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Abstract. A reference counting garbage collector cannot reclaim unreachable
cyclic structures of objects. Therefore, reference counting coledither use

a backup tracing collector infrequently, or employ a cycle collector to iracla
cyclic structures. We propose a neancurrentcycle collector, i.e., one that runs
concurrently with the program threads, imposing negligible pauses ¢ohdr
1ms) on a multiprocessor.

Our new collector combines the state-of-the-art cycle collector [5] wittslide

ing views collectors [26, 2]. The use of sliding views with cycle collection ivista
two advantages. First, it drastically reducesrthenberof cycle candidates, which

in turn, drastically reduces thveorkrequired to record and trace these candidates.
This yields a large improvement in cycle collection efficiency. Secondiniti-e
nates the theoretical termination problem that appeared in the previotis cemt
cycle collector. There, a rare race may delay the reclamation of amachable
cyclic structure forever. The proposed cycle collector guarantetsmation of

all unreachable cyclic structures.

We have implemented the proposed collector on the Jikes RVM and we provid
measurements including a comparison between the use of backup maditige

use of cycle collection with reference counting. To the best of our kroyde
such a comparison has not been reported before.

1 Introduction

Reference counting is a classical garbage collection difigor Systems using reference
counting were implemented starting from the sixties [13jwiéver, reference counting
garbage collectors cannot reclaim cyclic structures oéatsj Thus, reference count-
ing collectors must be either accompanied by a backup matisaeep collector (run
infrequently to collect garbage cyclic structures) or byele collector.

Trying to avoid developing and maintaining an additionatkrend sweep collector
on the reference counting collected system motivated ateto design a cycle collec-
tor [10, 12, 28]. This effort culminates in the state-of-tr¢ on-the-fly cycle collector
of Bacon and Rajan [5].
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1.1 On-the-Fly Garbage Collection

Many garbage collectors were designed to work on a singkeathwhile program
threads are stopped, the so-calidp the worldsetting. On multiprocessor platforms,
it is not desirable to stop the program and perform the ctitledn a single thread on
one processor, as this leads both to long pause times angpmassor utilization. A
concurrent collector runs concurrently with the progranedials. The program threads
may be stopped for a short time to initiate and/or finish thikection. An on-the-fly
collector does not need to stop the program threads sinadtesty, not even for the
initialization or the completion of the collection cycle.

The study of on-the-fly garbage collectors was initiated tgefe and Dijkstra, et
al. [36, 37, 14] and continued in a series of papers [20, B&42, 16, 15, 26,17, 18, 4].
The advantage of an on-the-fly collector over a parallelecdir and other types of
concurrent collectors [6, 19, 30, 34, 11], is that it avolis dperation of stopping all the
program threads. Such an operation usually increases tise pianes. Today, on-the-fly
collectors typically achieve pauses as short as a coupléliigenonds, and sometimes
less [22].

1.2 The challenge

Bacon and Rajan [5] propose two cycle collectors. The simgtachronougollector
is the most efficient cycle collector known today. It runs istap-the-world context.
Their more involvedasynchronousollector is the onlyn-the-flycycle collector known
today. However, the asynchronous collector adds a lot okvoiorder to make the
collection safe in the presence of concurrent program tizea

To understand why, one should note that a typical cycle citeraces cycle can-
didates repeatedly to discover which cycles are unreael{@ppically, each candidate
structure is traced three times.) A crucial problem witheisged scanning arises when
concurrent program threads modify the objects graph duhiagcan. This means that
the collector cannot trust a scan to repeat the very sametsteuthat a previous scan
has traversed. Furthermore, as modifications occur coemtlyrwith the scan, each
specific scan cannot be guaranteed to view a consistenthsitagfsthe objects graph
at any specific point in time. This problem that concurren@ates is the source of the
two drawbacks of Bacon and Rajan’s on-the-fly cycle collecagpractical drawback
and a theoretical one.

The practical problem is that in order to achieve safetyallgerithm in [5] makes
many repeated scans over the candidates. This reduces ahall @fficiency of the
reference counting collector. The theoretical problemhi tompleteness cannot be
guaranteeddompletenessf the algorithm here is used in the standard sen$igeriess
in distributed computing). A rare race condition may prevan unreachable cyclic
structure from being ever reclaimed.

1.3 The solution

In this work, we propose an algorithm for on-the-fly cyclelection which solves these
drawbacks, by employing the sliding views techniques ri¢geteveloped for concur-
rent garbage collection in [26, 2] and using them with theleymwllector of [5]. The



main idea is to virtually fix the graph processed by the cydiector. Suppose first
that we stopped the threads and took a replica of the heaglsoaRunning theyn-
chronougmore efficient) algorithm of [5] on this snapshot efficigrdetects any cyclic
structure. Of course, taking a replica of the heap is noistialHowever, a virtual snap-
shot of the heap may be taken using the ideas in [26]. Furthrernif we use a sliding
view instead of a snapshot (as in [26]) and make the apprtepaidjustment to use a
sliding view to scan the objects graph (as in [2]), then weaisbain on-the-fly cycle
collector with the same short pauses of recent on-the-flectlrs ([4, 26, 2]).

The theoretical completeness problem is immediately sblifean unreachable
cyclic structure is generated by the program before thesrpor before the start
of the interval in which the sliding view is read, then thelgmge cycle may be easily
identified in this view. When a cycle collection is executedam of this sliding view,
this cycle is guaranteed to be reclaimed.

Unfortunately, the solution described above does not wéhe problem oddly
stems from the celebrated efficiency of the sliding viewgmafice counting collec-
tor. All previous cycle collectors require as input a listadif decrements of reference
counts in order to work correctly. Missing decrements madléo missed garbage
cycles that will never be reclaimed. However, the slidingws reference counting col-
lector does not keep track of all decrements. A large fractiball reference counts
updates are ignored by the sliding views reference coumtitigctor and it is shown
in [26] that objects may be correctly reclaimed even whely andmall fraction of the
reference count updates are recorded and executed. TotB@mismatch, we extend
the analysis of the sliding views collector to show that thele collector may base its
candidates on the decrements that are being recorded phesialdreatment of newly
created objects. This is an interesting new property oflileng views collector which
is magically applicable to cycle collection.

From the practical point of view, the use of the simpler syonobus algorithm im-
plies more efficient execution. Furthermore, making onlynalé fraction of the decre-
ments (because of using the sliding views collector) ingalecording fewer candidates
for cyclic structures, which, in turn, implies less work saversing these candidates.
This yields a substantial reduction in the cycle collectorky In addition, we further
improve the synchronous algorithm in [5] making it run evastér, by employing a
better scheduling strategy and new filtering techniquesftiither reduce the number
of traced objects.

Finally, in addition to testing the collector with pure reface counting, we also
test it with an efficient variation of generational collectithat uses reference counting
(and cycle collection) on the old generation only. (We useabe-oriented collector of
Paz et al. [33].) Cycle collectors spend a large fractiorheirttime working on cycle
candidates among newly allocated objects. The age-odeotiector eliminates a large
fraction of the cycles as well as a large fraction of the cyd#ector’s work, as it uses
mark and sweep on the young objects and it runs the cyclectotlen the older objects
only.



1.4 Implementation, measurements, discussion

We have implemented the new cycle collector with the Levafatrank reference
counting collector [26] and with the (more efficient) agéeated collector of [33].
The implementation was done on the Jikes RVM [1] and compageghst the original
cycle collector of Bacon and Rajan [5]. We measured varieasures of these collec-
tors showing that the amount of work has decreased sigrifjcasith the new cycle
collector.

One of the more interesting measurements we provide is tstectimparison of
cycle collection to a backup tracing collector. This conigan is important since these
are the main two options provided to an implementer of a esfee counting algorithm.
Unfortunately, there is no prior report comparing these bptions. We measure the
throughput of a JVM that uses the cycle collector with a JVitilses a backup tracing
collector to collect unreachable cyclic structures.

It turns out that backup tracing wins by 5-10% (applicativarall throughput). But,
when reference counting was used on the old generation thielypew cycle collector
performed equally to the backup tracing solution and evepeartormed it on tight
heaps. Note that in both cases we compared apples to apmesrhe scenario was run
once with a backup tracing and once with a cycle collectotalle measurements are
provided in Section 5.

Discussion.At first glance, the reader may conclude that cycle colledsaedundant.
Backup tracing always does almost as well. However, we réitia reader that mod-
ern platforms and benchmarks also rule out reference aguas a method to reclaim
garbage, as it is inferior to tracing in most cases with resstgethroughput [2]. Should
we give up on reference counting and cycle collection? Tawinds, the answer is no.
With the direction modern computing is taking, we believat time cycle collector may
become much more effective compared to a backup tracingatol As heaps grow
larger, reference counting may become the preferred metholoice. While tracing
must traverse the live objects in the heap, reference aqoymteeds only account for
reference counts updates and reclaiming dead obfedfsfuture benchmarks use a
large live heap or even a large old generation, then refereaanting may become the
best collector. When that happens, a companion cycle cotlaéll be required. In that
case, the cycle collector proposed here is an effective aoop and we expect it to
outperform a backup tracing collector.

The best way to use reference counting today is to run it orottiegeneration
only as proposed in [3, 9, 33]. In that case, running cycléectibn with the reference
counting is the right choice.

1.5 Organization

We start with an overview of the previous collectors in Sat2. The new cycle col-
lector employs techniques from collectors described im¢lrction. An overview of the

4 Actually, when the heap is tight and collections are frequent, referemaetiog is already
winning over tracing the whole heap [2]. But, we don't expect heaps tigbter in the future.



new cycle collector stressing the main new ideas is providesection 3. Implemen-
tation and results are given in Sections 4 and 5. Related isatiscussed in Section 6
and we conclude in Section 7. New techniques which reducauheer of traced ob-
jects and the details of the cycle collector (including pkeaode) are provided in our
technical report ([32]) and in Appendices A and B for the egwars.

2 Review of previous collectors

In this section, we review relevant previous work. We stgntdviewing the algorithms
for cycle collection [28, 27, 5] and then we review the sliglinews collectors [26, 2].

In this paper the terraycleor cyclic structurerefers to a strongly connected com-
ponent in the objects graph. A strongly connected compdaeniaximal subgraph of
a directed graph such that for every pair of vertices u, v enghbgraph, there exists a
directed path from u to v and a directed path from v to u.

2.1 Collecting cycles on a uniprocessor

We start with the synchronous cycle collector of [5] (builglion [28, 27]) that runs in
a stop-the-world manner on a uniprocessor. Garbage cyafesrdy be created when a
reference count is decremented to a non-zero value ([28, Pfi¢ reference counting
collector records all objects whose reference count isateented to a non-zero value.
The cycle collector uses this list as a set of candidatesntiagt belong to a garbage
cycle. Three colors are used to mark the state of objectsiniti color of all objects
is black. A possible member of a garbage cycle is marked gteywhite color signifies
an object that is identified as part of an unreachable cytle cycle collector runs three
traversals on all objects reachable from the candidatesdetlaws.

— The mark stage:traces the graph of objects reachable from the candidaibs, s
tracting counts due to internal references and markingts@d nodes gray. At the
end of this traversal, all nodes of each unreachable cytlictsire have zero ref-
erence counts, whereas each reachable cyclic structurat teest one node with
positive reference count.

— The scan stagescans the subgraph of (gray) objects reachable from thédzted.
All objects reachable from external pointers (those witkifiee reference counts)
and all their descendants are marked black. Also refereoets are restored to
reflect all outgoing pointers from black objects. All oth@des in the subgraph are
colored white (these objects are identified as forming aageleycle).

— The collect stagescans the subgraph again and reclaims all white objects.

2.2 Collecting cycles on-the-fly

The first concurrent cycle collection algorithm was prombse[5]. Their algorithm

consists of two phases, each running several scans on tgeaphireachable from the
candidates. In the first phase, a variant of the above synohsoalgorithm is used, but
instead of reclaiming the white nodes these nodes are re¢@sipotential unreachable



cyclic structures. Due to concurrent mutator activity, soofi the white objects may

have been incorrectly identified and may actually be redehabhe second phase is ex-
ecuted after waiting for the next (reference counting)eszilbn and it then re-examines
the potential cycles identifying which of them are indeedeachable and reclaiming

their objects.

Two disadvantages The above concurrent garbage collector has a theoretiaal-dr
back and a practical drawback. A garbage collector is caltedpleteif it eventually
collects all unreachable objects. The first problem of thideccollector is that it is not
complete. Rare race conditions may prevent it from coltepgiarbage cycles. An exam-
ple appears in [5]. The second problem is practical. Therdlgo traces the candidate
cycles a couple of times in the second phase to ensure thatise darbage cycle is
reclaimed. These extra scannings cause a substantiati@durcefficiency, especially
for (typical) benchmarks which contain many garbage cyotesany false cycle candi-
dates. Moreover, the concurrent cycle collection algariénforces additional overhead
on the execution of the reference-counting algorithm aigtrfix subgraphs that were
left gray or white due to improper re-traversals.

2.3 Incorporating sliding views

Both drawbacks of the asynchronous collector in [5] stermftbe fact that the concur-
rent cycle collector cannot rely on being able to re-tragesthme graph. In this work,
we propose a new concurrent cycle collector that amelisratgh problems. To that
end, we exploit the recently developed techniques fromZR6The idea is to use a
shapshot of the heap or a sliding-view of the heap ([26])eGix fixed view of the heap
(as reflected by a snapshot or the sliding-views mechanisi)possible to eliminate
much of the redundant tracing and to guarantee completeBe$sre describing the
new algorithm, we provide an overview of the sliding view&erence counting collec-
tor.

A simple version of the Levanoni-Petrank sliding-viewsiedlor may be described
by allowing a point in time in the beginning of the collectimnwhich all mutators are
halted. Using such a halt, it is possible to get a virtual shapof the heap using a copy-
on-write mechanism. Each object is associated with a dittywhich is cleared during
the halt. Then, whenever a pointer is modified, the dirty bithe object holding this
reference is probed. If the object is dirty (i.e., has beeuliffed previously) then the
pointer assignment may proceed with no further action. @tise, the object is copied
to a local buffer before the assignment is executed.

This allows a reference counting or a tracing collector toeas a view of a heap
snapshot as taken during the initial halt. If an object isdidy, then its value in the
heap is equal to its value at the snapshot time. The snapahet of dirty objects may
be obtained from the local buffers. To deal with multithredgrograms, a carefully
designed write barrier is presented in [26] allowing theabarite barrier to operate
on concurrent threads without requiring synchronized atens.

The collector in [26] updates the reference counts due tedhees of all modified
pointers between the previous snapshot to the current biseolbserved that for each



such pointer only two updates are necessary, which buyssiatal reduction in the
number of required updates. Details may be found in theralgaper [26].

The algorithm described so far probably obtains short painses, but in order
to get even shorter pause times, the sliding view mechargspidposed. Here, the
program threads are not halted simultaneously, but oneiatea As a snapshot view
cannot be assumed anymore, correctness consideratidatedisnoopingnechanism.
During the (short) time in which the mutators are being lthitee by one, the snooping
mechanism operates for each modified pointer via the writedvaFor each modified
reference, the snooping mechanism logs the address of jeet dhat has acquired a
new reference in a local buffer. These logged addressesoasgdered roots for the
current collection and so such objects are not reclaimed.vigw of the heap used by
the collector may be thought of as a view that is sliding inetithe heap objects are
viewed at slightly different points in time. The snoopingaehanism makes sure that no
reachable object is reclaimed. More details appear in [26].

3 Cycle collector overview

In this section we provide an overview of the new collectaiits main ideas stressed.
A full description including the pseudo-code is providedAippendix B and it also
appears in our technical report [32]. As mentioned, the nellector eliminates the
disadvantages of the previous cycle collector yielding a-imrusive, efficient cycle
collector that guarantees completeness.

We start by describing the new cycle collection algorithmuasing two inputs.
First, a snapshot of the heap. Second, a list of all objectsse/meference count has
been decremented to a positive value since the last cydiectioh. A first observation
is that given these two inputs we may apply gymchronouslgorithm of [5] on the
given snapshot and correctly identifies the garbage cyoldsei heap as viewed at the
shapshot. Now, combining the fact that the synchronougitthgo is efficient and the
fact that being a garbage cycle is a stable property, i.egrpm activity cannot make
an unreachable object reachable, we get an efficient id=itdn of garbage cycles.

Next, we need to specify how to obtain the inputs efficienti first concentrate
on the first input: the snapshot. The second input cannot taénall efficiently, but we
will find ways to use a restricted version of it.

3.1 Obtaining a snapshot (or a sliding view)

Looking at the cycle collector, the way it uses the snapshoepeatedly traversing
several subgraphs of the snapshot heap. To obtain a sndapahoan be traversed, we
may use the mechanism of [26] described in Subsection 2a¥eTsing a subgraph is
done as in [2]. We employ the write barrier of [26]. Then, tverse an object according
to its pointer values as existed at snapshot time we scanagebt in the following
manner. First, the dirty bit of the object is examined. If thgect is not dirty (no pointer
in the object has been modified since the snapshot was tdken)is current state in the
heap is equal to its state during the snapshot and the anliecty trace it by reading its
pointers from the heap. Otherwise, the object has been raddiiince the snapshot time



and it is marked dirty. In this case, the collector tracesiitapshot values as recorded
in the threads local buffers. This way, objects are tracedraing to their state at the
shapshot time, and as a consequence, repeated traces adadtrace the same graph
each time.

In terms of completeness, this means that once a garbageisyckated, it must ex-
ist in the next snapshot, and thus is bound to be collectedéogytnchronous algorithm
of [5]. In terms of efficiency, this means that we may use tfieieht synchronous algo-
rithm and get rid of inefficiencies originating from the needhsure correctness in spite
of program-collector races. For example, the entire sephiade of the asynchronous
algorithm of [5] is redundant: there is no needstoreidentified garbage cycles and
validate them during the next garbage collection, and tlseme need tdraversethese
cycles again in the next collection.

We now proceed to using sliding views instead of snapshbisgbal is to eliminate
the need for a simultaneous halt of all program threads amdt@in extremely short
pauses. The cycle collector remains the same, except foatiitiously) reads a sliding
view of the graph rather than a snapshot. As in the previddmglviews collectors,
the sliding view may find an object unreachable because #ve does not represent the
heap at a consistent point in time. However, the snoopindhar@sm (see Section 2.3)
makes sure that these objects are not reclaimed, ensuensptaty property. For the
cycle collector, this means that a set of objects may be iacty identified as being
an unreachable cyclic structure. How can this happen? imacies of reference counts
due to the sliding view are discussed in [25, 26]. Intuityydlno pointer is written to the
heap during the beginning of the collection (when all mutatre halted one by one)
then the sliding view represents a snapshot of the heap &akba time the first mutator
is stopped, denote this time by However, as pointers are being written in the heap, this
snapshot gets distorted. In particular, the view may cantaiues of pointers that were
updated aftet;. If such a modified pointer creates a false unreachable garbgcle
in the view, then it must happen that a pointer is added tocifite during the interval
in which the sliding view is taken. In this case, it is guaestt that the object that
falsely seems unreachable in the sliding view must be sribapd therefore, we will
not reclaim the cyclic structure that contains it. Thus, shéety of the cycle collector
may be reduced to the safety of the tracing collector in [2].

With respect to completeness, it holds that any unreachwiolec structure that is
formed before the collection begins, must be collected.réason is that these objects
are not modified during the time the sliding view is taken amgbarticular, no new
pointers are being written to objects in this cycle. Thusiaof the objects in the cyclic
structure is snooped and the view of all pointers into andeitwken these objects ap-
pears in the sliding view exactly as it would have appearedd®taken a real snapshot
at timet;. Thus, such an unreachable cyclic structure must be reethim

3.2 Obtaining the list of candidates

It remains to obtain the second input to the synchronizedeayallector of [5]. This
collector described above and all previous collectors aseahdidate set consisting of
all newly created objects plus all objects whose referemmcmtis reduced to a posi-
tive value by any pointer modification since the previoudeyollection. However, the



sliding views reference counting collector of Levanoni &®drank [26] does not main-
tain such a list. In fact, it is oblivious to most of the pointgpdates and this is what
buys its efficiency. A naive solution is to add the recordifiguch a list to the reference
counting collector of [26]. We could not accept this solatas it would undermine the
efficiency of the reference counting. Instead, we analyzatvwehreally required to col-
lect cycles and find out that the reduced set of candidatéieessif This preserves the
efficiency of the reference counting collector and alsoificantly improves the effi-
ciency of the cycle collector as fewer candidates need teberded and less work is
required to traverse their descendants.

Newly created objectd et us review one technicality that exists also in prior &he
assertion that it is enough to consider only reference coeotements as candidates is
accurate but not relevant for all modern collectors. Thewaas that reference counts
are not updated for root pointers. Thus, all known cycleemttirs use as candidates
more than the set of objects whose reference count was degtedto a positive value.
The set of candidates also includes all objects createe $iveclast collection and all
objects referenced directly from the roots during the pmesicollection.

Think, for example, of two new objects that point to one apotbnly (forming a
cycle) and a root pointer points to one of them. If the roonperi is modified, then a
cycle of garbage is formed, but it is not noted from referecament decrements. The
extended candidate set as above is enough to detect anyamheyg cycle. We do not
elaborate on this as this solution is used by all previoulectars.

Obtaining the candidatesThe sliding views collector can yield almost for free a liét o
newly created objects and a list of objects that were rete@vy the roots during the
previous collection. We now concentrate on the more proatenset of objects whose
reference count was decremented.

The Levanoni-Petrank reference-counting collector [Z&aua shortcut to reduce a
large fraction of the reference count updates. The ideatsithen a pointep takes the
valuesoy, 01, 02, ..., 0, between two sliding views, the only required reference toun
updates are a decrementrttfog) and an increment tec(o,). However, the fact that
not all increments and decrements of the objegiwy, ..., 0n_1 are executed might
prevent noting that one of the decrements creates a newalnaigia cycle.

We now claim that we are able to collect all garbage cyclesn¢rough we record
and consider many fewer objects as candidates, i.e., thyg#ied by the Levanoni-
Petrank reference-counting collector. To be more pregwben a pointerp takes the

valuesoy, 01, 0y, ..., 0, between two collections, only, is considered as a candidate
(if its reference count is decremented to a non-zero valyegh& new cycle collector.
The object®;, 0y, ..., 0n_1 that were considered by previous collectors as candidates

are ignored. Additional relevant decrements are decresrtbiat are executed by the
reference counting collector itself. When an object is riewdal, the collector decre-
ments the reference counts of all its descendants. Thesendets may also produce
candidates (if the descendant’s reference count is noedesmted to zero).

To show that the collector does not miss a garbage cycle, weedihe argument
into 2 cases: garbage cycles comprising solely of old objantl garbage cycles con-
taining at least one young object, where a young object ib@ttthat has been created



after the previous sliding-view (or snapshot). We show #aath of these two cases is
properly handled.

The easy case is when a garbage cycles includes a young.obgeotentioned
earlier in this section, all young objects (surviving thé&rence-counting collection)
are considered candidates. Thus, this cycle will not beediss

The more interesting part is to note that garbage cyclesagung only old objects
(those who were created before the previous sliding vie@)nat missed. If this cy-
cle was reachable during the previous sliding view and igachable in the current
sliding view, then there exists a pointer to one of the cgct@djects in the previous
sliding view, but this pointer does not exist in the currdidisg view. If this was a root
pointer, then the cycle is considered by the fact that all ppinters from previous col-
lection are candidates. Otherwise, this is a heap poingtrttas been modified during
the time interval between the two sliding views. This scenardepicted in Figure 1.
The pointer modification results either from the applicatiwodification of the pointer
(as in Figure 1), or because the object containing this poiwas reclaimed and then
the memory manager deleted the pointer. In the first casehiduwege of this pointer is
logged in a local buffer causing a decrement to the refereaaat of the object previ-
ously referenced. In the latter case, the delete operatitre collector implies a similar
reference count decrement. In each of these cases, thist blejgomes a candidate for
cycle collection. Hence, cycles containing only old objemte accounted for properly.

*
= @ =

Sliding View K Sliding View K+1

Fig. 1. A garbage cycle comprising solely of old objects is created between the K and
the K + 15! sliding-views. In this example, the cycle was reachable from old0 and it be-
came unreachable because old0 was modified. Since oldO is modified between the slid-
ing views, oldO (and in particular, the pointer to old1 in it) must be logged to a local buffer
that is later used by reference counting collector. Therefore, the reference count of old1
gets decremented in the K + 15t collection, and it is then considered as a candidate.

To summarize, we may employ the efficient write barrier ofdrewni-Petrank and
collect cycles correctly using as candidates all objectssgtreference count is decre-
mented to a non-zero value, as well as all young objects.



3.3 Using the age-oriented collector

From the description above, it seems that newly createcttsgeld a substantial burden
on the cycle collector. Our measurements show that thisdieed correct. Therefore,
we also tried to use the proposed cycle collector with a ctilethat runs reference
counting and cycle collection on the old generation only. ¢Wlese an age-oriented
collector that runs concurrent reference counting on tdeggeheration and concurrent
mark and sweep on the young objects [33]. The age-orientésttar is not a standard
generational collector. It is a twist on generational adlten that is adequate for con-
current collection. Using the age-oriented collector isypassible to eliminate a large
fraction of the cycles as well as a large fraction of the cydector’'s work since it
does not need to consider the young objects as candidatiegdtycle collection was
more effective in this setting. Let us say a few words aboetafe-oriented collector.
For a full description see [33].

The age-oriented collector keeps generations, but it doesum frequent young
generation collections. The reason is that short pausesbéaged by concurrency al-
ready and do not need to be obtained by short young collectiime heap is collected
only when it gets full. When that happens, the age-orientdléator uses a reference
counting collector to reclaim objects in the old generatiod mark and sweep collec-
tor to reclaim objects in the young generation. Since thedleations always happen
together, there is no need to record inter-generationait@is. It is important to note
that the age-oriented collector is an efficient collectoparticular, it is more efficient
than the reference counting algorithm as a stand-alone.

3.4 Reducing the number of traced objects

New techniques which reduce the number of traced objectzravided in our technical
report ([32]) and in Appendix A for the reviewers.

4  An Implementation for Java

We have implemented our algorithm in Jikes RVM (researctualrmachine) [1]. The
entire system, including the collector itself is written Java (extended with unsafe
primitives available only to the Java Virtual Machine impientation to access raw
memory). Jikes usesafe-points rather than interrupting threads with asynchronous
signals, each thread periodically checks a bit in a conditémister that indicates that
the runtime system wishes to gain control. This design Sagitly simplifies imple-
menting the handshakes of the garbage collection. In additather than implementing
Java threads as operating system threads, Jikes mulSplexa threads owirtual-
processorsimplemented as operating-system threads. Jikes establime virtual pro-
cessor for each physical processor.

More implementation details are provided in our technieglort ( [32]).



5 Measurements

Platform and benchmarksWe have run our measurements on a 4-way IBM Netfinity
8500R server with a 550MHz Intel Pentium Il Xeon processod 2GB of physi-
cal memory. We have used the SPECjvm98 benchmark suite an8RECjbb2000
benchmark (both described in SPEC’s Web site [35]). We fea the multithreaded
SPECjbb2000 benchmark is more interesting, as the SPE@jam9more appropriate
for clients and our algorithm is targeted at servers. We falsbthat there is a dire need
in academic research for more multithreaded benchmarkisgrwork, as well as in
other recent work (see for example [4, 17]), SPECjbb2000Banly representative of
large multithreaded applications.

Testing procedure.We used the benchmark suite using the test harness, penfprmi
standard automated runs of all the benchmarks in the suitesi@ndard automated run
runs each benchmark five times for each of the JVM’s invoheaitll implementing

a different collector). Finally, to understand better treh&vior of our collector un-
der tight (in Jikes) and relaxed conditions, we tested it arymg heap sizes. For the
SPECjvm98 suite, we started with a 32MB heap size and extetidesizes by 8MB
increments until a final large size of 96MB. For SPECjbb20@0used larger heaps,
starting from 256MB heap size and extending by 64MB incrementil a final large
size of 704MB.

The compared collectors.We have incorporated the cycle collection algorithm into
two collectors: the Levanoni-Petrank reference countiitector ([26]), and the more
efficient age-oriented collector ([33]). Both collector® also implemented in Jikes
and are accompanied by a backup mark and sweep collectoh vghian infrequently
to collect garbage cycles. For performance measuremestsamvboth collectors ac-
companied with our cycle collection algorithm against bodiectors when using the
backup mark and sweep algorithm. In addition, we have coetpaharacteristics of
our cycle collection algorithm (with both collectors), augt the characteristics of the
previous on-the-fly cycle collector of Bacon and Rajan [4].

5.1 Performance

Our major benchmark is SPECjbb2000. SPECjbb2000 requinesild-phased run

with an increasing number of warehouses. The benchmarkda®a measure of the
throughput and we report the throughput ratio improvemedrgmapplied with the pro-
posed cycle collection algorithm (compared to the samectt with a backup mark
and sweep algorithm). Thus, the higher the ratio, the bettealgorithm behaves, and
in particular, any ratio larger than 1 implies that the cyotdlector outperforms the
tracing auxiliary collector.

Figure 2 depicts the throughput ratio between using theeayallector and a backup
tracing collector when both are used with the Levanonidrgticollector on a varying
number of warehouses and heap sizes. Note that with 1-3 waseh the collector
has a spare processor to run on, since the platform has fouegsors. In this case,
throughput differences occur only when the collector is efficient enough to free
enough space for program threads with on-going allocatidhis is more noticeable
on tight heaps. With 4-8 warehouses, the collector doesaat b spare processor and
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its use of CPU directly affects the throughput. The traciagkup collector outperforms
the cycle collector usually by 5%-10%.

The same measurements have been run when the cycle cobextdhe backup
tracing collector were used with the age-oriented collgf@&8], see Figure 3. Here, only
old objects are collected with reference counting, and thegycle collector runs only
on old candidates. In this case, there is not much differbeteeen the two options
to collect cycles, except for tight heaps. As already sedg]ireference counting has
an advantage on tight heaps over tracing. Here it is seercyles collection is also
preferable on tracing (as an add-on to reference countihghwhe heap is tight.

When running the SPECjvm98 benchmarks on a multiprocessardhector runs
concurrently with the program thread(s) on a spare proceBgre 4 depicts the re-
sults both with the Levanoni-Petrank reference countiritector as well as with the
age-oriented collector. The results do not point to a cléanar. Each application be-
haves somewhat differently and most of the differences al@b5%. The only clear
noticeable difference, is with th@27 mtrt benchmark. The reason for this difference
is that for this benchmark there exists an initial phase imctvimany objects are cre-
ated and kept alive till the end of the run. These newly creatgects induce a large
amount of work on the cycle collector. During the (singlefdacollection, the muta-
tors halt waiting for free space. The performance diffeesismoticeable only with the
reference counting collector, and not with the age-ori@r@lector. There, the cycle
collector is not run on this pack of young objects that aralalke.

5.2 Pause times

We have measured the maximum pause times of the LevanarirReeference count-
ing collector accompanied by our cycle collection algaritiThe maximum pause times
for the runs of the SPECjvm98 benchmarks and the SPECjbbBe0chmark are re-
ported in table 1. The SPECjvm98 benchmarks were run withMBs#eap size and
the SPECjbb2000 (with 1,2,3 warehouses) were run with a Z56bhp size. In these
measurements, the number of program threads is smallerthieamumber of CPU'’s.
Note that if the number of threads exceeds the number of psocg, then large pause
times appear because threads lose the CPU to other mutatbesamllector. The length
of such pauses depends on the operating system scheduismardelevant to the col-
lector. Hence we report only settings in which the collectors on a separate spare
processor.

The maximum pause time measured for all benchmarks was 1.7hasnaximum
pause time of the Levanoni-Petrank reference countingectlt does not depend on
whether it is accompanied by a tracing backup or by a cyclecor. The operation
that determines the length of the pause time is the scanditigeaoots of a single
thread, which occurs in one of the handshakes.

5.3 Collector characteristics

Amount of cyclic garbage Table 2 provides, for each benchmark, the number of
garbage cycle objects reclaimed and the space they conguntiee age-oriented col-
lector only employs cycle collection on old objects, it neéalreclaim a smaller set of



BenchmarkgMaximum pause timge
(milliseconds
compress 1.0
jess 13
db 0.7
javac 1.7
jack 1.0
mtrt 0.9
jbb-1 0.8
jbb-2 0.6
jbb-3 1.1

Table 1.Maximum pause time in milliseconds

RC AO

cyclic| cyclic cyclic| cyclic
Bench- objects bytes object bytes
marks |reclaimed(in MB)||reclaimed(in MB)
compress 108 84.08 0 0
jess 24 0.15 0 0
db 16/ 0.09 0 0
javac 1M| 67.64) 0.57M 37.02
mtrt 66052 5.78| 66042 5.6
jack 8976 1.72 3360 0.62
jbb 146 0.88 0 0

Table 2.Cyclic garbage collected for each benchmark by our cycle collector, when incor-
porated with the reference counting and the age-oriented collectors.

Candidates Roots: ratio compared with Bacon & Rajan Objects traced: ratio compared with Bacon & Rajan

Objects traced ratio

Candidates traced ratio

mirt jack ibb

comress jess. d comress  jess

b javac
Benchmarks

ib javac
Benchmarks

Fig. 5.Saving in the tracing work and in the number of candidates compared the collector
of Bacon and Rajan.
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Fig. 6. Saving in the tracing work and in the number of candidates when the age-oriented
collector is used compared to the reference counting collector.

garbage cycles than the reference counting collector. ¥ftlesin the young generation
are reclaimed by the tracing collector.

The only benchmarks that produce a substantial amount alesipagarbage cy-
cles are_213javac and_201.compress. In201 compress, there are some dozens of
garbage cycles comprised of huge objects, and it henceresqoinly a small amount
of tracing. The benchmark213 javac however, contains thousands of garbage cycles,
thus requiring a large amount of work of the cycle collector.

Amount of tracing To check that the proposed collector indeed traces muchrfewe
objects than previous collectors, we compare it to the ogoliector of Bacon and Ra-
jan [5]. We report the ratios of theandidates examineshd the ratio obbjects traced
when compared to those of [5]. To be extremely conservatialid not include the
objects scanned during the additional verification phasgppfThus, the actual advan-
tage of the new collector is even higher than reported. Wendiccount the additional
phase since in this additional phase some of the objects negractuallytraced For
these objects the actual operation only included work oin todors.

In the graphs presented in Figure 5, the lower the ratio, ¢fttiebthe new algorithm
behaves, and any ratio smaller than 1 implies that it traeeef candidates and objects.
To make the comparison fair, the new collector was measunadvath the reference
counting collector. Figure 5 shows that the new cycle ctdletrace fewer candidates
compared to the previous cycle collector (of [5]) over alhblemarks. It is usually also
traces substantially fewer objects except for one case2&iemtrt benchmark (which
was discussed above).

In Figure 6, we report the additional saving when the cycleector is used with the

age-oriented collector (on the old generation only). Asleaseen, the further reduction
is tracing is substantial for most benchmarks.



6 Related work

The inability of reference-counting to reclaim cyclic gage structures was first no-
ticed by McBeth [29]. The algorithm of Martinez et al. [28h¢pired by [12]) reclaims
cells, which were uniquely referenced when their count grmpzero, while when a
pointer to a shared object is deleted, a local depth-firsthaa applied on it. Lins [27]
postponed the above traversals while saving the valuegafdleted pointer in a buffer
(each such value is a candidate to be a root of a garbage eyaldjaversed the buffer
at a suitable point. Bacon et al. [5] extended Lins algoritbra concurrent cycle col-
lection algorithm. They also improved Lins’ algorithm byrfieming the tracing of all
candidates simultaneously, reducing the number of trabgetts.

7 Conclusion

We presented a new cycle collector adequate for use witteserate counting garbage
collector. The new cycle collector runs concurrently whie program threads, achiev-
ing negligibly short pauses of less than 2ms. It uses thmglidews reference counting
collector of Levanoni and Petrank [26] with the synchroneffigient cycle collector of
Bacon and Rajan [5]. These algorithms do not fit togetheresihe original cycle col-
lector expects to get a list of all reference count decremevtiereas the original refer-
ence counting collector is oblivious to most of these deemsn However, we provide a
finer analysis of cycle collection showing that the inforimatgathered by the reference
counting collector is enough to guarantee reclamationlafrakachable cycles.

Building on the sliding views mechanism obtains a drastipromement in effi-
ciency. Much of the work required to ensure concurrent abness may be eliminated.
We also add filtering techniques to further optimize theemibtr's performance. An
additional theoretical contribution is the completenekthe collector. The resulting
cycle collector is guaranteed to reclaim all garbage cycdlé®reas the only available
previously known concurrent collector [5] had an (extrgmalre) sequence of events
that prevents it from collecting an unreachable cycliccdtrce forever.

We implemented the proposed cycle collector and we providditst direct com-
parison of running a cycle collector with reference couptagainst running reference
counting with a backup tracing collector. Our results shbwat twith contemporary
benchmarks, the backup tracing collector outperforms yiatecollector, even though
it is the most efficient cycle collector available today. Hwer, we also measured the
cycle collector when the reference counting was run onlylgjeais in the old genera-
tion. In this case, the cycle collector performed equalltheobackup tracing collector,
and even better on tight heaps. This means that on todayerpiatand benchmarks
cycle collection is effective when applied to the old getieraonly. In the future, if
heaps and live data become much larger, then the technissesilibd in this work
may become a most effective method to reclaim garbage.
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A Reducing the number of traced objects

Next, several methods are proposed to further reduce bethumber ofcandidates
and the number obbjects tracedduring a candidate traversal. First, we make use of
the strategy of Bacon and Rajan [5] to reduce tracing. Thepgsed to ignore acyclic
objects (objects that cannot be a part of a cycle, e.g., ay afrscalars). Such objects
are statically determined and are never considered asdatedi Any acyclic object
reached during the algorithm traversals is ignored. Addil elimination strategies are
proposed next.

Examining only mature candidate3he new collector runs cycle collection with each
garbage collection. However, it lets the candidates “nedtoefore actually testing them
for membership in an unreachable cyclic structure. Whileddates “wait” to be ex-
amined, many of them are removed from the candidate listXplai@ed below). The
collector examines only the candidates which were accueudlkacollections ago and
were not filtered. Technically, instead of having one largedidates buffer, we employ
k+ 1 smaller candidates buffers, each containing candida@swaulated in different
collections. In the current cycle collection we use the stdauffer. One reason for
removal from the candidate list is that objects are simpbjaiened by the reference
counting collector before reaching the oldest buffer. AoseLfiltering technique em-
ployed is to remove any object, that is added to the most tezenidates buffer, from
any older buffer it appears in. This means that an objectagpanly in one buffer and
that if its reference count is decremented several timesi)libe examined only once
(if not reclaimed earlier). (The removal from older list®igecuted in a short processing
of the buffers in the end of each collection.)

Thek + 1 buffers method allows a structured control over cand&lataturity and
allows tracing only candidates that have not been filterégeod have not died) through-
out the lask collections. Previous collectors run the cycle colleciatek collections
on all candidates. Thus, they handle candidates that weeatlg discovered and have
not yet matured.

Ignoring known to be alive objectdNext, we try to reduce the number of candidates
and also the amount of tracing executed. Several objectkrangn to be alive in the
beginning of a collection. These include objects that warectly reachable from the
roots, objects that were snooped and objects that were chdiltg because they were
modified after the sliding view was taken. Many such objectsteaced by the cycle
collector. The proposed collector treats these objectsrdifitly. First, if the cycle col-
lector reaches one of these objects during the first (maagestit ignores it. It does



not decrement its reference count, nor does it trace itsraphgBYy avoiding the explo-
rations of those objects, we do not loose any garbage cygites, if an object is known
(or assumed) to be alive, so do all the objects reachableifrom

Saving doubly scan stagelo save more scanning time, we add an additional stage
between the mark stage and the scan stage. It is more efftcigmeprocess the list

of objects that are known to be alive and trace them to mark subgraph black.

If we do not do that, the scan stage may sometimes color whitebgect together
with its subgraph, only to find out later that this object waferenced from another
(gray) externally referenced object. In this situatiore tbject (and subgraph) would
be colored black only during a second traversal of the sarhgraph. Such repeated
traversals are saved by the new stage.

Not all objects that are known to be alive, can be identifie@&rvbollection com-
mences. In particular, an object may be modified (and thusrhedlirty) by a mutator
after being traced during the mark stage. The subgraph bfauobject may be traced
and colored gray (during the mark stage) and only later ibbexs evident that the
tracing was redundant. Thus, we also add a check to the sdsoad) stage. When
reaching a gray object in the scan stage, we check whetteditty. If it is, its sub-
graph is colored black immediately (as it is reachable franolject which was alive
when the sliding-view was taken).

One disadvantage of using dirty objects for the above filtemethods, is that we
must use the addition@RC(cyclic reference count) field as in the asynchronous cycle
collector of Bacon and Rajan, in order to correctly restbe"real” reference counts.
The reason we must use it is that the set of identified liveatbjéactually, only the
subset of dirty objects) is not fixed during the collectioecRll that we do not scan this
set of objects, implying that we also do not decrement tieé@rence counts for internal
references. However, since objects become dirty condlyrere may decrement their
reference counts several times before noting that theylaee & is not possible later
to tell how many times decrements were applied on dirty dbjduefore they became
dirty) and thus it is not possible to restore the originakrefice counts. This necessi-
tates the use of theRCfield. One must decide between using the dirty bit to identify
reachable objects and avoiding using the CRC field. We clwsertsider dirty objects
and use the CRC field.

B The Garbage Collector Details

In this section, pseudo-code and details of the new cycleaan algorithm are pro-
vided.

B.1 The log-pointer

The original reference counting algorithm requires maiing a dirty bit signifying

whether an object has been modified since the most receettiol started. During
the first modification of an object in a cycle, its pointers egeorded in thaipdates
buffer and its dirty bit is set. We follow [26, 2] by choosing tledicate a full word



to keep the dirty bit. Indeed, this consumes space, butatvallkkeeping information
about the dirty object. In particular, this word is used tefa pointer into the thread’s
local buffer where this object’s pointers have been loggezkro value (a null pointer)
signifies that the object is not dirty (and not logged). Wé tbéé word theLogPointer.
Justification to this choice is provided in the original sigl views papers and is not
repeated here.

Tracing a sliding view makes good use of thegPointer field. When an object is
scanned, theogPointer is checked. If it is null, then the current state of the obfeat
be used. Otherwise, it provides a pointer to the log entryrevtiee state of the object in
the sliding view is recorded.

Procedure Update(Figure 7) is activated at pointer assignment and its mah im
to record the object whose pointer is modified (i.e., log otgjezalues at the sliding
views). We stress that the write barrier (thpdate protocol) is only used with heap
pointer modification. Modifications of local pointers in thegisters or stack are not
monitored. Going through the pseudo-code, we see that dgebts LogPointer is
optimistically probed twice (lines 1 and 6) so that if theeijis dirty (which is often
the case), then the write barrier is extremely fast. If theabwas not logged (i.e., the
LogPointer of an object is NULL) then after the first probe, the objectdues are
recorded into the locdl pdates (lines 2-4). The second probe at line 6 ensures that the
object has not yet been logged (by another thread)odfPointer is still NULL (in the
second probe), then the recorded values are committed asffiee pointer is modified
(line 10). In order to be able to distinguish later betweejectis and logged values, in
line 8 we actually log the object’s address with the leastifiicant bit set on (while
values are logged with least significant bit turned off). e object's.ogPointer
field is set to point to these values (line 12). After loggiras foccurred, the actual
pointer modification happens. Finally, from the time a attilen begins until marking
the roots of the mutators, the snoop flag is on. At that timentw target of the pointer
assignment is recorded in the lo&hoopedbuffer. This happens in lines 14-15. The
variabledJ pdates, CurrPos SnoopandSnoopedare local to the thread.

We do not elaborate on the properties of the write-barrienwhy it works in a
multithreaded environment, etc. A thorough discussiorhefwrite barrier appears in
the original paper [26].

B.2 General issues

candidate objects statusIn order to process the candidates buffers, we keep a state
with each object. An object is allocated in staten-bufferedWhen it is first buffered

it is markednewly-buffered During each collection, all buffers are processed. Each
newly-bufferebject is removed from all older buffers. An object that is amier

of the oldest buffer (the buffer that is currently being dtest for cycles) is marked
old-buffered All other buffered objects (in buffers that are not the ygest or oldest
buffers) are markedid-buffered The candidates buffers are denoted, in a correspond-
ing mannerpnewCandidatesBuffemidCandidatesBuffeand oldCandidatesBufferOf
course, there may be several buffers of tysidCandidatesBuffer



ProcedurdJpdate(o: object, offset int , new object)
begin

1. if 0.LogPointeeNULL then // object not dirty
2. TempPos= CurrPos

3. foreach fieldptr of o which is not NULL

4. Buffer[++TempPos].= ptr

5. /l'is it still not dirty?

6. if 0.LogPointeeNULL then

7. /l add pointer to object

8. Buffer[++TempPos]:= address 06

9. /lcommitting values in buffer

10. CurrPos:= TempPos

11. Il set dirty

12. o.LogPointer= address oBuffer[CurrPos]
13.  write( o, offset,new)

14. if Snoopandnew!= NULL then

15. Snooped= SnoopedJ { new}

end

Fig. 7. Mutator code Update Operation

Assumed procedures In the pseudo code we assume the existence of some simple
methods. These include:

— is-Acyclic: checks whether an object is inherently acyclic.

— is-Buffered-Not-Old: checks whether an object is buffered but not in the oldest
buffer.

— is-Released: checks whether an objects was released in the currenttiolie As
this method is called by the collector, therrent collectionis well defined.

B.3 Interface with the reference counting collector

Proceduréddd-Candidate(cand object)
begin
1. if candstatus != Newly-Buffered

A lis-Acyclic(cand then
2. candstatus := Newly-Buffered
3. pushcandto newCandidatesBuffer
end

Fig. 8. Add-Candidate

Procedure Add-Candidate(Figure 8) is called by the reference counting collector in
order to insert an object onto thewCandidatesBuffelf this object is not already



buffered in thenewCandidatesBuffeand it is not acyclic, it is buffered inewCandi-
datesBuffegafter its state is modified into newly-buffered.

An interface in the opposite direction is the ability of thele collector to call the
RC-Free procedure, which performs the recursive deletion of anatbjeis invoked
by ProcedureCollect described below.

B.4 Cycle algorithm code

Procedurdrocess-Cycles
begin

1. Mark-Candidates

2. Scan-Black-Live-Stack
3. Scan-Candidates

4, Collect-White

5. Process-Buffers

end

Fig. 9. Process-Cycles

The cycle algorithm’s code for cyclkeis presented ifProcedure Process-Cycles
(Figure 9). This procedure is applied in every cycle coltecafter the reference count-
ing collector is done collecting the non-cyclic garbagecadnsists of the following
stages:

— Mark stage: traces the graph of relevant candidates, subtracting s@RC) due
to internal references and marking nodes as possible gartiggcoloring them
gray).

— Scan black stagerolors black the objects that the mark stage has considered a
alive. Its purpose is to save redundant traversals as tesldn A.

— Scan stagescans the subgraph of relevant candidates, and re-cobmk bbjects
which are reachable from external pointers. All other nodethe subgraph are
colored white.

— Collect stage:scans the white subgraphs again and reclaims all garbag&e)]wh
objects.

— Filter candidates from buffers: iterates over the new and middle buffers, while fil-
tering non-relevant candidates. In addition, it perfornegelic swapping of buffer
roles.

Procedure Mark-Candidates and Procedure Mark (Figures 10- 11) perform the
mark stage. This stage is performed on ttdCandidatesBuffés objects which have
survived all filters of the previous collections. TMark-Candidates procedure first
filters more candidates: those that were released durisgtiiiection® and those that

5 The deletion of the last pointer to a shared cell will recycle it immediateharoigss of
whether there is a reference to it in a candidate buffer.



ProcedureMark-Candidates

begin
1. for eachcandin oldCandidatesBuffedo
2. if is-Released(cang

V candstatus = Newly-Buffered then
3. removecandfrom oldCandidatesBuffer
4, else ifcandcolor = black then // not reached
5. // during previous candidates’ traversals
6. Mark(candtrue)
7. else // Gray objects,
8. /l'i.e., descendants of other candidates.
9. candstatus := Non-Buffered
10. removecandfrom oldCandidatesBuffer
end

Fig. 10. Mark-Candidates

ProcedureéMark (obj: object, isCand Boolean
begin

1. if obj.color !=gray then

2 [l first time reached in this mark stage

3 obj.color ;= gray

4, obj.CRC :=RC

5. if lisCandthen // reached during the recursion
6 0bj.CRC——

7 /I check whether object was witnessed living
8 if obj.LogPointer |= NULLV obj e Roots

9. V is-Buffered-Not-Old(obj) then

10. pushobj to LiveStack/ it was alive

11. else

12. replica:= Read-Sliding-View(obj)

13. for eacho in replicado

14. if is-Acyclic(o) then

15. Mark(o,false)

16.  else // was reached before

17. 0bj.CRC-—

end

Fig. 11.Mark




Procedurdread-Sliding-View(obj: object)
begin
1. /I Check if object has been modified
if obj.LogPointer = NULL then
/l read its descendants from heap.
replica:= copy(©bj)
/I Check again if copied replica is valid.
if obj.LogPointer != NULL then
/I Object has been modified while being read.
I/l Get replica from buffers.
replica:= getOldObjectgbj.LogPointer)
0. else // Object has been modified.
/I Use buffers to obtain replica.
11. replica:= getOldObjectgbj.LogPointer)
12. returnreplica

BO®ONOOAMWON

Fig. 12.Read-Sliding-View

were re-added to the candidates buffer in this collectiod taus are newly-buffered).
Note that it also pops out of the buffer (and clears buffeiustss of) gray objects: those
objects are reachable from other candidates that havedgltesen traced during this
stage, and thus they could only belong to a garbage cycleddaim an already traced
candidate. Thark procedure is applied on all the other candidates.

The Mark procedure performs a depth-first traversal over the cateitialiding-
view subgraph. An object reached for the first time is colapey, itsCRCis initialized
and if it is not considered as alive (was not modified, is noalaor is buffered in a
younger candidate buffer), its sliding-views descendgntsich are not acyclic) are
traced using th&ead-Sliding-View procedure. A parameter to the function is a flag
telling the function whether the current object is scanngelto a reference found in the
heap (and therefore an inner reference is found an@R@should be decremented) or
it is scanned because it is a candidate in the buffer (anéfibreritsCRCvalue should
not be decremented). If the object has been reached beBE&Cis not initialized (as
it was initialized before), but is decremented. Objects$ #ina alive are pushed onto the
LiveStackand their descendants are later colored black (thesetslgez not traced at
this stage).

Procedure Read-Sliding-View(Figure 12) serves for getting the sliding-view values
of a given object. If the object was not modified since theisidview was taken, its
current values are also its sliding-views values. Othexwits pointer slots at the recent
sliding view can be found by looking at the log entry which mimqed by theLog-
Pointer. Note that an object may be modified by mutators while theicapt taken
(lines 5-9).

Procedure Scan-Black-Live-Stack(Figure 13) colors black the non-black objects in
LiveStackand their non-black sliding-view descendants. The objedisveStackvere

all pushed during the mark stage.



Procedurescan-Black-Live-Stack
begin

1. while LiveStack is not empty
2. obj := pop(LiveStack

3. Scan-Black(obj)

end

Fig. 13.Scan-Black-Live-Stack

Proceduréscan-Black(obj: object)
begin

=

if obj.color != black then

2 obj.color = black

3 replica:= Read-Sliding-View(obj)
4. for eacho in replicado

5 Scan-Black(o)

end

Fig. 14. Scan-Black

Procedure Scan-BlackFigure 14) is the actual procedure that colors the slidileg+'s
subgraph of an object as black.

Procedurescan-Candidates

begin

1. for eachcandin oldCandidatesBuffedo
2. Scan¢ang

end

Fig. 15.Scan-Candidates

Procedure Scan-Candidates and Procedure Scarigures 15- 16) perform the scan
stage. Each gray candidate in the oldCandidatesBufferauitbn-zero CRC is consid-
ered live (and so are all its sliding-view descendants) thuslthe object and its descen-
dants are colored black. Else, it is colored white, andstte procedure is invoked on
its children. Note that although we use tBean-Black-Live-Stack procedure as the
second stage of the algorithm, still an object may be colereite and then re-colored
black.

Procedure Collect-White and Procedure Collec(Figure 17- 18) perform the collect
stage. Each white candidate is a root of a garbage cycle haisdhiese cycles’ objects
(this candidate and all white objects reachable from itcatered black and reclaimed.
Since we are dealing with a garbage cycle whose objects eleamed one by one, one
object may still reference another object in the cycle thad yust released. Thus, when
iterating over the object’s descendants, one should cHeble idescendant is already



Procedureéscan (obj: object)
begin
if obj.color = gray then
if obj.CRC = 0 then // currently no evidence
/I of obj being externally reachable
obj.color := white
replica:= Read-Sliding-View(obj)
for eacho in replicado
Scan(o)
else
/I mark its relevant subgraph as alive
0. Scan-Black(obj)
end
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Fig. 16.Scan

ProcedureCollect-White

begin
1. for eachcandin oldCandidatesBuffedo
2. removecandfrom oldCandidatesBuffer
3. if lis-Released(cand then
4, /I not released during previous cycles releases
5. candstatus := Non-Buffered
6. if candcolor = white then
I/l garbage cycle root
7. Collect(cand
end

Fig. 17.Collect-White




ProcedureCollect (obj: object)

begin

1. markobj as released // so that tieReleased

2. /l procedure should identify it as released
3. /I no need to check LogPointer:

I/ objis a cyclic garbage object

4 for each childchild of obj do

5. if lis-Released(child) then

6. if child.color = white then

7 Collect(child)

8. else

9. child.RC——

10. if child.RC = 0 then

11. / child is not part of the garbage cycle.
12. /I The RC collector should free it.

13. RC-Free(child) //recursive deletion

14. obj.color = black
15. returnobj to the general purpose allocator.

Fig. 18.Collect

released (line 5 in th€ollect procedure). For a similar reason, we also mark any cycle
object as released (line 2 in t@mllect procedure), before iterating over its descendant
and actually freeing it.

While reclaiming a garbage cycle, the reference counts @abyeferenced by this
cycle are decremented. At first it seems that the referenast @b such an object could
not reach zero, since if it does, then its CRC should havéhezhrero (during the cycle
collection), and it would have been colored white (and rienta as part of the cycle).
However, there are objects that our algorithm does not tsageh as inherently acyclic
objects and objects buffered in newer candidates buffersh bjects could be solely
referenced by garbage cycles, and thus when releasing aggadycle, their reference
count reaches zero. Hence, such objects are released lusirgjérence counting recur-
sive deletion (line 13 in th€ollect proceduref. Such recursive deletion can end-up
reclaiming black candidates bufferedaldCandidatesBuffefwhich motivates line 3 in
the Collect-White procedure).

Procedure Process-Bufferg§Figure 19) prepares the next invocation of the cycle col-
lection algorithm, by filtering non-relevant candidates] @reparing the buffers for the
next collection. It first iterates over all the middle buffewhile rejecting candidates
which have either died during current collection or were lyebuffered during it. In
addition, since the oldest buffer of this buffers set woddhe oldest buffer in the next
collection, the status of its candidates is modified (frord-miffered) to old-buffered.
Next, it traverses the new buffer, while rejecting candidatvhich have died in the last

6 Note, that the recursive deletion, i.e., tRE-Free procedure, modifies the released object
status to non-buffered



ProcedurdProcess-Buffers

begin

=

2
3.
4

5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
end

/I filter candidates and change statuses
for eachbuffwhich ismidCandidatesBuffedo
for eachcandin buffdo
if is-Released(cang
V candstatus = Newly-Buffered then
removecandfrom buff
else ifbuffis the oldest midCandidatesBuffer
buffer then
candstatus := Old-Buffered
for eachcandin newCandidatesBuffato
if is-Released(cand then
removecandfrom newCandidatesBuffer
else
candstatus := Mid-Buffered
/l Swap-Buffers-Roles
tempBuffer= oldCandidatesBuffer
oldCandidatesBuffer oldest
midCandidatesBuffer buffer
makenewCandidatesBuffermidCandidatesBuffer
newCandidatesBuffer tempBuffer

Fig. 19. Process-Buffers




(current) collection and changing the status of the remginandidates to mid-buffered
(asnewCandidatesBuffevould be considered as a middle buffer in the next collegtion
Finally, it performs a cyclic swapping between the buffeodés.



