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ABSTRACT

Since 1960, reference counting has been a popular meandafga
collection. Reference counters achieve low pause timessimgu
local data to determine liveness, but the use of this lodal ldaves
the collector unable to collect cyclic garbage. Recent adea
such as the use of coalescing and generations have dralfyatica
improved the throughput of reference counting collectdfaw-
ever, the efficient collection of cyclic garbage remainsuardiling
block. This paper responds to this shortcoming with MSCDora ¢
current tracing algorithm that takes advantage of inforomedvail-
able within a reference counted environment. MSCD outper$o
alternatives such as trial deletion and backup tracing by efac-
tor of two. This advantage is the result of three insightotjgcts
subject to races during concurrent tracing are trivialriified us-
ing data already established by the reference countereZralce
performed by the mark phase of the collector can safely olnit o
jects statically identified as inherently acyclic, and 3 gweep
phase of the collector can be reduced to just those objedthwh
are potentially cyclic garbage. We show that MSCD works with
state of the art reference counting collectors — which allaxge
numbers of heap mutations to be ignored — without affectirgy t
correctness or completeness of the algorithm. We provitkldéd
performance comparisons of concurrent and non-concuuent
sions of our cycle collector, a simple mark-sweep cycle aete
and a high-performance implementation of trial deletion.

Categories and Subject Descriptors

D.3.4 [Programming L anguages]: Processors-Memory manage-
ment (garbage collection)

General Terms
Design, Performance, Algorithms

Keywords

Java, Mark-Sweep, Cycle Collection, Reference Counting

1. Introduction

Since it was first described by Collins in 1960 [10], refeoount-
ing has held a tantalizing appeal due to its conceptual &mpl
ity, low pause times, and prompt reclamation. The appeal was
tantalizing because reference counting suffered two mdjaw-
backs: poor throughput, and an inability to collect cyclital
The first problem has been addressed by deferred refereno¢ co
ing [11], coalescing [14], and most recently with the use erfigy-
ations [8, 4] and ulterior reference counting [8]. This camaltion
yields throughput competitive with the fastest tracingogae col-
lectors [8]. Backup collectors are used to address the semab-
lem, but their overhead is such that unless additional CBblrees
are deployed [5, 17], throughput may suffer noticeably ipliap-
tions which generate cyclic garbage. A collector which bithilow
pause times and high throughput even in the face of cyclicag,
has thus long been a goal.

We address this longstanding objective with MSCD, a concur-
rent tracing algorithm that outperforms alternativesudahg trial
deletion [9, 16, 15, 5] by close to a factor of 2, and backupkmar
sweep by up to 30%. MSCD achieves this with a novel tracing
algorithm which exploits information available within afeeence
counted environment to a) operate concurrently with notamdil
synchronization overheads, b) avoid tracing inherentygbcdata,
and c) limit sweeping to potentially cyclic garbage.

Reference counting garbage collectors work by keepingtsoun
of incoming references to each object, incrementing thencas
each new reference to the object is generated, and deciiegent
the count as each reference to the object is deleted or aittemvr
When an object’s count reaches zero, there are no referemies
so it may be reclaimed. The beauty of this algorithm lies & it
reliance only on local information tdirectly identify garbage. By
contrast, tracing collectors must trace through all liveeots before
indirectlyinferring those that are dead as those objects that were not
identified as live. Unfortunately, the reliance on locabimhation
means that reference counting is unable to identify seliamiag
cycles of garbage (consider two objects which point onlyaohe
other). Consequently, reference counters are generajiynented
with cycle detection algorithms.

There are two broad approaches to cycle deteckiaokup trac-
ing [13] andtrial deletion[9, 16, 15, 5, 13], both of which may
be executed either synchronously or concurrently with th#tiea-
tion. Backup tracing involves occasionally tracing the \ehoeap
and identifying as garbage those objects left unmarkedduhe
trace. Trial deletion works on the basis that if a member of an
unreachable self-sustaining cycle were to be temporaslgtdd,
the cycle would collapse and the reference count of the teanpo

IMSCD stands for Mark Sweep Cycle Detector. We hope to have
a more imaginative name for the final version of this paper.



ily deleted object would fall to zero, confirming that it wasfact

a dead cycle. Trial deletion thus attempts the deletion lefcsed
candidates, and, if they are identified as cyclic garbagsy tve
properly deleted. Candidates are selected by observina tiead
cycle can only be created in the uncommon case where an ‘sbject
reference count is decremented to a non-zero value (eralyric
most decrements go to zero).

Both approaches suffer shortcomings. Standard backuindrac
is oblivious to its context in a reference counted heap, imgssp-
portunities for lower cost concurrency control, highertighput
and better scalability, which we exploit. Although trialelgon ex-
hibits improved best-case behavior, in the common and vears,
it is substantially more expensive. While in some circumests
this overhead can be absorbed by dedicating additional GPU r
sources to the task [5, 17], we are interested in a more ges®ra
lution where such resources may not be available.

Our contribution is a new concurrent backup tracing altonit
that outperforms standard backup tracing and trial deietiOur
good performance is achieved in two ways. First, we iderdify
new low overhead variant of snapshot-at-the-beginningeeant
collection [22, 3] that does not require any additional sy op-
erations, but instead uses the set of non-zero decremérgadi
maintained by the underlying reference counter) to idgrif ob-
jects potentially exposed to a race condition. Second, veeisp
ically target the backup trace to the task of cycle collettiaVe

ing could achieve throughput matching the fastest tracifigctors
while still attaining good pause times.

Jones and Lins [13] give a good description of the various ap-
proaches that deal with cyclic data structures. Most ambres
are not general, being either language specific, or depéeraten
programmer intervention. However, there exist two genapal
proaches, backup tracing [11] and trial deletion [9, 16,515,

Backup tracing simply performs a mark-sweep trace of thdevho
heap from time to time. It must trace all live objects in thae
and sweep the entire heap for dead objects. Unless thedricin
performed concurrently, reference counting’s advantafjpsompt
reclamation and low pause times are lost. Concurrent madeg
collection requires some form of synchronization to avades
with the mutator [20, 12, 3]. MSCD exploits its reference mBu
ing context to a) require no synchronization above that wiaike
ready exists in a state-of-the-art reference countingectt, b)
avoid marking certain objects statically identified as dcyand
c) only sweep potentially cyclic objects.

Trial deletion is also described as partial mark-sweep. [k8§-
itively, trial deletion determines which objects are bekegpt alive
only by virtue of reachability from some candidate objedtthe
candidate is only alive by virtue of reachability from itsehen it
is part of a self-sustaining garbage cycle and should beateld. A
trial deletion collector works by ‘trialing’ the deletiorf selected
candidate objects in three phases. Each phase performasé tra

do this by pruning both the mark and sweep phases of the trace,tive closure over the subgraph reachable from the candiddte

a) avoiding marking certain inherently acyclic objects ayanly
sweeping potentially cyclic garbage.

The remainder of the paper is structured as follows. Se@&ion
describes the background and related work, Section 3 tesctie
MSCD algorithm, Section 4 describes our evaluation mettogyo
Section 5 evaluates MSCD against trial deletion and coiwesit
backup tracing, Section 6 discusses future work, and Settmn-
cludes the paper.

2. Background and Related Work

In this section we discuss the key background work upon which
MSCD builds. First we briefly review reference counting amst d
cuss various approaches to cycle detection. We then dishass
lightweight snapshot write barrier used by MCSD. Finallg gwve

an overview of concurrent garbage collection in the coraégycle
detection.

2.1 Reference Counting and Cycle Detection
Collins [10] first described reference counting garbagéectibn
in 1960. Naive implementations of reference counting nesglin-
crement and decrement operations to be performed at evarngpo
mutation, which is extremely expensive. Sixteen years,|Beutsch
and Bobrow [11] addressed this source of inefficiency by rdiefg
(temporarily ignoring) mutations to frequently mutatednpers,
specifically those in registers and on the stack. The defgromt-
ers were accounted for at collection time when they werg -
merated. More recently, Levanoni and Petrank [14] obsetirad
all but the first and last in any chain of mutations to a giveimizw
could be coalesced. Only the initial and final states of thatpo
are necessary to generate correct increments and deceesirere
the intervening mutations generate increments and dectsiwhich
cancel each other out. Azatchi and Petrank [4] and Blackbath
McKinley [8] concurrently and independently added gerieretto
reference counting. Blackburn and McKinley [8] did so in aage
eral framework of ulterior reference counting, which getiees
Deutsch and Bobrow’s notion of deferral to include heap f@os
such as those within a copying nursery. Blackburn and McKin-
ley showed that with a copying nursery, ulterior referencent-

The subgraph is traversed, adjusting reference countd ohjatts
in the subgraph to reflect the hypothetical death of the catels.
At the end of this phase the reference counts reflect onlyefie r
erences from objects external to the sub-graph. Any objé&btav
count of zero is only reachable from within the subgraph. 2 T
second phase restores the counts of all externally reaebai@cts
and their referents. 3) The third phase again traces therapibg
sweeping any objects with a zero count.

The original implementation by Christopher [9] effectivelp-
plied this three-phase approach usaigobjects in the heap as the
candidate set. The advantage of the approach over simple mar
sweep is that it does not require information about exterats,
which may be unavailable in some environments. Howeves it i
substantially less efficient. Martinez et al [16] noted thaarbage
cycle could only be created when a pointer to a shared olgect i
removed. They thus check for cyclic garbage whenever a-refer
ence count is decremented to a non-zero value. Lins [15trtbte
this could be prohibitively expensive, and performed cyidéec-
tion lazily, periodically targeting the set of candidatgemits whose
counts experienced decrements to non-zero values. BadoRan
jan [5] made three key improvements to Lin’s algorithm. Tioby
served that by performing the three phases of trial deleta@ach
candidate sequentially could exhibit worst case quadcatiaplex-
ity. They solved this by performing each phase over the chatds
en masse. Second, they observed that many objects can ibe stat
cally identified as inherently acyclic and thus be ignoredniany
phases of the algorithm. Finally, they extend the algoritoral-
low it to run concurrently with the mutator. Our contributits that
like Bacon and Rajan, we exploit elements of the referencateo
ing context in our algorithm, but we do so starting with a aoment
tracing algorithm which we found to be substantially mofec&ft
than trial deletion.

2.2 A Lightweight Snapshot Write Barrier

We now describe a low-cost, low-synchronization snapsithe-
beginning write barrier which is used in both reference ¢iogn
collectors and snapshot-at-the-beginning concurreairigecollec-



public void witeBarrier(CbjectReference srcj,
Addr ess srcSlot,
bj ect Ref erence tgt Obj)

if (getLogState(srcObj) != LOGGED)
witeBarrierSlowsrcj);
srcSlot.store(tgtOnj);
}

10 private void witeBarrierSl ow Cbj ect Ref erence srcObj)
11 throws Nol nlinePragna {
12 if (attenptToLog(srcbj)) {

1
2
3
4 throws InlinePragma {
5
6
7
8

13 enuner at ePoi nt er sToSnapshot Buf f er (srcj ) ;
14 nodi f i edObj ect Buf f er. push(srcQbj);

15 set LogStat e(srcQbj, LOGGED);

16 }

17 }

19 private bool ean attenpt ToLog( Obj ect Ref erence obj ect)
20 throws InlinePragna {

21 int ol dState;

22 do { /+ performconditional store */

23 ol dState = object. prepare();

24 if (oldState == LOGGED) return false;

25 } while (oldState == BEI NG_LOGGED | |

26 I obj ect. attenpt (ol dState, BEI NG LOGGED));
27 return true;

28 }

Figurel: A Low Overhead Coalescing RC WriteBarrier.

tors. The semantics and performance of this barrier are &ey t

MSCD. The barrier is a slightly more efficient variation oredirst
used by Levanoni and Petrank [14] in 2001 for on-the-fly rerfiee

counting with backup mark-sweep, and since then has beah use

for ulterior reference counting and simple reference dogniith
trial deletion [8, 6], as well as on-the-fly mark-sweep odien [3],
among others [4, 17].

Naive reference counting barrier implementations perfesm
plicit increment and decrement operations unconditignatl the
time of each pointer mutation. Better locality may be achieby
buffering increment and decrement operations and applyiam
en masse periodically [5]. In either case, if mutator patisin
(ie multiple user threads) is to be supported, it is necgstwat
the barrier operations be synchronized with the pointeestper-
ation. The cost of performing atomic operations on everynigoi
mutation is significant.

Figure 1 shows Java source code for the low synchronization b
rierimplemented in MMTKk [6]. The barrier allows ‘before’ draf-
ter’ images of the pointers within each mutated object todiale
lished and ensures that each object is only ever remembaced o
It achieves this by a) taking a snapshot of the state of alitpoi
fields of each object prior to its first mutation since a GC¢(lir8),
and b) recording the mutated object so that the ‘after’ states
fields may be enumerated at GC time (line 14).

In a reference counting GC, objects referenced in the ‘le&for
state receive a decrement, and objects referenced in the Sthte
receive an increment. It is essential to the correctnessfefence
counting that a) the ‘before’ snapshot of an object is noberp
to interleaving with a concurrent mutation, and b) that ealoject
is only enqueued once for enumeration of its ‘after’ valuehe T
synchronized guard in line 12 is therefore key to the coness of
this barrier for reference counting.

In a snapshot-at-the-beginning tracing collector (désctibe-
low), only the ‘before’ image (line 13) is essential, so ityranit
line 14. Furthermore, the correctness of the barrier fostiashot-
at-the-beginning tracing collector only depends on somestthcap-
turing a consistent before-image of the mutated objectréfbee,

the snapshot-at-the-beginning tracing collector may eprichro-
nization altogether, removing the guard in line 12.

Inline 5 a check is made to see whether the object being ntLitate
has already been logged. For both collectors, this reqoingsan
unsynchronizedest of a bit in the object header. If the object has
not been logged since the last GC, an out of line call is madlesto
write barrier slow path (lines 10-28) which may contain gyioe
nization code, as described in the preceding paragraphsubde-
quent mutations of the object fall straight through to lirend sim-
ply perform the (unsynchronized) pointer store. The comcese
thus only involves an unsynchronized test of a bit in the sewb-
ject’s header in addition to performing the pointer storgnciro-
nization only occurs in lines 22-26, whergaepar e/at t enpt
idiom is used to perform a conditional store on the infrediyen
taken slow path.

2.3 Concurrent Garbage Collection

An important attribute of MSCD is its capacity to run coneauntly
without any synchronization overhead above that inhenerthé
snapshot write barrier described in the previous sectidrichwis
already employed by the underlying reference counter. &leer

a substantial literature on concurrent garbage colledfi8h with
seminal work dating back to the 70’s [20, 12]. Here we focus on
work that pertains to concurrent cycle detection and MSCD.

C C C

@to (o)t (e)tz

Figure2: TheMutator-Collector Race.

Figure 2 illustrates the fundamental race that a concutracing
collector must address. We use the standard tri-color ctiore
Blackrepresents a node which has been visited and need not be re-
visited by the collectorGreyrepresents a node which the collector
must visit. Whiterepresents unvisited nodes, which at the end of
collection will be garbage [13]. Ath, the collector marks A's sole
referent, B, grey and enqueues it before marking A blackctrea
able). Att;, the mutator adds a pointer from A to C and deletes
the pointer from B to C. At timé, the collector marks B as black
(reachable) and since it has no referents, does not enquguba
jects for marking. C is thus left white (unreachable) at the ef
the collection although it is live. The problem is due to theation
of a pointer from a black node to a white node (A to C).

C C C
A B A B A B
D D D
@)to (b) t1 (o) t2

Figure 3: Adding an Extra Nodeto the Race.

The conditions for this race have been previously descrased
follows [13]:

C1. A pointer from a black object to a white object is created.
C2. The original reference to the white object is destroyed.
However, when, as in Figure 3, we introduce an intervening
node, D, between A and B, it becomes clear that C2 needs to be



weakened to account for the white object becomiimdirectly un-
reachable. We therefore postulate a weaker necessarytioondi

C2/ The originalpathto the white object is destroyed.

Of the many solutions to this problem, we will focus on those
that use a write barrier, namely those characterized byoWits
incremental updat@ndsnapshot-at-the-beginnirf@1], which are
predominant among contemporary concurrent non-copyaairtg
collectors. The goal of all such approaches is to identigy ¢he-
ation of any (potential) black to white pointers (C1 abov@nce
identified, the collector can visit the referent white olbgedixing
the problem generated by the race.

There are two seminal incremental update algorithms, bath d
ing from the mid 70’s. The more conservative, due to Dijkgtra
al [12], marks thearget of a new reference grey if it was white,
regardless of the color of the source. When new objects axe cr
ated during collection, they are marked gfeyThis ensures that
there are never black to white references. Steele [20] takess
conservative approach, marking theurcegrey if it was black and
the target was white. Steele has a less conservative, morglen
algorithm for determining the color of new objects than Bijia et
al. Abstractly, Steele’s algorithm retreats the grey wheet while
Dijkstra’s algorithm advances it.

Intuitively, snapshot-at-the-beginning algorithms stayi the state
of all edges in the heap prior to a concurrent collection arsiliee
that any objects reachable in that snapshot and any newlyaadid
objects are kept alive by the collector. This level of comaism
means that objects which become garbage during the coutke of
collection cannot be collected. In practice, it would be éspen-
sive to snapshot the whole heap. Yuasa's algorithm [22]a¢ppr
mates this conservatively by marking grey théerentof any over-
written pointer. This requires a check of the referemerytime a
pointer is overwritten. Azatchi et al [3] improve on this atghm
substantially by using a variation of the lightweight srtagisbar-
rier described in the previous section. The first time anaifigamu-
tated, its before image is logged and a pointer to the logcisroed
in an additional word in the object’'s header. The existerfdh®
log pointer serves to mark the object as logged. The markephas
ensures it always traces the logged copy of the object (tferde
image), logging the object first if it is not already loggedzaichi
et al’s algorithm is also ‘on-the-fly’, meaning that in adhiit to the
tracing algorithm being concurrent, they have a concumesens
of establishing the roots for the concurrent trace.

Our algorithm is most similar to Azatchi et al's with two ma-
jor differences. First, we avoid the one word overhead foriisg
the log pointer. We ensure all before images are traced bipnagdd
the before images to the set of grey objects. We may thenaheat
logged objects as if they were marked, since their beforg@nis
guaranteed to be traced. Second, we exploit the fact thatimur
derlying reference counting algorithm already uses that\eight
shapshot barrier. We therefore incur no synchronizatierhead
above that which is intrinsic to our underlying referencerting
collector. This means that unlike Azatchi et al, we neverdniee
perform a synchronized logging operation during our marksgh

Furthermore, we substantially prune the set of objects hvimay

have been the subject of a race. We do this through the observa

tion that any object that was the subject of such a race (bkjec
in Figure 2) must have incurred a reference count decremeat t
non-zero value. This observation is key to our algorithm iarde-
scribed and justified in the following section. Finally, veeget our
tracing algorithm at cycle detection, and in doing so lirhé scope

2More precisely, as an artifact of the freelist structuredusg Di-
jkstra et al, in some instances new objects are marked black.

of our mark phase by avoiding tracing objects which are chyi
known to be acyclic and limit the sweep phase to potentialblic
objects.

Bacon and Rajan’s [5] trial deletion algorithm operatescton
rently with the mutator. Recently, Paz et al [17] implementen-
current trial deletion using the snapshot barrier aftentifigng a
race condition in the Bacon and Rajan collector.

In summary, MSCD adapts an efficient concurrent tracing-algo
rithm to exploit its setting as a backup to a reference cograigo-
rithm. This allows us to perform concurrent tracing at noitiodal
synchronization overhead, and target the trace to distcayeyclic
garbage.

3. TheMSCD Algorithm

MSCD is a shapshot-at-the-beginning mark-sweep colletttat
will only collect cyclic garbage. We define cyclic garbage as any
unreachable data kept alive by a cycle. Only collectingicygdrbage
is sufficient since the reference counting collector withpptly re-
claim acyclic garbage and only collecting cycles allowsdrgater
efficiency by limiting the collection scope. MSCD has thrge o
timizations over a conventional snapshot-at-the-beginnil) By
using information gathered during reference counting, igeif-
cantly reduce the set of objects that may have been subjachie
tator race. 2) We limit the mark phase to avoid inherentlychcy
objects. 3) We limit the sweep phase to only sweep potenptiall
cyclic garbage.

The remainder of this section is structured as follows. tRites
give an overview of the unoptimized base algorithm upon Wwhic
MSCD builds. Then we describe and argue for the correctness
of MSCD's optimizations to concurrency, marking, and sweep
Finally we explain how an MSCD invocation may span multiple
phases of the underlying reference counter and the hegrigtat
can be used to trigger MSCD.

3.1 TheBaseAlgorithm

The foundation on which the MSCD algorithm is built, clostdi
lows a conventional snapshot-at-the-beginning algorithkh the
highest level the base algorithm — similar to that of Levareom
Petrank [14] — can be described in terms of three phases and a s
gle data structure, thmark queue The mark queue is the algo-
rithm’s work queue, containing adrey (unvisited) objects. There
are two ways an object can be added to the mark queue: 1) when an
unmarked object is encountered during the trace, and 2) wipen
tential mutator race is detected (via the write barrier)e Phases
of the base snapshot-at-the-beginning algorithm are ksl

1. Roots. All objects referenced by roots outside the collected
space are added to the initially empty mark queue.
2. Mark. The mark queue is exhaustively processed.

2.1 Process Each object is popped off the queue until the
queue is empty. If the object is not already marked, its
mark bit is set and each of its referents are added to the
mark queue.

2.2 Check. Any objects potentially subject to a collector-
mutator race not already been added to the mark queue
must be added. If this set is non-zero, return to step 2.1

3. Sweep. Any objects in the collected space that have not been
marked are swept into the free list.

Each of these phases is refined in the sections that follow, as
we add optimizations for concurrenc§3(2), marking ¢3.3), and
sweeping §3.4). In Step 1 of the base algorithm, roots are es-
tablished by coinciding the start of the algorithm with aerehce



counting collection and using the same root set (deferreldéte-
rior reference counting collectors must enumerate allrezgieefer-
ences into the collected heap). In the base algorithm, falteaces
recorded by the snapshot barrier during the course of Stepsi 1

object in the cyclic path to C to have its reference countcedyie
object E), and since it is also part of a cycle, it must expegea
decrement to a non-zero reference count (so object E wiltldec
to the fixup queue). Thus whenever condition’ Gfises, either

2 are added to the mark queue in Step 2.2. This is done by per-the white object or some object in the path to the white ohjeitt

forming Step 2.2 during a reference counting collectionewthe
before image established by the snapshot barrier is entenldia
decrements. In the base algorithm Step 3 is performed byingalk
the heap and placing all unmarked objects on the free list.
Throughout the rest of this paper we will refer to this altfom
as thebase snapshot-at-the-beginning algoritonsimply thebase
algorithm This is the cycle detection algorithm used by Levanoni
and Petrank [14] (they use it with a reference counter thzbes
lishes its root set on-the-fly). We now describe each of thée op
mizations we apply to the base algorithm.

3.2 Concurrency
Our first optimization is to exploit information at hand inraef-
erence counting context to substantially reduce the ceagem of
the base algorithm. We begin by defining theip setas the set of
all objects added to the grey queue in the ‘check’ phase (E&)p
Our optimization reduces the size of the fixup set from thetall
objects which suffered overwritten pointers, to the sulb$¢hose
which also experienced a decrement to a non-zero reference.c
Recall the necessary conditions C1 and foR2a race, described
in Section 2.3: ‘C1. A pointer from a black object to a white ob
ject is created.’, and ‘C2 The original path to the white object is
destroyed’. We now make the following claims:

1. For C2 to occur,either the white object or some object in
the original path still connected to the white object will be
subject to a reference count decrement to a non-zero value.

2. When C2arisesitis correct and sufficient to add to the fixup
gqueue either the white object or any object in the original
path still connected to the white object.

C C C
B B B
A A A
D D D
@t (b) tg (©)tz

Figure4: Adding a Cycletothe Mutator-Collector Race.

We justify our first claim as follows. For the path from A to @ (i

Figures 2, 3, and 4) to have been broken, one of three casds mus

have occurred:

a) A pointer to C was destroyed,

b) A pointer to some object X was destroyed, where X formed
part of anacyclicpath from Ato C (B or D in Figure 3, D in
Figure 4), or

¢) A pointer to some object X was destroyed, where X formed
part of acyclic path from A to C (E in Figure 4).

To understand case a), consider timée Figure 2. The pointer
from A to C must be established before deleting the poinenfB
to C. Therefore C experiences a decrement to a non-zer@nefer
count. For case b), consider Figure 3. The deletion of thereete
to the acyclic path will cause the object(s) in the path torbedi-
tively reclaimed by the reference counter (ie B will be reuled,
deleting the pointer to C), reducing case b) to case a). & cp
consider Figure 4. The deletion of the reference will causaes

experience a decrement to a non-zero reference count asdbéhu
added to the fixup set, satisfying our first claim.

Our second claim is trivial. Since any object in the fixup st w
be traced, it is sufficient to add any object that reaches thieew
object to the fixup queue. Furthermore, once an object wioichg
the original path to the white object is made unreachabkeptth
cannot be changed by the mutator. We therefore claim that it i
sufficient and correct to use the set of objects which expeee a
decrement to a non-zero reference count as the fixup set.

Now Martinez et al and all trial deletion algorithms thatéeted
noted that a decrement to a non-zero reference count is aseage
condition for the generation of cyclic garbage (Section.ZThree
interesting, previously established properties folloyD&crements
to non-zero reference counts are empirically known to benmc
mon, which is why they are used to reduce the set of candidates
for trial deletion. 2) The condition is trivially identifiety the
reference counter during batch-processing of decremé&)t$he
condition is robust to coalescing of reference counts (@ted by
Blackburn and McKinley [8] and discussed by Paz et al [17]).

MSCD therefore reduces its set of fixup candidates to justeho
that experience decrements to non-zero reference couhishw
Bacon and Rajan referred to asrple objects [5]. It is impor-
tant to note that the correctness of this optimization to dS@ly
depends on purple object identification occurring duringphac-
ing, while it is required at all times for trial deletion. Ihe results
section we will show that the overhead of continually mairitey
the purple sets is measurable, so performing the operatilynon
demand may be sensible. However, the MSCD sweeping optimiza
tion described below does depend on the purple set beinghaent
ally maintained between each invocation of the cycle detect

3.3 Marking

Our second optimization is to reduce the scope of the markepha
by avoiding objects which were statically identified as lgein-
herently acyclic. We use a simple method of determining lacyc
classes in Java proposed by Bacon and Rajan [5]. A classds sai
to be acyclic if it contains no pointer fields, or if it can pbonly

to acyclic classes. Bacon and Rajan sereenbit in an object’s
header at allocation time if it is acyclic, and curtail the@ge of
each trial deletion trace to avoid tracing green objectstridlly
modify Step 2.2 above to consider an object marked if theablige
either markedr green. Since by definition a green object may not
point to a non-green object, only green objects will fail & dor-
rectly marked by our optimized trace. As long as the sweegeha
considers objects marked whether they are marked or gree-n
jects can be incorrectly collected as a result of this opatidon.
The effectiveness of the optimization depends on the ptimpoof
green objects in the heap. Table 1 shows that for many berrgbma
a large proportion of all objects are allocated green.

3.4 Sweeping

Our third optimization is to limit the scope of sweeping toegp
only potentially cyclic objects and their children. We dasthy us-

ing the same definition of potentially cyclic as used in Set8.2:
objects subject to decrement to non zero reference couhishw
we refer to as purple. Rather than sweep the entire heap for un
marked objects, we note that the collector need only cotiectic
garbage, and therefore target our sweep at the potentigthcc
garbage identified by the purple set. This optimization isplete



since all acyclic garbage will be collected by the referezmnting
collector.

3.5 Interaction With The Reference Counter

To this point we have not discussed in detail the relatignie-
tween the operation of MSCD and the phases of the underlying
reference counter. In short, there are just three requimsneirst,

the root set needs to be established atomically with regpetie
mutator — achieved by piggy backing on an invocation of the de
ferred reference counter which must also establish rodtis may

be done in either a stop-the-world or on-the-fly manner [Bc-
ondly, the fixup set must be added to the grey queue (Step 2.2
above) at a point where the set is known to be complete. Ttrig-is

ial when the reference counter operates in stop-the-wbdes. If

all mutators are suspended, then it is sufficient to first gseall
increments and then all decrements before determining xhe fi
set. The third requirement is that the reference counteireetany
objects known to MSCD (which would make MSCD's reference
a dangling pointer). Since MSCD only maintains a mark queue
(grey objects) and a fixup queue (purple objects), it is seffiicto
address these. The reference counter therefore does ecarfye
grey or purple objects. Instead it adds them to a ‘free bufter
freeing at the completion of the MSCD invocation.

3.6 Invocation Heuristics

A detailed analysis of heuristics for invoking cycle detestis out-
side the scope of this paper. The most simple policy is tokevo
the cycle detector whenever the underlying reference eoismtin-
able to free as much memory as the user requires. More gbneral
a heap fullness threshold could be used as a trigger for dele
tection. Trial deletion and MSCD cycle detectors both delpam
the size of the purple set, so they may use the size of thegsepl
as a cycle detection trigger. Significantly, since botH tt&etion
and MSCD place exactly the same requirement upon the urinigrly
reference counter (the establishment of the purple set)caliec-
tors can be interchanged dynamically at runtime. Althouatkp
tracing does not require the establishment of the purpleitsist
always possible to switch to it from MSCD or trial deletiort.id
however only possible to switch from backup tracing immtsdia
after a complete cycle detection.

Finally, our implementation of MSCD will be publicly availe as
a patch against Jikes RV#and we hope will soon be properly
integrated into the standard MMTk/Jikes RVM release.

4. Methodology

This section first briefly describes Jikes RVM and MMTk which a
publicly available and provide a common implementationmiea
work for the collectors evaluated in this paper. We thengmethe
characteristics of the machines on which we do all experismen
and some features of our benchmarks.

4.1 JikesRVM and MM Tk

We use MMTk in Jikes RVM version 2.3.4+CVS, with patches
to supportpseudo-adaptiveompilation. MMTK is a flexible high
performance memory management toolkit used by Jikes RVM [6]
Jikes RVM is a high-performance VM written in Java with an ag-
gressive optimizing compiler [1, 2]. We use configuratiohatt
precompile as much as possible, including key librariestaaap-
timizing compiler and turn off assertion checking (trast build-
time configuration). The adaptive compiler uses samplirgetect

3See the Jikes RVMResearch Archivéracker at the Jikes RVM
web pageht t p: / / www. j i kesrvm or g.

methods to optimize, leading to high performance but a lddee
terminism. Since our goal is to focus on application and ageb
collection interactions, oysseudo adaptivapproach deterministi-
cally mimics adaptive compilatioh.

By using the MMTk framework we are able to perform an apples-
to-apples comparison of the collectors, as all base mesimerire
shared by the different collectors. MMTk accounts for alhep
consumed by metadata as part of the overall memory consompti
(including work queues, free list metadata, snapshot ksjfi@end
decrement buffers).

Benchmark | Green | Cycle Alloc | Min Heap
antlr 85% 13% | 301MB 13MB
bloat 43% 12% | 684MB 22MB

fop 69% 28% | 66MB 24MB

hsqldb 65% 14% | 592MB 21MB

jython 0.6% 4% | 462MB 13MB

pmd 17% 24% | 322MB 20MB

ps 46% 2% | 572MB 9MB

xalan 89% 58% | 77MB 99MB
_201_compress 91% 93% | 116MB 14MB
-209_db 11% 1% 90MB 16MB
_228_jack 2% 2% | 271MB 8MB
_213_javac 47% 23% | 241MB 20MB
_202_jess 8% 2% | 300MB 9MB
_222_mpegaudio 6% 45% 5MB 8MB
_227_mtrt 21% 6% | 173MB 16MB
_205_raytrace 20% 4% | 163MB 12MB
pseudojbb 47% 14% | 315MB 36MB

Table 1: Benchmark Characteristics.

4.2 Experimental Platform

We use an 2.2GHz AMD 64 3500+ for our experiments. The data
and instruction L1 caches are 64KB 2-way set associativhast

a unified, exclusive 512KB 16-way set associative L2 cache T
Athlon has 2GB of dual channel 400 DDR RAM configured as 2
1GB DIMMs with an nForce3 Ultra MSI K8N Neo2 motherboard
and 800MHz front side bus. It runs Linux 2.6.10.

We run each benchmark at a particular parameter setting five
times and use the second fastest of these. The variatiorebptw
runs is low, and we believe this number is the least likelyudized
by other system factors and the natural variability of thaptigde
compiler.

4.3 Benchmarks

Table 1 shows key characteristics of each of the 17 benclaweaek
use. The DaCapo suite [7] is a recently developed suite of non
trivial real-world open source Java applications. We ussioa
beta050224. We also use the SPECjvm98 suitepmedidojbb, a
variant of SPEC JBB2000 [18, 19] that executes a fixed number o
transactions to perform comparisons under a fixed garbdtgeco
tion load. The first column shows the fraction of allocategeots

by volume which are statically determined to be green (acyab-

ing the definition given in Section 3.3. The second columm&ho
the fraction of objects, by volume, which become cyclic gaid
The third column shows the total volume of allocation. Thelfin
column shows the minimum heap in which each benchmark will
run using MMTK’s default GenMS collector.

5. Results

This section compares the performance of three cycle aesect
MSCD, backup mark-sweep and trial deletion. We explore per-
formance three ways: 1) First, we take a limit study of ravieyc

4Xianglong Huang and Narendran Sachindran jointly impleteen
the pseudo adaptive compilation mechanism.



Backup Tracing MSCD Trial Deletion
CD Time Visits Visit Cost || CD Time | Visits | Visit Cost || CD Time | Visits | Visit Cost
Benchmark msec millions nsec /BT ‘ /BT /BT /BT /BT /BT
202_jess 89.98 11.62 7.74 0.81 0.88 0.93 1.76 1.17 151
_205_raytrace 91.25 11.95 7.64 0.78 0.87 0.90 1.64 1.28 1.28
_209_db 92.38 12.12 7.62 0.73 0.85 0.86 1.52 1.15 1.32
_213_javac 118.33 14.59 8.11 0.94 0.92 1.02 1.94 1.99 0.98
_222_mpegaudio 66.74 8.94 7.46 0.77 0.90 0.86 1.65 1.23 1.34
_227_mtrt 99.75 12.90 7.73 0.80 0.87 0.92 1.65 1.32 1.25
antlr 95.78 11.84 8.09 0.91 0.90 1.01 1.86 1.40 1.33
bloat 116.56 14.12 8.25 0.81 0.91 0.89 1.65 1.55 1.07
fop 108.97 12.94 8.42 1.02 0.92 1.10 1.88 1.93 0.97
hsgldb 104.29 13.01 8.02 0.83 0.81 1.02 1.70 1.44 1.18
jython 105.62 13.24 7.98 0.81 0.90 0.90 1.70 1.30 1.30
xalan 108.82 13.23 8.23 0.86 0.90 0.95 1.73 1.49 1.16
pseudojbb 126.29 13.83 9.13 0.71 0.84 0.84 141 1.55 0.91
geomean 0.83 0.88 0.93 1.69 1.43 119
H mean H 101.9 ‘ 12.64 ‘ 8.03 H 0.83 ‘ 0.88 ‘ 0.94 H 1.70 ‘ 1.45 ‘ 1.20 H

Table 2: Throughput Limit Study, 8V B Collection Period, Average Costs Per Cycle Detection.

detection throughput, where the cycle detector is forceditoat
set intervals in a non-concurrent setting, 2) We then exaroom-
currency, measuring the efficiency of the MSCD concurrerpti+ o
mization and 3) Finally, we compare overall performancerimoae
natural setting, where the collectors are invoked only wdezmed
necessary by a cycle detection heuristic.

5.1 Throughput Limit Study

We begin with a limit study where we analyze the fundamerffal e
ciency of three cycle collectors: the base snapshot-abéiginning
mark sweep, trial deletion, and MSCD. All three cycle dedest
are correct and complete, and are able to collect any cyaticage
present in a given heap. Abstractly, our approach is to expash
collector to a large number of cycle detection opportusi@ad
measure the efficiency with which they process them. Coalgtet
we achieve this by forcing the cycle detectors to collectaeremce-
counted heap after a fixed volume of allocation. In each dase t
cycle detector is invoked in a stop the world manner, fantpdut
issues relating to concurrency. It should be clear thatishsgmply
an analytical tool, not a practical way to collect cycles. Wié
examine the overall cost of the collectors in a natural rsgtivith
more realistic invocation heuristics in the sections tbdofv.

Since all collectors execute in a stop the world setting, dmial-
ysis is limited to examining the effectiveness of the MSCDrkna
and sweep optimizations (Sections 3.3 and 3.4). The effgatss
of the MSCD concurrency optimization is addressed in Sed@ia.

Figure 5 shows the overall throughput of MSCD and trial dele-
tion algorithms normalized against the snapshot-at-tggriming
base algorithm for cycle detection periodicities rangimgrf 128KB
to 128MB. Here we show the average time for each cycle detecti
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Figure5: Throughput Limit Study, Varying Collection Period.

taking the geometric mean of this value for all 17 benchmars
see that MSCD tends to outperform the base algorithm by droun
20% and that trial deletion tends perform around 70% woraa th
the base algorithm. Figure 5 suggests that for this set oftben
marks, the overall throughput of the various collectorgidy sta-

ble across a wide range of invocation frequencies. While avead
discount the possibility of different trends beyond thepscof our
experiment, we note that our upper limit (128MB) is in theeordf

the total volume of allocation for many benchmarks (see&ahl

In Table 2 we see a breakdown of results for each of the 17
benchmarks at an 8MB invocation period (the middle pointtin o
128K to 128MB range). The first three columns shabsolute
numbers for cycle detection time (msec), the number of netes
ited (millions), and the average node visit cost (mseciamilisits
= nseclvisit) for the base algorithm. The remaining six calam
show the corresponding data for MSCD and trial deletrmymal-
izedagainst the results for the base algorithm. We see thatIfor al
benchmarks, trial deletion is substantially and consthtestower
than the base algorithm. The best result we see is a 41% @egrad
tion for pseudojbb. By contrast, MSCD outperforms the bige-a
rithm on 16 of the 17 benchmarks, with a degradation of just 2%
onfop. On all other benchmarks we see consistent improvements
of around 10 to 30%.

The fifth column indicates that on average MSCD visits about
12% fewer nodes than the base algorithm, indicating theeeffiof
the MSCD mark optimization (Section 3.3). This reductiomads
as great as might be expected from the often very high prioport
green objects shown in Table 1. There are two explanatiarhifo
First, we must still visit (but not scan) all green objectglfringe
of a green subgraph in order to determine that they are gidese
non-scanning visits are included in our visit count. Setgrttie
numbers in Table 1 reflect the total proportioratibcatedobjects
which are green, whereas the results here depend on therfioopo
of green objects present in the heap at any time. Thus if green
objects were disproportionately short lived, Table 1 waeldd to
over-represent their significance in the heap.

The sixth column indicates that the average cost of a node vis
is also lower in MSCD than the base algorithm. This is due  tw
factors. First, as mentioned above, the mark optimizatieams
that in MSCD, visits to green objects are cheap, as they do not
involve a scan. Second, since this figure is calculated higidiy
the total CD time by the number of nodes visited, the MSCD gwee
optimization (Section 3.4) reduces the overall CD time, tnd
reduces the average visit cost.

5.2 Concurrency



All of the experiments described in the previous sectionewmar- sweep optimization requires that the purple set cordallipurple

formed in a stop-the-world setting, and therefore preduery objects identified since the last cycle detection. Thistie tf trial
analysis of our concurrency optimization. Recall that tbaauir- deletion also.

rency optimization (described in Section 3.2) allows usrtop the Purple set maintenance costs both space and time. The space
fixup set, which is used by the snapshot-at-the-beginnitigator overhead leads to heap pressure and consequently incrégsed

to account for any races with the mutator. Since the onlyceffé load, evident in Figures 6(g) and 6(i). Here we see trial titmie

the optimization is to prune the fixup set and thus reducedts t and MSCD with mark and sweep optimizations continue to per-
number of nodes to be processed, we expected it to be a $traigh form measurable cycle detection work in large heaps whéeth-

forwardly effective optimization. ers perform none. The time overhead is due to the need to filter
It was our intention to measure the efficacy of our concuyenc the purple set periodically to remove objects which haven ko

optimization in the context of a symmetric multithreaded(9 lected by the reference counter. As the cycle detectionsrhec

processor (specifically an Intel Pentium 4 with hyperthiegd less frequent, the size of the purple set accumulates owarget

Our rationale is that this provides a reasonable opposttioittrue time, becomes larger, and requires more filtering, expiginvhy

concurrency and an opportunity for the cycle detector tasoore at the tightest heaps the sweep optimization is not harnihik re-

potentially wasted instruction level parallelism witheutravagantly — sult suggests a hybrid approach. Since the sweep optimizatily
dedicating an entire CPU to the task of cycle detection. Haofo makes sense when the purple set is small, a cap could be placed
nately, at the time of submission we are unable to resolvena co on the purple set size. Once the cap was exceeded, the patple s
currency bug affecting both the base algorithm and MSCO,itha  could be discarded and not maintained until the next cydieatien

only exposed in SMT and SMT settings. phase — where the cap would be reinstated and the procetssistar
Both algorithms performed correctly in a time-slicing caxtt so again. The hybrid would thus dynamically choose whethers® u

we performed a preliminary analysis in that environment.otlio the sweep optimization. We have not yet evaluated this tyBitie

surprise (and disappointment!), the optimization had nasueable overhead of dealing with the purple object buffer could dsad-

impact. We observed a small slowdown and noticed that it was dressed by using a purple object bitmap. This would come at a
due to the overhead of continuously maintaining the set gblpu constant space overhead, but would avoid the need for flitfe
objects (those that experience a decrement to a non-zeme)val combination of modest buffers and a bitmap updated by aesingl
Since the concurrency optimization only requires the muggt to thread would avoid the need for atomic bitmap updates. We hav

be maintained while the collection is in progress, we reftem not yet evaluated any of these alternatives.
experiments with this further optimization. We were disaipged There are two other notable results to be drawn from Figure 6.
to find that although we avoided the purple set slowdown, @ty n  The first is that in benchmarks such &92_jess which allocate
advantage over the base algorithm was negligible. large numbers of short lived objects, the overhead of gettie
After further analysis, we noted that since the mutator asled ¢ grey bit on newly allocated objects is measurable. This éarcl
lector were executing in time slices, not truly concurrgrlppor- in Figure 6(d), where trial deletion holds a clear mutatoretiad-
tunities for data races were extremely small, so the fixugkwas vantage over the others. Our initial experience was théingehe
generally a no-op. Therefore the utility of the optimizativas green bit in newly allocated acyclic objects was also exipenbut
small. We hope to have more encouraging results for a final ver we modified Jikes RVM's optimizing compiler to ensure tha th
sion of this paper. state of the green bit was statically determined. The finsiiite

is perhaps the most striking of all, and that is the need fardgo
heuristics for triggering of cycle detection. Our heudss ob-
viously naive, as202_jess, which has very little cyclic garbage,
spends as much as half of its total running time performingecy
detection in tight heaps. As has been noted previously [&78,
generational reference counting can substantially retheeeycle
Metection load. It does so three ways. 1) Only mature obprets
exposed to time and space overheads associated with thernede
counted object header, such as the cost of setting the gdeyraan
bits. 2) Short lived cyclic garbage is efficiently collectiedthe
nursery. 3) Since nursery objects, which are heavily mdtadee
not subject to increments and decrements, the purple objaict-
tenance load is significantly reduced.

5.3 Overall Performance

Finally, we evaluate the performance of the collectorsgeigd
only when guided by straightforward heuristics. For all loéte
experiments we used a simple heuristic which triggered &cyc
detection only when the reference counter was unable tairacl
enough space in a fixed sized heap. Because we do not have a co
current implementation of trial deletion, each of the cydd¢ectors
were invoked in a stop-the-world manner.

Figure 6 shows detailed performance of three represeataginch-
marks, giving total time, overall GC time (inclusive of cgaetec-
tion), cycle detection time, and mutator time as a functibheap
size. We measure the performance of the base algorithm, MSCD
with mark and sweep optimizations, MSCD with just the mark op
timization, and trial deletion. All of the graphs plot time $ec- 6. Future Work

onds on a logarithmic scale. Recall that we use a naive Hieuris  \while the demands of scalability and responsiveness asatia
which triggers cycle detection on the basis of heap fullnessr grow, we see reference counting, particularly when contbini¢h
_213_jaVaC, CyCIe detection costs become noticeable at heap SiZESgenerationa| collection, as an increasing|y importantram:h to
less thanx 2.5, while for_202_jess andbloat CyC'e detection costs garbage collection. There are many clear avenues for fuiark,
are noticeable for heap sizes less tha# (Figures 6(g)-6(i)). some of which we wish to address in the final version of this pa-
The most surprising result in Figure 6 is that the MSCD with per. First, we wish to apply our detailed approach and aisabfs
mark and sweep optimizations performs worse than MSCD with the performance of cycle detection algorithms in a trulyaon
just the mark optimization except in the tightest heaps. Sieep rent setting, as we had intended in Section 5.2. The widaspre
optimization uses the purple set (potentially cyclic ggejeto tar- availability of SMT processors is, to us, an obvious oppuit§ufor
get the sweep at just those objects, avoiding sweeping tléewh  concurrent garbage collection. Second, heuristics fggéting cy-
heap. Closer analysis reveals that any advantage in a nigetee cle detection are of utmost importance and yet, to our kndgee
sweep is lost to purple set maintenance. The correctnesseof t ynder-evaluated in the literature. Third, our analysishef vari-
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Figure6: Total, Mutator, GC and Cycle Detection Performance

ous approaches to concurrent cycle detection opens thetadeor mark-sweep for use in large-scale SMP settings.
number of hybrid approaches, both in the application of qir-o :
mizations, and to the choice between mark-sweep and tietice. 7. Conclusion

Our infrastructure and the demands of the respective ahgosial- Recent major improvements to the performance of referemoete
low a choice to be made at the end of each cycle detection as toind [14, 8, 4] have renewed interestin reference countinpéaced
which collector will be used next. Fourth, we plan to add nitte renewed pressure on the need for efficient cycle detectiwthis
reference counting to our analysis in the final version of fa- paper we present a detailed analysis of concurrent cycéetien,
per. Finally, we would like to explore parallelizing the comrent offer a base algorithm with minor improvements over theestdt

the art snapshot-at-the-beginning collector [3], and gmea new



algorithm, MSCD, which optimizes the base algorithm thregsv
We show that in the limit, MSCD is more efficient at detectilyg c
cles than the base algorithm and trial deletion. We alsoyagdll
the algorithms when triggered according to a naive heuarestid
noted that our sweep optimization degraded performancdessin
cycle detections occurred very frequently. Finally we msgd dy-
namic application of the optimizations and identified avenior
future work.
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