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ABSTRACT

A reference counting garbage collector cannot reclaim un-
reachable cyclic structures of objects. Therefore, reference
counting collectors either use a backup tracing collector sel-
dom, or employ a cycle collectors to reclaim cyclic struc-
tures. 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 ability to run
on-the-fly reference counting without resorting to an auxil-
iary tracing collector.

In this paper, we present an improved on-the-fly cycle
collector by combining techniques developed in that paper
with the sliding views collectors. The resulting collector
gains two advantages. First, it improves over the efficiency
of the original collector significantly, making the cycle col-
lection solution usable in practice. Second, it eliminates
the termination problem that appeared in the original algo-
rithm. 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 [Program-
ming Languages]: Processors- Memory management (garbage
collection).

General Terms: Languages, Algorithms.

Keywords: Runtime systems, Memory management, Garbage

collection, Concurrent garbage collection, On-the-fly garbage
collection.

*Dept. of Computer Science, Technion - Israel In-
stitute of Technology, Haifa 32000, Israel. Email:
pharel@cs.technion.ac.il.

fIBM Research.

IBM Research.

$Dept. of Computer Science, Technion - Israel In-
stitute of Technology, Haifa 32000, Israel. Email:

erez@cs.technion.ac.il. Research supported by the Bar-Nir
Bergreen Software Technology Center of Excellence and by
the IBM Faculty Partnership Award.

YIBM Research.

Permission to make digital or hard copies of all or part o twork for

personal or classroom use is granted without fee providatidbpies are
not made or distributed for profit or commercial advantage that copies
bear this notice and the full citation on the first page. Toyootherwise, to
republish, to post on servers or to redistribute to listguies prior specific
permission and/or a fee.

Copyright 200X ACM X-XXXXX-XX-X/XX/XX ... $5.00.

Elliot K. Kolodner?

Erez Petrank? V. T. Rajanf

1. INTRODUCTION

Reference counting is a classical garbage collection algo-
rithm. Systems using reference counting were implemented
starting from the sixties ([11]). However, reference counting
garbage collectors cannot reclaim cyclic structures of objects
(as first noticed by McBeth [28]). Thus, reference counting
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, several attempts were made to design a cycle collec-
tor [8, 10]. The most popular algorithm for cycle collection
was proposed by Martinez et al. [27]. Their algorithm per-
forms 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 collec-
tor 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 design to work on a single
thread while program threads are stopped, the so-called stop
the world setting. 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 poor processor 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. [34, 35, 13] and continued in a
series of papers [19, 6, 7, 22, 23, 15, 14, 25, 16, 17, 3]. The
advantage of an on-the-fly collector over a parallel collector
and other types of concurrent collectors [5, 18, 29, 32, 9],
is that it avoids the operation of stopping all the program
threads. Such an operation can be costly, and it usually
increases the pause times. Today, on-the-fly collectors typi-
cally achieve pauses as short as a couple of milliseconds.

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 can-
not really repeat: the objects graph in one scan is not equal
to the objects graph in the next scan. Furthermore, as mod-
ifications 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 algorithm in [4] makes many repeated scans over the can-
didates, which 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.

1.3 The solution

In this work, we propose an algorithm for on-the-fly cy-
cle collection which solves these drawbacks. Our solution
employs several new techniques recently developed for con-
current garbage collection in [3, 25, 4, 2]. The main idea
is to virtually fix the graph processed by the cycle collec-
tor. Suppose first that we stopped the threads and took a
replica of the heap snapshot. Running the synchronous (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 [25]. Furthermore, if we use
a sliding view instead of a snapshot (as in [25]) 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 cy-
cle collector with the same short pauses of recent on-the-fly
collectors ([3, 25, 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 age-
oriented collector of Paz and Petrank [31]. The two algo-
rithms seem a perfect match. Our cycle collector spends a
large fraction of its time working on cycle candidates among
newly allocated objects. 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 [25]
and to the age-oriented collector of [31]. The implementa-
tion 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 col-
lector, 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 ir-
relevant in this case, since they are built on two different
reference counting collectors (see [3, 25]).

We provide the first comparison of cycle collection to a
backup tracing collector. This comparison is a most in-
teresting one, since these are the main two options pro-
vided to an implementer of a reference counting algorithm.
Our measurements contain a comparison of the run times
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 de-
scribed in detail in SPEC’s Web site [33].

It turns out that cycle collection still falls behind a backup
tracing collector by 5-10% (application overall throughput).
This small cost allows using pure reference counting with-
out 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 objects. Actually, when the heap is
tight and collections are frequent, reference counting is al-
ready 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, out cycle collector
may be an excellent companion and we expect it to outper-
form a backup tracing collector.

Interestingly, when the cycle collector was used with the
age-oriented collector, it performed as well as the backup
tracing collector. It turns out that if the work on young ob-
jects is spared of the cycle collector, then it becomes highly
efficient. Detailed measurements are provided in Section 4.

In the sequel, we assume that the reader is familiar with
memory management standard terminology and algorithms.
For a more detailed introduction to garbage collection and
memory management, the reader is referred to [21].

1.5 Organization

We start with an overview of the previous collectors in
Section 2. The new cycle collector employs techniques from
collectors described in this section. An overview of the new
cycle collector is provides in Section 3. Implementation and
results are given in Section 4. Related work is discussed in
Section 5 and we conclude in Section 6.

2. REVIEW OF PREVIOUS COLLECTORS

In this Section, we review relevant previous work. The
algorithmic ideas presented in the section are then used to
describe the new collector in Section 3 below. We start by
reviewing the (synchronous) algorithms for cycle collection
on a uniprocessor [27, 26, 4], we then review the previous
concurrent cycle collector [4]. Finally, we explain ideas from
the sliding views reference counting and tracing garbage col-



lectors [25, 2] that aid in overcoming the disadvantages in
state-of-the-art cycle collectors.

2.1 Collecting cycles on a uniprocessor

The algorithm of [27, 26] is based on two observations.
The first observation is that garbage cycles can only be cre-
ated 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 reside 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 [27, 26] in a
reference counting collector is as follows. Most unreachable
objects are reclaimed when their reference count is decre-
mented to zero. To reclaim cycles, the reference counting
algorithm detects candidate unreachable cyclic structures
and runs the cycle collector on them. Specifically, when-
ever a reference count of an object O is decremented to a
value different than zero, a cycle collector (described below)
is applied on all objects reachable from O.

The general idea of the cycle collection algorithm is to
perform three traversals over the graph of objects reachable
from a candidate object O. These traversals update the
reference counts to reflect only pointers that are external to
the cycle. It then reclaims all objects whose reference count
was decremented to zero and restores the reference counts
of the surviving objects.

While traversing the objects, the algorithm uses three col-
ors to mark the state of objects. The initial color of an ob-
ject is black, signifying that this object is active; a possible
member of a garbage cycle is represented by the gray color;
an object is marked white when it is found to be a member
of a garbage cycle.

The algorithm, given a candidate object O whose refer-
ence count was decremented to a non-zero value, works in
three stages:

e The mark stage: traces the graph of objects reach-
able from O, subtracting counts due to internal refer-
ences and marking nodes as possible garbage (by col-
oring 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.

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

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

To increase efficiency, instead of invoking the cycle col-
lector 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 candidate to be a root of a
garbage cycle. Later on, at a suitable point, the buffer’s ob-
jects are traversed. The benefit obtained by this laziness, 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 references were meanwhile deleted) or is
incremented. Moreover, lazy treatment of candidates often
prevents re-traversals of the same object. To summarize,
delaying the traversal decreases the number of overall can-
didates that are traversed.

An additional important efficiency improvement (recently
proposed by [4]) is to run each of the scans on all candi-
dates simultaneously instead of applying the algorithm on
each candidate separately. That strategy achieves a practi-
cal efficiency improvement and reduces the theoretical worst
case complexity from O(n?) to O(n) (where n stands for the
transitive closure of the candidates).

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 prob-
lem concerns the accuracy of reference counts: they may be
outdated due to mutator activity.

Bacon and Rajan designed and implemented the first con-
current cycle collection algorithm ([4]) building on and ex-
tending the synchronous algorithm described above. Since
the object graph may be modified while the cycle collection
algorithm scans it, they cannot 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 variant 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 mu-
tator activity, the algorithm may produce incorrect results.
In particular, the presence of concurrent mutator activity
can cause live nodes to be included in this set of candi-
dates 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 in-
crements 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 pos-
sible 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 ac-
tual reference count field of an object. Instead, a second
reference count field is kept for each object, denoted CRC
(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 collect stages) op-
erate 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 drawbacks. One is theoretical and the other is practi-
cal. These drawbacks initiated this work, which solves them
both, resulting in an efficient, non-intrusive, and live col-
lector. We describe these two drawbacks, starting from the
theoretical one.

A garbage collector is called live if it eventually collects
all reachable objects. Rare race conditions may prevent the
above cycle collector from collecting garbage cycles. An ex-
ample of a garbage cycle 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 hap-
pens, the algorithm 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 collecting this garbage cycle, no
matter how many collections are run. To sum up, this col-
lector 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 collector, some care need be taken to ensure
safety of the collection. This extra care is translated into
more scanning of objects and a substantial reduction in ef-
ficiency. For example, the algorithm colors objects concur-
rently with the execution of the mutators. Therefore, it is
possible that the mutators eliminate a reference and cause
an arbitrary set of gray or white objects to be invisible to the
next collector scan. These improperly colored object may
later fool a naive algorithm into making incorrect reclama-
tions. The concurrent algorithm in [4] handles this problem
by adding an action to each increment or decrement of a ref-
erence count. In particular, whenever 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 disad-
vantages to the concurrent cycle collector of [4]. One is the
reduced efficiency due to repeated scanning of objects and
the other is the inability of the collector to guarantee live-
ness. Both problems stem from the fact that the concurrent
cycle collector cannot rely on being able to re-trace the same
graph.

In this work, we present a modified cycle collection algo-
rithm that extends the above techniques from [4] and adds
recently developed techniques from [25, 2]. The idea is to
use a snapshot of the heap or a sliding-view of the heap
([25]). 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
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
described when allowing a point in time in the beginning of

the collection 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
copied 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 ini-
tial halt: objects that are not dirty may be read from the
heap to find their values being equal to those existing dur-
ing the initial halt and dirty objects have a replica in des-
ignated buffers with their actual values during the initial
halt. To deal with multithreaded programs, a carefully de-
signed write barrier is presented in [25] allowing the above
write barrier to operate on concurrent threads without us-
ing 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 [25] updates the reference counts due to
the values 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 [25].

The algorithm described so far probably obtains short
pause times, 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, correct-
ness considerations dictate a snooping 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 collec-
tion 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 reach-
able object is reclaimed. More details appear in [25].

3. CYCLE COLLECTOR OVERVIEW

In this section, we describe the new cycle collector. The
collector details are omitted for lack of space. The full de-
tails and more measurements appear in our technical report
[30].

As mentioned above, adding the sliding views techniques
from [25, 2] to the state-of-the-art cycle collector of [4] achieves
a synergy solving the disadvantages of the previous cycle col-
lector and yielding a non-intrusive, efficient cycle collector
that guarantees liveness.

We start by describing the new cycle collection algorithm
assuming a snapshot of the heap. The main idea is that
when applying the synchronous algorithm of [4] on a snap-
shot 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 reach-



able, we get an efficient identification of garbage cycles. We
then suggest more improvements on the obtained algorithm
to improve the cycle collector further.

The main operation of the synchronous cycle collector on
the heap is traversing a sub-graph of it. Thus, we first con-
centrate 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
[25]. When examining an object to be scanned, the collec-
tor examines the dirty bit of the object. If the object is not
dirty (no pointer in the object has been modified since the
snapshot 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. Otherwise, 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 created, it must exist in the next snapshot, and thus is
bounded to be collected by the synchronous algorithm of
[4]. In terms of efficiency, this means that we may use the
efficient synchronous algorithm and get rid of inefficiencies
originating from the need to insure correctness in spite of
program-collector races. For example, 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.

We now proceed to using sliding views instead of snap-
shots, thus, removing the need for a simultaneous halt of
all program threads. 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 Sec-
tion 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 hap-
pen? Inaccuracies of reference counts due to the sliding
view are discussed in [24, 25]. 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 taken at the time
the first mutator is stopped, denote this time by ¢;. 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 exist-
ing at time ¢;. If such a modified pointer creates a falsely
determined unreachable garbage cycle, then in particular,
it means that a pointer implying the reachability 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 struc-
ture 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 collected. 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 struc-
ture 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
time ¢1. Thus, such an unreachable cyclic structure must be
reclaimed.

3.1 Cycle candidates

Previous cycle collection algorithms use as a candidate
member of an unreachable cycle, each object whose refer-
ence 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 sec-
tion 2.3 above). When a pointer p takes the values oo, o1,
02, ..., Op, between two sliding views, the only required ref-
erence count updates are a decrement to rc(op) and an in-
crement to rc(o,). However, the fact that not all increments
and decrements of the objects 01, 02, ..., 0o, —1 are executed,
might prevent noting that one of the decrements creates a
new unreachable cycle.

It turns out that for all old objects (those who were cre-
ated before the last sliding view) there is no problem. The
reason is that an unreachable cyclic structure cannot be cre-
ated by assigning a pointer p one of its objects and then
changing p. If this cycle was reachable during the previous
sliding view and is unreachable now, then a pointer that
referenced an object in this cycle in the previous sliding
view must have been modified 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 executed. At
that point, this object must become a candidate for cycle
collection.

However, young objects are more of a problem. We may
fail to notice (and to collect) a candidate cycle compris-
ing solely of young objects (objects created since the last
collection). Consider the next scenario occurring between
two garbage collections: Two new objects are created and
their pointers form a cycle. Note that changing these point-
ers does not create any logging operation. New objects are
known to point to nulls in the previous collection and are
not logged. Next, an old object is modified to point to one
of them and local pointers to these objects are erased. This
updated may cause the old object’s previous descendants
to be logged in the mutation log (as op in the notation
above). Next, the pointer is overwritten, leaving this cy-
cle unreachable. However, this second update of this object
is not logged. Thus, this two objects have reference count
one, but they are not noticed for the cycle collection, since
the decrement was unnoticed.

To solve this problem, we consider all young objects as
candidates for a garbage cycle. Doing that covers all possible
cycles that contain a young object. As explained above,
cycles containing only old objects are accounted for properly.
Thus all garbage cycles are properly noticed. 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.

To summarize, using the Levanoni-Petrank write-barrier
we consider 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 substantial fraction of its time checking cycle candidates
among newly allocated objects. An alternative collector that
ameliorates this problem is the age-oriented collector [31].
The age-oriented collector is an on-the-fly collector which
uses tracing to reclaim young objects and reference count-
ing for the old objects. This collector turns out to be a
perfect match to our algorithm. It eliminates a large frac-
tion 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 col-
lector into the age-oriented collector and provide measure-
ments 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
depends on the number of objects traced by the cycle col-
lector. Therefore, finding strategies to reduce the number of
objects traced is important for the algorithm performance.
The idea is to reduce the number of objects which are candi-
date 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 iden-
tified 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 (in-
troduced 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 considered as candidates roots of the
algorithm. Moreover, an acyclic object reached during the
algorithm traversals would be ignored. Since usually a con-
siderable portions of the objects are acyclic (sometimes even
a majority), ignoring acyclic objects significantly reduces the
overhead of cycle collection.

It is reported in [3], that the combination of the above
candidate 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). However, 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 efficiency of cycle
collection algorithms, and hence we propose a couple of ad-
ditional elimination strategies which reduce both the num-
ber of candidates, as well as the number of objects actually
traced during a candidates traversal.

The cycle collector of Bacon and Rajan is triggered ev-
ery fixed number of garbage collections, or within an earlier

collection if the candidates buffer has exceeded a thresh-
old size. Our new collector runs cycle collection with each
garbage collection. However, we let the candidates “mature”
before actually testing them for membership in an unreach-
able 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 accumulated k collec-
tions ago and were not filtered. Thus, instead of having one
large candidates buffer, we employ k + 1 smaller candidates
buffers, each containing candidates accumulated in different
collections, and in the current collection we check the oldest
buffer. Whenever an object is added to the current candi-
dates 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 each k 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 last &k
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
scans 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 (live) object is reached during the scan phase (i.e., it
was modified after it was colored gray), then this object is
colored black (if not black already) and so are all its (sliding-
view) descendants.

Finally, to save more scanning time, we add a small ad-
ditional stage between the mark phase and the scan phase.
The scan stage may sometimes color white an object to-
gether with its sub-graph, only to find out further in this
stage that this object was referenced from another gray ob-
ject which is externally referenced. In this situation, the
object (and sub-graph) would be colored black, using a sec-
ond 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 approx-
imate list, collected during the mark phase, which includes
all objects encountered that are known to be alive (modi-
fied 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 additional CRC field as in the asynchronous cycle
collector of Bacon and Rajan. (See Section 2.2 for expla-
nations on the CRC field.) 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 the CRC field. It is
possible to avoid using it, if we avoid using the dirty bit to
identify living objects.

4. |IMPLEMENTATION AND RESULTS

We have implemented our algorithm in Jikes [1], a Java
virtual machine (upon Linux Red-Hat 7.2). The entire sys-
tem, including the collector itself is written in Java (ex-
tended with unsafe primitives available only to the Java
Virtual Machine implementation to access raw memory).
Jikes uses safe-points: rather than interrupting threads with
asynchronous signals, each thread periodically checks a bit
in a condition register that indicates that the runtime sys-
tem wishes to gain control. This design significantly simpli-
fies implementing the handshakes of the garbage collection.
In addition, rather than implementing Java threads as op-
erating system threads, Jikes multiplexes Java threads on
virtual-processors, implemented as operating-system threads.
Jikes establishes one virtual processor for each physical pro-
Cessor.

Platform and benchmarks. We have run our measure-
ments on a 4-way IBM Netfinity 8500R server with a 550MHz
Intel Pentium III Xeon processor and 2GB of physical mem-
ory. The benchmarks we used were the SPECjvm98 bench-
mark suite and the SPECjbb2000 benchmark. These bench-
marks are described in detail in SPEC’s Web site [33]. 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 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, 16]), 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

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 cy-
cle collection algorithm into two collector: the Levanoni-
Petrank reference counting collector ([25]), and the age-
oriented collector ([31]). Both collectors are also imple-
mented 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 collec-
tors accompanied with our cycle collection algorithm against
both collectors when using the backup mark and sweep al-
gorithm. 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 [3].

4.1 Server performance

Our major benchmark is the SPECjbb2000 benchmark.
SPECjbb2000 requires multi-phased run with an increasing

number of warehouses. Each phase lasts for two minutes
with a ramp-up period of half a minute before each phase.
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 algo-
rithm). 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 the SPECjbb2000 benchmark
produces almost no garbage cycles (only some dozens of ob-
jects turn to be cyclic garbage). Hence, a collector gets
only minor benefit from applying our algorithm (over the
SPECjbb2000 benchmark), while suffering from the over-
head it produces in each collection. Note, that applying the
mark and sweep algorithm, does not produce any special
overhead, since it is applied infrequently instead the orig-
inal collector, and not as an add-on. Thus, SPECjbb2000
can serve as measuring the overhead our algorithm produces
when applied on a program which does not produce any cy-
cles.

The measurements are reported for a varying number of
warehouses and varying heap sizes. The measurements of
the cycle collector with the Levanoni-Petrank reference count-
ing 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 machine has four processors, both two on-the-fly com-
pared collectors 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 col-
lector 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 some-
times is delayed waiting for the collector to finish. As ex-
pected, the overhead of our algorithm is more noticeable on
tight heaps, where collections 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 proces-
sor with the program threads. Note, nevertheless, that we
gave the collector (in this case) 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
important: a collector should not only be able to handle all
its work while mutators are running, but also as the col-
lector becomes more efficient, a collection would consume
less time, thus letting mutators use a larger fraction of the
fourth processor (and therefore increasing the throughput).
As with 3 warehouses, the results show that with 4-8 ware-
houses, 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. The results are presented in figure 2.
When using our cycle collector with the age-oriented collec-
tor, a large fraction of the cycle collector’s work is elimi-
nated, as newly allocated objects are not considered cycle
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Figure 2: SPECjbb2000 on a multiprocessor: throughput ratio for the age-oriented collector

candidates. Our measurements show that we achieve simi-
lar performance to the one achieved when using the backup
mark and sweep algorithm. Hence, not only the age-oriented
collector accompanied by our cycle collector is able to handle
all its work while mutators are running, but also its collec-
tion time is hardly affected by the added cycle collection
activity.

More measurements appear in our Technical Report ([30]).

4.2 Client performance

Although our cycle collection algorithm is targeted at
servers running on SMP platforms, as a sanity check, we
have also measured its performance against the same collec-
tor with the backup mark and sweep algorithm on a unipro-
cessor. The behavior of the collector on a uniprocessor may
demonstrate its efficiency. We measured the cycle collection
algorithm on a uniprocessor with the SPECjvm98 bench-
mark suite and the results appear in figure 3. When us-
ing reference counting collector, the incorporation of the cy-
cle collector is usually within 10% of the incorporation of a
backup tracing collector. When using the age-oriented col-
lector, the cycle collector performs similarly to the backup
mark and sweep collector. The only bad exception is en-
countered with the _213_javac benchmark which produces
hundreds of thousands of objects in garbage cycles. Dealing
with these objects is time consuming.

4.3 Collector characteristics

4.3.1 Amount of tracing

Several new strategies have been suggested in this paper
to reduce the number of candidates and the number of ob-
jects traced in order the reduce the overhead introduced by
the cycle collection algorithm. We have measured the ef-
fectiveness 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 object. Our
new algorithm does not run this extra processing, and so,
the saving of the new algorithm is even better than what is
conservatively measured in these figures.

In these graphs, the lower the ratio, the better our algo-
rithm behaves, and any ratio smaller than 1 implies that
it traced less candidates and objects. As before, we have
measured our algorithm with both the reference counting
collector (denote RC') and the age-oriented collector (de-
note AO). Each collector characteristics was measured with
2 and 3 candidates buffers. In the first case, the implica-
tion is that candidates gathered until the current collection
will be considered only at the next collection, i.e., there is
a delay of one collection cycle before handling the collected
candidates. In the latter case, there is a delay of two collec-
tions. We thus denote these two cases by delayl and delay?2.
Hence, we have measured our algorithm in four configura-
tions depending on the delay and the underlying collector.

The results of the number of traced candidates and objects
are introduced in figure 4. One may see that all 4 configu-
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rations 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
substantially less objects except for one case: the _227_mtrt
benchmark with the reference counting configurations.

The superiority of the age-oriented configurations over
the reference counting configurations 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.

When using three buffers the algorithm traces less then
when using two buffers, which means that by delaying the
handling of a candidate, its traversal may sometimes be
spared. However, when measuring benchmarks’ throughput
in those two cases, there was mostly no clear throughput
superiority. This is due to the fact that the handling of
candidates buffer (filtering candidates each collection) also
consumes time. Hence, one should tune the number of candi-
dates 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 fre-
quent collections, we believe that using more buffers would
improve efficiency.

5. RELATED WORK

The traditional method of reference counting applicable
in the realm of uniprocessing was first developed for Lisp
by Collins [11]. In its simplest form, it allowed immediate
reclamation of garbage in a localized manner, yet with a no-
table overhead for maintaining the space and semantics of

the counters. Weizenbaum [36] showed how the delay intro-
duced by recursive deletion (which is the only non-constant
delay caused by classic reference counting) can be amelio-
rated by distributing deletion over object creation opera-
tions. Deutsch and Bobrow [12] 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 [25] have extended the reference
counting algorithm to running concurrently with the pro-
gram threads. Both achieve extremely low pauses times (or
around 2ms).

The inability of reference-counting to reclaim cyclic garbage
structures was first noticed by McBeth [28]. Christopher
[10] developed an algorithm, whose primary method is ref-
erence 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 reachable. The algorithm of
Martinez et al. [27] reclaims cells, which were uniquely refer-
enced 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 refer-
ence counts is found, then a garbage cycle has been found,
and is collected. Lins [26] extended this algorithm by post-



poning 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 traversal decreases the number
of actual candidates traversals since most buffer’s values are
irrelevant by the time the buffer is traversed (because their
reference counts either drop to zero or is incremented). Ba-
con et al [4] extended Lins algorithm to a concurrent cycle
collection algorithm. They also improved Lins’ algorithm
by performing the tracing of all candidates simultaneously,
reducing the number of traced objects.

6. 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 [25, 2] and the on-the-fly
cycle collector of [3, 4]. We gain efficiency and simplicity
by running the simpler synchronous 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 addition, 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, 25]. 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 structure forever.

We provide the first direct comparison of running a cycle
collector against running a backup tracing collector. With
current benchmarks, the backup tracing collector seems to
have a small advantage. 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 incorporating the new cy-
cle collector into the age-oriented collector to save the work
on collecting young generation cycles, the cycle collector per-
forms equally to the backup tracing collector.
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