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Abstract

Parallel, multithreaded Java applications such as web
servers, database servers, and scientific applications are
becoming increasingly prevalent. Most of them have high
object instantiation rates through the new bytecode that is
implemented in a garbage collection subsystem typically.
For aforementioned applications, traditional garbage
collectors are often the bottleneck that limits program
performance and processor utilization on multiprocessor
systems. They suffer from long garbage collection pauses
(stop-the-world mark-sweep algorithm) or inability of
collecting cyclic garbage (reference counting approach).
Generational garbage collection, however, is based only
on the weak generational hypothesis that most objects die
young. In this paper, a new multithreaded concurrent
generational garbage collector (MCGC) based on mark-
sweep with the assistance of reference counting is
proposed. The MCGC can take advantage of multiple
CPUs in an SMP system and the merits of light weight
processes. Furthermore, the long garbage collection
pause can be reduced and the garbage collection
efficiency can be enhanced.

Index Terms—dynamic memory management, object-
oriented programming, multithreaded programming,
Java Virtual Machine, concurrent garbage collection,
parallel garbage collector

1. Introduction

While a battery of concurrent garbage collectors have
been proposed in the literature [1, 4, 5, 6, 7, 8, 9, 10, 11,
17], very few of them have been implemented and espe-
cially been incorporated into Java virtual machines
(IVMs) [1, 5, 8, 11]. Thefirst concurrent garbage collector
using the tricolor abstraction (white, grey, black) is pro-
posed by Dijkstra, et a. [7]. In their design, the mutator

1. The new instruction is a Java bytecode instruction which allocates
dynamic memory for objects.

2. Partial support for this work is provided by the National Science
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and the garbage collector can run con-currently. However,
in the original tricolor reasoning, the marker must be
strictly followed by the sweeper because the white object
could be marked black if the marking phase is not done
yet. This restriction may potentially result in a larger
memory footprint because the identified garbage objects
are not swept timely.

In 1998, a very concurrent mark-sweep garbage col-
lector (VCGC) for SML/NJ, proposed by Huelsbergen and
Winterbottom, can be used to run a marker, a mutator and
asweeper concurrently [9]. In thisdesign, an epoch isused
to interpret colors abstracted in tricolor reasoning. By sep-
arating three epochs, one for the mutator, one for the
marker and the other for the sweeper, the mutator thread
and GC threads can work together. However, for example,
the marking effort can be further reduced drastically if the
floating garbage is collected in atimely manner.

Recently, the development of concurrent garbage col-
lection for Java is based on either reference counting or
mark-sweep. The work based on reference counting is the
Recycler proposed by Bacon and Rajan [1] and the on-the-
fly reference counting garbage collector proposed by
Levanoni and Petrank [11]. On the other hand, the genera-
tional on-the-fly garbage collector proposed by Domani et
al. [8, 5] is based on mark-sweep. Although both the Recy-
cler [1] and the on-the-fly reference counting (RC) gar-
bage collector [11] are based on reference counting, there
are differences between them. Firstly, the Recycler uses a
mutator buffer to solve the synchronization issue in updat-
ing the reference counter whereas the on-the-fly RC intro-
duces the diding view idea. Secondly, the Recycler is
implemented into Jalapeno JVM whereas the on-the-fly
RC is implemented into Sun JVM. Thirdly, the Recycler
adopts a novel on-the-fly cycle detector whereas the on-
the-fly RC collects cyclic garbage by seldom running a
marker. Fourthly, the Recycler handles the sticky refer-
ence count by using a hash table to keep the real reference
count whereas the on-the-fly RC uses the marker to restore
it.

Among the recent devel opment of concurrent garbage
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collectors, the generational on-the-fly garbage collector [8,
5] isagenerationa garbage collector based on the work of
Doligez and Leroy [6]. Although there are young and old
generations, the on-the-fly collector does not move
objects. Nevertheless, this approach only performs well in
some cases but not always. Moreover, some quantitative
performance analyses such as maxima garbage pause,
etc., have not been reported. On the other hand, Lo et al.
reports performance analyses on generalized buddy sys-
tems [12] and page replacement performance on garbage
collection heap [13].

In this paper, a multithreaded concurrent generational
garbage collection (MCGC) algorithm is proposed [14].
Our goal is to keep the mutators running with minimal
interruption from the garbage collection threads such as
the marker and the sweeper. Meanwhile severa mutators
can call the new instruction in parallel. The design of the
MCGC algorithm is based on the Dijkstras tricolor
abstract, the VCGC algorithm and the mark-sweep algo-
rithm with the assistance of reference counting. The
MCGC agorithm can collect floating garbage on the fly
and outperforms the VCGC agorithm and the pure stop-
the-world mark-sweep garbage collection. A performance
study of the MCGC is published in [15] due to space limit.

2. PreviousWork: Very Concurrent Garbage
Coallection (VCGC)

The very concurrent garbage collection was proposed
by Huelsbergen and Winterbottom in 1998 [9]. The origi-
nal design aimed to run a mutator thread, a marker thread
and a sweeper thread concurrently without explicit fine-
grain synchronization. To achieve their goal, an innovative
coloring scheme is devised. Memory objects are distin-
guished by their colors. Colors are interpreted as a func-
tion (COLOR) of epoch, i.e., epoch modulo 3. The mutator
color, the marker color and the sweeper color are defined
as COLOR(epoch), COLOR(epoch - 1) and COLOR(epoch
- 2), respectively. The mutator thread associates each
newly allocated object with the mutator color. The marker
thread traverses the object reference graph and brings
those reachable objects to have the mutator color. It is
worth noting that the marker thread is the only thread that
can change objects’ colors. The sweeper thread, on the
other hand, reclaims garbage objects that have the sweeper
color. Once an object becomes garbage, only the sweeper
can access it. Thus, there is no need for synchronization
between the marker and the sweeper or the mutator and the
sweeper. However, the marker and the mutator still require
some synchronization which is resolved by applying a
store set.

Inthe VCGC agorithm, astore set is used to solve the
mutator and the marker handoff. It records the current con-
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tent of references prior to the mutator updates them. In
[18], thisis called a snapshot-at-the-beginning algorithm
since it retains the data reachable from the roots at the
beginning of an epoch into the next epoch. By the time the
marker and the sweeper finish, the store set is examined
until all the objects are traversed. The mutator is then sus-
pended and this concludes an epoch. The root set is
obtained from the mutator at the end of an epoch and used
by the marker for the next epoch. All the threads are
deleted and the next epoch starts.

2.1 Problemswith the Very Concurrent Garbage
Collection (VCGC)

The very concurrent garbage collection algorithm has
been proposed and proven to outperform the traditional
generational garbage collection in terms of the garbage
collection pause time. The maor advantage is that it
allows the mutator, the marker and the sweeper to run con-
currently. This is a great improvement over Dijkstra, et
a.’s adgorithm [7] in that the sweeper must be executed
strictly following the marker. However, we have found
some of its drawbacks which are summarized as follows:

« Thisalgorithm is limited to one mutator thread and one
marker thread. When introducing multiple mutators
and markers, the synchronization between mutators
and markers, among mutators, or among markers
becomes very complex because the store set is
designed for one mutator and one marker situation.

» There are two scenarios which prolong the marking
time. Firstly, the mutator allocated a lot of objects
remaining alive in the previous epoch. Secondly, most
of the memory objects in the entire heap are long
lived. One of the reasons for this long marking timeis
that the marker does not have any information about
an object’s age. Thus, tenure objects are repeatedly
marked. As a result, the memory footprint may be
larger because the garbage may not be collected in a
timely manner.

e The memory footprint may be dominated by the
sweeper if there is alarge amount of garbage in some
epoch. More memory from the operating system may
be requested by the mutator because of the longer
sweeping time.

» The sweeping time may degrade the VCGC efficiency
because the sweeper needs to go over the whole heap
even though there is no garbage.

« The agorithm adopts the snapshot-in-the-beginning
approach which determines liveliness at the beginning
of an epoch. Therefore, any garbage objects that are
created in that epoch may not be detected. However,
they will be collected in the next epoch. Consequently,
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Figure 1 The Proposed MCGC (Version 0)
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the memory footprint can be increased.

Base on the above analyses, an improved version of
the VCGC agorithm is proposed. The new algorithm is
explained in detail in the next section.

3. The Proposed M ultithreaded Concurrent
Generational Garbage Collection Algo-
rithm Version 0 (M CGCvO0)

In this section, a new multithreaded concurrent gener-
ational garbage collection agorithm (MCGC) is intro-
duced. The proposed algorithm overcomes all the
problems of the VCGC algorithm mentioned in the previ-
ous section. The MCGC is based on the VCGC with the
concept of generational garbage collection that takes the
advantage of short lived objects. This allows young gar-
bage to be reclaimed in the same epoch.

To clearly demonstrate the mechanism of the pro-
posed algorithm, only one mutator, one marker and one
sweeper are assumed in the version 0 (MCGCVO0). In doing
so, some synchronizations are eliminated but the algo-
rithm can be described effectively. In Section 4. the full
version of the MCGC where multiple mutator threads are
included is described.

3.1 Overview of the MCGCvO0

The first version of the proposed multithreaded con-
current generational garbage collection agorithm
(MCGCv0) contains one mutator, one marker and one
sweeper as shown in Figure 1. By doing so, the synchroni-
zations among mutators, markers or sweepers can be iso-
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lated so that we can focus on synchronizations between
mutator and marker, marker and sweeper, and sweeper and
mutator. To synchronize the mutator and the marker, ares-
canned set (RS _set), similar to the store set in the VCGC,
is associated with the mutator. The RS set is used to mem-
orize all objectsthat need to be rescanned due to asynchro-
nous operations caused by the mutator and the marker.
The marker and the sweeper require no synchronization in
this design. However, the mutator and the sweeper do need
synchronous operations on manipulating the system free
lists. Moreover, to save the cost from thread creation and
deletion, all threads are created as daemon threads (Line 3
and 4 in Figure 1). Once these threads are created, they are
suspended and wait for a resume signal sent by
thread resume() function call (Line 6, 7, 8, 12, 14 and 18
in Figure 1). This threading mechanism can be done sim-
ply by applying a mutex and a condition variable.

The MCGCvO agorithm works similar to the VCGC
algorithm. However, there are a spate of differences
between the VCGC agorithm and the MCGCvO0 algorithm
such as the threading mechanism (as mentioned in previ-
ous paragraph), the function of the RS set (called store set
in VCGC), the mutator, the marker and the sweeper. Due
to the snapshot-at-the-beginning property of the VCGC, it
may not collect non-reachable objects produced in an
epoch. Although these floating garbage objects will be
reclaimed in a later epoch, the size of the memory foot-
print may be raised drastically. However, to collect them
in the same epoch, two issues occur: how to identify gar-
bage and how to mark them without duplicating the mark-
ing work. ldentifying garbage can be done by applying a
reference counting mechanism and examining the refer-
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ence counter. A 2-bit counter is proposed in the design.
Note that in practice, the reference counter is incorporated
into the color byte without involving more space overhead
and unlikely to be saturated. On the other hand, the marker
can recursively identify floating garbage in the same
epoch. This reduces the marking overhead in the next
epoch. Therefore, in the write barrier procedure, the muta-
tor pushesinto RS set not only the new object, but also the
old object if it becomes garbage after updating their refer-
ence counters. If the old object is not garbage, the marker
will mark it eventually. Thus, there is no need to put it into
the RS set. Finally, the RS set will be rescanned once the
markers and the sweepersfinish (Line9in Figure 1).

Updating reference counter and putting objects into
RS set are part of the mutator thread's duty. It it worth
noting that only the mutator can modify the counter and
there is only one mutator in the MCGCvO0 algorithm. Thus,
there is no synchronization problem in updating the refer-
ence counter here. However, in a multithreaded environ-
ment, server mutators may update a reference counter
simultaneously and create a race condition. Specia care
for this issue will be elaborated in a later section. On the
other hand, the synchronization on the RS set for the
mutator (producer) and the marker (consumer) may be
avoided either by the asynchronous store set approach [9]
or by submitting the RS set to the marker at a certain point
(Line12 and 13in Figure 1). Our approach issimple and it
does not create time penalty because the mutator has to be
suspended in that point in both approaches.

The RS set has a close relation to the young genera-
tion in the traditional generational garbage collector. The
success of the generational garbage collection is highly
based on the program behavior that young objects die
young. Thus, we try to collect the young garbage at the
same epoch in which they become garbage. However, in
the VCGC agorithm, the newly created objects have the
mutator color which are regarded as live for at least 2
epochs. Unfortunately, this causes unwanted scanning in a
later epoch. To tackle this problem, in our approach,
young objects are put into the RS set if they become gar-
bage. By scanning the RS set that contains mostly young
objects, the young garbage objects can be detected without
scanning the whole heap. Therefore, the heap has been
divided into an old generation (objects reachable from the
root set) and a young generation (garbage found in the
RS set) conceptually. Although atypical generational gar-
bage collection algorithm involves memory space separa-
tion into generations and copying, the MCGCvO0 algorithm
utilizes its advantages in the design.

An epoch is not advanced without the marker com-
pletely scanning the RS set. While scanning the RS set,
the mutator is still active until the marker catches up with
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it, i.e,, the RS set isempty (Line 11 in Figure 1). Keeping
the mutator running can prevent long pause if it updates a
lot of objectsin an epoch that needs to be rescanned. After
the marker finishes marking the RS set, a garbage list is
used to keep the garbage. The garbage list is given to the
sweeper during the short pause (Line 18 and 19 in Figure
1). Therefore, the sweeper can return the garbage objects
in the garbage list to the system right away (Line 8 in
Figure 1). Note that there are two types of garbage: the
garbage detected through the RS _set and the garbage iden-
tified by the regular tricolor mechanism. Moreover, the
epoch advances after the root set of the mutator has been
copied (Line 20 in Figure 1).

4. The Proposed Multithreaded Concurrent
Generational Garbage Collection Algo-
rithm (MCGC): aFull Version

The proposed multithreaded concurrent generational
garbage collection algorithm (MCGC) is a multiple muta-
tor version of the MCGCvO0 algorithm. By allowing multi-
ple mutators, the mutator/mutator synchronization issue
such as concurrent updating reference count and manipu-
lating the RS _set must be resolved. The MCGC algorithm
is detailed in Figure 2 where each mutator is associated
with an RS set (Line 2 in Figure 2). The RS set is used to
keep the log for updating the reference count and the
objects whose pointers are modified due to the asynchro-
nous operation of the marker and the mutator. By applying
an RS _set to a mutator, the mutator/mutator synchroniza-
tion mentioned above can be eliminated.

Since there are multiple mutators, the store set
approach proposed in [9] may not be applied well because
it can not handle concurrent appending of elements. Our
approach does not have this problem. However, whether it
is better to pass these RS set’s to the marker altogether or
one by one remains to be studied. The later approach is
adopted in the MCGC algorithm (Line 10 - 18 in Figure
2). Its advantage is the mutators need not to be suspended
a the same time. Therefore, the marker can examine the
RS set one by one (Line 10 in Figure 2). In fact, the exam-
ining sequence can be arbitrary. To shorten the mutator
pause here, an RS set with larger size has higher priority.
Note that the mutator remains suspended after the marker
has caught up with it (Line 17 in Figure 2).

The marker in the MCGC algorithm plays an impor-
tant role because it does three things: mark live objects,
mark garbage objects and update the reference count. It
brings the live object to have mutator color, identifies gar-
bage objects with the assistance of reference count and
makes the reference count up to date. There are advan-
tages to updating the reference count information accumu-
lated in the RS set. Firstly, the mutator/mutator
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Figure 2 The Proposed Multithreaded Concurrent Generational Garbage Collection Algorithm (MCGC)
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synchronization on updating the reference count can be
removed nicely. Secondly, the reference count would not
be sticky soon because any local references to an object
will vanish without overflowing it. However, the marker
may not be able to identify a zero-reference-count object
as garbage without updating reference counts in all the
RS set's. This is true because some mutator may hold a
reference to it. Therefore, some objectsin the garbage list
may be resurrected later. By the time all the RS set's
being verified, the garbage list contains true garbage. It is
interesting but not a problem in the MCGC algorithm.

An object is allocated as mutator color and appended
to the mutator_list (Line 6 in Figure 2). To avoid concur-
rent appending of objects to the mutator_list, each mutator
is associated with a separated mutator list. However,
objects in the mutator_list may be removed by the marker
if they become garbage. The synchronization can be
reduced by applying alock on removing the head object in
the list. Removing objects is safe because the mutator
always inserts objects right after the head object. On the
other hand, the mutator also logs the reference count
update information and rescanning objects into its own
RS set. These RS set's are then handled by the marker.

The marker starts marking the root set (Line 7 in Fig-
ure 2), removes live objects from the marker_list and
appends live objects to the marker_live list. The
marker_list and the marker_live list are operated only by
the marker and their operations require no synchroniza-
tion. At the same time, the sweeper is sweeping objects
back to the system lists (Line 8 in Figure 2). The sweeper
traverses objects in the sweeper_list and polls the locks
associated with the bins to cooperate with the mutator.
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Since the sweeper_list is only seen by the sweeper, it
involves no synchronization. Moreover, the sweeping time
would not be too long because the garbage objects are in
the sweeper_list that avoids scanning the whole heap.

When the marker and the sweeper finish (Line 9 in
Figure 2), the mutators are suspended one by one and their
RS set's are examined that including reference count
update and rescanning live objects or garbage. The RS set
ispassed to alocal structure of the marker (Line 13 and 14
in Figure 2) while a mutator is suspended. Before resum-
ing the mutator, the RS set is nullified (Line 14 in Figure
2). The marker then marks objects on the RS set and puts
live ones into the mark_live list and garbage onesinto the
garbage list where the loca RS set, the mark_live list
and the garbage list are used only by the marker and
require no synchronization. Eventually, this mutator is
suspended until its RS set is empty and the epoch ends
when all the RS set's are empty. It is worth noting that the
RS set can be smply implemented as single word struc-
ture where the 2 least significant bits are used to store the
reference count update information due to the 4-byte
memory alignment.

During the examination of the RS set's (Line 10 - 18
in Figure 2), a garbage object in the garbage list may be
resurrected because of the asynchronous updating of the
reference count. However, this is not a problem because
the marker can remove the garbage from the garbage list
and append it back to the marker_live list without any
synchronization. Once the whole process finishes, the
garbage list is appended to the sweeper and the
garbage list is nullified (Line 19 and 20 in Figure 2).
Remark that all the mutators are suspended now. Finaly,
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the root sets are copied in preparation for the next epoch.
5. Conclusions

Currently, much effort has been spent on concurrent
garbage collection such as concurrent generational gar-
bage collector, very concurrent mark-sweep garbage col-
lection (VCGC) and hardware assisted garbage collectors.
The ultimate goal is to reduce the pause time while the
garbage collector is collecting garbage. In this paper, a
multithreaded concurrent generational garbage collection
(MCGC) agorithm has been proposed. The MCGC algo-
rithm can take advantage of multiple CPUsin a SMP sys-
tem or the merits of light-weight processes. Moreover, it
can be incorporated into hardware garbage collection sys-
tems such as the modified buddy system [2, 3] and other
garbage collectors that require identifying live objects
such as the hardware-assisted real-time garbage collector
[16].

The contributions of this work are threefold. First, the
proposed MCGC algorithm enhances the merits of the
mark-sweep algorithm, the reference counting approach
and the generational collection. Second, it requires no
explicit synchronization between the mutators and the
marker, between the mutators and the sweeper or between
the marker and the sweeper. Third, the new instruction can
be called by several mutators concurrently.
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