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Abstract. A reference counting garbage collector cannot reclaim unreachable
cyclic structures of objects. Therefore, reference counting collectors either use
a backup tracing collector infrequently, or employ a cycle collector to reclaim
cyclic structures. We propose a newconcurrentcycle collector, i.e., one that runs
concurrently with the program threads, imposing negligible pauses (of around
1ms) on a multiprocessor.
Our new collector combines the state-of-the-art cycle collector [5] with theslid-
ing views collectors [26, 2]. The use of sliding views with cycle collection obtains
two advantages. First, it drastically reduces thenumberof cycle candidates, which
in turn, drastically reduces thework required to record and trace these candidates.
This yields a large improvement in cycle collection efficiency. Second, it elimi-
nates the theoretical termination problem that appeared in the previous concurrent
cycle collector. There, a rare race may delay the reclamation of an unreachable
cyclic structure forever. The proposed cycle collector guarantees reclamation of
all unreachable cyclic structures.
We have implemented the proposed collector on the Jikes RVM and we provide
measurements including a comparison between the use of backup tracingand the
use of cycle collection with reference counting. To the best of our knowledge,
such a comparison has not been reported before.

1 Introduction

Reference counting is a classical garbage collection algorithm. Systems using reference
counting were implemented starting from the sixties [13]. However, reference counting
garbage collectors cannot reclaim cyclic structures of objects. Thus, reference count-
ing collectors must be either accompanied by a backup mark and sweep collector (run
infrequently to collect garbage cyclic structures) or by a cycle collector.

Trying to avoid developing and maintaining an additional mark and sweep collector
on the reference counting collected system motivated attempts to design a cycle collec-
tor [10, 12, 28]. This effort culminates in the state-of-the-art 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 single thread while program
threads are stopped, the so-calledstop the worldsetting. On multiprocessor platforms,
it is not desirable to stop the program and perform the collection in a single thread on
one processor, as this leads both to long pause times and poorprocessor utilization. A
concurrent collector runs concurrently with the program threads. The program threads
may be stopped for a short time to initiate and/or finish the collection. An on-the-fly
collector does not need to stop the program threads simultaneously, not even for the
initialization or the completion of the collection cycle.

The study of on-the-fly garbage collectors was initiated by Steele and Dijkstra, et
al. [36, 37, 14] and continued in a series of papers [20, 7, 8, 23, 24, 16, 15, 26, 17, 18, 4].
The advantage of an on-the-fly collector over a parallel collector and other types of
concurrent collectors [6, 19, 30, 34, 11], is that it avoids the operation of stopping all the
program threads. Such an operation usually increases the pause times. Today, on-the-fly
collectors typically achieve pauses as short as a couple of milliseconds, and sometimes
less [22].

1.2 The challenge

Bacon and Rajan [5] propose two cycle collectors. The simpler synchronouscollector
is the most efficient cycle collector known today. It runs in astop-the-world context.
Their more involvedasynchronouscollector is the onlyon-the-flycycle collector known
today. However, the asynchronous collector adds a lot of work in order to make the
collection safe in the presence of concurrent program threads.

To understand why, one should note that a typical cycle collector traces cycle can-
didates repeatedly to discover which cycles are unreachable (Typically, each candidate
structure is traced three times.) A crucial problem with repeated scanning arises when
concurrent program threads modify the objects graph duringthe scan. This means that
the collector cannot trust a scan to repeat the very same structure that a previous scan
has traversed. Furthermore, as modifications occur concurrently with the scan, each
specific scan cannot be guaranteed to view a consistent snapshot of the objects graph
at any specific point in time. This problem that concurrency creates is the source of the
two drawbacks of Bacon and Rajan’s on-the-fly cycle collector: a practical drawback
and a theoretical one.

The practical problem is that in order to achieve safety, thealgorithm in [5] makes
many repeated scans over the candidates. This reduces the overall efficiency of the
reference counting collector. The theoretical problem is that completeness cannot be
guaranteed (completenessof the algorithm here is used in the standard sense ofliveness
in distributed computing). A rare race condition may prevent an unreachable cyclic
structure from being ever reclaimed.

1.3 The solution

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



main idea is to virtually fix the graph processed by the cycle collector. Suppose first
that we stopped the threads and took a replica of the heap snapshot. Running thesyn-
chronous(more efficient) algorithm of [5] on this snapshot efficiently detects any cyclic
structure. Of course, taking a replica of the heap is not realistic. However, a virtual snap-
shot of the heap may be taken using the ideas in [26]. Furthermore, if we use a sliding
view instead of a snapshot (as in [26]) and make the appropriate adjustment to use a
sliding view to scan the objects graph (as in [2]), then we obtain an on-the-fly cycle
collector with the same short pauses of recent on-the-fly collectors ([4, 26, 2]).

The theoretical completeness problem is immediately solved. If an unreachable
cyclic structure is generated by the program before the snapshot, or before the start
of the interval in which the sliding view is read, then the garbage cycle may be easily
identified in this view. When a cycle collection is executed ontop of this sliding view,
this cycle is guaranteed to be reclaimed.

Unfortunately, the solution described above does not work.The problem oddly
stems from the celebrated efficiency of the sliding views reference counting collec-
tor. All previous cycle collectors require as input a list ofall decrements of reference
counts in order to work correctly. Missing decrements may lead to missed garbage
cycles that will never be reclaimed. However, the sliding views reference counting col-
lector does not keep track of all decrements. A large fraction of all reference counts
updates are ignored by the sliding views reference countingcollector and it is shown
in [26] that objects may be correctly reclaimed even when only a small fraction of the
reference count updates are recorded and executed. To solvethis mismatch, we extend
the analysis of the sliding views collector to show that the cycle collector may base its
candidates on the decrements that are being recorded plus a special treatment of newly
created objects. This is an interesting new property of the sliding views collector which
is magically applicable to cycle collection.

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

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



1.4 Implementation, measurements, discussion

We have implemented the new cycle collector with the Levanoni-Petrank reference
counting collector [26] and with the (more efficient) age-oriented collector of [33].
The implementation was done on the Jikes RVM [1] and comparedagainst the original
cycle collector of Bacon and Rajan [5]. We measured various features of these collec-
tors showing that the amount of work has decreased significantly with the new cycle
collector.

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

It turns out that backup tracing wins by 5-10% (application overall throughput). But,
when reference counting was used on the old generation only,the new cycle collector
performed equally to the backup tracing solution and even outperformed it on tight
heaps. Note that in both cases we compared apples to apples: the same scenario was run
once with a backup tracing and once with a cycle collector. Detailed measurements are
provided in Section 5.

Discussion.At first glance, the reader may conclude that cycle collection is redundant.
Backup tracing always does almost as well. However, we remind the reader that mod-
ern platforms and benchmarks also rule out reference counting as a method to reclaim
garbage, as it is inferior to tracing in most cases with respect to throughput [2]. Should
we give up on reference counting and cycle collection? To ourminds, the answer is no.
With the direction modern computing is taking, we believe that the cycle collector may
become much more effective compared to a backup tracing collector. As heaps grow
larger, reference counting may become the preferred methodof choice. While tracing
must traverse the live objects in the heap, reference counting needs only account for
reference counts updates and reclaiming dead objects4. If future benchmarks use a
large live heap or even a large old generation, then reference counting may become the
best collector. When that happens, a companion cycle collector will be required. In that
case, the cycle collector proposed here is an effective companion and we expect it to
outperform a backup tracing collector.

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

1.5 Organization

We start with an overview of the previous collectors in Section 2. The new cycle col-
lector employs techniques from collectors described in this section. An overview of the

4 Actually, when the heap is tight and collections are frequent, reference counting is already
winning over tracing the whole heap [2]. But, we don’t expect heaps to be tighter in the future.



new cycle collector stressing the main new ideas is providedin Section 3. Implemen-
tation and results are given in Sections 4 and 5. Related workis discussed in Section 6
and we conclude in Section 7. New techniques which reduce thenumber of traced ob-
jects and the details of the cycle collector (including pseudo-code) are provided in our
technical report ( [32]) and in Appendices A and B for the reviewers.

2 Review of previous collectors

In this section, we review relevant previous work. We start by reviewing the algorithms
for cycle collection [28, 27, 5] and then we review the sliding views collectors [26, 2].

In this paper the termcycleor cyclic structurerefers to a strongly connected com-
ponent in the objects graph. A strongly connected componentis a maximal subgraph of
a directed graph such that for every pair of vertices u, v in the subgraph, 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] (building on [28, 27]) that runs in
a stop-the-world manner on a uniprocessor. Garbage cycles can only be created when a
reference count is decremented to a non-zero value ([28, 27]). The reference counting
collector records all objects whose reference count is decremented to a non-zero value.
The cycle collector uses this list as a set of candidates thatmay belong to a garbage
cycle. Three colors are used to mark the state of objects. Theinitial color of all objects
is black. A possible member of a garbage cycle is marked gray.The white color signifies
an object that is identified as part of an unreachable cycle. The cycle collector runs three
traversals on all objects reachable from the candidate set as follows.

– The mark stage: traces the graph of objects reachable from the candidates, sub-
tracting counts due to internal references and marking traversed nodes gray. At the
end of this traversal, all nodes of each unreachable cyclic structure have zero ref-
erence counts, whereas each reachable cyclic structure hasat least one node with
positive reference count.

– The scan stage:scans the subgraph of (gray) objects reachable from the candidates.
All objects reachable from external pointers (those with positive reference counts)
and all their descendants are marked black. Also reference counts are restored to
reflect all outgoing pointers from black objects. All other nodes in the subgraph are
colored white (these objects are identified as forming a garbage cycle).

– The collect stage:scans the subgraph again and reclaims all white objects.

2.2 Collecting cycles on-the-fly

The first concurrent cycle collection algorithm was proposed in [5]. Their algorithm
consists of two phases, each running several scans on the subgraph reachable from the
candidates. In the first phase, a variant of the above synchronous algorithm is used, but
instead of reclaiming the white nodes these nodes are recorded as potential unreachable



cyclic structures. Due to concurrent mutator activity, some of the white objects may
have been incorrectly identified and may actually be reachable. The second phase is ex-
ecuted after waiting for the next (reference counting) collection and it then re-examines
the potential cycles identifying which of them are indeed unreachable and reclaiming
their objects.

Two disadvantages The above concurrent garbage collector has a theoretical draw-
back and a practical drawback. A garbage collector is calledcompleteif it eventually
collects all unreachable objects. The first problem of this cycle collector is that it is not
complete. Rare race conditions may prevent it from collecting garbage cycles. An exam-
ple appears in [5]. The second problem is practical. The algorithm traces the candidate
cycles a couple of times in the second phase to ensure that no false garbage cycle is
reclaimed. These extra scannings cause a substantial reduction in efficiency, especially
for (typical) benchmarks which contain many garbage cyclesor many false cycle candi-
dates. Moreover, the concurrent cycle collection algorithm enforces additional overhead
on the execution of the reference-counting algorithm as it must fix 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] stem from the fact that the concur-
rent cycle collector cannot rely on being able to re-trace the same graph. In this work,
we propose a new concurrent cycle collector that ameliorates both problems. To that
end, we exploit the recently developed techniques from [26,2]. The idea is to use a
snapshot of the heap or a sliding-view of the heap ([26]). Given a fixed view of the heap
(as reflected by a snapshot or the sliding-views mechanism),it is possible to eliminate
much of the redundant tracing and to guarantee completeness. Before describing the
new algorithm, we provide an overview of the sliding views reference counting collec-
tor.

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

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

The collector in [26] updates the reference counts due to thevalues of all modified
pointers between the previous snapshot to the current one. It is observed that for each



such pointer only two updates are necessary, which buys a substantial reduction in the
number of required updates. Details may be found in the original paper [26].

The algorithm described so far probably obtains short pausetimes, but in order
to get even shorter pause times, the sliding view mechanism is proposed. Here, the
program threads are not halted simultaneously, but one at a time. As a snapshot view
cannot be assumed anymore, correctness considerations dictate asnoopingmechanism.
During the (short) time in which the mutators are being halted one by one, the snooping
mechanism operates for each modified pointer via the write barrier. For each modified
reference, the snooping mechanism logs the address of the object that has acquired a
new reference in a local buffer. These logged addresses are considered roots for the
current collection and so such objects are not reclaimed. The view of the heap used by
the collector may be thought of as a view that is sliding in time: the heap objects are
viewed at slightly different points in time. The snooping mechanism 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 collector with its main ideas stressed.
A full description including the pseudo-code is provided inAppendix B and it also
appears in our technical report [32]. As mentioned, the new collector eliminates the
disadvantages of the previous cycle collector yielding a non-intrusive, efficient cycle
collector that guarantees completeness.

We start by describing the new cycle collection algorithm assuming two inputs.
First, a snapshot of the heap. Second, a list of all objects whose reference count has
been decremented to a positive value since the last cycle collection. A first observation
is that given these two inputs we may apply thesynchronousalgorithm of [5] on the
given snapshot and correctly identifies the garbage cycles in the heap as viewed at the
snapshot. Now, combining the fact that the synchronous algorithm is efficient and the
fact that being a garbage cycle is a stable property, i.e., program activity cannot make
an unreachable object reachable, we get an efficient identification of garbage cycles.

Next, we need to specify how to obtain the inputs efficiently.We first concentrate
on the first input: the snapshot. The second input cannot be obtained 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 snapshot is repeatedly traversing
several subgraphs of the snapshot heap. To obtain a snapshotthat can be traversed, we
may use the mechanism of [26] described in Subsection 2.3. Traversing a subgraph is
done as in [2]. We employ the write barrier of [26]. Then, to traverse an object according
to its pointer values as existed at snapshot time we scan eachobject in the following
manner. First, the dirty bit of the object is examined. If theobject is not dirty (no pointer
in the object has been modified since the snapshot was taken),then its current state in the
heap is equal to its state during the snapshot and the collector may trace it by reading its
pointers from the heap. Otherwise, the object has been modified since the snapshot time



and it is marked dirty. In this case, the collector traces itssnapshot values as recorded
in the threads local buffers. This way, objects are traced according to their state at the
snapshot time, and as a consequence, repeated traces are bound to trace the same graph
each time.

In terms of completeness, this means that once a garbage cycle is created, it must ex-
ist in the next snapshot, and thus is bound to be collected by the synchronous algorithm
of [5]. In terms of efficiency, this means that we may use the efficient synchronous algo-
rithm and get rid of inefficiencies originating from the needto insure correctness in spite
of program-collector races. For example, the entire secondphase of the asynchronous
algorithm of [5] is redundant: there is no need tostore identified garbage cycles and
validate them during the next garbage collection, and thereis no need totraversethese
cycles again in the next collection.

We now proceed to using sliding views instead of snapshots. The goal is to eliminate
the need for a simultaneous halt of all program threads and toobtain extremely short
pauses. The cycle collector remains the same, except that it(obliviously) reads a sliding
view of the graph rather than a snapshot. As in the previous sliding views collectors,
the sliding view may find an object unreachable because the view does not represent the
heap at a consistent point in time. However, the snooping mechanism (see Section 2.3)
makes sure that these objects are not reclaimed, ensuring the safety property. For the
cycle collector, this means that a set of objects may be incorrectly identified as being
an unreachable cyclic structure. How can this happen? Inaccuracies of reference counts
due to the sliding view are discussed in [25, 26]. Intuitively, if no pointer is written to the
heap during the beginning of the collection (when all mutators are halted one by one)
then the sliding view represents a snapshot of the heap takenat the time the first mutator
is stopped, denote this time byt1. However, as pointers are being written in the heap, this
snapshot gets distorted. In particular, the view may contain values of pointers that were
updated aftert1. If such a modified pointer creates a false unreachable garbage cycle
in the view, then it must happen that a pointer is added to thiscycle during the interval
in which the sliding view is taken. In this case, it is guaranteed that the object that
falsely seems unreachable in the sliding view must be snooped and therefore, we will
not reclaim the cyclic structure that contains it. Thus, thesafety of the cycle collector
may be reduced to the safety of the tracing collector in [2].

With respect to completeness, it holds that any unreachablecyclic structure that is
formed before the collection begins, must be collected. Thereason is that these objects
are not modified during the time the sliding view is taken and in particular, no new
pointers are being written to objects in this cycle. Thus, none of the objects in the cyclic
structure is snooped and the view of all pointers into and in between these objects ap-
pears in the sliding view exactly as it would have appeared had we taken a real snapshot
at timet1. Thus, such an unreachable cyclic structure must be reclaimed.

3.2 Obtaining the list of candidates

It remains to obtain the second input to the synchronized cycle collector of [5]. This
collector described above and all previous collectors useda candidate set consisting of
all newly created objects plus all objects whose reference count is reduced to a posi-
tive value by any pointer modification since the previous cycle collection. However, the



sliding views reference counting collector of Levanoni andPetrank [26] does not main-
tain such a list. In fact, it is oblivious to most of the pointer updates and this is what
buys its efficiency. A naive solution is to add the recording of such a list to the reference
counting collector of [26]. We could not accept this solution as it would undermine the
efficiency of the reference counting. Instead, we analyze what is really required to col-
lect cycles and find out that the reduced set of candidates suffices. This preserves the
efficiency of the reference counting collector and also significantly improves the effi-
ciency of the cycle collector as fewer candidates need to be recorded and less work is
required to traverse their descendants.

Newly created objectsLet us review one technicality that exists also in prior art.The
assertion that it is enough to consider only reference countdecrements as candidates is
accurate but not relevant for all modern collectors. The reason is that reference counts
are not updated for root pointers. Thus, all known cycle collectors use as candidates
more than the set of objects whose reference count was decremented to a positive value.
The set of candidates also includes all objects created since the last collection and all
objects referenced directly from the roots during the previous collection.

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

Obtaining the candidates.The sliding views collector can yield almost for free a list of
newly created objects and a list of objects that were referenced by the roots during the
previous collection. We now concentrate on the more problematic set of objects whose
reference count was decremented.

The Levanoni-Petrank reference-counting collector [26] uses a shortcut to reduce a
large fraction of the reference count updates. The idea is that when a pointerp takes the
valueso0, o1, o2, . . . , on between two sliding views, the only required reference count
updates are a decrement torc(o0) and an increment torc(on). However, the fact that
not all increments and decrements of the objectso1, o2, . . . , on−1 are executed might
prevent noting that one of the decrements creates a new unreachable cycle.

We now claim that we are able to collect all garbage cycles, even though we record
and consider many fewer objects as candidates, i.e., those supplied by the Levanoni-
Petrank reference-counting collector. To be more precise,when a pointerp takes the
valueso0, o1, o2, . . . ,on between two collections, onlyo0 is considered as a candidate
(if its reference count is decremented to a non-zero value) by the new cycle collector.
The objectso1, o2, . . . ,on−1 that were considered by previous collectors as candidates
are ignored. Additional relevant decrements are decrements that are executed by the
reference counting collector itself. When an object is reclaimed, the collector decre-
ments the reference counts of all its descendants. These decrements may also produce
candidates (if the descendant’s reference count is not decremented to zero).

To show that the collector does not miss a garbage cycle, we divide the argument
into 2 cases: garbage cycles comprising solely of old objects and garbage cycles con-
taining at least one young object, where a young object is an object that has been created



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

The easy case is when a garbage cycles includes a young object. As mentioned
earlier in this section, all young objects (surviving the reference-counting collection)
are considered candidates. Thus, this cycle will not be missed.

The more interesting part is to note that garbage cycles containing only old objects
(those who were created before the previous sliding view) are not missed. If this cy-
cle was reachable during the previous sliding view and is unreachable in the current
sliding view, then there exists a pointer to one of the cycle’s objects in the previous
sliding view, but this pointer does not exist in the current sliding view. If this was a root
pointer, then the cycle is considered by the fact that all root pointers from previous col-
lection are candidates. Otherwise, this is a heap pointer that has been modified during
the time interval between the two sliding views. This scenario is depicted in Figure 1.
The pointer modification results either from the application modification of the pointer
(as in Figure 1), or because the object containing this pointer was reclaimed and then
the memory manager deleted the pointer. In the first case, thechange of this pointer is
logged in a local buffer causing a decrement to the referencecount of the object previ-
ously referenced. In the latter case, the delete operation of the collector implies a similar
reference count decrement. In each of these cases, this object becomes a candidate for
cycle collection. Hence, cycles containing only old objects are accounted for properly.

            Sliding View K Sliding View K+1

old3

old0old0

old2old1old2old1

Fig. 1. A garbage cycle comprising solely of old objects is created between the Kth and
the K + 1st sliding-views. In this example, the cycle was reachable from old0 and it be-
came unreachable because old0 was modified. Since old0 is modified between the slid-
ing views, old0 (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 +1st collection, and it is then considered as a candidate.

To summarize, we may employ the efficient write barrier of Levanoni-Petrank and
collect cycles correctly using as candidates all objects whose reference 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 created objects add a substantial burden
on the cycle collector. Our measurements show that this is indeed correct. Therefore,
we also tried to use the proposed cycle collector with a collector that runs reference
counting and cycle collection on the old generation only. Wechose an age-oriented
collector that runs concurrent reference counting on the old generation and concurrent
mark and sweep on the young objects [33]. The age-oriented collector is not a standard
generational collector. It is a twist on generational collection that is adequate for con-
current collection. Using the age-oriented collector it was possible to eliminate a large
fraction of the cycles as well as a large fraction of the cyclecollector’s work since it
does not need to consider the young objects as candidates. Indeed cycle collection was
more effective in this setting. Let us say a few words about the age-oriented collector.
For a full description see [33].

The age-oriented collector keeps generations, but it does not run frequent young
generation collections. The reason is that short pauses areobtained by concurrency al-
ready and do not need to be obtained by short young collections. The heap is collected
only when it gets full. When that happens, the age-oriented collector uses a reference
counting collector to reclaim objects in the old generationand mark and sweep collec-
tor to reclaim objects in the young generation. Since these collections always happen
together, there is no need to record inter-generational pointers. It is important to note
that the age-oriented collector is an efficient collector, in particular, 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 objects areprovided 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 (research virtual machine) [1]. The
entire system, including the collector itself is written inJava (extended with unsafe
primitives available only to the Java Virtual Machine implementation to access raw
memory). Jikes usessafe-points: rather than interrupting threads with asynchronous
signals, each thread periodically checks a bit in a condition register that indicates that
the runtime system wishes to gain control. This design significantly simplifies imple-
menting the handshakes of the garbage collection. In addition, rather than implementing
Java threads as operating system threads, Jikes multiplexes Java threads onvirtual-
processors, implemented as operating-system threads. Jikes establishes one virtual pro-
cessor for each physical processor.

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



5 Measurements

Platform and benchmarks.We have run our measurements on a 4-way IBM Netfinity
8500R server with a 550MHz Intel Pentium III Xeon processor and 2GB of physi-
cal memory. We have used the SPECjvm98 benchmark suite and the SPECjbb2000
benchmark (both described in SPEC’s Web site [35]). We feel that the multithreaded
SPECjbb2000 benchmark is more interesting, as the SPECjvm98 are more appropriate
for clients and our algorithm is targeted at servers. We alsofeel that there is a dire need
in academic research for more multithreaded benchmarks. Inthis work, as well as in
other recent work (see for example [4, 17]), SPECjbb2000 is the only representative of
large multithreaded applications.
Testing procedure.We used the benchmark suite using the test harness, performing
standard automated runs of all the benchmarks in the suite. Our standard automated run
runs each benchmark five times for each of the JVM’s involved (each implementing
a different collector). Finally, to understand better the behavior of our collector un-
der tight (in Jikes) and relaxed conditions, we tested it on varying heap sizes. For the
SPECjvm98 suite, we started with a 32MB heap size and extended the sizes by 8MB
increments until a final large size of 96MB. For SPECjbb2000 we used larger heaps,
starting from 256MB heap size and extending by 64MB increments until a final large
size of 704MB.
The compared collectors.We have incorporated the cycle collection algorithm into
two collectors: the Levanoni-Petrank reference counting collector ([26]), and the more
efficient age-oriented collector ([33]). Both collectors are also implemented in Jikes
and are accompanied by a backup mark and sweep collector which is run infrequently
to collect garbage cycles. For performance measurements, we ran both collectors ac-
companied with our cycle collection algorithm against bothcollectors when using the
backup mark and sweep algorithm. In addition, we have compared characteristics of
our cycle collection algorithm (with both collectors), against the characteristics of the
previous on-the-fly cycle collector of Bacon and Rajan [4].

5.1 Performance

Our major benchmark is SPECjbb2000. SPECjbb2000 requires amulti-phased run
with an increasing number of warehouses. The benchmark provides a measure of the
throughput and we report the throughput ratio improvement when applied with the pro-
posed cycle collection algorithm (compared to the same collector with a backup mark
and sweep algorithm). Thus, the higher the ratio, the betterour algorithm behaves, and
in particular, any ratio larger than 1 implies that the cyclecollector outperforms the
tracing auxiliary collector.

Figure 2 depicts the throughput ratio between using the cycle collector and a backup
tracing collector when both are used with the Levanoni-Petrank collector on a varying
number of warehouses and heap sizes. Note that with 1-3 warehouses the collector
has a spare processor to run on, since the platform has four processors. In this case,
throughput differences occur only when the collector is notefficient enough to free
enough space for program threads with on-going allocations. This is more noticeable
on tight heaps. With 4-8 warehouses, the collector does not have a spare processor and
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its use of CPU directly affects the throughput. The tracing backup collector outperforms
the cycle collector usually by 5%-10%.

The same measurements have been run when the cycle collectorand the backup
tracing collector were used with the age-oriented collector [33], see Figure 3. Here, only
old objects are collected with reference counting, and thusthe cycle collector runs only
on old candidates. In this case, there is not much differencebetween the two options
to collect cycles, except for tight heaps. As already seen in[2] reference counting has
an advantage on tight heaps over tracing. Here it is seen thatcycle collection is also
preferable on tracing (as an add-on to reference counting) when the heap is tight.

When running the SPECjvm98 benchmarks on a multiprocessor the collector runs
concurrently with the program thread(s) on a spare processor. Figure 4 depicts the re-
sults both with the Levanoni-Petrank reference counting collector as well as with the
age-oriented collector. The results do not point to a clear winner. Each application be-
haves somewhat differently and most of the differences are below 5%. The only clear
noticeable difference, is with the227 mtrt benchmark. The reason for this difference
is that for this benchmark there exists an initial phase in which many objects are cre-
ated and kept alive till the end of the run. These newly created objects induce a large
amount of work on the cycle collector. During the (single) long collection, the muta-
tors halt waiting for free space. The performance difference is noticeable only with the
reference counting collector, and not with the age-oriented collector. There, the cycle
collector is not run on this pack of young objects that are allalive.

5.2 Pause times

We have measured the maximum pause times of the Levanoni-Petrank reference count-
ing collector accompanied by our cycle collection algorithm. The maximum pause times
for the runs of the SPECjvm98 benchmarks and the SPECjbb2000benchmark are re-
ported in table 1. The SPECjvm98 benchmarks were run with a 64MB heap size and
the SPECjbb2000 (with 1,2,3 warehouses) were run with a 256MB heap size. In these
measurements, the number of program threads is smaller thanthe number of CPU’s.
Note that if the number of threads exceeds the number of processors, then large pause
times appear because threads lose the CPU to other mutators or the collector. The length
of such pauses depends on the operating system scheduler andis not relevant to the col-
lector. Hence we report only settings in which the collectorruns on a separate spare
processor.

The maximum pause time measured for all benchmarks was 1.7 ms. The maximum
pause time of the Levanoni-Petrank reference counting collector does not depend on
whether it is accompanied by a tracing backup or by a cycle collector. The operation
that determines the length of the pause time is the scanning of the roots 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 consume.As the age-oriented col-
lector only employs cycle collection on old objects, it needs to reclaim a smaller set of



BenchmarksMaximum pause time
(milliseconds)

compress 1.0
jess 1.3
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 1 M 67.64 0.57 M 37.02
mtrt 66052 5.78 66042 5.66
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.
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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. The cycles in the young generation
are reclaimed by the tracing collector.

The only benchmarks that produce a substantial amount of space in garbage cy-
cles are 213 javac and 201 compress. In201 compress, there are some dozens of
garbage cycles comprised of huge objects, and it hence requires only 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 much fewer
objects than previous collectors, we compare it to the cyclecollector of Bacon and Ra-
jan [5]. We report the ratios of thecandidates examinedand the ratio ofobjects traced
when compared to those of [5]. To be extremely conservative we did not include the
objects scanned during the additional verification phase of[5]. Thus, the actual advan-
tage of the new collector is even higher than reported. We didnot count the additional
phase since in this additional phase some of the objects werenot actuallytraced. For
these objects the actual operation only included work on their colors.

In the graphs presented in Figure 5, the lower the ratio, the better the new algorithm
behaves, and any ratio smaller than 1 implies that it traced fewer candidates and objects.
To make the comparison fair, the new collector was measured only with the reference
counting collector. Figure 5 shows that the new cycle collector trace fewer candidates
compared to the previous cycle collector (of [5]) over all benchmarks. It is usually also
traces substantially fewer objects except for one case: the227 mtrt benchmark (which
was discussed above).

In Figure 6, we report the additional saving when the cycle collector is used with the
age-oriented collector (on the old generation only). As canbe seen, the further reduction
is tracing is substantial for most benchmarks.



6 Related work

The inability of reference-counting to reclaim cyclic garbage structures was first no-
ticed by McBeth [29]. The algorithm of Martinez et al. [28] (inspired by [12]) reclaims
cells, which were uniquely referenced when their count drops to zero, while when a
pointer to a shared object is deleted, a local depth-first search is applied on it. Lins [27]
postponed the above traversals while saving the values of the deleted pointer in a buffer
(each such value is a candidate to be a root of a garbage cycle)and traversed the buffer
at a suitable point. Bacon et al. [5] extended Lins algorithmto a concurrent cycle col-
lection algorithm. They also improved Lins’ algorithm by performing the tracing of all
candidates simultaneously, reducing the number of traced objects.

7 Conclusion

We presented a new cycle collector adequate for use with a reference counting garbage
collector. The new cycle collector runs concurrently with the program threads, achiev-
ing negligibly short pauses of less than 2ms. It uses the sliding views reference counting
collector of Levanoni and Petrank [26] with the synchronousefficient cycle collector of
Bacon and Rajan [5]. These algorithms do not fit together since the original cycle col-
lector expects to get a list of all reference count decrements, whereas the original refer-
ence counting collector is oblivious to most of these decrements. However, we provide a
finer analysis of cycle collection showing that the information gathered by the reference
counting collector is enough to guarantee reclamation of all unreachable cycles.

Building on the sliding views mechanism obtains a drastic improvement in effi-
ciency. Much of the work required to ensure concurrent correctness may be eliminated.
We also add filtering techniques to further optimize the collector’s performance. An
additional theoretical contribution is the completeness of the collector. The resulting
cycle collector is guaranteed to reclaim all garbage cycles, whereas the only available
previously known concurrent collector [5] had an (extremely rare) sequence of events
that prevents it from collecting an unreachable cyclic structure forever.

We implemented the proposed cycle collector and we provide the first direct com-
parison of running a cycle collector with reference counting against running reference
counting with a backup tracing collector. Our results show that with contemporary
benchmarks, the backup tracing collector outperforms the cycle collector, even though
it is the most efficient cycle collector available today. However, we also measured the
cycle collector when the reference counting was run only on objects in the old genera-
tion. In this case, the cycle collector performed equally tothe backup tracing collector,
and even better on tight heaps. This means that on todays platforms and benchmarks
cycle collection is effective when applied to the old generation only. In the future, if
heaps and live data become much larger, then the techniques described 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 both the number ofcandidates,
and the number ofobjects tracedduring a candidate traversal. First, we make use of
the strategy of Bacon and Rajan [5] to reduce tracing. They proposed to ignore acyclic
objects (objects that cannot be a part of a cycle, e.g., an array of scalars). Such objects
are statically determined and are never considered as candidates. Any acyclic object
reached during the algorithm traversals is ignored. Additional elimination strategies are
proposed next.

Examining only mature candidates.The new collector runs cycle collection with each
garbage collection. However, it lets the candidates “mature” before actually testing them
for membership in an unreachable cyclic structure. While candidates “wait” to be ex-
amined, many of them are removed from the candidate list (as explained below). The
collector examines only the candidates which were accumulatedk collections ago and
were not filtered. Technically, instead of having one large candidates buffer, we employ
k+ 1 smaller candidates buffers, each containing candidates accumulated in different
collections. In the current cycle collection we use the oldest buffer. One reason for
removal from the candidate list is that objects are simply reclaimed by the reference
counting collector before reaching the oldest buffer. A second filtering technique em-
ployed is to remove any object, that is added to the most recent candidates buffer, from
any older buffer it appears in. This means that an object appears only in one buffer and
that if its reference count is decremented several times, itwill be examined only once
(if not reclaimed earlier). (The removal from older lists isexecuted in a short processing
of the buffers in the end of each collection.)

Thek+1 buffers method allows a structured control over candidates maturity and
allows tracing only candidates that have not been filtered out (and have not died) through-
out the lastk collections. Previous collectors run the cycle collector eachk collections
on all candidates. Thus, they handle candidates that were recently discovered and have
not yet matured.

Ignoring known to be alive objects.Next, we try to reduce the number of candidates
and also the amount of tracing executed. Several objects areknown to be alive in the
beginning of a collection. These include objects that were directly reachable from the
roots, objects that were snooped and objects that were marked dirty because they were
modified after the sliding view was taken. Many such objects are traced by the cycle
collector. The proposed collector treats these objects differently. First, if the cycle col-
lector reaches one of these objects during the first (mark) stage, it ignores it. It does



not decrement its reference count, nor does it trace its subgraph. By avoiding the explo-
rations of those objects, we do not loose any garbage cycles,since if an object is known
(or assumed) to be alive, so do all the objects reachable fromit.

Saving doubly scan stage.To save more scanning time, we add an additional stage
between the mark stage and the scan stage. It is more efficientto preprocess the list
of objects that are known to be alive and trace them to mark their subgraph black.
If we do not do that, the scan stage may sometimes color white an object together
with its subgraph, only to find out later that this object was referenced from another
(gray) externally referenced object. In this situation, the object (and subgraph) would
be colored black only during a second traversal of the same subgraph. Such repeated
traversals are saved by the new stage.

Not all objects that are known to be alive, can be identified when collection com-
mences. In particular, an object may be modified (and thus become dirty) by a mutator
after being traced during the mark stage. The subgraph of such an object may be traced
and colored gray (during the mark stage) and only later it becomes evident that the
tracing was redundant. Thus, we also add a check to the second(scan) stage. When
reaching a gray object in the scan stage, we check whether it is dirty. If it is, its sub-
graph is colored black immediately (as it is reachable from an object which was alive
when the sliding-view was taken).

One disadvantage of using dirty objects for the above filtering methods, is that we
must use the additionalCRC(cyclic reference count) field as in the asynchronous cycle
collector of Bacon and Rajan, in order to correctly restore the ”real” reference counts.
The reason we must use it is that the set of identified live objects (actually, only the
subset of dirty objects) is not fixed during the collection. Recall that we do not scan this
set of objects, implying that we also do not decrement their reference counts for internal
references. However, since objects become dirty concurrently, we may decrement their
reference counts several times before noting that they are alive. It is not possible later
to tell how many times decrements were applied on dirty objects (before they became
dirty) and thus it is not possible to restore the original reference counts. This necessi-
tates the use of theCRCfield. One must decide between using the dirty bit to identify
reachable objects and avoiding using the CRC field. We chose to consider dirty objects
and use the CRC field.

B The Garbage Collector Details

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

B.1 The log-pointer

The original reference counting algorithm requires maintaining a dirty bit signifying
whether an object has been modified since the most recent collection started. During
the first modification of an object in a cycle, its pointers arerecorded in theupdates
buffer and its dirty bit is set. We follow [26, 2] by choosing to dedicate a full word



to keep the dirty bit. Indeed, this consumes space, but it allows keeping information
about the dirty object. In particular, this word is used to keep a pointer into the thread’s
local buffer where this object’s pointers have been logged.A zero value (a null pointer)
signifies that the object is not dirty (and not logged). We call this word theLogPointer.
Justification to this choice is provided in the original sliding views papers and is not
repeated here.

Tracing a sliding view makes good use of theLogPointer field. When an object is
scanned, theLogPointer is checked. If it is null, then the current state of the objectmay
be used. Otherwise, it provides a pointer to the log entry where the state of the object in
the sliding view is recorded.
Procedure Update(Figure 7) is activated at pointer assignment and its main task is
to record the object whose pointer is modified (i.e., log objects values at the sliding
views). We stress that the write barrier (theUpdate protocol) is only used with heap
pointer modification. Modifications of local pointers in theregisters or stack are not
monitored. Going through the pseudo-code, we see that each object’s LogPointer is
optimistically probed twice (lines 1 and 6) so that if the object is dirty (which is often
the case), then the write barrier is extremely fast. If the object was not logged (i.e., the
LogPointer of an object is NULL) then after the first probe, the object’s values are
recorded into the localU pdatesi (lines 2-4). The second probe at line 6 ensures that the
object has not yet been logged (by another thread). IfLogPointer is still NULL (in the
second probe), then the recorded values are committed as thebuffer pointer is modified
(line 10). In order to be able to distinguish later between objects and logged values, in
line 8 we actually log the object’s address with the least significant bit set on (while
values are logged with least significant bit turned off). Then, the object’sLogPointer
field is set to point to these values (line 12). After logging has occurred, the actual
pointer modification happens. Finally, from the time a collection begins until marking
the roots of the mutators, the snoop flag is on. At that time, the new target of the pointer
assignment is recorded in the localSnoopedi buffer. This happens in lines 14-15. The
variablesU pdatesi , CurrPos, Snoopi andSnoopedi are local to the thread.

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

B.2 General issues

candidate objects status In order to process the candidates buffers, we keep a state
with each object. An object is allocated in statenon-buffered. When it is first buffered
it is markednewly-buffered. During each collection, all buffers are processed. Each
newly-bufferedobject is removed from all older buffers. An object that is a member
of the oldest buffer (the buffer that is currently being checked for cycles) is marked
old-buffered. All other buffered objects (in buffers that are not the youngest or oldest
buffers) are markedmid-buffered. The candidates buffers are denoted, in a correspond-
ing manner,newCandidatesBuffer, midCandidatesBufferandoldCandidatesBuffer. Of
course, there may be several buffers of typemidCandidatesBuffer.



ProcedureUpdate(o: object, offset: int , new: object)
begin
1. if o.LogPointer=NULL then // object not dirty
2. TempPos:= CurrPos
3. foreach fieldptr of o which is not NULL
4. Buffer[++TempPos]:= ptr
5. // is it still not dirty?
6. if o.LogPointer=NULL then
7. // add pointer to object
8. Buffer[++TempPos]:= address ofo
9. //committing values in buffer
10. CurrPos:= TempPos
11. // set dirty
12. o.LogPointer= address ofBuffer[CurrPos]
13. write( o, offset,new)
14. if Snoopandnew!= NULL then
15. Snooped:= Snooped∪ { 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 current collection. As

this method is called by the collector, thecurrent collectionis well defined.

B.3 Interface with the reference counting collector

ProcedureAdd-Candidate(cand: object)
begin
1. if cand.status != Newly-Buffered

∧ !is-Acyclic(cand) then
2. cand.status := 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 thenewCandidatesBuffer. If this object is not already



buffered in thenewCandidatesBuffer, and it is not acyclic, it is buffered innewCandi-
datesBufferafter its state is modified into newly-buffered.

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

B.4 Cycle algorithm code

ProcedureProcess-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 cyclek is presented inProcedure Process-Cycles
(Figure 9). This procedure is applied in every cycle collection after the reference count-
ing collector is done collecting the non-cyclic garbage. Itconsists of the following
stages:

– Mark stage: traces the graph of relevant candidates, subtracting counts (CRC) due
to internal references and marking nodes as possible garbage (by coloring them
gray).

– Scan black stage:colors black the objects that the mark stage has considered as
alive. Its purpose is to save redundant traversals as described in A.

– Scan stage:scans the subgraph of relevant candidates, and re-colors black objects
which are reachable from external pointers. All other nodesin the subgraph are
colored white.

– Collect stage:scans the white subgraphs again and reclaims all garbage (white)
objects.

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

Procedure Mark-Candidates and Procedure Mark (Figures 10- 11) perform the
mark stage. This stage is performed on theoldCandidatesBuffer’s objects which have
survived all filters of the previous collections. TheMark-Candidates procedure first
filters more candidates: those that were released during this collection5 and those that

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



ProcedureMark-Candidates
begin
1. for eachcandin oldCandidatesBufferdo
2. if is-Released(cand)

∨ cand.status = Newly-Buffered then
3. removecandfrom oldCandidatesBuffer
4. else ifcand.color = black then // not reached
5. // during previous candidates’ traversals
6. Mark(cand,true)
7. else // Gray objects,
8. // i.e., descendants of other candidates.
9. cand.status := Non-Buffered
10. removecandfrom oldCandidatesBuffer
end

Fig. 10.Mark-Candidates

ProcedureMark (obj: object, isCand: Boolean)
begin
1. if obj.color != gray then
2. // first time reached in this mark stage
3. obj.color := gray
4. obj.CRC := RC
5. if ! isCandthen // reached during the recursion
6. obj.CRC−−

7. // check whether object was witnessed living
8. if obj.LogPointer != NULL∨ ob j∈ Roots
9. ∨ 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. obj.CRC−−

end

Fig. 11.Mark



ProcedureRead-Sliding-View(obj: object)
begin
1. // Check if object has been modified
2. if obj.LogPointer = NULL then
3. // read its descendants from heap.
4. replica := copy(obj)
5. // Check again if copied replica is valid.
6. if obj.LogPointer != NULL then
7. // Object has been modified while being read.
8. // Get replica from buffers.
9. replica := getOldObject(obj.LogPointer)
10. else // Object has been modified.

// Use buffers to obtain replica.
11. replica := getOldObject(obj.LogPointer)
12. returnreplica
end

Fig. 12.Read-Sliding-View

were re-added to the candidates buffer in this collection (and thus are newly-buffered).
Note that it also pops out of the buffer (and clears buffer statuses of) gray objects: those
objects are reachable from other candidates that have already been traced during this
stage, and thus they could only belong to a garbage cycle rooted from an already traced
candidate. TheMark procedure is applied on all the other candidates.

The Mark procedure performs a depth-first traversal over the candidates’ sliding-
view subgraph. An object reached for the first time is coloredgray, itsCRCis initialized
and if it is not considered as alive (was not modified, is not local nor is buffered in a
younger candidate buffer), its sliding-views descendants(which are not acyclic) are
traced using theRead-Sliding-View procedure. A parameter to the function is a flag
telling the function whether the current object is scanned due to a reference found in the
heap (and therefore an inner reference is found and theCRCshould be decremented) or
it is scanned because it is a candidate in the buffer (and therefore itsCRCvalue should
not be decremented). If the object has been reached before, itsCRCis not initialized (as
it was initialized before), but is decremented. Objects that are alive are pushed onto the
LiveStack, and their descendants are later colored black (these objects are 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 the sliding-view was taken, its
current values are also its sliding-views values. Otherwise, its pointer slots at the recent
sliding view can be found by looking at the log entry which is pointed by theLog-
Pointer. Note that an object may be modified by mutators while the replica is 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 objectsin LiveStackwere
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

ProcedureScan-Black(obj: object)
begin
1. 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-Black(Figure 14) is the actual procedure that colors the sliding-view’s
subgraph of an object as black.

ProcedureScan-Candidates
begin
1. for eachcandin oldCandidatesBufferdo
2. Scan(cand)
end

Fig. 15.Scan-Candidates

Procedure Scan-Candidates and Procedure Scan(Figures 15- 16) perform the scan
stage. Each gray candidate in the oldCandidatesBuffer witha non-zero CRC is consid-
ered live (and so are all its sliding-view descendants), andthus the object and its descen-
dants are colored black. Else, it is colored white, and thescan procedure is invoked on
its children. Note that although we use theScan-Black-Live-Stack procedure as the
second stage of the algorithm, still an object may be coloredwhite and then re-colored
black.
Procedure Collect-White and Procedure Collect(Figure 17- 18) perform the collect
stage. Each white candidate is a root of a garbage cycle, and thus these cycles’ objects
(this candidate and all white objects reachable from it) arecolored black and reclaimed.
Since we are dealing with a garbage cycle whose objects are reclaimed one by one, one
object may still reference another object in the cycle that was just released. Thus, when
iterating over the object’s descendants, one should check if the descendant is already



ProcedureScan (obj: object)
begin
1. if obj.color = gray then
2. if obj.CRC = 0 then // currently no evidence
3. // of obj being externally reachable
4. obj.color := white
5. replica := Read-Sliding-View(obj)
6. for eacho in replicado
7. Scan(o)
8. else
9. // mark its relevant subgraph as alive
10. Scan-Black(obj)
end

Fig. 16.Scan

ProcedureCollect-White
begin
1. for eachcandin oldCandidatesBufferdo
2. removecandfrom oldCandidatesBuffer
3. if ! is-Released(cand) then
4. // not released during previous cycles releases
5. cand.status := Non-Buffered
6. if cand.color = white then

// garbage cycle root
7. Collect(cand)
end

Fig. 17.Collect-White



ProcedureCollect (obj: object)
begin
1. markobj as released // so that theis-Released
2. // procedure should identify it as released
3. // no need to check LogPointer:

// obj is a cyclic garbage object
4. for each childchild of obj do
5. if ! is-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. // The RC collector should free it.
13. RC-Free(child) //recursive deletion
14. obj.color = black
15. returnobj to the general purpose allocator.
end

Fig. 18.Collect

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

While reclaiming a garbage cycle, the reference counts of objects referenced by this
cycle are decremented. At first it seems that the reference count of such an object could
not reach zero, since if it does, then its CRC should have reached zero (during the cycle
collection), and it would have been colored white (and reclaimed as part of the cycle).
However, there are objects that our algorithm does not trace, such as inherently acyclic
objects and objects buffered in newer candidates buffers. Such objects could be solely
referenced by garbage cycles, and thus when releasing a garbage cycle, their reference
count reaches zero. Hence, such objects are released using the reference counting recur-
sive deletion (line 13 in theCollect procedure)6. Such recursive deletion can end-up
reclaiming black candidates buffered inoldCandidatesBuffer(which motivates line 3 in
theCollect-White procedure).
Procedure Process-Buffers(Figure 19) prepares the next invocation of the cycle col-
lection algorithm, by filtering non-relevant candidates, and preparing the buffers for the
next collection. It first iterates over all the middle buffers, while rejecting candidates
which have either died during current collection or were newly-buffered during it. In
addition, since the oldest buffer of this buffers set would be the oldest buffer in the next
collection, the status of its candidates is modified (from mid-buffered) to old-buffered.
Next, it traverses the new buffer, while rejecting candidates which have died in the last

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



ProcedureProcess-Buffers
begin
1. // filter candidates and change statuses
2. for eachbuffwhich ismidCandidatesBufferdo
3. for eachcandin buff do
4. if is-Released(cand)

∨ cand.status = Newly-Buffered then
5. removecandfrom buff
6. else ifbuff is the oldest midCandidatesBuffer

buffer then
7. cand.status := Old-Buffered
8. for eachcandin newCandidatesBufferdo
9. if is-Released(cand) then
10. removecandfrom newCandidatesBuffer
11. else
12. cand.status := Mid-Buffered
13. // Swap-Buffers-Roles
14. tempBuffer:= oldCandidatesBuffer
15. oldCandidatesBuffer:= oldest

midCandidatesBuffer buffer
16. makenewCandidatesBufferamidCandidatesBuffer
17. newCandidatesBuffer:= tempBuffer
end

Fig. 19.Process-Buffers



(current) collection and changing the status of the remaining candidates to mid-buffered
(asnewCandidatesBufferwould be considered as a middle buffer in the next collection).
Finally, it performs a cyclic swapping between the buffers’roles.


