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Abstract
We predict that the ever-growing number of cores on our desk-
tops will require a re-examination of concurrent programming. Two
technologies are likely to become mainstream in response: Trans-
actional memory provides a superior programming model to tradi-
tional lock-based concurrency, while Concurrent GC can take ad-
vantage of multiple cores to eliminate perceptible pauses in desktop
applications such as games or Internet telephony. This paper pro-
poses a combination of the two technologies, producing a synergy
that improves scalability while eliminating the annoyanceof user-
perceivable pauses.

Specifically, we show how concurrent GC can share some of
the mechanisms required for transactional memory. Thus as trans-
actional memory becomes more efficient, so too will concurrent
GC. We demonstrate how, using a state of the art software trans-
actional memory system, we can build a state of the art concurrent
collector. Our goal was to reduce 90% of pause times to under one
millisecond. Of the remainder, we aim for 90% to be under 10ms,
and 90% of those left to be under 100ms. Our performance results
show that we were able to achieve these targets, with pause times
between one or two orders of magnitude lower than mainstream
technologies.

Categories and Subject Descriptors D.3.4 [Programming Lan-
guages]: Processors—Memory management (garbage collection)

General Terms Algorithms, Performance, Design, Experimenta-
tion, Languages

Keywords Transactional Memory, Strong Atomicity, Concurrent
Garbage Collection, Compiler Optimizations, Virtual Machines,
Transactional Integrity

1. Introduction
The computing industry has long been aware of Moore’s law. His-
torically, transistor densities have doubled at roughly eighteen-
month intervals; a trend allowing processor speeds to grow at a
phenomenal rate. However, additional transistors are beginning to
provide diminishing returns on the speed of monolithic processors.
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Additionally, power consumption is becoming a real concern, with
heat dissipation growing with chip complexity. It is clear that future
processor designs will take advantage of Moore’s law by adding
cores, rather than by ramping up clock speeds.

This is already occurring. Multiple cores are ubiquitous inthe
server market, and virtually all high volume desktops shipping to-
day contain at least two cores. If historical trends continue, we
can expect the number of cores in an average desktop machine to
double every few years. It is not hard to imagine a future desk-
top machine with hundreds or thousands of cores, and hardware
threads outnumbering software threads. Unfortunately, exploiting
these processor improvements will not be as simple as in the past.
Performance gains will come from application parallelism,rather
than CPU horsepower. This will lead to an evolution in program-
ming, as programmers develop means of introducing concurrency.

In this paper we discuss two major aspects of modern appli-
cation development: concurrency control and garbage collection.
Both will be affected by the rise of concurrent programming.How-
ever, we propose a synergistic combination of the two that will al-
low simple, high performance applications to be developed on fu-
ture architectures.

1.1 Concurrency

As the number of available CPU cores increases, applicationde-
velopers will use an increased degree of concurrency to exploit the
hardware’s potential. However, as the number of threads increases,
so too do the complexities of their interactions. We believethat cur-
rent lock-based concurrency control mechanisms will proveto be
inadequate when reasoning about large applications.

Transactional memory (TM) has been proposed as a simplified
model for shared-state threaded programming. Developers can rea-
son about their concurrent code as though it were running in iso-
lation of all other threads, with its effects performed atomically.
TM eliminates many of the common errors introduced by improper
locking, such as deadlock or data races. Strongly atomic transac-
tional memory[5] goes further, by making all memory access trans-
actional it eliminates many of the semantic problems observed in
weakly atomic systems.

We believe transactional memory to be a vital part of large-scale
concurrent application development. We assume that it willeven-
tually be commonplace, with hardware support under future archi-
tectures. And we assert that strong atomicity provides a superior
programming model to weak atomicity.

1.2 Garbage Collection

A second vital area of modern application development is garbage
collection. Until now, traditional stop-the-world techniques have



been effective in providing garbage collection to desktop applica-
tions. Such algorithms are simple to design and build, and can be
optimized to minimize disruption. However, as the number ofcores
in a system grow, pausing all threads in order to garbage collect is
no longer feasible. Pausing hundreds or thousands of threads has an
overhead of its own, which must be paid before any collectionwork
can begin. Parts of the garbage collector cannot be parallelized,
leading to a small number of threads working while hundreds sit
idle. And trends in memory sizes suggest that application heaps are
likely to grow, leading to longer pauses while the garbage collector
scans for references.

There exists an opportunity to exploit the large number of cores
on our target platforms for the benefit of the garbage collector. We
propose a concurrent GC algorithm that requires that application
threads be paused individually and only briefly, and performs the
majority of the work concurrently with the application.

1.3 Synergy

At face value, garbage collection and transactional memoryappear
to be disparate concepts. However, on closer inspection we can see
that they share underlying mechanisms. A concurrent garbage col-
lector must be aware of the interactions between application threads
and objects undergoing collection. Similarly, a transactional mem-
ory system must track interactions between application threads and
objects to detect violations of transactional integrity, when multi-
ple threads access a single object. We can leverage this overlap to
reduce the costs of concurrent garbage collection in a system with
strongly atomic transactional memory.

1.4 Targets

In this work, we target future desktop architectures. Such pro-
cessors will have tens, hundreds, or thousands of cores, andmay
have support for transactional memory built into the hardware.
We expect these future machines to have strongly atomic trans-
actional memory mechanisms embedded throughout the software
stack, from the operating system to the applications.

We target desktop applications. While the garbage collection al-
gorithm we present runs concurrently with user threads and offers
low pause times, we do not make hard real-time guarantees. Our
goal in this work is to provide soft real-time, where 90% of appli-
cation pauses take less than a millisecond. Of the remainder, we
aim for 90% to take less than ten milliseconds and 90% of those
left to take less than 100 milliseconds. While this is not sufficient
for hard real-time applications such as sensor monitoring or mili-
tary uses, it is more than adequate for standard desktop programs
such as games, telephony, or multimedia players.

1.5 Contributions

The major contribution we present in this paper is the synergistic
combination of two rapidly evolving technologies. Additionally, we
combine classic tri-color garbage collection marking algorithms,
low pause time algorithms and termination guarantees with anovel
transactional copying and read barrier algorithm.

We have implemented our system using a high-performance
Software Transactional Memory (STM) infrastructure. We discuss
some of the optimizations performed by the JIT compiler, and
present the results of an extensive performance study.

2. Transactions As Concurrency Control
As programmers turn their attention to exploiting multi-cored ar-
chitectures, the issue of concurrency control will come to the fore-
front. Designing robust, correct and efficient concurrent applica-
tions is a notoriously difficult problem. Critical sectionsof code and
data structures must be guarded to prevent race conditions,while

over-synchronization can stifle performance; misplaced locks can
force the program to execute serially, losing all advantages of the
architecture. Lock acquisition must be carefully controlled to avoid
deadlock. And all the locking policies and behaviors must becodi-
fied in such a way that the application can be safely modified years
later, possibly by completely different teams of developers.

We believe that the concurrency control mechanisms now avail-
able to programmers will prove insufficient for the widespread
development of highly concurrent applications. As an alternative,
transactional memory offers a simplified mechanism throughwhich
concurrency can be expressed. Programmers need simply declare a
section of code to be atomic, and the runtime system ensures that
the operations performed within occur in isolation from allother
transactions.

2.1 Transactional Integrity

We define transactional integrityto mean that transactions are
atomic, consistent, and run in isolation. With weak atomicity,
the programmer must explicitly mark potentially racy memory
accesses as transactional to maintain transactional integrity. The
alternative is strong atomicity, where it is the responsibility of the
system to maintain transactional integrity perhaps by considering
all memory accesses to take place transactionally. It is easy to com-
pare this with referential integrity; in a malloc/free system it is the
responsibility of the programmer to maintain referential integrity
while in a garbage collected system it is the responsibilityof the
runtime.

3. The Concurrent Garbage Collector
Our concurrent garbage collection algorithm is based upon the
Sapphire collector [17]. However, we are able to improve upon this
algorithm through use of our transactional memory infrastructure.

3.1 Memory Organization

We view the application’s memory space as containing three re-
gions:

• Uncollected. A region of memory that will not be collected
in a given garbage collection cycle. This space is also used
to allocate metadata required by the VM. Allocation during
concurrent garbage collection occurs in this region.

• Collected. The portion of the heap that is subject to collection
in a given garbage collection. All data in the collected areais
guaranteed to take the form of objects, including all application
objects. The collected area is further broken down into fixed-
sized blocks, which can be collected individually.

• Stacks. Each thread has a private stack, which contains no
objects. Thread local structures such as read and write setsare
also in this region, though they may not be on the actual runtime
stack.

3.2 The Garbage Collector Phases

The garbage collection algorithm is divided into four majorphases,
each of which runs concurrently with the application.

3.2.1 The Mark Scan Phase

The mark scan phase implements a concurrent marking algorithm.
We describe the algorithm in terms of the traditional tri-color ab-
straction [11];whiteobjects have yet to be seen by the marker,gray
objects have been seen but not yet scanned, andblackobjects have
been fully scanned. We maintain the invariant that a black object
may not point to a white object; the act of blackening an object
ensures that all referenced objects are at least gray.



Before the mark phase commences, all objects in the Collected
region are white. Prior to any marking, we install the mark phase
write barrier. This barrier ensures that the mark phase invariant is
maintained; should an application thread attempt to install a pointer
to a white object into a field of a black object, the white object is
first set to gray. An additional effect of this barrier is thatnewly
allocated objects are considered to be black. Any pointers written to
a new object (including initialization data) are caught by the write
barrier, and referenced objects are marked gray.

During the mark phase, each thread is paused individually while
its Stack region is scanned. All objects in the Collected region
that are reachable from a given Stack region are colored gray, and
the thread is restarted. At this point we consider the slots in the
newly scanned Stack to be black. By blackening all gray objects, we
perform a full traversal of the live objects in the Collectedregion.

The final step is to ensure that no white objects have been stored
in the Stack region during copying. Since there is no read barrier
in place during this phase, it is possible that a concurrently running
application thread could have loaded a reference to a white object
which could then be missed by the marking. We check for this by
pausing each thread individually, and scanning its Stack region,
graying any white objects we find. We iterate over this process
until no white objects exist on any thread’s Stack. Section 3.3
demonstrates the correctness of this method.

3.2.2 The Copy Phase

The copy phase evacuates live objects from selected blocks in the
Collected region, allowing these blocks to be reclaimed. Not all
blocks are selected for copying at every garbage collection; in the
worst case all objects in the heap may be reachable, so it is neces-
sary that space be allocated to store all objects that may be copied.
To minimize the space overhead of this copy reserve, we copy ob-
jects from only a small part of the heap at once. We designate the set
of blocks to be copied as the Collected region. Objects are copied
to the copy reserve, which resides in the Uncollected region.

When an object has been copied, a forwarding pointer is in-
stalled in its header (see Section 4.2.1). Read and write barriers are
required to ensure that the concurrently-running application threads
observe only the most recent version of the object, whether in the
Collected or the Uncollected region. The read barrier simply checks
for the existence of a forwarding pointer, following it if necessary.
The write barrier operates on both pointers and scalars. In either
case it follows forwarding pointers prior to writing, but onpointer
writes it also updates the reference being written if it points to a
forwarded object.

The copy operation itself poses some difficulty in a concurrent
collector. There exists the possibility of a race between the collector
and an application thread, leading to a lost update. Our solution to
this problem is discussed in Section 4.2.2.

3.2.3 The Flip Phase

The third stage of a collection is the flip phase, where references
to Collected objects are systematically replaced with their newly-
copied equivalents. Since the application threads may still see ref-
erences that have not yet been flipped, it is necessary for theread
and write barriers from the copy phase to remain in place.

The flip phase follows a similar protocol to the mark phase;
first the Stack regions of each application thread is flipped,then
all references in the Collected and Uncollected regions areflipped,
and finally the Stack regions are flipped again to ensure that any
remaining unflipped references are caught.

Once the flip phase terminates, the barriers are no longer re-
quired. All references in the system point to valid objects and, after
some maintenance tasks, the garbage collection cycle is complete.

3.3 Ensuring Mark and Flip Phase Termination

We must ensure that all live objects are reached during the tracing
phases of the garbage collector. This may be difficult in the face
of concurrent application threads; standard tracing techniques do
not account for references being copied and overwritten during the
scan. Our collector traces the heap in both the mark and the flip
phases. Since the mechanism used to ensure that all references are
seen is equivalent in both phases, we describe here the mark phase.

The correctness issue arises because there are no read barriers
on Stack accesses. It would be possible for a thread to read a
reference to a white object after its stack was scanned. If this was
the only reference to a live object, it would be missed by the mark
phase and so be a candidate for collection. We avoid this problem
by scanning each thread’s Stack region several times, untilwe can
guarantee that all live objects have been marked.

Each application thread is paused individually, and its Stack
region is scanned. If no unmarked references are found during an
during a complete iteration of the threads, we conclude thatthere
are no reachable white objects, and the phase ends. If there are any
references to white objects, we restart the thread and scan those
objects. We repeat this process until no unmarked references are
found during a complete iteration of all the threads. For a proof
that this termination algorithm is correct and complete see[17].

3.4 Real Time

As research into real-time systems gains importance, it is impor-
tant to clearly state the level of real-time guarantees a concurrent
garbage collector is prepared to make. The concurrent garbage col-
lector described here implements soft real-time; we aim to ensure
that 90% of pauses take less than a millisecond. However, we do
not guarantee absolute predictability, making the collector unsuit-
able for hard real time applications.

We also do not make guarantees about the timing of the pauses.
Indeed, pauses in our system occur at irregular intervals, since ap-
plication threads are paused only when the garbage collector is run-
ning. For much of the application’s run time, it will experience no
garbage collection pauses at all. Additionally, our garbage collec-
tor causes some variability in application thread performance due
to the barriers executed at various points in the collection.

4. Implementation
4.1 Software Transactional Memory

This work is built upon a high-performance software transactional
memory infrastructure for Java. Our base system [1, 24] extends
Java with anatomic language construct for declaring a code block
as transactional. To support this, the modified just-in-time (JIT)
compiler specially handles transactional control flow, inserts bar-
riers for transactional and non-transactional memory accesses, and
optimizes these operations to reduce overheads. Additionally, the
modified virtual machine adds a transaction record field to the
header of every object in the heap and creates separate transactional
and non-transactional versions for each method. The base system
uses the McRT-STM [22] runtime underneath, which implements
optimistic concurrency control using versioning [19] for reads and
strict two-phase locking [10] and eager versioning for writes.

4.1.1 Data Structures

An object in our base transactional memory system can be in one
of two states; a shared object can be read by any transaction,
while an exclusive object is available only to a single transaction.
The status of an object is determined by the transaction record
field in its header. A shared object’s transaction record contains
a version number (ending with a 1). An exclusive object’s field
contains a reference to the transaction descriptor data structure of



the owning transaction. In this way, whether the object is shared
can be determined by inspecting a single bit. All objects areshared
by default.

An object becomes exclusive as the result of a transactional
write operation, and remains in that state until the transaction com-
pletes. When a write instruction appears in a transaction, it first
checks the status of the target object. If the object is in theexclu-
sive state and the current transaction is the owner, no further action
is necessary. If another transaction is the owner, a conflicthas oc-
curred and the transaction must fall back to the contention manager.
If the object is in the shared state, the transaction atomically inserts
a reference to its transaction descriptor. It then logs the object’s
address and current version number in its write log.

The object remains in its exclusive state until the owner transac-
tion completes, either through committing or aborting. If the trans-
action commits, any modifications to the object become permanent,
and the object’s version number is increased. Otherwise, all modifi-
cations are undone, and the version number remains the same.The
object is released back to a shared state by replacing the transaction
record pointer with the appropriate version number.

This version number protocol allows the TM system to deter-
mine whether an object has been modified in a given interval. When
a shared object is first read by a transaction, its address andversion
number is stored in that transaction’s read log. When the transac-
tion attempts to commit, the read log is scanned and all version
numbers are checked against the logged values. If an object has
been modified since it was read or if it is in exclusive state, the ver-
sion numbers do not match, and so the transaction cannot commit.

4.1.2 Strong Atomicity

The version number protocol provides a means of ensuring that two
transactions do not conflict on a given object. However, it makes
no guarantees regarding non-transactional threads. If a thread does
not observe the correct protocol when performing writes, itwould
be possible for it to modify an exclusive-mode object, causing the
transactional code to read an incorrect value. Similarly, anon-
transactional thread can read a value that has been modified but
not committed by ignoring the exclusive-mode lock.

Strong atomicity solves this problem by ensuring that all mem-
ory accesses maintain transactional integrity. Unlike transactions,
read and write barriers used outside of transactions do not constrain
compiler reordering. However, at runtime they effectivelyact as
single instruction transactions and are properly serialized with re-
spect to program transactions. Since they consist of a fixed code
sequence they can be heavily optimized by the JIT compiler.

Before writing to a field, a thread must place the relevant ob-
ject in exclusive mode. As described above, this involves replacing
the version number in the transaction record field. However,since
a strong atomicity transaction consists of a single write, it would be
wasteful to create a transaction record. Instead, we use an anony-
mous lock which does not require a full transaction record. Simi-
larly, it is not necessary to maintain a write log for a strongly atomic
transaction.

The invariants required to manage transactional memory are
maintained through the use of barriers inserted at every memory
access. There are two sets of barriers; those used for standard
transactional code, and those inserted around single instructions to
provide strong atomicity. These barriers are discussed in detail in
Section 5.

4.2 Concurrent Garbage Collection

Our current implementation is of concurrent, but not parallel,
garbage collection. That is to say that while the garbage collec-
tor runs simultaneously with the application threads, onlya single
garbage collection thread runs at any given time. During develop-

ment, we found that a single garbage collection thread is sufficient
to provide collection for the cores in today’s machines. However,
this will clearly not be the case in the future. To this end, our algo-
rithm was designed to handle multiple garbage collection threads,
and our implementation can easily be extended to make use of
them.

4.2.1 Forwarding Pointers

When an object is copied, a record must be maintained of its new
destination. In a stop-the-world collector, it is acceptable for this
forwarding pointer to overwrite part of the object body; no appli-
cation thread will see the invalidated object before all references to
it have been updated. This is not acceptable in a concurrent collec-
tor, where application threads may observe either the original or the
new copy.

To the states described in Section 4.1.1, exclusive and shared,
we add a third: forwarded. All accesses to an object must be aware
of the possibility that the version being observed is not thecanoni-
cal state, and take corrective action.

The encoding of these three states in the header of an object
poses some difficulty. The states must be changed in an atomic
action, to avoid races. For example, should two threads wantto
place an object in exclusive mode, it is essential that one fail. As a
result, all three states must be encoded in a single word, allowing
modification through an atomic compare and exchange operation.

(a) Shared

(b) Locked

(c) In transaction

(d) Forwarded

Figure 1. Transaction record states

The transaction record word is encoded as shown in Figure 1.
The transaction record of an object in shared mode contains the
object’s version number, as in Figure 1(a). This is the most common
case, and is the only bit-pattern in which the final bit is set,so
tests for shared mode objects are cheap. An anonymously locked
object, as in Figure 1(b), is in exclusive mode, but the contents of
the transaction record cannot be mistaken for an aligned pointer.
The final two cases, Figures 1(c) and 1(d), cannot be distinguished
by inspecting only the transaction record word. We can recognize
either of these cases if the lowest two bits of the transaction record
are clear. Since both transaction descriptor and forwarding pointers
refer to valid memory addresses, the contents of the transaction
record word can be safely dereferenced.



Figure 1(c) shows an object in exclusive mode with a transaction
descriptor pointer in its transaction record. The transaction descrip-
tor is not a heap-allocated object, and so does not have a standard
header. It is allocated in the Stack region, and is not under the con-
trol of the garbage collector. This allows the layout of the record
to be contrived to distinguish it from heap objects; the firstword of
a transaction descriptor was designed to contain non-aligned data
which cannot be confused for a pointer. This is in contrast tothe
first header word of an object on the heap, which is an aligned
pointer (Figure 1(d)). In this way, transaction descriptorand for-
warding pointers are distinguished.

4.2.2 Atomic object copying

A major difficulty in implementing concurrent copying garbage
collection arises when moving objects in the face of concurrent
updates. Figure 2 demonstrates how an update can be lost when
an object is copied.

Figure 2. Lost update problem

When copying an object, the GC must copy one word at a time.
Until all fields of the object have been copied, the new version is
not complete, and a forwarding pointer cannot be installed.When
the application thread attempts to write Field A, the modification
is performed on the old version. However, at this point field A
has already been copied, so the update is not reflected in the copy.
When the GC thread installs a forwarding pointer, The application’s
subsequent attempt to read Field A is redirected to the new location
of the object. The value read for Field A is the value as it stood
during the object copy, missing the update.

Using our transactional memory infrastructure, we are ableto
perform the object copy atomically. Each object copy operation can
be viewed as a transaction; a concurrent modification as described
above will cause the copy transaction to abort and to be retried later.

While performing object copying transactionally solves the lost
update problem, the overhead of a full transaction per object copied
would be prohibitive. Alternatively, were the copy phase tobe
wrapped in one or more long transactions, the likelihood of con-
flicts would greatly increase. Fortunately, we are able to tailor our
garbage collector implementation to make use of the transactional
memory infrastructure without paying the overhead associated with
full transactions.

Rather than creating a transaction per object copy, we can make
use of the version number stored in the object header. Beforethe
copy begins, we make a local copy of the contents of the transaction
record field. Should the lock bit in the transaction record beset,
we know that the object is currently in a transaction. In thiscase,
we fall back to the garbage collector’s conflict resolution strategy,
discussed in Section 4.2.3. Otherwise, the contents of the field is
known to be a version number, and the copy can continue.

The object is then copied field-by-field to the to-space. Since the
object is not locked during the copy, it is possible for another thread

in the system to modify the original during the copying process. If
this occurs, the two copies of the object will not match, and an
update will be in danger of being lost. However, since we insist on
strong atomicity, we will be aware of this modification. Whenwe
have completed the copy, the final step is to use an atomic compare
and exchange instruction to ensure that the version number at the
end of the copy operation matches our saved version number. If this
is the case, we install a forwarding pointer, referring to the new,
canonical, version of the object. If the version numbers differ, there
has been a write to the object during the copy operation, and the
copy is aborted. The copy may be retried, based upon the conflict
resolution strategy.

Figure 3. Lost update solution

Figure 3 shows the result of this system on the same sequence
of events as before. This time, when the application writes to Field
A, the transactional barrier increments the object’s version number.
When the GC thread has finished copying the fields, it compares
the current version number with that it has stored. Since thetwo
do not match, the forwarding pointer is not installed, and the copy
is aborted. Finally, the application is able to correctly read the new
value of Field A.

This mechanism for transactional object copying introduces
minimal overheads. There is no need to acquire locks, and the
metadata associated with a full transaction is not necessary. In the
majority of cases, where there is no conflict during a copy, the only
overhead beyond the copy routine of a stop-the-world collector is
the compare and exchange operation needed to check the version
number. Additionally, by pushing the resolution of conflicts onto
the garbage collector rather than the mutator code, we do nottrigger
application aborts. The garbage collector never locks an object or
increments a version number, ensuring that it will never cause a
conflict during a transaction’s commit phase.

4.2.3 Conflict Resolution

There are two sources of conflicts within the copy phase of the
concurrent garbage collector. An object can be locked before a
transaction begins, or an object can be modified during the copy
operation. In each case, we make the conscious effort to favor
the mutator over the garbage collector. The rational is thatit is
preferable for the garbage collector, running in the background of
a process, to perform additional work than it is for the application
to suffer performance degradation based on the layout of memory.

The currently implemented strategy for dealing with conflicts
is to simply spin until the conflict is resolved. This technique is
simple to implement and reason about and has proven effective in
our investigations to date. This is simply because there arevery few
conflicts to be resolved, so this basic mechanism does not produce
a noticeable slowdown.

It is likely, however, that this will not always be the case. As
the number of threads, both software and hardware increase,the



probability of conflicts will grow. In that case, such a simplistic
strategy will no longer suffice. By spinning for a limited time, then
pinning objects or pages if conflicts persist, the goal of preferring
the mutator can be maintained, while allowing the garbage collector
to make progress.

4.2.4 Pausing the Mutator

Since we aim to support highly responsive applications, it is impor-
tant to limit the length of any pauses to application threads. Addi-
tionally, since we target systems with many concurrent threads, we
aim to avoid stopping all threads simultaneously. We have designed
all application pauses with these goals in mind.

There are five circumstances in which threads must be paused:
during changes of garbage collector phase, at the start and end of
the mark phase, and at the start and end of the flip phase. We now
examine each of these pauses.

Phase Changes Since different barriers are required for each
phase of the garbage collector, it is necessary to ensure that the
correct barrier is active before it is required. We control this using
a global switch; barriers behave according to the status of avolatile
variable. To ensure that all threads are aware of the change in phase,
we pause and immediately restart each thread. This ensures that
every thread has passed a GC safepoint, and so we can guarantee
that the correct barrier is in place.

Each thread is paused four times during a garbage collection
cycle, but since no work is performed during the pause, its cost is
negligible. The GC only stops one thread at a time and restarts it
before moving on the next thread.

Mark Phase At the start of the mark phase, it is necessary to
gather all references to heap objects from the Stack regionsof
each thread. Each thread is paused individually while the garbage
collector scans the relevant data structures. In order to minimize
the pause time, we do not perform any processing on the referred
objects until the application thread has been restarted. Wesimply
record all pointers in the Stack region to be processed later. This
pause occurs once per GC cycle.

At the end of the mark phase, each thread must be paused again
in order to ensure that no unmarked objects remain in the system.
Each pause follows the same structure as the first mark phase
pause; a thread is suspended, its program stack and transactional
data structures scanned, and then restarted. While this pause may
occur several times in a given garbage collection cycle, thecount is
bounded and, in practice, tends to be low (see Section 7.3).

Flip Phase The pauses in the flip phase follow a similar pattern
to those in the mark phase; each thread is first paused to determine
the objects reachable from its Stack region, and then pausedagain
at the end until no unflipped pointers remain. However, more work
is required in this phase, as the pointers in the Stack regionmust be
flipped while the thread is paused.

Since flipping a slot involves examining the referred object,
threads are generally paused for longer during the flip phasethan
during the mark phase. However, we aim to keep even flip phase
pauses below the 1ms target. We refer the reader to [2] for tech-
niques that bound the amount of the stack work done at each pause.

4.2.5 Triggering the GC

While the garbage collector is designed to minimize pauses to
the mutator threads, its running can still affect application perfor-
mance. Barriers of varying complexity must be executed on all
memory accesses while the garbage collector is running, causing
some slow-down to application threads. We aim to minimize the
time during which the garbage collector is active, while still main-
taining sufficient available memory to fulfill allocation requests.

The simplest mechanism to ensure that memory is always avail-
able would be to have the garbage collector run continuously; when
one collection cycle ends, the next will begin. This will maximize
the memory available to the application at the expense of applica-
tion performance, which will suffer from the additional barriers.

A less costly heuristic, and the one used in our implementation,
is to trigger a collection when the available memory falls below
a given threshold. We have found that a reasonably conservative
threshold ensures that the application does not run out of memory,
while substantially cutting down on the number of garbage collec-
tions required. Additionally, while a simple threshold hasproved
sufficient for our purposes, it is possible that an adaptive scheme
that monitors the application’s allocation rate could provide similar
availability qualities while further reducing the number of collec-
tions required.

We also take advantage of the fact that the whole heap is not
subject to copying during a garbage collection. We are able to
dynamically select which blocks will make up the Collected region
at each collection, deciding after the mark phase, but before the
copy phase. This allows the garbage collector to make an informed
choice on which blocks will yield the highest ratio of garbage
objects.

5. Read and Write Barriers
Both transactional memory and our concurrent GC require read
and write barriers. The transactional memory system uses read and
write barriers to enforce specific memory access protocols.Weakly
atomic STMs isolate transactions only with respect to othertransac-
tions and, thus, require barriers only in transactional code. Strongly
atomic STMs provide full isolation of transactions - both from
transactional and non-transactional code, and, thus, require barriers
in both transactional and non-transactional code. Concurrent GC
needs barriers during copy and flip phases to find the correct ver-
sion of the object through the forwarding pointer. Our system com-
bines the barriers and, thus, imposes little additional overhead to
support concurrent GC compared to the underlying strongly atomic
STM without such support.

The combined barrier exploits similarities between transac-
tional and GC barriers and eliminates duplication of the operations
common to both barriers. For example, a standard transactional
read barrier for reads inside a transaction locates transaction record
for the object, checks that it is a version number (indicating that
object is in shared state and can be read) and then records the
address of transactional record and its value in the read set. If it
detects that transaction record is in exclusive state it invokes a
contention manager that either waits for the transaction record to
become available (potentially by asking the transaction that owns
the transaction record to abort) or aborts the current transaction.
Note, that if the object is forwarded its transactional record is lo-
cated in the forwarded rather than original object, so transactional
barrier has to follow forwarding pointer to locate the transaction
record. A GC read barrier also follows the forwarding pointers;
it locates the forwarded object and then reads the field from that
object. The combined barrier eliminates duplication of following
the forwarding pointers. It finds the forwarded object when looking
for the transaction record and then uses that object for the read.
This optimization is legal even if object gets forwarded in between
of locating transaction record and reading the object field.During
validation the transaction will detect that the object was forwarded
and use the transaction record in the forwarded object to determine
if the transaction validates. The combined barriers for transactional
writes and non-transactional reads and writes operate in a similar
way. They locate the forwarded object during the transactional part
of the barrier and then use that object for read or write. In accor-



dance with the requirements of our GC algorithm, the barriers for
pointer writes also follow forwarding pointers.

Our base transactional memory system uses aggressive com-
piler optimizations to reduce the overhead of the read and write bar-
riers. It explicitly represents the barriers in the programintermedi-
ate representation and then applies both traditional and novel opti-
mization to eliminate redundant barriers. For example, it eliminates
redundant barriers generated due to multiple accesses to the same
object (the barrier representation in the IR is designed in such a way
that this elimination is handled by standard common subexpression
elimination). It also eliminates barriers on the fields thatit finds
immutable (such as final fields) or local (such as fields of objects
allocated in a transaction). We extend this approach to combined
barriers - we represent them in the IR as special openCopyForRead
and openCopyForWrite operations that return the forwardedob-
ject and let the compiler optimizations take care of redundancies.
In some situations, the rules for eliminating combined barriers are
exactly the same as the rules for eliminating transactionalbarriers.
For example, we do not need either barriers for reads from thefinal
fields because these fields cannot be written by another thread and
have the same value in the original and forwarded object. Butthere
are notable differences. For example, memory accesses to thread
local objects do not require transactional barriers, but still need GC
barriers. In such cases, instead of barrier elimination we do barrier
simplification, where we replace the combined barrier by a lighter
weight GC barrier.

Both our concurrent GC system and the base transactional mem-
ory system inline the fast paths of the read and write barriers into
compiler-generated code. We carefully engineered the transaction
record encoding so that the fast paths of transactional and combined
barriers are identical for all accesses except for reference writes. A
standard transactional barrier starts from checking if thetransac-
tion record is in the shared state, that is if its value is an odd num-
ber. In our system this check also detects the fact that the object is
not forwarded (forwarding pointer is properly aligned and is, thus,
even). In this case, the existing fast path of the transactional bar-
rier provides the correct functionality because the memoryaccess
to non-forwarded object does not require GC barrier. If the object
is forwarded, the execution follows the non-inlined slow path.

6. Related work
Herlihy and Moss [15] coined the term transactional memory and
proposed hardware to implement it. Knight [18] proposed hardware
to implement futures that had many of the same characteristics.

Shavit et. al. [23] introduced the term software transactional
memory where the user statically marked memory location in-
volved in transactions. Herlihy et. al. [14] and Marathe et.al. [20]
provided object-based STMs for Java while Fraser [9] provided an
object based STM for C. Like us, these system create object clones
during transactions and install the new copy when upon commit. A
crucial difference is that our copy operations does not modify the
object and is thus lighter weight.

Earlier STMs for managed environments treated garbage col-
lection in various ways. Harris et. al. [12] use a stop-the world
garbage collector to prevent version number overflow but otherwise
aborts transactions interrupt by garbage collection. Adl-Tabatabai
et. al [1] presented an STM that allowed transactions to persists
through garbage collection. Harris et. al. [13] presented aC# STM
system that further extends GC to compact STM log structuresby
removing entries that are redundant or represent unreachable ob-
jects thereby enabling larger transactions. Shpeisman et.al. [24]
presented strong atomicity extensions to our base STM and demon-
strated garbage-collection style traversal over objects to implement
dynamic escape analysis. In contrast, we explore synergiesbetween

STM and GC in the opposite direction. As far as we are aware, we
are the first to present a garbage collector that leverages STM.

Concurrent GC has a long and distinguished history. Dijkstra [8]
and Steele [11] presented the basic concurrent marking techniques
we now call the tri-color algorithm. Blackburn [4] showed that most
distributed GC algorithms can be decomposed into a GC algorithm
and a termination algorithm. The algorithms we present in our
concurrent setting have the same characteristic, and the termination
algorithms we use can be replaced without loss of generality.

Moss and Herlihy [16] in 1990, while also working on transac-
tions, proposed a collector that used multiple version of objects in
ways similar to what we do here. Private conversations with Moss
makes it clear that the invention of transactional memory was at
least at part a response to how to do concurrent GC.

We are most closely related to the Sapphire algorithm designed
by Hudson and Moss [17]. The mark, flip, and sweep phases borrow
heavily from this algorithm and therefore leverage the termination
arguments presented in their papers. The copy phase is different
and instead of maintaining dynamic consistency between different
versions of the same object we use the transaction read and write
barriers to locate the definitive object. The largest difference be-
tween the algorithms is that Sapphire relied only on write barriers
while we rely on both read and write barriers.

Azul’s Pauseless GC by Click et. al. [7] has many of the same
goals as our collector. Their read barrier is implemented inhard-
ware, while we piggyback on the software transaction mechanisms.
Such hardware support if coordinated with transactional hardware
support would likely improve the performance of our collector also.
The Pauseless collector is fully parallelized and nothing in our algo-
rithms prevents full parallelization. Once CMP desktops supports
tens or hundreds of cores, paralleling the GC will be appropriate.

Brooks [6] used a forwarding pointer to implement an efficient
read barrier that avoided conditional branches. Branch prediction
and out of order execution in current hardware date this engineering
trade-off somewhat but reduction of cache pressure is stilla concern
that we addressed using similar techniques.

Bacon et. al. [3] designed designed the Metronome Collectoras
a hard real time GC and uses similar read barrier data structures
as both Brooks and ourselves. Our algorithm is targeted at human
interactive desktop applications where soft real-time is amore
appropriate trade-off. The biggest difference is that Metronome
either runs on a single processor or apparently requires a stop
the world protocol to achieve their goals while we only stop a
single mutator thread at a time. The techniques we present could
be merged with theirs and a hard real time GC could be realized.

Pizlo et. al. [21] present an algorithm that uses of existinghard-
ware features to achieve lockless real time behavior. Our algorithm
differs, leveraging the TM infrastructure to do object copying, and
potentially ameliorating mutator performance issues.

7. Experiments
7.1 Methodology

We aim to show that our garbage collector can improve the respon-
siveness of typical desktop applications. To this end, we have se-
lected a range of programs to demonstrate responsiveness.

The SPEC JVM98 suite consists of several single-threaded,
short-running applications which offer a reasonable approximation
to simple user tasks. We show results for all seven SPEC JVM98
benchmarks. All SPEC JVM98 benchmarks were run with a heap
size of 32Mb, which was judged to be appropriate and realistic for
applications of their size.

SPECjbb represents a heavier workload, with multiple user-
level threads. It uses a lock-based synchronization model.The re-
sults presented were gathered during the two-minute timingmea-



surement period of a three-warehouse execution. The heap size was
set to 1024Mb.

Atomicjbb is a modified version of SPECjbb which uses trans-
actional synchronization rather than locks. We ran Atomicjbb in the
same manner as SPECjbb, using three warehouses and a heap size
of 1024Mb. Again, results were gathered during the two-minute
timing run.

Finally, AtomicTSP and AtomicOO7 are small transactional
workloads. AtomicTSP implements a Traveling Salesman Prob-
lem solver, while AtomicOO7 is a synthetic design database bench-
mark. These applications provide an approximation of simple trans-
actional user tasks. All numbers were gathered on a Dell Precision*
490 with 2 x 3.0 GhZ XeonR©5160 (total of 4 cores) with 2 GB of
RAM running Microsoft Windows* Server 2003.

7.2 Pause Times

The primary goal of this garbage collector is to leverage transac-
tional memory and multi-cored processors to minimize disruption
to user applications. We measure this by pause times; the shorter the
pause, the less disruption to the application. We define the length
of each pause to last from just before a given thread is suspended to
just after it is resumed. Each pause interval applies to exactly one
thread; our system does not pause multiple threads simultaneously,
as doing so would increase the work required and so the pause time.

In Figure 4 we show the distribution of pause times for each
benchmark. Each bar in a histogram represents a 10ns bucket.The
x-axis scale only covers pauses up to 2ms; representing all pauses
would require a higher measurement granularity, obscuringdetail at
the low end. Figure 5 indicates the distribution of outlyingvalues.

In general, the histograms demonstrate the properties we aimed
to achieve. Each histogram has a sharp peak for pauses between
zero and 10ns; this is expected, as the garbage collection algorithm
requires that each thread be paused briefly to transition between
phases (as described in Section 4.2.4). While these pauses are
small, they do account for disruption to the application thread, and
so are relevant to this metric.

The SPEC JVM98 benchmarks (Figures 4(d) to 4(j)) are rep-
resentative of the many short-running applications that a desktop
user will run. In six of these applications, all pauses take less than
1ms; the remaining application,213 javac, had two pauses over
this limit, both of which were less than 1.2ms. This demonstrates
the level of responsiveness expected, even in trivial applications.

Figure 4(k) shows the pause times for SPECjbb. This data was
gathered during the timing run of the benchmark, representing the
steady state performance of a large, multi-threaded application.
Such applications are also seen on the desktop, in the form of
games or multimedia players. As can be seen, the performance
characteristics for large applications are similar to those for small,
with 98.8% of pauses lasting for less than half a millisecond.

Figure 4(l) shows the breakdown of all pauses over all bench-
marks. This figure is not derived from the other graphs; it simply
totals the pauses from the raw output of the benchmarks. As a re-
sult, it is representative of the overall expected performance on a
desktop machine. As can be seen, virtually all pauses (98.9%) take
less than one millisecond. Further, 96.9% of all pauses are of less
than half a millisecond, significantly beating our goal.

Aside from keeping the majority of pauses below 1ms, we
also aim to minimize the outlying pauses. Keeping 99% of pauses
within a millisecond will offer little consolation if the remaining
1% cause applications to stall for a noticeable time. While we do
not aim to provide hard real-time, we do want our garbage collector
to be usable under reasonable circumstances. Figure 5 indicates the
breakdown of pauses by length category. As mentioned, only one of
the SPEC JVM98 benchmark applications has any pauses greater
than a millisecond. SPECjbb, despite being a larger and longer-

Benchmark <1ms 1..10ms 10..100ms >100ms
201 compress 100.0% 0.00% 0.00% 0.00%

202 jess 100.0% 0.00% 0.00% 0.00%
209 db 100.0% 0.00% 0.00% 0.00%

213 javac 99.43% 0.57% 0.00% 0.00%
222 mpegaudio 100.0% 0.00% 0.00% 0.00%

227 mtrt 100.0% 0.00% 0.00% 0.00%
228 jack 100.0% 0.00% 0.00% 0.00%
SPECjbb 99.72% 0.14% 0.14% 0.00%

AtomicOO7 100.0% 0.00% 0.00% 0.00%
AtomicTSP 100.0% 0.00% 0.00% 0.00%
Atomicjbb 85.00% 12.50% 2.14% 0.36%

Total 98.92% 0.85% 0.21% 0.02%
Goal ≥ 90.00% ≤ 9.00% ≤ 0.90% ≤ 0.1%

Figure 5. Pause time percentages

running application, has no pauses of more than 100ms, and only
very few in the 1 – 100ms range.

Atomicjbb is the only application that does not meet our pause
time goals. It has one pause of greater than 100ms, while the
number of pauses in other categories are outwith the target ranges.
This is most likely attributable to the number of long-running
transactions. As discussed in Section 4.2.4, both the mark and flip
stages require that each thread’s Stack region is scanned. In non-
transactional applications, this refers simply to the objects in the
Java stack, as well as some metadata. However, transactional code
must also provide references from the read and write logs that
reside in the Stack region. As transactions touch memory, these data
structures grow and so take longer to be scanned. It is likelythat
future redistribution of transactional memory responsibility from
software to hardware will greatly improve the efficiency of this
scanning, and so reduce these pause times.

7.3 Pause Frequency

During the discussion of the garbage collection algorithm in Sec-
tion 3.3 there was the question of ensuring that all reachable objects
had been marked or flipped, depending on the phase. The solution
involved pausing each thread repeatedly until no white references
remained. This introduces an element of non-determinism into the
number of pauses in each garbage collection cycle.

Clearly, it is desirable that the application threads experience
as few pauses as possible. Figure 6 provides the average number
of pauses per application thread in each phase of the collection.
These numbers do not include the necessary brief pause required
when changing phase. However, they do include every other pause
within the phase, including the initial scanning of the rootset.

Generally, more pauses are required during the mark phase
than during the flip phase. This may be because the copy and
flip phase barriers automatically update unflipped references in the
heap, meaning that few unflipped references are stored in theStack
regions. A general trend that can be seen in Figure 6 is that applica-
tions with more threads take longer to converge than those with few
threads. This is to be expected, since the act of scanning multiple
threads allows more time for unmarked or unflipped references to
arrive on the stack. However, it can be seen that the average num-
ber of pauses is low, meaning that the termination algorithmis not
likely to significantly disrupt application performance.

7.4 Barriers

The garbage collection algorithm requires that special barriers be
present during the various collection phases. As these barriers are
more heavyweight than those required by the transactional memory
system alone, it is desirable to minimize the time during which
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Figure 4. Pause times

they are in effect. Figure 7 shows the percentage of time thatthe
various barriers are in effect. The interval is measured from when
the first thread is paused to observe the phase change until the first
thread is paused for the subsequent phase change. There is some
small overlap of barriers as each thread is paused individually.
However, this overlap time, when considered as a percentageof
the application’s run time, is insignificant.

It can be seen that, even for applications with short run times,
the percentage of time in which garbage collection barriersare
enabled is very small. The copy phase barrier is in place for the
shortest time, due to the policy of collecting only a small fraction
of the heap in any garbage collection cycle. As a result, the copying
overhead is small. The mark and flip barriers must be enabled for a

longer period, since these phases must touch every reference in the
heap in order to ensure that no reachable objects are missed.

It should be noted that the garbage collection triggering strategy
described in Section 4.2.5 is relatively naı̈ve. By tuning this algo-
rithm, as well as the sections of the heap to be collected, it is likely
that the barrier usage could be decreased further.

8. Conclusion
In this paper we have presented a synergistic combination of
strongly atomic transactional memory and concurrent garbage col-
lection. Our GC algorithm makes use of the transactional memory
mechanisms to avoid errors when copying objects, and the JIT
compiler combines the GC and TM barriers to improve efficiency.



Benchmark Mark Phase Flip Phase Total
201 compress 2.00 2.00 4.00

202 jess 2.60 2.00 4.60
209 db 2.00 2.00 4.00

213 javac 2.67 2.00 4.67
222 mpegaudio 2.00 2.00 4.00

227 mtrt 3.70 2.90 6.60
228 jack 2.05 2.00 4.05
SPECjbb 5.64 2.67 8.31

AtomicOO7 3.58 2.00 5.58
AtomicTSP 2.00 2.00 4.00
Atomicjbb 4.00 2.00 6.00
Average 2.93 2.14 5.07

Figure 6. Average number of pauses per GC

Benchmark Mark Copy Flip Total
201 compress 0.19% 0.08% 0.26% 0.53%

202 jess 0.91% 0.37% 1.18% 2.45%
209 db 0.43% 0.14% 0.44% 1.00%

213 javac 0.82% 0.17% 0.82% 1.81%
222 mpegaudio 0.22% 0.08% 0.27% 0.57%

227 mtrt 1.81% 0.61% 2.02% 4.44%
228 jack 0.77% 0.36% 0.58% 1.71%
SPECjbb 1.27% 0.27% 1.02% 2.56%

AtomicOO7 0.04% 0.01% 0.03% 0.08%
AtomicTSP 0.51% 0.00% 0.00% 0.51%
Atomicjbb 1.37% 0.52% 2.39% 4.28%
Average 0.76% 0.24% 0.82% 1.81%

Figure 7. Percentage of execution with barriers enabled

We aimed to demonstrate that 90% of pauses caused by our
garbage collector lasted for less than a millisecond. Of theremain-
der, we looked for 90% to be under 10ms, 90% of those remaining
to be under 100ms, and so forth. Our experimental results showed
that, over all workloads, we met those targets. Indeed, we far ex-
ceeded them, with 98.82% of all pauses taking less than a millisec-
ond and 96.9% of all pauses taking less than half a millisecond.
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