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ABSTRACT
A reference counting garbage collector cannot reclaim unreachable
cyclic structures of objects. Therefore, reference counting collec-
tors either use a backup tracing collector seldom, or employ a cycle
collector to reclaim cyclic structures. Recently, the first on-the-fly
cycle collector, that may run concurrently with program threads,
was presented by Bacon and Rajan [3]. This demonstrated the abil-
ity to run on-the-fly reference counting without resorting to an aux-
iliary tracing collector.

In this paper, we present an improved on-the-fly cycle collec-
tor by combining techniques developed in that paper with the slid-
ing views collectors. The resulting collector gains two advantages.
First, it improves over the efficiency of the original collector sig-
nificantly, making the cycle collection solution usable in practice.
Second, it eliminates the termination problem that appeared in the
original algorithm. There, a rare race may delay the reclamation
of an unreachable cyclic structure forever. The new cycle collector
guarantees reclamation of all unreachable cyclic structures.

Categories and Subject Descriptors:D.3.4 [Programming Lan-
guages]: Processors- Memory management (garbage collection).
General Terms: Languages, Algorithms.
Keywords: Runtime systems, Memory management, Garbage col-
lection, Concurrent garbage collection, On-the-fly garbage collec-
tion.

1. INTRODUCTION
Reference counting is a classical garbage collection algorithm.

Systems using reference counting were implemented starting from
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the sixties ([12]). However, reference counting garbage collectors
cannot reclaim cyclic structures of objects (as first noticed by Mc-
Beth [29]). Thus, reference counting collectors must be either ac-
companied 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,
several attempts were made to design a cycle collector [9, 11]. The
most popular algorithm for cycle collection was proposed by Mar-
tinez et al. [28]. Their algorithm performs a local mark and scan
on objects suspected to belong to a garbage cycle, and therefore
avoids global tracing. This algorithm was later enhanced several
times, finally, being modified to fit an on-the-fly reference counting
collector by Bacon et al. [4, 3]. An on-the-fly reference counting
collector and an accompanying cycle collector are collectors that
may reclaim unreachable objects concurrently with program run.

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 worldset-
ting. On multiprocessor platforms, it is not desirable to stop the
program and perform the collection in a single thread on one pro-
cessor, as this leads both to long pause times and poor processor
utilization. A concurrent collector runs concurrently with the pro-
gram threads. The program threads may be stopped for a short time
to initiate and/or finish the collection. Anon-the-flycollector 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. [35, 36, 14] and continued in a series of pa-
pers [20, 6, 7, 23, 24, 16, 15, 26, 17, 18, 3]. The advantage of
an on-the-fly collector over a parallel collector and other types of
concurrent collectors [5, 19, 30, 33, 10], is that it avoids the opera-
tion of stopping all the program threads. Such an operation can be
costly, and it usually increases the pause times. Today, on-the-fly
collectors typically achieve pauses as short as a couple of millisec-
onds.

1.2 The challenge
Bacon and Rajan’s first on-the-fly cycle collector has two main

drawbacks: a practical problem and a theoretical one. A typical
cycle collector traces cycle candidates repeatedly to discover which
cycles are only referenced by pointers from within the cycle. A
crucial problem with repeated scanning arises when the program
threads are allowed to modify the objects graph during the scan.
This means that a scan cannot really repeat: the objects graph in one
scan is not equal to the objects graph in the next scan. Furthermore,
as modifications occur concurrently with the scan, each one of these
scans cannot be guaranteed to view a consistent snapshot of the



objects graph at any specific point in time. This problem is the
source of the two drawbacks of the previous algorithm: a practical
and a theoretical drawback.

The practical problem is that in order to achieve safety, the algo-
rithm in [4] makes many repeated scans over the candidates. This
reduces the overall efficiency of the reference counting collector.
The theoretical problem is that liveness cannot be guaranteed. A
rare race condition may prevent an unreachable cyclic structure
from being ever reclaimed.

Note, thatlivenessof the algorithm here is used in the standard
sense in distributed computing. It should not be confused with live-
ness of objects in the heap.

1.3 The solution
In this work, we propose an algorithm for on-the-fly cycle collec-

tion which solves these drawbacks. Our solution employs several
new techniques recently developed for concurrent garbage collec-
tion in [3, 26, 4, 2]. 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 the syn-
chronous (and efficient) algorithm of [4] on this snapshot efficiently
detects any cyclic structure. Of-course, taking a replica of the heap
is not realistic. However, a virtual snapshot 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 adjust-
ment 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 ([3, 26, 2]). In this paper, we also
suggest further improvements on the synchronous algorithm in [4]
making it run even faster.

The theoretical liveness 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 on this view.
When a cycle collection is executed on top of this sliding view, this
cycle is guaranteed to be reclaimed.

We further incorporate the new algorithm into the more efficient
age-oriented collector of Paz and Petrank [32]. The two algorithms
seem a perfect match. Our cycle collector spends a large fraction
of its time working on cycle candidates among newly allocated ob-
jects. The age-oriented collector, building on the weak generational
hypothesis uses tracing to reclaim all newly allocated objects and
reference counting for the rest of the objects. This eliminates a
large fraction of the cycles as well as a large fraction of the cycle
collector’s work, when run only on older objects.

1.4 Implementation, measurements, discussion
We have implemented the new cycle collector as an add-on to

the Levanoni-Petrank reference counting collector [26] and to the
more efficient age-oriented collector of [32]. The implementation
was done on the Jikes Java virtual machine [1], where the original
cycle collector of Bacon and Rajan [4] is also implemented. To
measure the effectiveness of the cycle collector, we compared some
of its featured with the original cycle collector, showing that the
number of traced objects is substantially reduced. Comparing the
throughput is irrelevant in this case, since they are built on two
different reference counting collectors (see [3, 26]).

We provide the first comparison of cycle collection to a backup
tracing collector. This comparison is a most interesting one, since
these are the main two options provided to an implementer of a ref-
erence counting algorithm. Our measurements contain a compari-
son of the throughput of a JVM that uses the cycle collector with
a JVM that uses a backup tracing collector to collect unreachable

cyclic structures. We used the SPECjbb2000 benchmark and the
SPECjvm98 benchmark suites. These benchmarks are described in
detail in SPEC’s Web site [34].

It turns out that cycle collection still falls behind a backup trac-
ing collector by 5-10% (application overall throughput). This small
cost allows using pure reference counting without adding a backup
tracing collector. However, with the direction modern computing is
taking, we believe that the cycle collector may become much more
effective comparing to the a backup tracing collector. Reference
counting is currently inferior to tracing with respect to throughput
on modern benchmarks [2]. However, as heaps grow larger, it is
possible that reference counting will start winning. While tracing
must trace the live objects in the heap, reference counting needs
only account for reference counts updates and reclaiming dead ob-
jects. Actually, when the heap is tight and collections are frequent,
reference counting is already winning over tracing the whole heap
[2]. If future benchmarks use a large live heap with few updates,
mostly to few young objects, then reference counting may become
the best collector. When that happens, a companion cycle collector
will be required. In that case, our cycle collector may be an ex-
cellent companion and we expect it to outperform a backup tracing
collector.

Interestingly, when the cycle collector was used with the more
efficient age-oriented collector, it performed as well as the backup
tracing collector. It turns out that if the work on young objects
is spared of the cycle collector, then it becomes highly efficient.
Detailed measurements are provided in Section 5.

In the sequel, we assume that the reader is familiar with memory
management standard terminology and algorithms. For a more de-
tailed introduction to garbage collection and memory management,
the reader is referred to [22].

1.5 Contribution of this work
We improve over the previous on-the-fly cycle collection algo-

rithm of Bacon and Rajan by significantly improving the efficiency
of the collector and by solving its theoretical liveness problem. Our
contributions are:

• Combining the sliding-views technique of Levanoni and Pe-
trank with Bacon and Rajan’s cycle collector. This com-
bination enables employing the simpler synchronous cycle
collection algorithm on the obtained sliding view. It hence
results in less tracing (and less buffering) and solves the live-
ness theoretical problem.

• One of the main technical challanges addressed in this pa-
per is the execution of cycle collection in spite of having
only partial information on reference counting decrements.
The sliding views algorithm does not keep track of all decre-
ments. This full list of decrements has previously been the
list of candidates for cycle collection. We are able to use
sliding views with their fast write barrier and still be able to
collect all cycles. This is a second source of efficiency im-
provement. All previous cycle collectors had to explore all
objects whose reference-count were decremented to a non-
zero value. We do not need to go over all these objects.

• We propose a better scheduling strategy for cycle collection
which allows reducing the number of candidates even further.
Our scheduling only traverses candidates that have been in
the system long enough and did not show any “life signs”
recently.

• We develop new filtering techniques to further reduce the
number of traced objects.



• We provide the first comparison between running a backup
tracing collector and running a cycle collection with refer-
ence counting.

• We provide an intergation with an age-oriented collector that
does not use reference counting on the young generation. It
turns out that this greatly reduces the load on the cycle col-
lector.

1.6 Organization
We start with an overview of the previous collectors in Section 2.

The new cycle collector employs techniques from collectors de-
scribed in this section. An overview of the new cycle collector
is provided in Section 3. Implementation and results are given in
Sections 4 and 5. Related work is discussed in Section 6 and we
conclude in Section 7. The details of the cycle collector including
the pseudo-code is given in the Appendix A.

2. REVIEW OF PREVIOUS COLLECTORS
In this section, we review relevant previous work. The algorith-

mic ideas presented in the section are then used to describe the
new collector in Section 3 below. We start by reviewing the (syn-
chronous) algorithms for cycle collection on a uniprocessor [28,
27, 4], we then review the previous concurrent cycle collector [4].
Finally, we explain ideas from the sliding views reference counting
and tracing garbage collectors [26, 2] that aid in overcoming the
disadvantages in state-of-the-art cycle collectors.

2.1 Collecting cycles on a uniprocessor
The algorithm of [28, 27] is based on two observations. The

first observation is that garbage cycles can only be created when
a reference count is decremented to a non-zero value. The second
observation is that in a garbage cycle, all the reference counts are
internal, i.e., the only pointers that reference the cycle’s nodes re-
side on the cycle’s nodes themselves. Thus, if internal references
are subtracted from the reference counts, the reference counts of the
nodes on a garbage cycle become zero and the unreachable cycle is
identified.

The incorporation of the cycle collector of [28, 27] in a refer-
ence counting collector is as follows. Most unreachable objects are
reclaimed when their reference count is decremented to zero. To
reclaim cycles, the reference counting algorithm detects candidate
unreachable cyclic structures and runs the cycle collector on them.
Specifically, whenever a reference count of an objectO is decre-
mented to a value different than zero, a cycle collector (described
below) is applied on all objects reachable fromO.

The general idea of the cycle collection algorithm is to perform
three traversals over the graph of objects reachable from a candi-
date objectO. These traversals update the reference counts to re-
flect only pointers that are external to the cycle. It then reclaims
all objects whose reference count was decremented to zero and re-
stores the reference counts of the surviving objects.

While traversing the objects, the algorithm uses three colors to
mark the state of objects. The initial color of an object is black, sig-
nifying that this object is active; a possible member of a garbage cy-
cle is represented by the gray color; an object is eventually marked
white if it is found to be a member of a garbage cycle.

The algorithm, given a candidate objectO whose reference count
was decremented to a non-zero value, works in three stages:

• The mark stage: traces the graph of objects reachable from
O, subtracting counts due to internal references and marking
nodes as possible garbage (by coloring them gray). At the

end of this (first) traversal, the reference counts in the sub-
graph will only reflect external pointers to nodes in the sub-
graph.

• The scan stage: scan the sub-graph of objects reachable
from O and restores the reference counts of objects which are
reachable from external pointers. All such reachable nodes
are re-colored black. All other nodes in the sub-graph (ob-
jects which remain with a zero reference counts) are colored
white (these objects are identified as forming a garbage cy-
cle).

• The collect stage:scan the sub-graph again and reclaim all
garbage (white) objects.

To increase efficiency, instead of invoking the cycle collector
each time a new candidate object is detected, the algorithm is lazily
applied. Hence, the above traversals are postponed by saving the
values of the deleted pointers in a buffer. Each such value is a can-
didate to be a root of a garbage cycle. Later on, at a suitable point,
the buffer’s objects are traversed. The benefit obtained by this lazi-
ness, is that at the later time, when the buffer is traversed, we have
further indication on whether a value stored in the buffer is garbage.
Most buffer’s values are irrelevant by the time the buffer is traversed
because their reference count either drops to zero (their other refer-
ences were meanwhile deleted) or is incremented. Moreover, lazy
treatment of candidates often prevents re-traversals of the same ob-
ject. To summarize, delaying the traversal decreases the number of
overall candidates that are traversed.

An additional important efficiency improvement (recently pro-
posed by [4]) is to run each of the scans on all candidates simul-
taneously instead of applying the algorithm on each candidate sep-
arately. That strategy achieves a practical efficiency improvement
and reduces the theoretical worst case complexity fromO(n2) to
O(n) (wheren stands for the transitive closure of the candidates).

2.1.1 Cycle candidates
Previously, we have mentioned that garbage cycles can only be

created when a reference count is decremented to a non-zero value,
and hence whenever a reference count of an object is decremented
to a value different than zero, it is considered as a candidate of
belonging to a garbage cycle.

Note, that a garbage cycle could be created while an application
root de-reference an object. Consider the next scenario occurring:
Two new objects are created and their pointers form a cycle. Next,
local pointers to these objects are erased (the application roots ref-
erencing those two new objects are modified to point to other ob-
jects). Thus, a garbage cycle was formed as these two objects have
reference count one, but they are not reachable from the program
roots. Note, that if one does not employ a write-barrier on the ap-
plication roots, the two decrements (corresponding to local point-
ers to the cycle’s objects being erased) are unnoticed, and hence
the garbage cycle could be left undetected. One simple solution to
this problem is employing a write-barrier also on the application
roots. This solution indeed catched all candidates, but yields an
un-efficient collector.

Hence, to solve this problem, the usual employed solution is to
consider all objects which have been created since the last cycle
collection (and whose reference-count is not zero) and objects ref-
erenced by the program roots during the previous cycle collection,
as candidates for a garbage cycle. Doing that covers all possible
cycles that could have been created by modifying a root. Note, that
by the weak generational hypothesis that ”most objects have short
lifetimes”, we do not expect to get too many false candidates to be



considered. Most objects are reclaimed by the reference counting
collector and the few remaining are candidates for cycle collection.

2.2 Collecting cycles on-the-fly
A concurrent cycle collection algorithm is more complex. It

should deal with the fact that the object graph may be modified
while the collector is scanning it. Another problem concerns the
accuracy of reference counts: they may be outdated due to mutator
activity.

Bacon and Rajan designed and implemented the first concurrent
cycle collection algorithm ([4]) building on and extending the syn-
chronous algorithm described above. Since the object graph may
be modified while the cycle collection algorithm scans it, they can-
not rely on repeated traversal of the graph reading the same set of
nodes (and edges).

Their algorithm consists of two phases. In the first phase, they
use a variant of the synchronous algorithm to obtain a candidate set
of nodes believed to be garbage cycles. Namely, they run a vari-
ant of the above three stages algorithm, but instead of collecting
the white nodes, those nodes are added to a set of possible garbage
nodes. Due to concurrent mutator activity, the algorithm may pro-
duce incorrect results. In particular, the presence of concurrent
mutator activity can cause live nodes to be included in this set of
candidates cycles. Thus, a second phase is required to prevent the
collection of false cycles. The second phase is executed in the next
garbage collection. In this phase, each candidate cycle (as detected
in the previous phase) is tested against the information available at
this later time to ensure that it is indeed a garbage cycle. Only then,
candidate cycles are reclaimed.

In the synchronous algorithm, the mark stage subtracts reference
counts of traced objects, while the scan stage increments reference
counts (of objects which do not belong to garbage cycles), so that
when the algorithm terminates each object holds its exact reference
count. Since the concurrent collector can not rely on the repeated
traversal of the graph to form the same set of nodes (and edges),
then it is not possible to certify that the second traversal (scan stage)
would restore the original reference count of an object correctly.
To solve this issue, the algorithm does not modify the actual ref-
erence count field of an object. Instead, a second reference count
field is kept for each object, denotedCRC(cyclic reference count),
and is used by the cycle collection algorithm. The mark stage of
their algorithm initializes the CRC of each black object reached (to
its reference count). The following stages (the mark, scan and col-
lect stages) operate solely upon the CRC, living the reference count
field unmodified. Thus, they do not need to be restored.

2.2.1 Two disadvantages
The concurrent garbage collector presented above poses two draw-

backs. One is theoretical and the other is practical. These draw-
backs initiated this work, which solves them both, resulting in an
efficient, non-intrusive, and live collector. We describe these two
drawbacks, starting from the theoretical one.

A garbage collector is calledlive if it eventually collects all reach-
able objects. Rare race conditions may prevent the above cycle col-
lector from collecting garbage cycles. An example of a garbage cy-
cle that is never collected follows. The output of the first phase is a
set of candidate cycles. Each such candidate cycle is a set of nodes
that may form a garbage cycle. Due to mutator activity, a candidate
cycle may include an actual garbage cycle but also some additional
live nodes. Such a candidate cycle is bound to fail the tests of the
second phase (at the next collection). When this happens, the al-
gorithm reconstructs this candidate cycle using a chosen node from
the cycle. However, if a similar race condition occurs again, the

reconstructed set of nodes may, again, contain some live modes.
Such a course of events may prevent the algorithm from collect-
ing this garbage cycle, no matter how many collections are run. To
sum up, this collector cannot guarantee collecting all unreachable
objects.

We now turn to the practical problem. Since the objects graph is
being modified by the program during the activity of the cycle col-
lector, some care need be taken to ensure safety of the collection.
This extra care is translated into the second phase of the algorithm
and into more scanning of objects, hence causing a substantial re-
duction in efficiency. For example, the algorithm colors objects
concurrently with the execution of the mutators. Therefore, it is
possible that the mutators eliminate a reference and cause an arbi-
trary set of gray or white objects to be invisible to the next collec-
tor scan. These improperly colored objects may later fool a naive
algorithm into making incorrect reclamations. The concurrent al-
gorithm in [4] handles this problem by adding an action to each
increment or decrement of a reference count. In particular, when-
ever the reference count of a gray or white object is changed, this
object and all objects that are reachable from it and are gray or
white, are colored black. This excessive scanning of objects pose
an efficiency problem. The number of objects scanned as reported
in [4] is high.

2.3 Incorporating sliding views
As explained in Section 2.2.1 above, there are two disadvantages

to the concurrent cycle collector of [4]. One is the reduced ef-
ficiency due to repeated scanning of objects and the other is the
inability of the collector to guarantee liveness. Both problems stem
from the fact that the concurrent cycle collector cannot rely on be-
ing able to re-trace the same graph.

In this work, we present a modified cycle collection algorithm
that extends the above techniques from [4] and adds recently devel-
oped 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 guar-
antee liveness. Before describing the new algorithm, we provide an
overview of the sliding views reference counting collector.

A simple version of the Levanoni-Petrank collector may be de-
scribed when allowing a point in time in the beginning of the col-
lection in 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 assign-
ment 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: objects that
are not dirty may be read from the heap to find their values being
equal to those existing during the initial halt and dirty objects have a
replica in designated buffers with their actual values during the ini-
tial halt. 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 using any synchronization.
It is also noted that only non-null references should be recorded as
the other object fields are not read by the collector, and therefore
updates to newly created objects do not need to be monitored.

The collector in [26] updates the reference counts due to the val-
ues of all modified pointers between the previous snapshot to the
current one. It is observed that for each such pointer only two up-



dates are necessary, which buys a substantial reduction in the num-
ber of required updates. Details may be found in the original paper
[26].

The algorithm described so far probably obtains short pause times,
but in order to get even shorter pause times, the sliding view mech-
anism is proposed. Here, the program threads are not halted si-
multaneously, but one at a time. As a snapshot view cannot be
assumed anymore, correctness considerations dictate asnooping
mechanism. During the 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 such modified reference, the
object that has acquired a new reference is logged. These logged
objects are considered roots for the current collection and are not
reclaimed. The view of the heap used by the collector may be
thought of as a sliding view: the heap objects are viewed in this
view at slightly different points in time. The snooping mechanism
makes sure that no reachable object is reclaimed. More details ap-
pear in [26].

3. CYCLE COLLECTOR OVERVIEW
As mentioned above, adding the sliding views techniques from

[26, 2] to the state-of-the-art cycle collector of [4] achieves a syn-
ergy solving the disadvantages of the previous cycle collector and
yielding a non-intrusive, efficient cycle collector that guarantees
liveness.

We start by describing the new cycle collection algorithm assum-
ing a snapshot of the heap. The main idea is that when applying the
synchronousalgorithm of [4] on a snapshot of the heap, it 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 cycles is a stable property, i.e.,
program activity cannot make an unreachable object reachable, we
get an efficient identification of garbage cycles. We then suggest
more improvements on the obtained algorithm to improve the cy-
cle collector further.

The main operation of the synchronous cycle collector on the
heap is traversing a sub-graph of it. Thus, we first concentrate on
specifying how to traverse the heap through a snapshot. The ideas
are similar to those in [2]. We need to traverse an object according
to its pointer values as existed at snapshot time (and not necessarily
as currently existing in the heap). To do that, we employ the write
barrier from [26]. When examining an object to be scanned, the
collector examines the dirty bit of the object. If the object is not
dirty (no pointer in the object has been modified since the snap-
shot was taken), then its current state is equal to its state during the
snapshot and we may trace it by reading it from the heap. Other-
wise, the object has been modified since the snapshot time and it is
marked dirty. In this case, we trace its snapshot 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 multiple
traces are bounded to trace the same graph each time.

In terms of liveness, this means that once a garbage cycle is cre-
ated, it must exist in the next snapshot, and thus is bounded to be
collected by the synchronous algorithm of [4]. In terms of effi-
ciency, this means that we may use the efficient synchronous algo-
rithm and get rid of inefficiencies originating from the need to in-
sure correctness in spite of program-collector races. For example,
the second phase is redundant: there is no need to save identified
garbage cycles to be validated during the next garbage collection
(as discussed in Section 2.2.1 above), and there is no need to go
over these cycles again in the next collection. In addition, there is
no need to “fix” inaccurate colors during the updates of the refer-
ence counts.

We now proceed to using sliding views instead of snapshots,
thus, removing the need for a simultaneous halt of all program
threads. The cycle collector remains the same, except that it (obliv-
iously) 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 un-
reachable 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 begin-
ning of the collection (when all mutators are halted one by one)
then the sliding view represents a snapshot of the heap taken at
the time the first mutator is stopped, denote this time byt1. How-
ever, as pointers are being written in the heap, this snapshot gets
distorted. Such a distortion appears only with respect to modified
pointers that may replace the pointers existing at timet1. If such a
modified pointer creates a falsely determined unreachable garbage
cycle, then in particular, it means that a pointer implying the reach-
ability of one of the objects in the cycle is missing from the sliding
view of the heap. 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, the safety of the cycle collector may be reduced to the safety
of the tracing collector in [2].

With respect to liveness, it holds that any unreachable cyclic
structure that is formed before the collection begins, must be col-
lected. The reason 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 appears 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.

3.1 Cycle candidates
Previous cycle collection algorithms use as a candidate mem-

ber of an unreachable cycle, each object whose reference count has
been decremented to a non-zero value. This is not possible with
the Levanoni-Petrank write-barrier that eliminates many redundant
reference count updates (see Section 2.3 above). 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 are executed, might
prevent noting that one of the decrements creates a new unreach-
able cycle. Moreover, not only we are able to collect all garbage
cycles, but we also manage to do it while considering less objects
as candidates. In our cycle collector, when a pointerp takes the val-
ueso0, o1, o2, . . . ,on between two collections, at mosto0 would be
considered as a candidate (if its reference count was decremented
to a non-zero value), whereas previous cycle collectors have con-
sidered at mostn objects as candidates (o0, o1, o2, . . . ,on−1).

We shall next provide a non-formal proof showing that at least
one object from each garbage cycle, would be considered as a can-
didate, and hence each garbage cycle would be collected. We divide
the proof into 2 cases: garbage cycles comprising solely of old ob-
jects and garbage cycles containing at least one young object. We
show that each of those two kinds of garbage cycles are properly
noticed.

First, we focus on garbage cycles which include at least one



young object (object created since the last collection). As men-
tioned in 2.1.1, all young objects (surviving the reference-counting
collection) are considered as candidates for a garbage cycle. Doing
that covers all possible cycles that contain a young object.

Next, we’ll show that garbage cycles containing only old objects
(those who were created before the previous sliding view) would be
considered. If this cycle was reachable during the previous sliding
view and is unreachable now, then an object that referenced an ob-
ject in this cycle in the previous sliding view must have been mod-
ified during the time between the two sliding views. The change
of this pointer is logged in a mutation buffer and a decrement to
the reference count of the object previously referenced must be ex-
ecuted. At that point, this object must become a candidate for cycle
collection. Hence, cycles containing only old objects are accounted
for properly.

To summarize, using the Levanoni-Petrank write-barrier we con-
sider any object whose reference count is decremented to a non-
zero value, as well as any young object to be a candidate.

3.1.1 Using the age-oriented collector
Our measurements show that the cycle collector spends a sub-

stantial fraction of its time checking cycle candidates among newly
allocated objects. An alternative collector that ameliorates this prob-
lem is the age-oriented collector [32]. The age-oriented collector is
an on-the-fly collector which uses tracing to reclaim young objects
and reference counting for the old objects. This collector turns out
to be a perfect match to our algorithm. It eliminates a large fraction
of the cycles as well as a large fraction of the cycle collector’s work
since it does not need to consider the young objects as candidates.
We have incorporated our cycle collector into the age-oriented col-
lector and provide measurements for the resulting collector as well
as for the standard reference counting collector.

3.2 Reducing the number of traced objects
The effectiveness of the cycle collection algorithm heavily de-

pends on the number of objects traced by the cycle collector. There-
fore, finding strategies to reduce the number of objects traced is im-
portant for the algorithm performance. An example of such strategy
is trying to reduce the number of objects which are candidate roots
of garbage cycles. Our algorithm applies several strategies. Some
of them have been used before and others are new.

Two techniques for reducing objects’ tracing are employed in
previous collectors and were already mentioned in 2.1. The first
idea is to record the values of the candidates in a buffer hoping that
with time most of them will be identified as non-candidates (for
example, if they are reclaimed by the reference counting collector).
The second idea is to performs each of the three stages (mark, scan
and collect) in its entirety on all the candidates simultaneously.

Another strategy for eliminating candidates we use (introduced
by [4]) concerns acyclic object. Some objects are inherently acyclic,
(i.e., can not be a part of a cycle), e.g., an array of scalars. Such
objects are statistically determined. Acyclic objects are not con-
sidered as candidates roots of the algorithm. Moreover, an acyclic
object reached during the algorithm traversals would be ignored.
Since usually a considerable portion of the objects are acyclic (some-
times even a majority), ignoring acyclic objects significantly re-
duces the overhead of cycle collection.

It is reported in [3], that the combination of the above candi-
date filtering strategies is highly effective reducing the number of
possible candidates by at least a factor of seven (and reducing the
worst case algorithm complexity from quadratic to linear). How-
ever, their measurement show that only a small percentage of the
non-filtered candidates indeed belong to garbage cycles. We feel

that filtering techniques are a key component in improving the ef-
ficiency of cycle collection algorithms, and hence we propose a
couple of additional elimination strategies which reduce both the
number of candidates, as well as the number of objects actually
traced during a candidates traversal.

The cycle collector of Bacon and Rajan is triggered every fixed
number of garbage collections, or within an earlier collection if the
candidates buffer has exceeded a threshold size. Our new collector
runs cycle collection with each garbage collection. However, we let
the candidates “mature” before actually testing them for member-
ship in an unreachable cyclic structure. As discussed above, while
candidates wait to be checked, many of them are already reclaimed
and may be removed from the candidate list. Our strategy is to
check only the candidates which were accumulatedk collections
ago and were not filtered. Thus, instead of having one large can-
didates buffer, we employk+ 1 smaller candidates buffers, each
containing candidates accumulated in different collections, and in
the current collection we check the oldest buffer. Whenever an ob-
ject is added to the current candidates buffer, it is removed from an
older buffer, if recorded in any. (This removal is executed in a short
processing of the buffers in the end of each collection.)

Note that this is a more structured way to let candidates mature.
If we run the cycle collector eachk collections on all candidates,
then we also run it on candidates that were recently discovered
and have not yet matured. Employing the new strategy, we trace
only candidates that have not been filtered out (and have not died)
throughout the lastk collections.

Next, we note that several objects are known to be alive in the
beginning of the current collection. This includes objects that were
directly reachable from the roots, objects that were snooped and
objects that are dirty since they were modified after the sliding view
was taken. In addition, there are objects that are currently held as
candidates in newer candidate buffers. All such objects get special
treatment during the trace. In particular, when the cycle collector
reaches any such object during the mark stage, it ignores it (if it
is black there is no need to mark it gray and trace it; if it is gray-
no need to decrement its CRC). In addition, if such a gray object
is reached during the scan phase (i.e., it was modified after it was
colored gray), then this object is colored black and so are all its
(sliding-view) descendants.

Finally, to save more scanning time, we add a small additional
stage between the mark phase and the scan phase. The scan stage
may sometimes color white an object together with its sub-graph,
only to find out further in this stage that this object was referenced
from another gray object which is externally referenced. In this
situation, the object (and sub-graph) would be colored black, using
a second traversal in the scan stage. Such repeated traversals can
be saved, if we start by coloring black the externally referenced
objects together with their subgraph, and only then color white all
the rest. Indeed, we cannot find all externally referenced objects,
but we may have an approximate list, collected during the mark
phase, which includes all objects encountered that are known to be
alive (modified object, snooped object, object directly referenced
by the system roots, and candidate located in a newer candidate
buffer). After running the mark phase and before starting the scan
phase, we color all their descendants black.

One disadvantage of the above filtering, is that we must use the
additionalCRCfield as in the asynchronous cycle collector of Ba-
con and Rajan. (See Section 2.2 for explanations on theCRCfield.)
The reason we must use it is that the set of live objects (actually,
only the subset of dirty objects) is not fixed during the algorithm.
Thus, it is safe not to trace the sub graphs that we do not trace, but
it is not clear that we do not eliminate more tracing as the stages



proceed. This necessitates the use of theCRCfield. It is possible
to avoid using it, if we avoid using the dirty bit to identify living
objects (or by employing an additional mechanism to handle the
“problematic” objects).

4. AN IMPLEMENTATION FOR JAVA
We have implemented our algorithm in Jikes [1], a Java virtual

machine (upon Linux Red-Hat 7.2). The entire system, including
the collector itself is written in Java (extended with unsafe prim-
itives available only to the Java Virtual Machine implementation
to access raw memory). Jikes usessafe-points: rather than inter-
rupting 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
implementing the handshakes of the garbage collection. In addi-
tion, rather than implementing Java threads as operating system
threads, Jikes multiplexes Java threads onvirtual-processors, im-
plemented as operating-system threads. Jikes establishes one vir-
tual processor for each physical processor.

4.1 Memory allocator
Our implementation employs the non-copying allocator of Jikes,

which is based on the allocator of Boehm, Demers, and Shenker
[10]. This allocator is well suited for collectors that do not move
objects. Small objects are allocated from per-processor segregated
free-lists build from 16KB pages divided into fixed-size blocks.
Large objects are allocated out of 4KB blocks with first-fit strat-
egy. This allocator keeps the fragmentation low and allows efficient
reclamation of objects.

4.2 Implementation issues
We would like to point out some implementation choices that

we made. First, we use the mechanism of Bacon et al [3] to keep
the reference counts in a field of several bits and cache them in an
auxiliary table in case of overflow.

In our implementation both reference counts, the color and the
buffer status are stored in a single 32-bit word in the object header.
As we use 3 colors, 2 bits are necessary for color representation.
2 bits are also needed to represent the 4 buffered status. The rest
is devoted to representing the RC and CRC. Each count includes
an overflow bit. When the overflow bit is set, the excess count is
stored in a hash table. In practice, this hash table never contains
more than a few entries.

During a collection, the set of objects referenced by the system
roots is determined. The objects belonging to this set which have
a zero reference count, are checked in the next collection, to see
whether they have become garbage. The objects belonging to this
set which have a non-zero reference count, and are not referenced
by the system roots in the next collection, should be pushed into
the candidate buffer of the next collection: they were de-referenced
between the two collections.

In their collector, Bacon and Rajan [4] perform all reference
count increments of the last epoch, and then all reference count
decrements of the epoch before. Thus, when a reference count ofa
candidate is incremented, it is no longer considered as a candidate
(unless its reference count would be decremented later). Since the
sliding views reference counting collector interleaves decrements
and increments of reference counts, we cannot ignore candidates
whose reference counting was recently incremented, but only con-
sider them as newly-buffered (and therefore delay their tracing).
However, Bacon and Rajan report that this filtering technique re-
moves a very small amount of candidates (and often none). Our

measurements agree with this finding and so the loss is not notice-
able.

5. MEASUREMENTS
u

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 physical memory. The benchmarks
we used were the SPECjvm98 benchmark suite and the SPECjbb2000
benchmark. These benchmarks are described in detail in SPEC’s
Web site [34]. We feel that the multithreaded SPECjbb2000 bench-
mark is more interesting, as the SPECjvm98 are more appropriate
for clients and our algorithm is targeted at servers. We also feel that
there is a dire need in academic research for more multithreaded
benchmarks. In this work, as well as in other recent work (see for
example [3, 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 differ-
ent collector).

Finally, to understand better the behavior of our collector under
tight 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 collec-
tion algorithm into two collector: the Levanoni-Petrank reference
counting collector ([26]), and the more efficient age-oriented col-
lector ([32]). 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 measure-
ments, we ran both collectors accompanied with our cycle collec-
tion algorithm against both collectors when using the backup mark
and sweep algorithm. In addition, we have compared characteris-
tics of our cycle collection algorithm (with both collectors), against
the characteristics of the previous on-the-fly cycle collector of Ba-
con and Rajan [3].

5.1 Server performance
Our major benchmark is the SPECjbb2000 benchmark. SPECjbb2000

requires multi-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 proposed
cycle collection algorithm (compared to the same collector with the
backup mark and sweep algorithm). Thus, the higher the ratio, the
better our algorithm behaves, and in particular, any ratio larger than
1 implies that the cycle collector outperforms the tracing auxiliary
collector.

We would like to stress that our algorithm is applied in each col-
lection, and hence incurs overhead in each collection. However,
applying the mark and sweep algorithm, does not produce any spe-
cial overhead, since it is applied infrequently instead the original
collector, and not as an add-on.

The measurements are reported for a varying number of ware-
houses and varying heap sizes. The measurements of the cycle col-
lector with the Levanoni-Petrank reference counting collector are
presented in Figure 1. The behavior of the algorithm should be
separated into two cases.

The first case is with 1-3 warehouses. In this case, since our
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Figure 1: SPECjbb2000 on a multiprocessor: throughput ratio for the Levanoni-Petrank collector
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Figure 2: SPECjbb2000 on a multiprocessor: throughput ratio for the age-oriented collector

machine has four processors, both two on-the-fly compared col-
lectors run on a spare processor. In this setting, if the collectors
could handle all their work while mutators are running (except for
handshakes), the collectors achieve the same throughput (as they
share similar allocator and write-barrier). This is indeed what we
get with 1-2 warehouses. However, with 3 warehouses the backup
mark and sweep collector performs better (by usually between 5%-
10%). The reason is that our collector does not make it in releasing
space fast enough for allocations. Thus, the program sometimes is
delayed waiting for the collector to finish. As expected, the over-
head of our algorithm is more noticeable on tight heaps, where col-
lections are run more frequently.

The second case refers to 4-8 warehouses, where collectors do
not run on a spare processor but rather share a processor with the
program threads. (Nevertheless, we gave the collector the highest
priority, so that when a collection is triggered the collector always
gets a dedicated processor.) Thus, when the number of warehouses
is four and up, the efficiency of the collector becomes more im-
portant: a collector should not only be able to handle all its work
while mutators are running, but also as the collector becomes more
efficient, a collection would consume less time, thus letting mu-
tators use a larger fraction of the fourth processor (and therefore
increasing the throughput). As with 3 warehouses, the results show
that with 4-8 warehouses, the backup mark and sweep collector
also performs better (by usually between 6%-10%). As before, on
tighter heaps, where the collector efficiency is more significant, the
overhead of the cycle collector is larger.

The same measurements have also been run on the age-oriented
collector. This is a more efficient collector that runs mark-and-
sweep on new objects and reference-counting on old objects ([32]).

The results are presented in Figure 2. When using our cycle collec-
tor with the age-oriented collector, a large fraction of the cycle col-
lector’s work is eliminated, as newly allocated objects are not con-
sidered cycle candidates. Our measurements show that we achieve
similar performance to the one achieved when using the backup
mark and sweep algorithm. Hence, not only the age-oriented col-
lector accompanied by our cycle collector is able to handle all its
work while mutators are running, but also its collection time is
hardly affected by the added cycle collection activity.

When running the SPECjvm98 benchmarks on a multiprocessor,
we allow a designated processor to run the collector thread. Here
again the collector runs concurrently with the program thread(s)
and good concurrency is the main factor in the comparison. Re-
sults show that both the reference counting collector and the age-
oriented collector with the cycle collection algorithm usually per-
form similarly to the reference counting (or age-oriented) collector
applied with the backup mark and sweep (Figure 3). The only clear
noticeable difference, is in the case of reference counting collector
using the backup mark and sweep, with the227 mtrt benchmark.
The reason for this difference is that for this benchmark there ex-
ists an initial phase in which many objects are created and kept alive
till the end of the run. These newly created objects require a large
amount of work of the cycle collector. After this initial phase, the
cycle collector does not incur a large overhead. However, in this
single long collection, the mutator needs to halt waiting for free
space. The performance difference is noticeable only with the ref-
erence counting collector, and not with the age-oriented collector.
There, the cycle collector is not run on this pack of young objects
that are all alive.
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Figure 3: SPECjvm98 on a multiprocessor: run-time ratio .

RC AO
cyclic Cyclic cyclic Cyclic

Bench- objects bytes object bytes
marks reclaimed reclaimed reclaimed reclaimed

compress 108 84.08 MB 0 0
jess 24 0.15 MB 0 0
db 16 0.09 MB 0 0
javac 1 M 67.64 MB 0.57 M 37.02 MB
mtrt 66052 5.78 MB 66042 5.66 MB
jack 8976 1.72 MB 3360 0.62 MB
jbb 146 0.88 MB 0 0

Table 1: Cyclic garbage collected for each benchmark by our
cycle collector, when incorporated with the reference counting
and the age-oriented collectors.

5.2 Client performance
Although our cycle collection algorithm is targeted at servers

running on SMP platforms, as a sanity check, we have also mea-
sured its performance against the same collector with the backup
mark and sweep algorithm on a uniprocessor. The behavior of
the collector on a uniprocessor may demonstrate its efficiency. We
measured the cycle collection algorithm on a uniprocessor with the
SPECjvm98 benchmark suite. Results appear in Figure 4. When
using reference counting collector, the incorporation of the cycle
collector is usually within 10% of the incorporation of a backup
tracing collector. When using the age-oriented collector, the cycle
collector performs similarly to the backup mark and sweep collec-
tor. The only bad exception is encountered with the213 javac
benchmark, which produces hundreds of thousands of objects in
garbage cycles. Dealing with these objects is time consuming.

5.3 Collector characteristics

5.3.1 Amount of cyclic garbage
We have measured for each benchmark, the number of garbage

cycle objects that were reclaimed and the space they consume.
These measurements are reported in Table 1. The amount of cyclic
garbage handled by our cycle collection algorithm varies according
to the collector it is incorporated into (reference counting or age-
oriented), and hence measurements are separated into the 2 cases.
As the age-oriented collector reclaims garbage cycles of the young
generation without using the cycle collector, the cycle collector re-
claims sometimes a smaller set of garbage cycles when run with the
age-oriented collector.

213 javac and 201 compress are the only benchmarks contain-
ing garbage cycles that constitute a substantial amount of space. In
201 compress, there are some dozens of garbage cycles compris-

ing of huge objects, and it hence requires only a small amount of
tracing. 213 javac however, contains thousands of garbage cycles
(some of them containing thousands of objects), thus requiring a
large amount of tracing by our cycle collection algorithm.

5.3.2 Amount of tracing
Several new strategies have been suggested in this paper to re-

duce the number of candidates and the number of objects traced
in order the reduce the overhead introduced by the cycle collection
algorithm. We have measured the effectiveness of those strategies,
by measuring the reduction in the number of candidate objects and
traced objects. We report the ratio of the candidates traced and
objects traced when compared to those of [4]. Note that we only
measure the number of objects traced. In the original algorithm of
[4], objects are processed again to verify safety. That processing
is not included in the measurements of traced objects. Our new
algorithm does not run this extra processing, and so, the saving of
the new algorithm is even better than what we report in these mea-
sures: only the improved filtering is measured and not the overall
improved algorithm.

In these graphs, the lower the ratio, the better our algorithm be-
haves, and any ratio smaller than 1 implies that it traced less can-
didates and objects. As before, we have measured our algorithm
with both the reference counting collector (denoteRC) and the age-
oriented collector (denoteAO). Each collector characteristics was
measured with 2 and 3 candidates buffers. In the first case, the
implication is that candidates gathered until the current collection
will be considered only at the next collection, i.e., there is a de-
lay of one collection before handling the collected candidates. In
the latter case, there is a delay of two collections. We thus denote
these two cases bydelay1anddelay2. Hence, we have measured
our algorithm in four configurations depending on the delay and the
underlying collector.

The results are introduced in Figure 5. One may see that all 4
configurations trace less candidates compared to the previous cycle
collector (of [4]) with all benchmarks. Also, when checking how
many objects were traced, the new cycle collector traces substan-
tially less objects except for one case: the227 mtrt benchmark
with the reference counting configurations. The superiority of the
age-oriented configurations over the reference counting configura-
tions is also very clear, and demonstrates the work saved by not
having to collect cycles from the young object and not having to
consider young objects as candidates.
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Figure 4: SPECjvm98 on a uniprocessor: run-time ratio.
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Figure 5: saving in tracing work and number of candidates.

When using three buffers the algorithm traces less then when us-
ing two buffers, which means that by delaying the handling of a
candidate, its traversal may sometimes be spared. However, when
measuring benchmarks’ throughput in these two cases, there was
mostly no clear throughput superiority. This is due to the fact that
the handling of candidates buffer (filtering candidates each collec-
tion) also consumes time. Hence, one should tune the number of
candidates buffers used according to its collector and its collection
triggering policy. For our collectors, using two candidates buffers
was usually enough, but for collectors that use frequent collections,
we believe that using more buffers would improve efficiency.

5.3.3 Candidates filtering
We have examined the exact effectiveness of each candidate fil-

tering strategy we have added, by measuring the fraction of candi-
dates it has filtered. To do that, we have measured these strategies
with the base reference counting collector (of [26]) using two or
three candidates buffers, i.e., with a delay of one or two collec-
tions. In Figure 6, the fraction of candidates which were filtered
out is presented for delays of one and two cycles. In each such
collection, we filter each candidate that was reclaimed or buffered
again. The fraction of the rejected candidates due to a specific filter
is presented in by the partition of each bar.

We stress that these filtering techniques are executed on the can-
didates that have survived the filtering techniques used by Bacon
and Rajan (in [4]). These techniques include filtering candidates
which were reclaimed during the collection in which they were
buffered, ignoring acyclic objects, and preventing duplicate candi-
dates in the same candidate buffer. Those techniques were reported
to be highly effective (see [3]). The fraction we present is theaddi-
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tional benefit obtained by the new filtering methods.
The results show that these new techniques usually filter between

40%-80% of the surviving candidates. The only benchmark for
which these techniques are not effective is the227 mtrt bench-
mark, where only 7.26% of the candidates were eliminated. This
explains why 227 mtrt is the only benchmark for which the num-
ber of candidates traced is similar to that of [4].

It can be seen that candidates are effectively eliminated both be-
cause they are reclaimed and because they are newly buffered. In
terms of delaying the check, the first cycle delay is far more ef-
fective than the delay of the second cycle. Nevertheless, for some
benchmarks (such as213 javac and the SPECjbb2000 benchmarks)
the filtering benefit obtained at the second cycle delay is non-negligible.

6. RELATED WORK
The traditional method of reference counting applicable in the

realm of uniprocessing was first developed for Lisp by Collins [12].
In its simplest form, it allowed immediate reclamation of garbage
in a localized manner, yet with a notable overhead for maintain-
ing the space and semantics of the counters. Weizenbaum [37]
showed how the delay introduced by recursive deletion (which is
the only non-constant delay caused by classic reference counting)
can be ameliorated by distributing deletion over object creation op-
erations. Deutsch and Bobrow [13] eliminated most of the com-
putational overhead required to adjust reference counters in their
method of deferred reference counting. According to the method,
local references are not counted thus the need to track fetches, local
pointer duplication and cancellation are deemed unnecessary. Only
stores into the heap need be tracked. However, the immediacy of
reference counting is lost in a certain extent, since garbage may be
reclaimed only after the mutator state is scanned. Bacon et al [3]
and Levanoni and Petrank [26] have extended the reference count-
ing algorithm to running concurrently with the program threads.
Both achieve extremely low pauses times (or around 2ms).

The inability of reference-counting to reclaim cyclic garbage struc-
tures was first noticed by McBeth [29]. Christopher [11] developed
an algorithm, whose primary method is reference counting, yet a
tracing collector is called periodically to reclaim nodes in the heap
that have a non-zero reference counts but are not externally reach-
able. The algorithm of Martinez et al. [28] 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. This search subtracts reference counts due
to internal pointers. If a collection of objects with zero reference
counts is found, then a garbage cycle has been found, and is col-
lected. Lins [27] extended this algorithm by postponing 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 traversing the buffer at a suitable point. Delaying the traver-
sal decreases the number of actual candidates traversals since most
buffer’s values are irrelevant by the time the buffer is traversed (be-
cause their reference counts either drop to zero or is incremented).
Bacon et al [4] extended Lins algorithm to a concurrent cycle col-
lection algorithm. They also improved Lins’ algorithm by perform-
ing the tracing of all candidates simultaneously, reducing the num-
ber of traced objects.

7. CONCLUSIONS
We presented a new cycle collector for reference counting which

is on-the-fly and is based on combining techniques from the sliding
views collectors of [26, 2] and the on-the-fly cycle collector of [3,

4]. We gain efficiency and simplicity by running the simpler syn-
chronous cycle collector of Bacon and Rajan [4] on sliding views
of the heap. This eliminates work previously required to ensure
correctness when running concurrently with the program. In addi-
tion, we add more filtering techniques that manage to filter out a
large fraction of the cycle candidates. The resulting collector is an
efficient cycle collector which retains the very short pauses of the
on-the-fly reference counting collectors in [3, 26]. Finally, the new
collector is guaranteed to reclaim all garbage cycles, whereas the
previous on-the-fly collector has an (extremely rare) sequence of
events that prevents it from collecting an unreachable cyclic struc-
ture forever.

We provide the first direct comparison of running a cycle collec-
tor against running a backup tracing collector. With current bench-
marks, the backup tracing collector seems to have a small advan-
tage. We expect reference counting to win with future large heaps,
and as such, an accompanying cycle collector will be required. This
work provides such a companion cycle collector. When incorporat-
ing the new cycle collector into the age-oriented collector to save
the work on collecting young generation cycles, the cycle collector
performs equally to the backup tracing collector.
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APPENDIX

A. THE GARBAGE COLLECTOR DETAILS
In this section, pseudo-code and explanations regarding the new

cycle collection algorithm are provided.

A.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 are recorded in theupdatesbuffer
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



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

Figure 7: Mutator code: Update Operation

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 object may be used. Oth-
erwise, 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 the registers or
stack are not monitored. Going through the pseudo-code, we see
that each object’sLogPointer 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 objects 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). IfLogPointeris still NULL (in the sec-
ond probe), then the recorded values are committed as the buffer
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’s
LogPointerfield is set to point to these values (line 12). After log-
ging has occurred, the actual pointer modification happens. Finally,
from the time a collection begins until marking the roots of the mu-
tators, 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 dis-
cussion of the write barrier appears in the original paper [26].

A.2 General issues

A.2.1 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,

ProcedureAdd-Candidate(cand: object)
begin
1. if cand.status = Newly-Buffered∨ is-Acyclic(cand) then
2. return
3. cand.status := Newly-Buffered
4. pushcandto newCandidatesBuffer
end

Figure 8: Add-Candidate

ProcedureProcess-Cycles
begin
1. Mark-Candidates
2. Scan-Black-Live-Stack
3. Scan-Candidates
4. Collect-White
5. Process-Buffers
end

Figure 9: Process-Cycles

all buffers are processed. Eachnewly-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
markedold-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 corresponding manner,new-
CandidatesBuffer, midCandidatesBufferandoldCandidatesBuffer.
Of-course, there may be several buffers of typemidCandidates-
Buffer.

A.2.2 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.

A.3 Interface with the reference counting col-
lector

Procedure Add-Candidate (Figure 8) is called by the reference
counting collector in order to insert an object into thenewCan-
didatesBuffer. If this object is already buffered in thenewCan-
didatesBuffer, or if it is acyclic, the object is ignored. Else, it
is buffered innewCandidatesBufferafter its state is modified into
newly-buffered.

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

A.4 Cycle algorithm code
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 counting collector is done collecting
the non-cyclic garbage. It consists of the following phases:

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



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

Figure 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 // was reached during the recursive call
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 replica do
14. if ! is-Acyclic(o) then
15. Mark(o,false)
16. else // was reached before
17. obj.CRC−−

end

Figure 11: Mark

• Scan black stage:colors black the objects that the mark stage
have considered as alive. Its purpose is to save redundant
traversals as described in 3.2.

• Scan stage:scans the sub-graph of relevant candidates, and
re-colors black objects which are reachable from external point-
ers. All other nodes in the sub-graph are colored white.

• Collect stage:scans the white sub-graphs again and reclaims
all garbage (white) objects.

• Filter candidates from buffers: iterates over the new and
middle buffers, while filtering non-relevant candidates. In ad-
dition, it performs a cyclic swapping of buffer roles.

Procedure Mark-Candidates and Procedure Mark(Figures 10-
11) perform the mark stage. This stage is performed on theold-
CandidatesBuffer’s objects which have survived all filters of the
previous collections. TheMark-Candidates procedure first filters
more candidates: those that were released during this collection1

and those that were re-added to the candidates buffer in this collec-
tion (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 cy-
cle rooted from an already traced candidate. TheMark procedure
is applied on all the other candidate.

1The deletion of the last pointer to a shared cell will recycle it im-
mediately, regardless of whether there is a reference to it in a can-
didate buffer.

ProcedureRead-Sliding-View(cand: 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

Figure 12: Read-Sliding-View

ProcedureScan-Black-Live-Stack
begin
1. while LiveStack is not empty
2. obj := pop(LiveStack)
3. Scan-Black(obj)
end

Figure 13: Scan-Black-Live-Stack

The Mark procedure performs a depth-first traversal over the
candidates’ sliding-view sub-graph. An object reached for the first
time is colored gray, itsCRC is initialized and if it is not consid-
ered as alive (was not modified, is not local nor is buffered in a
younger candidate buffer), its sliding-vies 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 itsCRC value should not be decremented). If the
object has been reached before, itsCRC is not initialized, but is
decremented. Objects that are alive are pushed into theLiveStack,
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 modi-
fied since the sliding-view was taken, its current values are also its
sliding-views values. Otherwise, its pointer slots at the recent slid-
ing view can be found by looking at the log entry which is pointed
by theLogPointer. Note, that an object may be modified by muta-
tors while the replica is taken (lines 5-9).
Procedure Scan-Black-Live-Stack(Figure 13) colors black the
non-black objects inLiveStackand their non-black sliding-view de-
scendants. The objects inLiveStack, where all pushed during the
mark stage.

ProcedureScan-Black(cand: object)
begin
1. if obj.color != black then
2. obj.color = black
3. replica := Read-Sliding-View(obj)
4. for eacho in replica do
5. Scan-Black(o)
end

Figure 14: Scan-Black



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

Figure 15: Scan-Candidates

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

Figure 16: Scan

Procedure Scan-Black(Figure 14) is the actual procedure that col-
ors the sliding-view’s sub-graph of an object as black.
Procedure Scan-Candidates and Procedure Scan(Figures 15-
16) perform the scan stage. Each gray candidate in the oldCandi-
datesBuffer with a non-zero CRC is considered live (and so do all
its sliding-view descendants), and thus 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
the Scan-Black-Live-Stack procedure as the second stage of the
algorithm, still an object may be colored white 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 cycle’s objects (this candidate and all
white objects reachable from it) are colored black and reclaimed.
Since we are dealing with a garbage cycle, whose objects are re-
claimed 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
released (line 5 in theCollect procedure). For a similar reason, we
also mark any cycle object as released (line 2 in theCollect pro-
cedure), 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

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

Figure 17: Collect-White

ProcedureCollect (obj: object)
begin
1. // the is-Released procedure should identify it as released
2. markobj 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. // This child is not part of the garbage cycle.
12. // The reference counting collector should free it.
13. RC-Free(child) //recursive deletion
14. obj.color = black
15. returnobj to the general purpose allocator.
end

Figure 18: Collect

ProcedureProcess-Buffers
begin
1. // filter candidates and change statuses
2. for eachbuffwhich ismidCandidatesBufferdo
3. for eachcandin buffdo
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

Figure 19: Process-Buffers

collection), and it would have been colored white (and reclaimed
as part of the cycle). However, there are objects that our algo-
rithm 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 recursive deletion (line 13 in
the Collect procedure)2. Such recursive deletion can end-up re-
claiming black candidates buffered inoldCandidatesBuffer(which
motivates line 3 in theCollect-White procedure).
Procedure Process-Buffers(Figure 19) prepares the next invo-
cation of the cycle collection 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 (current) collection and changing the status of

2Note, that the recursive deletion, i.e., theRC-Free procedure,
modifies the released object status to non-buffered



the remaining candidates to mid-buffered (asnewCandidatesBuffer
would be considered as a middle buffer in the next collection). Fi-
nally, it performs a cyclic swapping between the buffers’ roles.


