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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 programgmiTwo
technologies are likely to become mainstream in responsaist
actional memory provides a superior programming modeladitr
tional lock-based concurrency, while Concurrent GC cae &
vantage of multiple cores to eliminate perceptible pausdssktop
applications such as games or Internet telephony. Thisrpape
poses a combination of the two technologies, producing argyn
that improves scalability while eliminating the annoyanteiser-
perceivable pauses.

Specifically, we show how concurrent GC can share some of
the mechanisms required for transactional memory. Thusaas-t
actional memory becomes more efficient, so too will conaurre
GC. We demonstrate how, using a state of the art software-tran
actional memory system, we can build a state of the art comaur
collector. Our goal was to reduce 90% of pause times to unaer o
millisecond. Of the remainder, we aim for 90% to be under 1,0ms
and 90% of those left to be under 100ms. Our performancetsesul
show that we were able to achieve these targets, with pauss ti
between one or two orders of magnitude lower than mainstream
technologies.

Categories and Subject Descriptors D.3.4 [Programming Lan-
guage§ Processors—Memory management (garbage collection)

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

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

1. Introduction

The computing industry has long been aware of Moore’s laws- Hi
torically, transistor densities have doubled at roughlghtgen-
month intervals; a trend allowing processor speeds to grow a
phenomenal rate. However, additional transistors arenbétg to
provide diminishing returns on the speed of monolithic pssors.
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Additionally, power consumption is becoming a real concerith
heat dissipation growing with chip complexity. Itis clehat future
processor designs will take advantage of Moore’s law by ragldi
cores, rather than by ramping up clock speeds.

This is already occurring. Multiple cores are ubiquitoughia
server market, and virtually all high volume desktops simigo-
day contain at least two cores. If historical trends corgjmwe
can expect the number of cores in an average desktop machine t
double every few years. It is not hard to imagine a future desk
top machine with hundreds or thousands of cores, and hagdwar
threads outnumbering software threads. Unfortunatelyloéing
these processor improvements will not be as simple as inake p
Performance gains will come from application parallelisather
than CPU horsepower. This will lead to an evolution in progra
ming, as programmers develop means of introducing conacyre

In this paper we discuss two major aspects of modern appli-
cation development: concurrency control and garbage ataile
Both will be affected by the rise of concurrent programmidgw-
ever, we propose a synergistic combination of the two thhtalvi
low simple, high performance applications to be developedue
ture architectures.

1.1 Concurrency

As the number of available CPU cores increases, applicatin
velopers will use an increased degree of concurrency toitpe
hardware’s potential. However, as the number of threadeases,
so too do the complexities of their interactions. We belidnag cur-
rent lock-based concurrency control mechanisms will priovbe
inadequate when reasoning about large applications.

Transactional memory (TM) has been proposed as a simplified
model for shared-state threaded programming. Develojaersaa-
son about their concurrent code as though it were runningdn i
lation of all other threads, with its effects performed aiatty.
TM eliminates many of the common errors introduced by improp
locking, such as deadlock or data races. Strongly atomitsae
tional memory[5] goes further, by making all memory accesss-
actional it eliminates many of the semantic problems olexbim
weakly atomic systems.

We believe transactional memory to be a vital part of larcples
concurrent application development. We assume that iteviin-
tually be commonplace, with hardware support under futuchia
tectures. And we assert that strong atomicity provides @rsop
programming model to weak atomicity.

1.2 Garbage Collection

A second vital area of modern application development ibage
collection. Until now, traditional stop-the-world teclkjies have



been effective in providing garbage collection to desktppliaa-
tions. Such algorithms are simple to design and build, amdbea
optimized to minimize disruption. However, as the numberaes
in a system grow, pausing all threads in order to garbageadh
no longer feasible. Pausing hundreds or thousands of thiesian
overhead of its own, which must be paid before any colleatiork
can begin. Parts of the garbage collector cannot be pazaikl
leading to a small number of threads working while hundretls s
idle. And trends in memory sizes suggest that applicati@pbare
likely to grow, leading to longer pauses while the garbadkector
scans for references.

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

1.3 Synergy

At face value, garbage collection and transactional merappear
to be disparate concepts. However, on closer inspectiorawaee
that they share underlying mechanisms. A concurrent garbalg
lector must be aware of the interactions between applicétieads
and objects undergoing collection. Similarly, a transawl mem-
ory system must track interactions between applicatiogettis and
objects to detect violations of transactional integrithem multi-
ple threads access a single object. We can leverage thisjpver
reduce the costs of concurrent garbage collection in asysiith
strongly atomic transactional memory.

1.4 Targets

In this work, we target future desktop architectures. Suat p
cessors will have tens, hundreds, or thousands of coresnagd
have support for transactional memory built into the hamwa
We expect these future machines to have strongly atomis-tran
actional memory mechanisms embedded throughout the geftwa
stack, from the operating system to the applications.

We target desktop applications. While the garbage coliaatl-
gorithm we present runs concurrently with user threads #ietso
low pause times, we do not make hard real-time guaranteas. Ou
goal in this work is to provide soft real-time, where 90% opkyp
cation pauses take less than a millisecond. Of the remainger
aim for 90% to take less than ten milliseconds and 90% of those
left to take less than 100 milliseconds. While this is nofisight
for hard real-time applications such as sensor monitoringit-
tary uses, it is more than adequate for standard desktopgmsg
such as games, telephony, or multimedia players.

1.5 Contributions

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

We have implemented our system using a high-performance
Software Transactional Memory (STM) infrastructure. \Wecdiss
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 multred ar-
chitectures, the issue of concurrency control will comentofore-
front. Designing robust, correct and efficient concurreppliza-
tions is a notoriously difficult problem. Critical sectioofscode and
data structures must be guarded to prevent race conditidnig

over-synchronization can stifle performance; misplacettdacan
force the program to execute serially, losing all advargagfethe
architecture. Lock acquisition must be carefully con&dlto avoid
deadlock. And all the locking policies and behaviors mustdodi-
fied in such a way that the application can be safely modifiedsye
later, possibly by completely different teams of develsper

We believe that the concurrency control mechanisms now-avai
able to programmers will prove insufficient for the widesme
development of highly concurrent applications. As an akléve,
transactional memory offers a simplified mechanism thraugich
concurrency can be expressed. Programmers need simpirelecl
section of code to be atomic, and the runtime system enshiags t
the operations performed within occur in isolation from atther
transactions.

2.1 Transactional Integrity

We definetransactional integrityto mean that transactions are
atomic, consistent, and run in isolation. With weak atotyjci
the programmer must explicitly mark potentially racy meynor
accesses as transactional to maintain transactionalrityteghe
alternative is strong atomicity, where it is the resporisjbof the
system to maintain transactional integrity perhaps by idensg
all memory accesses to take place transactionally. It i teasom-
pare this with referential integrity; in a malloc/free systit is the
responsibility of the programmer to maintain referentigegrity
while in a garbage collected system it is the responsibdftyhe
runtime.

3. The Concurrent Garbage Collector

Our concurrent garbage collection algorithm is based upen t
Sapphire collector [17]. However, we are able to improverughis
algorithm through use of our transactional memory infrastire.

3.1 Memory Organization

We view the application’s memory space as containing theee r
gions:

e 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 cdbect
in a given garbage collection. All data in the collected asea
guaranteed to take the form of objects, including all apion
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 writegets
also in this region, though they may not be on the actual mmti
stack.

3.2 The Garbage Collector Phases

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

3.2.1 The Mark Scan Phase

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



Before the mark phase commences, all objects in the Callecte
region are white. Prior to any marking, we install the markagh
write barrier. This barrier ensures that the mark phaserigmiis
maintained; should an application thread attempt to ihastadbinter
to a white object into a field of a black object, the white objisc
first set to gray. An additional effect of this barrier is thmawly
allocated objects are considered to be black. Any pointettew to
a new object (including initialization data) are caught bg twrite
barrier, and referenced objects are marked gray.

During the mark phase, each thread is paused individualilewh
its Stack region is scanned. All objects in the Collectedareg
that are reachable from a given Stack region are colored gray
the thread is restarted. At this point we consider the slotthé
newly scanned Stack to be black. By blackening all gray abjece
perform a full traversal of the live objects in the Collectedion.

The final step is to ensure that no white objects have beeadstor
in the Stack region during copying. Since there is no readdrar
in place during this phase, it is possible that a concuryentining
application thread could have loaded a reference to a whjecb
which could then be missed by the marking. We check for this by
pausing each thread individually, and scanning its Stagione
graying any white objects we find. We iterate over this preces
until no white objects exist on any thread’s Stack. Sectidh 3
demonstrates the correctness of this method.

3.2.2 The Copy Phase

The copy phase evacuates live objects from selected blodkei
Collected region, allowing these blocks to be reclaimedt &lb
blocks are selected for copying at every garbage collectiothe
worst case all objects in the heap may be reachable, so itesne
sary that space be allocated to store all objects that maypied:
To minimize the space overhead of this copy reserve, we cbpy o
jects from only a small part of the heap at once. We desighatsst
of blocks to be copied as the Collected region. Objects apeedo
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 writeebaare
required to ensure that the concurrently-running appboahreads
observe only the most recent version of the object, whethéne
Collected or the Uncollected region. The read barrier sjrapecks
for the existence of a forwarding pointer, following it if cessary.
The write barrier operates on both pointers and scalarsittiere
case it follows forwarding pointers prior to writing, but pointer
writes it also updates the reference being written if it poito a
forwarded object.

The copy operation itself poses some difficulty in a conairre
collector. There exists the possibility of a race betweerctiilector
and an application thread, leading to a lost update. Outisalto
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 refezs
to Collected objects are systematically replaced withrthewly-
copied equivalents. Since the application threads mdyset ref-
erences that have not yet been flipped, it is necessary foette
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 flippleen
all references in the Collected and Uncollected regionslipmed,
and finally the Stack regions are flipped again to ensure that a
remaining unflipped references are caught.

3.3 Ensuring Mark and Flip Phase Termination

We must ensure that all live objects are reached during Huiny
phases of the garbage collector. This may be difficult in e f
of concurrent application threads; standard tracing tectas do
not account for references being copied and overwrittemduhe
scan. Our collector traces the heap in both the mark and e fli
phases. Since the mechanism used to ensure that all refsrare
seen is equivalent in both phases, we describe here the mask p

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

Each application thread is paused individually, and itiSta
region is scanned. If no unmarked references are found glarin
during a complete iteration of the threads, we conclude ttiere
are no reachable white objects, and the phase ends. If treemgn
references to white objects, we restart the thread and $wme t
objects. We repeat this process until no unmarked refeseare
found during a complete iteration of all the threads. For @opr
that this termination algorithm is correct and complete[4&¢

3.4 Real Time

As research into real-time systems gains importance, insoi-
tant to clearly state the level of real-time guarantees a@wwant
garbage collector is prepared to make. The concurrent garntal-
lector described here implements soft real-time; we ainmsuee
that 90% of pauses take less than a millisecond. However,ove d
not guarantee absolute predictability, making the calleansuit-
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 interviase aip-
plication threads are paused only when the garbage callisatian-
ning. For much of the application’s run time, it will expearze no
garbage collection pauses at all. Additionally, our gaebegllec-
tor causes some variability in application thread perforogadue
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 tratisaal
memory infrastructure for Java. Our base system [1, 24]nelste
Java with aratomic language construct for declaring a code block
as transactional. To support this, the modified just-ineti@IT)
compiler specially handles transactional control flowgeits bar-
riers for transactional and non-transactional memory sses and
optimizes these operations to reduce overheads. Addityptize
modified virtual machine adds a transaction record field ® th
header of every object in the heap and creates separatadtians|
and non-transactional versions for each method. The basersy
uses the McRT-STM [22] runtime underneath, which implersent
optimistic concurrency control using versioning [19] feads and
strict two-phase locking [10] and eager versioning for esit

4.1.1 Data Structures

An object in our base transactional memory system can been on
of two states; a shared object can be read by any transaction,
while an exclusive object is available only to a single teati®n.

The status of an object is determined by the transactionrdeco

Once the flip phase terminates, the barriers are no longer re-field in its header. A shared object’s transaction recordaioa

quired. All references in the system point to valid objectd,after
some maintenance tasks, the garbage collection cycle ipletemn

a version number (ending with a 1). An exclusive object'sdfiel
contains a reference to the transaction descriptor datatste of



the owning transaction. In this way, whether the object Bret
can be determined by inspecting a single bit. All objectsshaed
by default.

ment, we found that a single garbage collection thread fecgrit
to provide collection for the cores in today's machines. ldoar,
this will clearly not be the case in the future. To this end, algo-

An object becomes exclusive as the result of a transactional rithm was designed to handle multiple garbage collectioeatis,

write operation, and remains in that state until the tratisacom-
pletes. When a write instruction appears in a transactiofirst
checks the status of the target object. If the object is inethmu-
sive state and the current transaction is the owner, nodugttion
is necessary. If another transaction is the owner, a cohflistoc-
curred and the transaction must fall back to the contentianager.
If the object is in the shared state, the transaction atdiypiceerts
a reference to its transaction descriptor. It then logs thjeab's
address and current version number in its write log.

The object remains in its exclusive state until the ownerdaa-
tion completes, either through committing or abortinghl trans-
action commits, any modifications to the object become peemta
and the object’s version number is increased. Otherwibmalifi-
cations are undone, and the version number remains the $ame.
object is released back to a shared state by replacing tigatriion
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 intervhbeiW
a shared object is first read by a transaction, its addresgeanibn
number is stored in that transaction’s read log. When thestrer
tion attempts to commit, the read log is scanned and all aersi
numbers are checked against the logged values. If an obgect h
been modified since it was read or if it is in exclusive stdte Mer-
sion numbers do not match, and so the transaction cannot icomm

4.1.2 Strong Atomicity

The version number protocol provides a means of ensurindvtioa
transactions do not conflict on a given object. However, ikesa
no guarantees regarding non-transactional threads. teadtdoes
not observe the correct protocol when performing writewatild

be possible for it to modify an exclusive-mode object, cagithe
transactional code to read an incorrect value. Similarlyoa-
transactional thread can read a value that has been modifted b
not committed by ignoring the exclusive-mode lock.

Strong atomicity solves this problem by ensuring that alirme
ory accesses maintain transactional integrity. Unlikeseations,
read and write barriers used outside of transactions doamsti@in
compiler reordering. However, at runtime they effectivalst as
single instruction transactions and are properly segdliwith re-
spect to program transactions. Since they consist of a figeld ¢
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 involvetang
the version number in the transaction record field. Howesiace
a strong atomicity transaction consists of a single writepuld be
wasteful to create a transaction record. Instead, we usaea@mya
mous lock which does not require a full transaction recoithi-S
larly, itis not necessary to maintain a write log for a stigrajomic
transaction.

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 ts ne
destination. In a stop-the-world collector, it is accepgaior this
forwarding pointer to overwrite part of the object body; mpk:
cation thread will see the invalidated object before akrefices to

it have been updated. This is not acceptable in a concurodiete
tor, where application threads may observe either ther@igir the
new copy.

To the states described in Section 4.1.1, exclusive anaéghar
we add a third: forwarded. All accesses to an object must lzeeaw
of the possibility that the version being observed is notcdeoni-
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 weant
place an object in exclusive mode, it is essential that oiheAfa a
result, all three states must be encoded in a single worlyiaig
modification through an atomic compare and exchange oparati

Class Pointer

Tx Record:..11

(a) Shared

Class Pointer

Tx Record:..10

(b) Locked

Class Pointer Tx Descriptor

Tx Record:..00

(c) In transaction

Class Pointer Class Pointer

Tx Record:..00 Tx Record:..01

(d) Forwarded

Figure 1. Transaction record states

The transaction record word is encoded as shown in Figure 1.

The invariants required to manage transactional memory are The transaction record of an object in shared mode conthms t

maintained through the use of barriers inserted at every anem
access. There are two sets of barriers; those used for sthnda
transactional code, and those inserted around singleigtigins to
provide strong atomicity. These barriers are discusseciaildn
Section 5.

4.2 Concurrent Garbage Collection

Our current implementation is of concurrent, but not patall
garbage collection. That is to say that while the garbagkecol
tor runs simultaneously with the application threads, @bingle
garbage collection thread runs at any given time. Duringg i+

object’s version number, as in Figure 1(a). This is the mostraon
case, and is the only bit-pattern in which the final bit is set,
tests for shared mode objects are cheap. An anonymouslgdock
object, as in Figure 1(b), is in exclusive mode, but the austef
the transaction record cannot be mistaken for an aligneuteoi
The final two cases, Figures 1(c) and 1(d), cannot be disshgd
by inspecting only the transaction record word. We can reizeg
either of these cases if the lowest two bits of the transactoord
are clear. Since both transaction descriptor and forwgrgainters
refer to valid memory addresses, the contents of the tréinsac
record word can be safely dereferenced.



Figure 1(c) shows an object in exclusive mode with a trafisact
descriptor pointer in its transaction record. The trarieaatescrip-
tor is not a heap-allocated object, and so does not have dasthn
header. It is allocated in the Stack region, and is not uriftecon-
trol of the garbage collector. This allows the layout of teeard
to be contrived to distinguish it from heap objects; the fivetd of
a transaction descriptor was designed to contain nonadiglata
which cannot be confused for a pointer. This is in contragh&

first header word of an object on the heap, which is an aligned

pointer (Figure 1(d)). In this way, transaction descripod for-
warding pointers are distinguished.

4.2.2 Atomic object copying

A major difficulty in implementing concurrent copying gagea
collection arises when moving objects in the face of coremrr

updates. Figure 2 demonstrates how an update can be lost when

an object is copied.

GC Thread
Application Thread
Begin Copy
Copy Field A
Copy Field B
Copy Field C
Write to Field A
Copy Field D

Install Forwarding Pointer

Read from Field A

M v

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 verss
not complete, and a forwarding pointer cannot be instalfiéden
the application thread attempts to write Field A, the modifin

is performed on the old version. However, at this point field A

has already been copied, so the update is not reflected irfye ¢
When the GC thread installs a forwarding pointer, The apfibo’s
subsequent attempt to read Field A is redirected to the nestitm

of the object. The value read for Field A is the value as it dtoo
during the object copy, missing the update.

Using our transactional memory infrastructure, we are &ble
perform the object copy atomically. Each object copy openatan
be viewed as a transaction; a concurrent modification agitdeslc
above will cause the copy transaction to abort and to besckkaier.

While performing object copying transactionally solves tbst
update problem, the overhead of a full transaction per objgzed
would be prohibitive. Alternatively, were the copy phaseb®
wrapped in one or more long transactions, the likelihoodasf-c
flicts would greatly increase. Fortunately, we are able itortaur
garbage collector implementation to make use of the traiosed
memory infrastructure without paying the overhead assediwith
full transactions.

Rather than creating a transaction per object copy, we c&ke ma
use of the version number stored in the object header. Béfiere
copy begins, we make a local copy of the contents of the tcdiosa
record field. Should the lock bit in the transaction recordsbg
we know that the object is currently in a transaction. In tase,
we fall back to the garbage collector’s conflict resolutitrategy,
discussed in Section 4.2.3. Otherwise, the contents of ¢ i§
known to be a version nhumber, and the copy can continue.

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

in the system to modify the original during the copying prexdf
this occurs, the two copies of the object will not match, and a
update will be in danger of being lost. However, since wesinsn
strong atomicity, we will be aware of this modification. Whee
have completed the copy, the final step is to use an atomica@mp
and exchange instruction to ensure that the version nunitibea
end of the copy operation matches our saved version nunfities |

is the case, we install a forwarding pointer, referring te tew,
canonical, version of the object. If the version numbertedithere
has been a write to the object during the copy operation, laad t
copy is aborted. The copy may be retried, based upon the confli
resolution strategy.

GC Thread
Application Thread
Store version number
Copy Field A
Copy Field B
Copy Field C
Write to Field A
Copy Field D

Compare version number

Read from Field A

M v

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 writdSield
A, the transactional barrier increments the object’s wersiumber.
When the GC thread has finished copying the fields, it compares
the current version number with that it has stored. Sincehlre
do not match, the forwarding pointer is not installed, arel¢bpy
is aborted. Finally, the application is able to correctlgd¢he new
value of Field A.

This mechanism for transactional object copying introduce
minimal overheads. There is no need to acquire locks, and the
metadata associated with a full transaction is not necgdsathe
majority of cases, where there is no conflict during a copsathly
overhead beyond the copy routine of a stop-the-world ctles
the compare and exchange operation needed to check thernversi
number. Additionally, by pushing the resolution of conflicinto
the garbage collector rather than the mutator code, we doigger
application aborts. The garbage collector never locks gecolor
increments a version number, ensuring that it will neverseaa
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 bkefor
transaction begins, or an object can be modified during tipg co
operation. In each case, we make the conscious effort ta favo
the mutator over the garbage collector. The rational is ithet
preferable for the garbage collector, running in the baolgd of
a process, to perform additional work than it is for the aggilbn
to suffer performance degradation based on the layout ofanem
The currently implemented strategy for dealing with cotdlic
is to simply spin until the conflict is resolved. This techugqis
simple to implement and reason about and has proven effdctiv
our investigations to date. This is simply because thergemefew
conflicts to be resolved, so this basic mechanism does ndtipeo
a noticeable slowdown.
It is likely, however, that this will not always be the cases A
the number of threads, both software and hardware incréase,



probability of conflicts will grow. In that case, such a siisfit
strategy will no longer suffice. By spinning for a limited &nthen
pinning objects or pages if conflicts persist, the goal oferéng
the mutator can be maintained, while allowing the garbaeator
to make progress.

4.2.4 Pausing the Mutator

Since we aim to support highly responsive applications,iinipor-
tant to limit the length of any pauses to application threzakli-
tionally, since we target systems with many concurrentatisewe
aim to avoid stopping all threads simultaneously. We haggded
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 startrahdfe

The simplest mechanism to ensure that memory is always avail
able would be to have the garbage collector run continugugign
one collection cycle ends, the next will begin. This will nraize
the memory available to the application at the expense dfcaep
tion performance, which will suffer from the additional hars.

A less costly heuristic, and the one used in our implemenniati
is to trigger a collection when the available memory fall$ote
a given threshold. We have found that a reasonably conservat
threshold ensures that the application does not run out ofong
while substantially cutting down on the number of garbagiece
tions required. Additionally, while a simple threshold hasved
sufficient for our purposes, it is possible that an adaptoreme

that monitors the application’s allocation rate could fdevsimilar

availability qualities while further reducing the numbéroollec-

the mark phase, and at the start and end of the flip phase. We nowfions required.

examine each of these pauses.

Phase Changes Since different barriers are required for each
phase of the garbage collector, it is necessary to ensutehiba
correct barrier is active before it is required. We conthis tusing

a global switch; barriers behave according to the statusrofaile
variable. To ensure that all threads are aware of the changeaise,
we pause and immediately restart each thread. This endwaes t

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

every thread has passed a GC safepoint, and so we can gearante

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, it$
negligible. The GC only stops one thread at a time and resitart
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 regibns
each thread. Each thread is paused individually while thbagge
collector scans the relevant data structures. In order tonmie
the pause time, we do not perform any processing on the eeferr
objects until the application thread has been restartedsivply
record all pointers in the Stack region to be processed. [ates
pause occurs once per GC cycle.

Read and Write Barriers

Both transactional memory and our concurrent GC require rea
and write barriers. The transactional memory system usesared
write barriers to enforce specific memory access protovdtsmkly
atomic STMs isolate transactions only with respect to attaersac-
tions and, thus, require barriers only in transactionakc&irongly
atomic STMs provide full isolation of transactions - botlorfr
transactional and non-transactional code, and, thusireco@arriers
in both transactional and non-transactional code. CorotiGC
needs barriers during copy and flip phases to find the coreget v
sion of the object through the forwarding pointer. Our syst®m-
bines the barriers and, thus, imposes little additionaftoe@d to
support concurrent GC compared to the underlying strongine

At the end of the mark phase, each thread must be paused agairfSTM without such support.

in order to ensure that no unmarked objects remain in thesyst

The combined barrier exploits similarities between transa

Each pause follows the same structure as the first mark phasetional and GC barriers and eliminates duplication of therafiens

pause; a thread is suspended, its program stack and trianséct
data structures scanned, and then restarted. While thsepaay
occur several times in a given garbage collection cyclecthmt 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 tovdater
the objects reachable from its Stack region, and then peagaid
at the end until no unflipped pointers remain. However, mavekw
is required in this phase, as the pointers in the Stack regigst be
flipped while the thread is paused.

Since flipping a slot involves examining the referred ohject
threads are generally paused for longer during the flip ptizese

common to both barriers. For example, a standard transattio
read barrier for reads inside a transaction locates tréingaecord
for the object, checks that it is a version number (indigatinat
object is in shared state and can be read) and then records the
address of transactional record and its value in the readfset
detects that transaction record is in exclusive state ibkes a
contention manager that either waits for the transactiooreeto
become available (potentially by asking the transacti@t ¢iwns
the transaction record to abort) or aborts the current actie.
Note, that if the object is forwarded its transactional reds lo-
cated in the forwarded rather than original object, so txatignal
barrier has to follow forwarding pointer to locate the traction
record. A GC read barrier also follows the forwarding paiste

during the mark phase. However, we aim to keep even flip phase jt |ocates the forwarded object and then reads the field fioan t

pauses below the 1ms target. We refer the reader to [2] fbr tec
nigues that bound the amount of the stack work done at eacfepau

4.2.5 Triggering the GC

While the garbage collector is designed to minimize pauses t
the mutator threads, its running can still affect applmaperfor-
mance. Barriers of varying complexity must be executed én al
memory accesses while the garbage collector is runningirtgu
some slow-down to application threads. We aim to minimize th
time during which the garbage collector is active, whild stain-
taining sufficient available memory to fulfill allocationqeests.

object. The combined barrier eliminates duplication ofdeing
the forwarding pointers. It finds the forwarded object whawking
for the transaction record and then uses that object forehd.r
This optimization is legal even if object gets forwarded @ivbeen
of locating transaction record and reading the object fiBlating
validation the transaction will detect that the object warsvrded
and use the transaction record in the forwarded object truate
if the transaction validates. The combined barriers fardaetional
writes and non-transactional reads and writes operate imitas
way. They locate the forwarded object during the transaatipart
of the barrier and then use that object for read or write. koac



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

Our base transactional memory system uses aggressive com-

piler optimizations to reduce the overhead of the read aiité War-
riers. It explicitly represents the barriers in the progiatermedi-
ate representation and then applies both traditional awell ropti-
mization to eliminate redundant barriers. For exampldiritiaates
redundant barriers generated due to multiple accesses &athe
object (the barrier representation in the IR is designeddh s way
that this elimination is handled by standard common sutesgion
elimination). It also eliminates barriers on the fields thdtnds
immutable (such as final fields) or local (such as fields of dbje
allocated in a transaction). We extend this approach to awedb
barriers - we represent them in the IR as special openCopRgear
and openCopyForWrite operations that return the forwamied
ject and let the compiler optimizations take care of reduniss.
In some situations, the rules for eliminating combined ieasrare
exactly the same as the rules for eliminating transactibagiers.
For example, we do not need either barriers for reads frorfiriak
fields because these fields cannot be written by anotherdtlames
have the same value in the original and forwarded objecttlizare
are notable differences. For example, memory accesseseadth
local objects do not require transactional barriers, blingted GC
barriers. In such cases, instead of barrier elimination avbatrier
simplification, where we replace the combined barrier byghtér
weight GC barrier.

Both our concurrent GC system and the base transactional mem
ory system inline the fast paths of the read and write bartigo
compiler-generated code. We carefully engineered theacion
record encoding so that the fast paths of transactional amdined
barriers are identical for all accesses except for referenies. A
standard transactional barrier starts from checking iftthasac-
tion record is in the shared state, that is if its value is ath maim-
ber. In our system this check also detects the fact that tjezis
not forwarded (forwarding pointer is properly aligned asgthus,
even). In this case, the existing fast path of the transaatibar-
rier provides the correct functionality because the menaagess
to non-forwarded object does not require GC barrier. If thpct
is forwarded, the execution follows the non-inlined slovitpa

6. Related work

Herlihy and Moss [15] coined the term transactional memary a
proposed hardware to implement it. Knight [18] proposedivare
to implement futures that had many of the same charactesisti

Shavit et. al. [23] introduced the term software transaetio
memory where the user statically marked memory location in-
volved in transactions. Herlihy et. al. [14] and Maratheadt[20]
provided object-based STMs for Java while Fraser [9] predidn
object based STM for C. Like us, these system create objecesl
during transactions and install the new copy when upon cardmi
crucial difference is that our copy operations does not ffigdtiie
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-theldvo
garbage collector to prevent version number overflow bigrtrse
aborts transactions interrupt by garbage collection. Pabatabai
et. al [1] presented an STM that allowed transactions toigters
through garbage collection. Harris et. al. [13] present€@#&TM
system that further extends GC to compact STM log structoyes
removing entries that are redundant or represent unrelcbab
jects thereby enabling larger transactions. Shpeismaal.€i24]
presented strong atomicity extensions to our base STM andiae
strated garbage-collection style traversal over objeciimplement
dynamic escape analysis. In contrast, we explore syndrgiegeen

STM and GC in the opposite direction. As far as we are aware, we
are the first to present a garbage collector that leveraghk ST
Concurrent GC has along and distinguished history. Dgi{&}
and Steele [11] presented the basic concurrent markingitposs
we now call the tri-color algorithm. Blackburn [4] showedtimost
distributed GC algorithms can be decomposed into a GC alhgori
and a termination algorithm. The algorithms we present in ou
concurrent setting have the same characteristic, andrnéniztion
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 ¢éatb in
ways similar to what we do here. Private conversations witds$/
makes it clear that the invention of transactional memorg a&
least at part a response to how to do concurrent GC.

We are most closely related to the Sapphire algorithm design
by Hudson and Moss [17]. The mark, flip, and sweep phasesworro
heavily from this algorithm and therefore leverage the teation
arguments presented in their papers. The copy phase isediffe
and instead of maintaining dynamic consistency betwedardift
versions of the same object we use the transaction read ated wr
barriers to locate the definitive object. The largest differe be-
tween the algorithms is that Sapphire relied only on writeibes
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 implementetard-
ware, while we piggyback on the software transaction meishas
Such hardware support if coordinated with transactioned\ware
support would likely improve the performance of our coltectlso.
The Pauseless collector is fully parallelized and nothingyir algo-
rithms prevents full parallelization. Once CMP desktopppsuts
tens or hundreds of cores, paralleling the GC will be appatgr

Brooks [6] used a forwarding pointer to implement an effitien
read barrier that avoided conditional branches. BrancHigtien
and out of order execution in current hardware date thiseaging
trade-off somewhat but reduction of cache pressure isstdhcern
that we addressed using similar techniques.

Bacon et. al. [3] designed designed the Metronome Collextor
a hard real time GC and uses similar read barrier data stasctu
as both Brooks and ourselves. Our algorithm is targeted mahu
interactive desktop applications where soft real-time imeare
appropriate trade-off. The biggest difference is that Fledtme
either runs on a single processor or apparently require®@m st
the world protocol to achieve their goals while we only stop a
single mutator thread at a time. The techniques we presed co
be merged with theirs and a hard real time GC could be realized

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

7. Experiments
7.1 Methodology

We aim to show that our garbage collector can improve theoresp
siveness of typical desktop applications. To this end, wwe Ise-
lected a range of programs to demonstrate responsiveness.

The SPEC JVM98 suite consists of several single-threaded,
short-running applications which offer a reasonable axipration
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 realfisti
applications of their size.

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



surement period of a three-warehouse execution. The heapas
set to 1024Mb.

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

Finally, AtomicTSP and AtomicOO7 are small transactional
workloads. AtomicTSP implements a Traveling Salesman Prob
lem solver, while AtomicOQ?7 is a synthetic design databaseh-
mark. These applications provide an approximation of sintnains-
actional user tasks. All numbers were gathered on a Delistoad
490 with 2 x 3.0 GhZ Xeor®)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 leveragedsa-
tional memory and multi-cored processors to minimize gisan
to user applications. We measure this by pause times; thtesktoe
pause, the less disruption to the application. We defineethgth
of each pause to last from just before a given thread is sdspei
just after it is resumed. Each pause interval applies totBxane
thread; our system does not pause multiple threads sineaitesty,
as doing so would increase the work required and so the pause t

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

In general, the histograms demonstrate the propertiesmedai

Benchmark <1lms 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%

y _213javac 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%
_228jack 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, dgd on
very few in the 1 — 100ms range.

Atomicjbb is the only application that does not meet our paus
time goals. It has one pause of greater than 100ms, while the
number of pauses in other categories are outwith the taagees.
This is most likely attributable to the number of long-rummi
transactions. As discussed in Section 4.2.4, both the nratklig
stages require that each thread’s Stack region is scanmeuhnk
transactional applications, this refers simply to the otgjen the
Java stack, as well as some metadata. However, transdctome
must also provide references from the read and write logs tha
reside in the Stack region. As transactions touch memaeggthata

to achieve. Each histogram has a sharp peak for pauses petweeStructures grow and so take longer to be scanned. It is litkely

zero and 10ns; this is expected, as the garbage collectionithim
requires that each thread be paused briefly to transitionemst
phases (as described in Section 4.2.4). While these pauses a
small, they do account for disruption to the applicatioredt, 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 thagskebp
user will run. In six of these applications, all pauses tass lthan
1ms; the remaining application213 javac, had two pauses over
this limit, both of which were less than 1.2ms. This demaiss
the level of responsiveness expected, even in trivial eppdns.

Figure 4(k) shows the pause times for SPECjbb. This data was
gathered during the timing run of the benchmark, represgritie
steady state performance of a large, multi-threaded agijait
Such applications are also seen on the desktop, in the form of

future redistribution of transactional memory respongibfrom
software to hardware will greatly improve the efficiency bfst
scanning, and so reduce these pause times.

7.3 Pause Frequency

During the discussion of the garbage collection algorithnSeéc-
tion 3.3 there was the question of ensuring that all reaehaltilects
had been marked or flipped, depending on the phase. Thewoluti
involved pausing each thread repeatedly until no whiteregfees
remained. This introduces an element of non-determinismtive
number of pauses in each garbage collection cycle.

Clearly, it is desirable that the application threads expee
as few pauses as possible. Figure 6 provides the averageenumb
of pauses per application thread in each phase of the doltect
These numbers do not include the necessary brief pauseadqui

games or multimedia players. As can be seen, the performancewhen changing phase. However, they do include every othesepa

characteristics for large applications are similar to éhfus 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; itpym
totals the pauses from the raw output of the benchmarks. gs ar
sult, it is representative of the overall expected perferogaon a
desktop machine. As can be seen, virtually all pauses (93£KRé
less than one millisecond. Further, 96.9% of all pauses fless
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 eaus
within a millisecond will offer little consolation if the reaining
1% cause applications to stall for a noticeable time. Whiéede
not aim to provide hard real-time, we do want our garbagesctir
to be usable under reasonable circumstances. Figure &tadithe
breakdown of pauses by length category. As mentioned, avdyb

within the phase, including the initial scanning of the rset.

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 refezetiic the
heap, meaning that few unflipped references are stored Bttuk
regions. A general trend that can be seen in Figure 6 is tipiitap
tions with more threads take longer to converge than thotefeliv
threads. This is to be expected, since the act of scannintipheul
threads allows more time for unmarked or unflipped refergitce
arrive on the stack. However, it can be seen that the avename n
ber of pauses is low, meaning that the termination algorighnot
likely to significantly disrupt application performance.

7.4 Barriers

The garbage collection algorithm requires that specialidrar be
present during the various collection phases. As theséebaare

the SPEC JVM98 benchmark applications has any pauses igreatemore heavyweight than those required by the transactioaaiany

than a millisecond. SPECjbb, despite being a larger andeleng

system alone, it is desirable to minimize the time duringclihi
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Figure 4. Pause times

they are in effect. Figure 7 shows the percentage of timetheat
various barriers are in effect. The interval is measurethfrehen
the first thread is paused to observe the phase change @nfitgh
thread is paused for the subsequent phase change. Themaéds so
small overlap of barriers as each thread is paused indiljdua
However, this overlap time, when considered as a percerghge
the application’s run time, is insignificant.

It can be seen that, even for applications with short rungime
the percentage of time in which garbage collection barréees
enabled is very small. The copy phase barrier is in placeHer t
shortest time, due to the policy of collecting only a smadiction
of the heap in any garbage collection cycle. As a result, tpgiag
overhead is small. The mark and flip barriers must be enableal f

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

It should be noted that the garbage collection triggeriratsgy
described in Section 4.2.5 is relatively naive. By tunihig &lgo-
rithm, as well as the sections of the heap to be collectes Jikely
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 ggeloal-
lection. Our GC algorithm makes use of the transactional argm
mechanisms to avoid errors when copying objects, and the JIT
compiler combines the GC and TM barriers to improve efficgenc



Benchmark Mark Phase| Flip Phase| Total
_201 compress 2.00 2.00 4.00
-202jess 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
-228jack 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
_201compress || 0.19% | 0.08% | 0.26% | 0.53%
_202jess 0.91% | 0.37% | 1.18% | 2.45%
_209.db 0.43% | 0.14% | 0.44% | 1.00%
_213javac 0.82% | 0.17% | 0.82% | 1.81%
222 mpegaudio|| 0.22% | 0.08% | 0.27% | 0.57%
227 mitrt 1.81% | 0.61% | 2.02% | 4.44%
_228jack 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
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