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ABSTRACT the program can no longer access. Garbage collection (GE) im

proves programming productivity by reducing errors thatifefrom
explicit memory deallocation, and underpins sound sofvergi-
neering principles of abstraction and modularity. Curréd al-

We present the design and implementation of a new garbatgecol
tion framework that significantly generalizes existing yiog col-

lectors. TheBeltwayframework exploits and separates object age' "~ ; X
and incrementality. It groups objects in one or more incrgsen gorithms, however, still have a performance overhead. rEig(e)

queues calletbelts collects belts independently, and collects incre- shows the fraphon of tlmg that S SPI.EC Java programs spend i
ments on a belt in first-in-first-out order. We show that Belyw GCas a_functlon O.f heap size, usinga h'gh. performance Aglybs-
configurations, selected by command line options, act arfdnoe generatlona[ copying collector [3] in the Jikes RVM.[l’ ?]'h\?n
the same as semi-space, generational, and older-firsttole and hee_tp space is tight, GC_: can tak_e upto 35% of execution t|mpl|Ap
encompass all previous copying collectors of which we araraw cations may reduce this cost simply by using a larger heaghiolw

) : . GC typically comprises less of total execution time. Howgees
The increasing reliance on garbage collected languagdsasic 4
Java requires that the collector perform well. We show thagen- shown by Figure 1(b) and by other research [10], the bestesta

erality of Beltway enables us to design and implement nevecol ecution time is not alway§ aqhieved when GC time is minimized
tors that are robust to variations in heap size and improwz éx- by large heap SIzes. Application cache, memory, and TLBlilyca
ecution time over the best generational copying colleaibrshich may degrade with large heaps. For example, paging degpsées

we are aware by up to 40%, and on average by 5 to 10%, for smaﬁojbbys_ perf_ormance at the large _heap sizes in Figure .1(b)' Thus,
to moderate heap sizes. New garbage collection algorithensee, achieving high performance remains a challenge, espgéoalpro-

and yet we define not just one, but a new family of collectorg th 9rams and workloads with large memory requirements.
subsumes previous work. This generality enables us to exglo In more than forty years of research, a few key insights have

larger design space and build better collectors. shapeq copying garpage cgllection. (1) mk generat.ional hy-
pothesighat ‘most objects die young’ underpins generational ggeba
Categories and Subject Descriptors collectors, which preferentially collect the youngesteuits [34].
(2) As a corollary to this observation, generational catiex avoid
collecting old objects. (3) Using incrementality to impeaesponse
time has led to the use of small nursery generations and teriren-
General Terms tal algorithms [13, 24]. (4) Researchers also use smalkniesand
copying collectors to improve data locality [25, 38]. (5) Mae-
cently, Stefanovic et al. demonstrate that giving the wanyngest

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

Design, Performance, Algorithms

K r objects time to die can improve collector performance [32].
eywords ] ] ) ) TheBeltwaycollection framework is the first to combine and ex-
Beltway, copying collection, generational collectionyala ploit all five insights flexibly and efficiently. In additiorBeltway

: generalizes over previous work: we can configure Beltwayeto b
1. Introduction have as every other region-based copying collectors of whie
Programmers are turning more and more to garbage-collebjedt-  are aware. A Beltway collector usexrementsandbeltsas shown
oriented languages that automate the reclamation of methaty in Figure 2. An increment is the unit of collection. A belt gps

*This author did this work while at the University of Massaséiis. one or more increments into a first-in-first-out (FIFO) queBelt-
This work is supported by NSF ITR grant CCR-0085792, NSFigran Wy collects each increment on a belt independently in FIFi@m
ACI-9982028, DARPA grants F30602-98-1-0101 and F33615-01 and also collects each belt independently. The promotidinypde-
C-1892, EPSRC grant GR/R42252, and IBM. Any opinions, find-termines where to copy surviving objects, whether to theesanto
ings, conclusions, or recommendations expressed in thisrial  another belt. Increments make belts more general than afimes
are the authors’ and do not necessarily reflect those of thessps.  gjnce all objects within a generation must be colleeednassebut
we collect increments independently and there may be nheilitip
crements on a belt. We demonstrate Beltway configuratiaosn(f
command line parameters) that behave as semi-space odleica-
ditional generational copying collectors [34, 3], and ofiest col-
lectors [32]. To our knowledge, Beltway configurations nhaadl
previous copying collector organizations.
We further show that this generality enables us to combihe al
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Figure 2: A Beltway configuration with three belts, showing three
successive collections (top to bottom). The light arronanshllo-
cations going into the nursery, and darker arrows represgting
surviving objects from the target to the source incremebiarker
objects are younger.

generational collectors and demonstrates that they re@@éme

Figure 1: The impact of heap size on the performance of six spEcand total execution time on 6 Java programs. Section 4.Bsaifeme

benchmarks using the Appel-style generational collec@ptimal
performance is not always attained at the largest heap size.

the above ideas within a single collector. We present thégdes
and implementation of a range of copying collectors thatl@kp
the high mortality of young objects, can avoid collecting trery
youngest objects, avoid collecting previously copied otsieand
perform collection incrementally. Our generality increagointer
tracking costs but we develop several novel mechanismsuado
these costs. For instance, we maintain the fewest possibés-c
increment pointers, and we can trigger collections whemtimeber
of cross-increment pointers exceeds a threshold.

We show several configurations that reduce garbage caltecti
costs via reduced copying and better heap utilization coetpto
the best generational copying collector of which we are aJ@}.
These reductions improve total execution time over geiterait

sample responsiveness results. We find that reduced teelitean
time can also be combined with improved responsivenesshisut
area needs further exploration. We then present relateld amu
conclude.

2. Generalizing Copying Garbage Collection

The novelty of the Beltway framework is that it generalize®ro
copying collection by combining all the key ideas of copy®@ in
a single collector. This section first outlines these ideAg. then
describe the Beltway framework and how it exploits the ideas

2.1 Key ldeas in Copying GC

Most objects die young. Theweak generational hypothesisthe
basis for generational garbage collection [34]. A genergti col-
lector divides the heap into regions callgenerationshat contain
progressively more mature objects. The youngest genaratatied

collectors by an average of 5 to 10%, and up to 35% on tightdeap the nursery is likely to contain a large fraction of dead objects and
for 6 Java SPEC programs. Our new collectors thus use resmurcso is most frequently targeted for collections. The cotlegtro-

more effectively than generational collectors. We alss@nt evi-
dence that our framework enables us to explore the tradebffden
responsiveness and throughput, but we leave a more thonoueg:
tigation of responsiveness to future work.

motesobjects that survive by copying them into the next genenatio

Avoid collecting old objects. A corollary is that those objects
that do not die young tend to be long lived, suggesting théérol
generations should be collected less frequently.

The remainder of the paper is organized as follows. We first Give objects time to die. A further observation is that while

present the Beltway framework for exploring copying cdilec and
the program characteristics that it exploits. Section Bdws how
to configure Beltway to implement a variety of copying coltes.
We then present two new collectors designed to reduce tetal e
cution time. Section 3.3 introduces several novel mechanihat
make our collectors efficient. Section 4 compares theseaolis to

most objects die young, all objects require some time to ditee
older-first collector [32] exploits this observation by a&liag col-
lecting the very youngest objects.

Incrementality improves responsivenessLength and frequency
of collection limits the responsiveness of garbage catigqbro-
grams. Generational collectors reduce average pause yinepéat-



edly collecting the nursery, and occasionally collectihg tvhole
heap. They therefore tend not to improve on worst case pause t
Other algorithms are more aggressively incremental. Famgte,
the Mature Object Space collector [24] collects only oneenment
at a time and never collects the whole heap.

Copying GC can improve locality. Programs often access ob-
jects of a similar age together [20]. Copying collectorsleitghis
pattern to improve locality with consequent benefits forheaand
TLB behavior [38]. Collectors copy older objects near toheather
in the heap. This clustering reduces the incidence of pairtteat
span regions of the heap, and thus avoids retaining deadtskjen-
ply because they are referenced by a dead object in an uctealle
region [35]. The nursery attains locality by keeping the ngest
and most frequently accessed objects near each other.

Previously, no collector has exploited all of these ideaetioer.
Simple semi-space collectors improve locality throughyiag, but
do not exploit any of the other ideas. Generational collsoto not
give the very youngest objects time to die and must occakjona
collect the whole heap, so are not fully incremental. Theofitst
collector cannot always avoid frequent copying of old ot§eand
because it does not collect the whole heap it isqoohpletei.e., it
cannot guarantee it will collect all garbage.

2.2 Beltway Collectors

Beltway collectors depend on two very simple organizatiqumin-
ciples. Anincrements an independently collectible region of mem-

lection, i.e. when all objects survielf the copy reserve is fixed
at half the heap, as itis in the semi-space collector andrgéaeal
collector implementations, heap utilization and efficiegan suf-
fer. In the remainder of this section we use the tesable memory
to refer to the total heap space less the appropriate copyveefor
that collector.

Semi-space collectorsare the simplest copying collectors [12].
They correspond to a trivial Beltway configuration: a sinpkst
containing a single increment, as large as the usable memary
lected whenever it is full, as shown in Figure 3(a). We cail th
configurationBSS Beltway Semi-SpaceBSScopies survivors into
a new increment on the same belt.

Appel-style generational collectorshave two generations [3].
They make efficient use of memory by allowing the nursery tmgr
to consume all usable memory not consumed by the higher gener
tion. Consequently, they collect the nursery only when lyather-
ations consume all usable memory. Appel corresponds tavBglt
configured with two belts, each with one increment capablacef
commodating all usable memory, as depicted in Figure 3(le)c&ll
this configuratiorBA2, Beltway Appel with two generations. When-
ever the two increments consume all usable men®Ag collects
the nursery increment, copying survivors to the higher. balhen
the higher increment consumes all usable memBAR collects it,
copying survivors to a new increment on the same belt. (Iotjoe,
if the nursery size drops below some small fixed thresho&lhtrap
is considered full.)

Older-First Mix algorithms are an incremental variation on the

ory. A beltis a grouping of one or more increments, collected in semi-space collector [19, 31]. They are called older-first be-

strict FIFO order (analogous to conveyor belts). By seterctif-
ferent increment sizes, belt organizations, and promgia@ities, a
collector in the Beltway framework can be configured to impdat
any of the well-known copying collection algorithms.

Figure 2 shows a Beltway collector with three belts, eachh wit
one or more increments. This collector promotes survivoosf
each increment in to the next higher belt. It copies surgvorthe
highest belt to the end of that belt. New allocations go tolése
increment in the lowest, nursery belt.

A Beltway collector can exploit each of the five ideas outline
above as follows. Belts generalize over generations byujsicm
incrementality from the generation size. Thus, the lowesdt is
analogous to the nursery in a generational collector. Bjepee-
tially collecting increments from the nursery belt, we @ipkhe
weak generational hypothesis and avoid collecting oldaibjeBe-
cause Beltway decouples collection and belts, it can berarity
incremental. Because the oldest increment on a belt wikhgdnbe
collected first (FIFO order), Beltway can give objects tirnedte.
Finally, the copying, generational, and incremental aspetBelt-
way improve the locality of surviving objects, and provideality
for the youngest objects by allocating them together in tirsery.

3. Concrete Instances of Beltway Collectors

To demonstrate the generality of the Beltway framework, we d
scribe Beltway configurations that correspond exactly ti-lreown
copying collectors. We then describe two new collectors] e
novel mechanisms that are key to implementing these newcoll
tors efficiently.

3.1 Modeling Existing Copying Collectors

One factor in common among all copying collectors is that the
must hold in reserve sufficient memory to accommodate aaolle
tion of the largest possible increment. Thigpy reservespace must

be large enough to accommodate the worst case survival fok-a c

cause they mix copies and newly allocated objects in menTdrig
Beltway configurationBOFM, shown in Figure 3(c), has one belt
and multiple increment8OFM both allocates and copies survivors
to the last increment on the belt, triggering collection witiee in-
crements consume all usable memory.

Older-First collectors organize the heap by object age [32]. They
collect a fixed-size window that slides through the heap folaer
to younger objects. When the heap is full, OF collects thedaiv)
returns any free space to the nursery, and then positionwitire
dow for the next collection over objects just younger thasththat
survived. If it bumps into the allocation point, it resets thindow
to the oldest end of the heap. This Beltway configurat®®F,
illustrated in Figure 3(d), has an allocation bAland a copy belt
C where increments are the size of the collection windd@®0DF
allocates to the back of beft Whenever all usable memory is con-
sumedBOF collects the first increment in belt, copying survivors
to the back of bel€. If all usable space is consumed ahis empty,
then BOF ‘flips’ the belts, collects the first increment in the new
belt A, and copies its survivors to the last increment in the new, no
empty, beltC. BOF then continues to allocate to the back of the new
belt A.

3.2 New Beltway Configurations

We now go beyond existing copying collectors and describe tw
new collector configurations, Beltwag, X and BeltwayX.X.100
Beltway X.X collectors add incrementality to Appel-style gen-
erational collection. They have two belts, and each beltaina
increments of maximum si2€, conventionally expressed as a per-
centage of usable memory. The two belts correspond to gémesa
andX reflects the degree of incrementality. As with Appel’s colle
tor, the lower, nursery belt grows until it consumes all ramimay

Lin fact the copy reserve must be slightly more generous lsecie
copied data may not pack as well as the original data, as dacart
of object alignment and copying order.
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Figure 3: The Beltway configurations described in Sections 3.1 andEa2h diagram shows a configuration of belts and incrememisgl
the copying of survivors. An arrow indicates the allocatibat triggered the collection.

usable space, at which point BeltwyX collects the oldest incre-
ment in the nursery. It promotes survivors to the youngastement

in the higher belt. When the higher belt becomes full, it ecil$
the oldest increment in the higher belt, and copies sursitorthe
youngest increment in the same belt. Similar to generaltiikec-
tors, BeltwayX.X collects the higher belt only when the higher belt
is full and the nursery belt is thus empty. However, it caeanly

a fixed size increment, rather than the entire belt.

Beltway X.X combines most of the features of Appel’s genera-
tional collector and the Older-First collector, and exfdaill five
ideas outlined in Section 2.1. In faBA2is a special case of Belt-
way X.XwhereX is set to 100. WheiX < 100, the steady state dif-
fers fromBA2as follows. The nursery typically contains one incre-
ment that varies in size up to sixg and the older belt contains the
other increments. Together they can occupy no more tharstide:
heap space. For example with= 33, we can have four increments,
one patrtially full and two completely full increments onté] and
one partially full increment on belt 0. Our framework and lexp
mentation also supports Beltwa§/Y collectors whereX #£ Y, but
we do not explore these configurations here. Unfortunatefen
X < 100, BeltwayX.X lackscompletenesst does not guarantee the
eventual collection of all garbage, because it fails toemljarbage
cycles that span more than one increment.

Beltway X.X.100 collectors address the failure of Beltwa).X
with respect to completeness by retaining the two lowersheith
increments of siz&X < 100, and adding a third, highest belt with

the Appel collector, sometimes by as much as 35% of totallbenc
mark running time. An alternative approach to lack of cortgriess
in the BeltwayX.X collector is to use a complete, incremental col-
lector (such as the Mature Object Space collector [24]) at@lof
the third belt, but that investigation is beyond the scoptisfwork.

3.3 Realizing Efficient Beltway Collectors

Three broad implementation issues are key to the viabilitpus
approach. (1) Incrementality depends heavily on the useribé
barriers, so the efficiency of write barriers and their associated dat
structures is critical. (2) We found that the best time tdexlis not
always when the heap is full. To this end, Beltway collectase
collection triggersto preempt identifiable performance problems in
later collections. (3) Finally, we exploit a dynamicallysdcopy re-
servebased on the increment size and heap occupancy, which leads
to better heap utilization and ultimately better perforaen

3.3.1 Frames and Write Barriers

In order to collect increments independently and efficieighrbage
collectors must remember references into collected inergsfrom

the rest of the heap. A simple semi-space collector avoelsi¢ed

for any such mechanism by always collecting all usable mgmor
Generational collectors very cheaply notice and rementieecte-
ation of any references into the nursery from the rest of #aph
For example, they place the nursery in high memory and observ

a single increment that may grow as large as the usable memorghe creation of any pointers that cross a boundary betwegmarid
Any objects BeltwayX.X.100does not reclaim in the lower belts, it low memory [7]. One also must instrument thrutator, (i.e., the
promotes to the third belt, which it will collect in its ergty only  application) with a write barrier to remember relevant peis.
once it has grown to consume all usable memory. It thus guaran Beltway collectors implement increments by usifigmes A
tees eventual collection of large dead structures. Thifigamtion  frame is an aligned contiguous region of virtual memory et
achieves completeness at the expense of incrementaléyn@inst — accommodate an increment. Frames reduce the cost of inctaime
case collection increment is the same as the classic seawésmd  collection in two ways. First, frames are power-of-two akg in
generational collectors). Note that wh¥ris equal to 100, Beltway the address space, and we can distinguish inter-framegpsifiom
X.X.100implements a three-generational Appel-style collector. intra-frame pointers using a shift and compare. Second, gie-m
Section 4 shows that Beltwag X.100almost always outperforms tain a number associated with each frame that indicategaheefs



relative collection order.

Nursery Trigger. The size of the nursery belt may be bounded

When we encounter an inter-frame reference, we need to remento ensure that we frequently collect the young objects smaay

ber it only if we might collect the target frame sooner thaa th
source frame. We therefore do not record all inter-framerref
ences. Further, if an increment spans multiple frames rdankth
the same collection time, we do not store pointers betweendh-
stituent frames. Although the barrier is not address-edleit is
uni-directional with respect to frames. For example, in B&FM
collector (Figure 3), only cross-increment pointers in tiggt-to-
left direction must be remembered. Figure 4 shows a basiteimp
mentation of this frame-based, unidirectional write-twariWe par-
tially inline the write barrier [7].

1 public static final void witeBarrier(ADDRESS source,
2 ADDRESS target) {
3 int s = (source>>>FRAVE_SI ZE LOG) ;

4 int t = (target>>>FRAVE_SI ZE_ LOG ;

5 if ((s!=1) /'l pointer is inter-frame

6 &% (Belt.collect_[t] < Belt.collect_[s])) {

7 /1 target will be collected before source

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

9 GCTk_Renenber edSet. i nsert(rsidx, source);

10 }

1}

Figure 4: The basic Beltway frame-based write-barrier.

3.3.2 Remembered Sets

The total number of frames in a configuration is limited by ithe
crement size, the number of belts, and the total usable me @od
is tightly bounded. We can thus maintain distinct rememthess,

remsets for each target-source frame pair. At run time, we enter

each inter-frame reference in the appropriate set. An adganof
this approach is that we can trivially delete all remsetatief) to a

frame. We also ignore remsets between two increments indhe o

casional case when we collect them together. For examplengi
sufficient copy reserve, if we are about to empty a lower bedt a
fill the next higher belt, we will collect the increment on tlosver
belt together with the first increment on the next belt. Thisi-o
mization performs a single collection, rather than two imiediate
succession.

Because of the high write-barrier activity in the nurserg, m-
ited BeltwayX.X and BeltwayX.X.100to a single, bounded nursery
increment, which minimizes write-barrier activity. JikBYM in-
troduces substantial write barrier overhead due to thiliziihg of
each object’s type (‘TIB’) pointer. The type object is oldesu-
ally much older, than the object. To eliminate this overhead
use a single nursery increment and extend the basic Beltamy b
rier to filter any pointers where the source is in the nursdtyis
optimization foregoes older-first behavior within the rams Sys-
tems without this overhead should be able to benefit fromiplelt
nursery increments.

3.3.3 Collection Triggers

For a variety of reasons, it is not always best to collect arifen
the heap is completely full. For instance, fixed-size nyrsmi-
lectors collect when the nursery is full rather than whenhbap
is full. In this section, we describe a number aidllection trig-
gersthat define a range of additional conditions that can irgteat
garbage collection. We explored three mechanismssery rem-
set andtime-to-dietriggers with multiple nursery increments, and
believe that configurations of Beltway will benefit from orrenwore
of them. For the Beltway.X and BeltwayX.X.100configurations
we report below, only the nursery trigger that limits thesary to a
single increment proved useful.

die quickly. An obvious example of this trigger is the cladsxed-
size nursery generational collector which limits the norg¢e one
increment, where the size of that increment is always etpeatiax-
imum nursery size. In Beltwa)}X.X and BeltwayX.X.10Q we use
this trigger to limit the maximum size, but not the minimurmesof
a single nursery increment.

Remset Trigger. Because remembered set entries are collection
roots, as the number of remset entries grows, the survitalfoa
an increment goes up as well as the time to scan the remdét itse
A simple and very effective solution to this problem is tager
collection whenever remembered sets grow to some threshold

Time-to-Die Trigger. We may want to collect a nursery in-
crement before it reaches its maximum capacity. For exanaple
Appel-style nursery increment can accommodate all thelesabm-
ory, but we often collect the nursery when it is only partidilll. By
using two increments on the youngest belt rather than oneane
avoid collecting thereryyoungest objects, which would not yet have
had time to die. The time-to-die trigger ensures that akotsj will
have at leasTTD time to die before we collect them (time is mea-
sured in bytes of allocation). When the heap is withifD bytes of
being full, we can use the time-to-die trigger to ensure #fiatew
allocations go into the second frame. If the system is afloganto
the first increment, it then starts allocating objects ifte $econd
frame. Subsequently, when the heap fills, it collects théffiasne,
which may not be full. This trigger prevents the collectomsni col-
lecting the objects allocated in the I1aSED bytes of allocation (i.e.,
when they are too young).

We believe future configurations of Beltway will be able te ex
ploit all these triggers to improve collector performanggltier, but
we use only the nursery trigger in our results.

3.3.4 Dynamic Conservative Copy Reserve

As we pointed out in Section 3.1, all copying collectors naedpy
reservespace into which to copy survivors. In order to avoid failure
in the worst case, the copy reserve must be slightly largar the
largest possible collection increment. Since the usablmong is
the heap space less the copy reserve, it is obviously adyeoia to
minimize the copy reserve. Finer-grained incrementalecodrrs,
such as Mature Object Space (MOS) collectors or Beltoay,
where X<100, have a distinct memory utilization advantage be-
cause they require only a small copy reserve. Classicargtoeal
and semi-space collectors must reserve half the heap.

Beltway collectors dynamically calculate a conservativaimal
copy reserve that will always accommodate survivors froenibrst
case collection sequence. The copy reserve is either thesiain-
crement size, or the largest potential increment occupandie
next collection. We determine maximum potential occupafocy
each increment by adding its current occupancy plus themani
occupancy of any other increment from which the collectasldo
copy into this one.

The dynamic conservative copy reserve is particularlyotife
in the BeltwayX.X.100collector where the third belt is rarely full.
The copy reserve is thus usually determined by the smaltgein
ment size. As the third belt fills, the copy reserve growsliinis
finally half of the heap (so that the third belt occupancy dredcopy
reserve are equal in size). After we collect the third bélg, ¢opy
reserve automatically falls back to a smaller size, thetinu-
ously maximizing usable memory.



Benchmark | Description Min. heap size| Total allocation| GCs
202_jess An expert system shell 12MB 301MB 24-337
_205_raytrace | A ray tracing program 15MB 127MB 9-139
_209_db Simulates a database management system 22MB 102MB 5-115
213 javac The Sun JDK 1.02 Java compiler compilijegs 32MB 266MB 10-100
_228_jack Generates a parser repeatedly 20MB 320MB 16-135
pseudojbb Emulates a 3-tier transaction processing system 70MB 381MB 4-126

Table 1: Benchmark characteristics: minimum heap size, total aftesated, and the number of GCs performed by an Appel-stllector

at large and small heaps respectively.

4. Results

This section describes our experimental setting, inclydur garbage
collector environment, hardware, and benchmarks. We thesept
GC time and total execution time for Beltway and generationk
lectors with a variety of configuration parameters. Finallg show
some sample responsiveness results.

4.1 Experimental Setting

Jikes RVM and GCTk. We use Jikes RVM version 2.0.2 for our
implementation study. Jikes RVM (formerly Jalapefio) isghlper-
formance VM written in Java that includes an aggressivenuiptng
compiler [1, 2]. We used the Jikes RV&tlaptivecompiler and its
fast build-time configuration (which omits assertion checkingl a
pre-compiles as much as possible into the Jikes RVM booténag

We have recently developed a new GC toolkit for Jikes RVM

called GCTK, which includes Beltway as well as implementagiof
previous generational collectors. GCTk is an efficient aexlilfle
platform for GC experimentation that exploits the objedentation

of Java and the VM-in-Java property of Jikes RVM. Prior to de-

veloping Beltway, we implemented a number of GC algorithms i
GCTk. These collectors include Appel-style and fixed-nyrgen-
erational collectors whose performance we report belowfadad
their performance to be similar to existing Jikes RVM GC igpl
mentations. Existing Jikes RVM collectors all staticallgriition
their heap into small and large object spaces, and uncondlty
utilize the large object space. Unfortunately, GCTk cutlsedoes
not yet implement a large object space. Direct comparisetsden
GCTk and the native Jikes RVM collectors are therefore nesitue
without significant changes to one of the systems.

After developing the generational collectors, we tunedrtloeer
an eighteen-month period of heavy use in several context8][7
For example, they use a very fast address-order write b§rtie/Ne
compare Beltway against these collectors. These colleet@ not
limited in any way by the generalizations we employ in Belwa/e
did however design GCTk using object-oriented techniquieiw

enables the reuse of key GC infrastructure. Of the 26 classes

Beltway and in the generational collectors, 23 are commdiotb.
We implemented the Beltway collectors in GCTk as a singléecel
tor with command-line options to specify the configuration.

run for each configuration to measure the rate at which wetedr
fast and slow paths were taken. We ran these programs on 83 hea
sizes, ranging from the smallest one in which the progranptetas
up to 3 times that size.

Hardware. Our experimental timing runs were performed on
a Macintosh PowerMac G4, with a 733MHz processor, 32KB on-
chip L1 data and instruction caches, a 256KB unified L2 caahe,
1MB L3 off-chip cache, and 128MB of memory, running PPC Linux
2.4.10.

4.2 Throughput

This section examines the GC and total application perfaoador
a range of generational, Beltwa§/X.100 and BeltwayX.X collec-
tors. We begin by comparing Beltway configurations that imatc
Appel-style generational collectors and show they perfeimi-
larly. We then turn to the choice of generational collecteg;com-
pare fixed-nursery collectors with a range of sizes to thallex
nursery Appel generational collector. Our experimentsashuat
Appel improves performance, typically by about 50%, retgssl of
nursery size. We therefore use it as our main comparisort.poin
We then explore the effect of increment sizes on Beltay.100
and find that as long as the size is not too small, Beltay.100
is not very sensitive to increment size. We also comparenBgit
X.X.100to Beltway X.X for one increment size, and find their per-
formance comparable. We finally present execution and ctaie
times for BeltwayX.X.10Q Appel, and a fixed-size nursery collec-
tor, which show that Beltwa(.X.100generally performs much bet-
ter than generational collectors.

4.2.1 Beltway as Appel

Figure 5(a) compares GC time, and (b) compares total apiolica
time. In all the performance graphs, the left y-axis is thefqre
mance relative to the best in the figure, the right y-axis ésattual
time, the bottom x-axis is the heap size relative to the mimmand
the top x-axis is the actual heap size.

Figure 5 compares Appel, Beltway0.100(the Appel configu-
ration of Beltway), and Beltwa$00.100.10Qusing the geometric
mean of our 6 benchmarks. These collectors adapt the nusiery
to occupy all available space not consumed by the higherggoe.

Benchmarks. We use six SPEC benchmarks, five drawn from Garbage collection time is virtually the same for Appel ardt®ay

the SPEC JVM98 suite, angseudojbb, a slightly modified vari-

100.100 Beltway 100.100.100the logical generalization of Appel

ant of SPEC JBB2000 [28, 29]. Rather than running for a fixedto 3 generations, enjoys a collection time advantage atnal-s

time and measuring transaction throughggeudojbb executes a
fixed number of transactions. This modification made it gedio
compare running times reasonably. Dieckman and Holzlsgmtea

est heap size, but has the same performance as Appel andageltw
100.100at most heap sizes. There is more variation in the total time
results because two program209_db and pseudojbb, are very

thorough analysis of SPEC JVM98 [17]. Table 1 shows some- charsensitive to locality effects, which are magnified here bakrari-

acteristics in our system: the minimum heap size in which ppeA
style collector does not fail, the bytes allocated in thistegn, and
the number of GCs at large and small heap sizes.

We ran each program 5 times for each collector configuratioh a
picked the best execution time (i.e., the one least distubyeother
effects in the system). We separately performed a statigéithering

ations in the collectors. For example, Appel uses a simpladary
crossing write barrier and thus must scan the boot image on ea
collection [3]. Beltway100.100uses the general write barrier de-
scribed in Section 3.3.1, which records as needed pointars the
boot image.

Most importantly, these results show that Beltw&y.100does
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Figure 5: Comparison of the Appel-style collector with Beltway twardathree-generation Appel configurations.

not obtain performance improvements over Appel by simpbiragl
a third generation.

4.2.2 Incrementality in Generational Collectors
Incrementality is a key parameter for both generationalBeitivay

4.2.4 Beltway.X versusx.x.100

Figure 8 compares Beltwab.25to Beltway25.25.10¢0 explore if
sacrificing completeness improves performance. Howelvergéo-
metric means for these two configurations are the same. A few p
grams do improve slightly using Beltwa&p.25 but_213_javac per-

X.X.100collectors. This section measures the performance of genformance actually degrades because Belt@&y25never reclaims

erational collectors, both with a range of fixed nurserysemd also
with a flexible nursery. It then explores the impact of incestality
on the BeltwayX.X.100collector.

a large cyclic garbage structure.

4.2.5 Garbage Collection Time

Figure 6 compares the performance of four configurations of a__ ) ) )
fixed-size nursery generational collector and an Appdestyliec-  Figure 9(a) shows the geometric mean of the time spent in GC fo

tor, with respect to both GC time and total time, using a geidme Beltway 25.25.100 a fixed-size 25% nursery generational (_:ollec-
mean of performance of all 6 benchmarks. The Appel collextor tor, and an Appel-style collector. The robustness of Beftwith

superior space utilization naturally makes good trads-béftween
frequency of collection and space utilization, which ré&sinh its
good total and collector performance.

In contrast, a small fixed-size nursery increases the frexyuef
GCs and limits time-to-die in the nursery. Both degrade ager-
formance. A large fixed-size nursery reduces the availgidees
for the higher generation and thus leads to more frequehhéalp
collections and worse overall performance. Furthermbmeréser-
vation of a fixed proportion of the heap for the nursery sigaifitly
impacts the collector’s capacity to perform in tight heaple lack
of results for small heap sizes in Figure 6 illustrates thieifa of
the generational collector to perform at all in small hezesi

These results show that the Appel-style collector is the pes
forming generational configuration, a result that to ourvidecige
has not previously appeared in the literature. On the bdglsese
results, we use the Appel-style configuration, and the besopn-
ing fixed-size nursery collector with nursery size of 25% ubse-
guent comparisons.

4.2.3 Incrementality in Beltway

Figure 7 compares the peformance of Beltw&ay).100with four
different increment sizes. We can see that Belt¥ay.100is fairly
robust across increment sizes, although the small incresien of
10 degrades performance. This degradation could be atdho
more frequent nursery collections and less time-to-digpa di-
minished capacity to collect large cycles in the second igeios.
The latter would increase the load on the third generatind,lead
to a reduction in heap utilization because it also will ire the
copy reserve. We use ti#5.25.100configuration in the remainder
of the results section as it appears to perform well, andatiatural
point of comparison with the 25% fixed-size nursery genenaii
collector.

respect to heap size is clear. The Appel configuration allines
higher generation to grow as large as possible and so pesfoet

ter than the fixed nursery configuration, whereas BeltXay.100
exploits the small increment size, dynamic copy reserve,FARO

behavior in the higher generations to reduce GC overheagtaub
tially in small heaps.

4.2.6 Total Time

Figure 9(b) presents the geometric mean of the program ggacu
times for Beltway25.25.100 Appel-style generational, and a fixed-
size 25% nursery generational collector. Figure 10 showsebults
for each benchmark. In general, Beltway improves perfooaan
significantly in small to moderate heaps, and performs éxuty
across all heap sizes.

Two interesting results standout. First, Appel performyworly
in large heaps fopseudojbb because the program thrashes when its
nursery becomes too large and spreads out live data too rech.
ond in_209_db, garbage collection is not a dominant factor. Again,
locality effects cause the variations in performance acdiferent
heap sizes on all collectors. With the exception2i19_db and jbb,
Appel outperforms the fixed nursery collector at all heapsiand
all programs.

Comparing Appel to Beltwa25.25.100ppel’s performance does
not match Beltway.X.100until the heap grows to at least 1.5 times
the minimum heap size (except fa209_db). In addition, Appel
needs at least 2.5 times the minimum heap sizeZd8_javac and
2 for _228_jack to match BeltwayX.X.100s performance. Belt-
way X.X.100uses small and moderate heaps more effectively than
Appel and the fixed nursery collector, achieving good penfomce
even when memory is constrained. 1202_jess, _205_raytrace,
_213_javac, and_228_jack, Beltway achieves within 5% of the best
performance for virtually every configuration. It thus erhs well
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Figure 9: Performance of Beltwag25.25.100 Appel-style, and fixed-size 25% nursery generationakctdlrs relative to best.

in a wide variety of circumstances.

4.3 Responsiveness

We did not design Beltway to provide hard real-time perfanoea
However, we did expect that some configurations would ofétten
responsiveness than other collectors, such as Appel. 8imph-
sures, such as the length of the longest GC pause or a diiiribu
of pause times, do not take into account clustering of GCsglwh
might prevent mutator progress over a longer period. To oonk-
edge this issue was first considered by Holzle and Ungar {2igh
respect to pauses caused by dynamic compilation. We folaw t
methodology of Cheng and Blelloch [13].

To incorporate such possibilities, we measomatator utilization
(MU). We define MU to be the fraction of time the mutator runs
within an intervalltg,t;). Clearly, MU ranges ovel0, 1] and higher
MU means the GC is running less. In our graphs, we presimt
imum mutator utilizatio(MMU). A point (w,m) lies on an MMU
curve if, for all intervals (windows) of lengtlv or more that lie
entirely within the program’s execution, the mutator a#lion is
at leastm. MMU curves are monotonically increasing, with tke
intercept being the maximum GC pause for the run, and thegsym
totic y-value being overall throughput (fraction of time spentha t
mutator).

Figure 11 shows graphs of MMU curves for runs_ai.3_javac

collectors with respect to object segregation, pointezkiray, pro-
motion policies, incrementality, completeness, and ldgori

The most common segregation policy is by age: two or three age
based regions are common, but some collectors use more3G2}.
erational age-based collectors exploit the weak genewltioypoth-
esis [34]. Older-first collection [32] and renewal oldesfihere
called older-first mix) [15, 19] are premised upon the jukicited
(Older-First) or copied (renewal older-first) objects laelikely to
stay reachable for a while. Beltway configurations explbiése
characteristics with multiple increments on FIFO belts. [hnBay
X.X.100is complete, unlike older-first. More importantly, Belt-
way generalizes over all these previous collector orgéioizs, and,
in addition, supports segregation by object charactesistiich as
size [21], type [27], or allocation-site (e.g., segregatif long-
lived, immortal, or immutable objects) [8, 14], although de not
explore this type of segregation in this paper.

Any references into an increment must be tracked if thateincr
ment is to be collected independently. Pointer tracking msg
remembered sets [34], card marking [39], hardware supgor®,[
16, 26], or a combination of technique3ard table§39] are a com-
mon alternative to the remsets we use in Beltway. Card tatdde
a fast write-barrier (typically two or three machine instians) for
increased work scanning at collection time. A marked entrthe
card table means that one or more pointers were written t@ sahn
dress within the heap range (tbard) corresponding to this mark;

at two heap sizes. In each graph there are two groups of CUNVe§ye collector must scan the card to find such pointers andaest

Those to the left indicate better responsiveness: highetMiMer
the same or smaller intervals. On both graphs, Belth@yOand

one to discover whether it is ‘interesting’. Beltway coties do
not use card tables for two reasons. First, Jikes RVM laysaout

10.10.100behave similarly, and offer better responsiveness (anqay and scalar objects in different directions in the heapusT the

throughput) than other configurations. In the second graghsee
that at larger heap sizes, the maximum pause time is largea{se
the increment size is larger, being 10% of the usable heap, et
and that Beltway33.33and 33.33.100offer behavior intermediate
between10.1010.10.100and Appel.

It is clear that some configurations of Beltway offer better r
sponsiveness than others, including Appel. Thus Belteaybe
adjusted to provide better responsiveness, though we hatvgen
explored the configuration space fully, or related it to elesgristics
of various benchmarks, to offer a tuning strategy.

5. Related Work

The Beltway framework combines and exploits key insightief
cremental garbage collection [6], segregating objectsifferdnt

physical regions of the heap in order to improve collectod(ome-
times mutator) performance. This section compares Beltwather

start of one object cannot be determined from the previoyescab
Second, the performance of card tables or remsets dependglgt
on application behavior, and in particular on the relatiegfiency
of writes and remset/card table scanning. Earlier expeeid@3]

suggests that remsets are generally faster.

To give objects more time to die, generational collectorg waay
the size of the nursery [3], use an allocation thresholderatian a
capacity [40] to trigger collection, or move the boundaryween
generations to reflect demographic changes [35]. Beltwayusa
these techniques, but not the ‘threatening boundary’ igclen5].
To prevent less frequently collected increments from filljprema-
turely, some collectors further segregate surviving dsjby age to
mitigate early promotion [40]. For example, collectors cantrol
promotion by recording object ages [36], or by organizingege-
tions into creation and survivor spaces or into bucket liégq34,
37]. At collection time, these methods must acoegsryobject in
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the generation, whether to promote it, copy it within the eyan
tion, or increment its age. Beltway subsumes and improvekese
techniques through multiple increments and time-to-dggars in
a belt. Not only does it prevent premature promotion, it @ees
not touch objects prematurely.

By collecting one region at a time, region collectors previd-
crementality [24]. Generational collectors offer imprdwexpected
pause-times, but their need for occasional full-heap ctidas pre-
vents any worst-case guarantee. The Beltway frameworkslio-
vestigation of throughput and pause-time tradeoffs. Bmht.X
offers incrementality at the expense of completeness, afitvBy

X.X.100provides completeness at the cost of occasional full-heap|5]

collections. One possibility that we leave to future worlagling
Mature Object Space [24] copying rules to Beltway so as taiabt
completeness without full-heap collections.

It is common for region collectors to manage different regio
with different policies or through different managers. Ezample,
large object areas or the oldest generation of a generatohector
may be managed by a non-moving collector. A Mature Object&pa
(MOS) collector handles older generations specially, bmgthe
volume copied at any collection and offering (eventual) ptate-

6. Conclusion

We present a new collector design, Beltway, that subsunmms-pr
ous work on copying collectors. The generality of the Beltwa
framework enables the implementation of new copying ctdliexc
that combine key ideas in the garbage collection literatiie il-
lustrate how Beltway encompasses all of the previous géoped
and region copying collectors of which we are aware, andtifjen
two new collectors, Beltwa).X and BeltwayX.X.100 The de-
sign and implementation of these collectors introducesdes for

a number of new mechanisms, including the use of frames té min
mize write barrier costs, collection triggers to preempufe collec-
tion problems, and a dynamic conservative copy reserve ke tine
most efficient use of heap space. Using these mechanismsg-our
sults show that Beltwa)(.X.100outperforms both a state-of-the-art
Appel-style collector and a fixed-size nursery generatioolector.
The Beltway framework provides a novel, very general, afidieft
design and implementation that results in better collsctout more
importantly opens to further exploration a large designceptr
copying region collectors.
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