. As the block copy mechanism is usedenchmarks from the SPECjvm98 suite [19] were used to exam-

during a compacting collection, it has the additional regmient
is that no allocation occur during the remapping. Doing saildio
allocate pages beyond the system's budget.

Block copying is performed using the mmap system call. By
default, MMTk obtains virtual address pages from the opegat
system's scratch le. Modi cations to this system were mate
instead allocate pages from a named heap le. By maintaining
information on the offset in the heap le mapped to a givertuat
page it is possible to remap the data, effectively modifyihg
virtual address associated with it. In this way, data canuekéy
remapped from one virtual address to another.

ine the performance of the generational copying/compadaigo-
rithm. All benchmarks were run in the default con guratiangut
size 100). Figure 4 shows a comparison between the totahraat
of GenCopy and GenCC for each benchmark.

Of the benchmarks,202 jess, 213 javac and_228jack ex-
hibit the most interesting garbage collection behaviod aill
be examined in Section 6.4. Of the remaining benchmarksrnit c
be seen that222 mpegaudio shows only a minor improvement,
201 compress and227-mtrt show larger improvements, while
_209.db shows a performance decrease.

It would be expected that222 mpegaudio would see little

This implementation adds some run-time overhead, due to the improvement through an improved garbage collection allyori

need for additional system calls. The existing MMTK coléest

Since the amount of garbage collection activity is very law i

do not incur the overhead of space management, becausedhey dthis benchmark, any improvement in the collector will offigile

not unmap pages. When a virtual address range is rst akagat

speedup overall227_-mtrt and_201 compress demonstrate some
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Figure 4. All SPECjvm98 benchmarks, 10% copy reserve
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Figure 5. _202 jess when run with traditional collectors

improvement. Both of these benchmarks have relatively lavgn
ery survival rates. This means that the new algorithm allowese
objects to become unreachable between collections, amidjgers
fewer major collections. This is particularly apparentagker heap
sizes.

The remaining benchmark209.db, shows a minor decrease
in performance. The reason for this is that it has frequerjpbma
collections, indicating a high nursery survival rate. Thisturn
causes the compacting collector to be called more oftedjriga
to a performance degradation. It is worth noting, howevet the
performance drop is less than 5%, while the performancesddin
the other benchmarks is substantially higher.

6.4 Results

For the remainder of this section, we will look in detail202 jess,
213 javac and 228 jack. Figures 5 to 10 show the results.

Each graph shows the elapsed time for a benchmark run using
a given con guration on the left y-axis, plotted as a linem&0%
con dence intervals, and show the number of collections lom t
right y-axis, plotted as stacked bars. Using Figures 5 and 8 a
examples, Figure 5(a) and Figure 5(b) show the performanee o
various heap sizes aR02jess using the GenCopy and GenMS
collectors. Figures 8(a) to 8(c) show the results over aeanfy
heap sizes when a copy reserve of 5%, 10% and 80% is used. The
remaining graphs (Figure 8(d), 8(e) and 8(f)) show a varygiogy
reserve percentage for a xed heap size.

Figures 5(a) and 5(b) show that the performance26f jess
is better using GenCopy than it is using GenMS. Additionally
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neither collector performs many major collections, intiug that
the survival rate in the nursery is low. GenCopy bene ts fritnis, space.
since it uses a variable-sized nursery, while GenMS usesed x Figures 6(a) and 6(b) show that there are signi cantly moee m
size. As a result, the nursery is able to take up more of the hea jor collections in_213javac than in.202jess. This indicates that
under GenCopy, leading to fewer collections. the nursery survival rate is higher. Of the benchmarks pptese

It can be seen from Figure 8 that the performance of GenCC is _213 javac exhibits the effects of the generational hypothesast m
almost always better than GenMS. This is to be expectedesinc clearly and is, as a result, the most interesting of the SPHEQ$
GenCC takes advantage of the low nursery survival rate, and i benchmarks from a garbage collection perspective.
able to perform far fewer collections. Additionally, Gen€@er- It can be seen in Figure 9(a) that when t243 javac bench-
formance is almost always comparable to or better than GeynCo  mark is run using a small copy reserve, several compactihg co
The improvement is most noticeable at small copy resenessiz lections are triggered. However, despite the additionatiowad of

Very little compaction is performed when running02jess. these collections, GenCC outperforms GenCopy. This isquart
since the nursery survival rate is low. The compacting ctileis larly noticeable at larger heap sizes, where more spaceitble
only initiated when the copy reserve is set to its minimunmc8i for the collector to manage. Additionally, in the majoritiyaases,
the minimum copy reserve consists of eight pages used to copy GenCC outperforms GenMS.
VM and GC data, Figures 8(d) to 8(e) show that, in most cakes, t The performance advantage becomes smaller once the copy re-

serve percentage is increased. Figure 9(f) shows an 80%reepy

survivors of a nursery collection t entirely inside that mmum
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