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Kiyokuni Kawachiya

Abstract

This dissertation presents several techniques to accelerate Java locks based on the analyses
of their behavior from various viewpoints.

Ten years have passed since Java was announced, and now the language has come to
be used in various fields including large-scale Web services. To make such applications
practical, performance improvements for the Java execution environments are indispens-
able. In Java, the language directly supports parallel processing, and lock operations
are executed very frequently. Their overhead is considerable. For example, one report
said that 1/5 of the execution time was consumed by lock processing in an early Java
environment. Therefore, accelerating Java locks has been very important to make Java
environments run faster.

From the analysis of locks in various Java applications, we discovered that most con-
tentions are temporary in Java. To exploit this contention transience, this dissertation
presents a new method for Java locks, in which a lock can be acquired with just one
atomic operation in the absence of contention. The method, called tasuki lock, increased
the performance of Java application by up to 13.1%, and is used by IBM’s production
Java virtual machines.

Next, uncontended Java locks were also analyzed, and it turned out that for many
objects, the lock is acquired primarily by a specific thread. By exploiting the thread
locality, this dissertation proposes a novel technique of reserving locks for threads. With
the reservation lock, the reservation-owner thread can acquire a lock without any atomic
operations, and the performance was further improved by up to 53%.

This dissertation also presents an improvement of the reservation lock, where the
reservation is not canceled and the owner thread can always acquire its locks very quickly.
In this asymmetric lock, we observed a performance improvement of up to 7.9%. A unique
methodology for introducing a new feature into Java locks is also used in this algorithm.

The main contributions of this dissertation are: the findings about new characteristics
of Java locks, the proposals of new lock methods that exploit these characteristics, and
their implementation and evaluation on a state-of-the-art Java system.
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Javaのロック処理の分析と高速化

河内谷 清久仁

要旨

本論文は，Javaロックの挙動分析とそれに基づくいくつかの高速化手法の提案・評価を
示すものである．
発表以来 10年が経ち，Java言語はウェブサービスをはじめとする様々な分野で使わ

れるようになった．これらのアプリケーションを実用的なものにするためには，Java処
理系自体の性能向上が必須であった．Javaでは言語自身が並列処理をサポートしており，
スレッド間の排他制御のためのロック操作が頻繁に行われる．そのオーバーヘッドはかな
り大きく，初期の処理系では，実行時間の５分の１がロック処理に占められていたという
報告もあるほどである．つまり，Java処理系の性能向上に，Javaロックの高速化は避け
て通れない課題である．
様々な Javaアプリケーションの分析から我々は，Javaではロックの衝突が持続するこ

とは稀で，多くは一時的なものであるという「衝突の一時性」を発見した．本論文ではま
ず，この性質を活用する Javaロック手法「たすきロック」を提案する．これにより，衝
突が無い状態では不可分命令一つでロックを獲得できるようになり，アプリケーションの
実行性能が最大 13.1%向上した．この手法は現在でも，IBMの商用 Java処理系で用いら
れている．
次に，衝突が起こらないロックの挙動についても分析を行った結果，Javaでは多くの

オブジェクトがそれぞれ特定のスレッドからのみロックされているという「スレッド局所
性」が見られることを発見した．この性質を活用するため，本論文では特定のスレッド
に予約を与えるロック手法を提案する．この「予約ロック」方式で，予約スレッドは不可
分命令すら用いずにロック処理を行えるようになり，実行性能は最大でさらに 53%向上
した．
予約ロックでは，予約スレッド以外がロックを試みた場合，まず予約の解除が行われ

る．本論文ではさらに，この点を改善し特定のスレッドが常に高速なロック処理を行える
ような非対称性を備えたロック手法についても提案する．この「非対称ロック」手法では，
最大 7.9%の性能向上を確認した．また同時に，Javaロックの新しい実装アプローチにつ
いても示している．
本論文の主な貢献としては，ロック処理の挙動分析から Javaロックの特徴的な性質を

いくつか発見したこと，それらの性質を利用する新しいロック手法について提案したこ
と，さらにそれらを実装し評価を行い，性能向上を確認したこと，の３点があげられる．
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Chapter 1

Introduction

1.1 Background

Since Java [41] was announced in 1995 [23], the language has penetrated into various
fields. Now Java can be regarded as one of the most popular programming languages
together with C and C++. On the server side, it is the standard for constructing Web
services [108] using J2EE [106]. Also on the client side, it is used in development envi-
ronments such as Eclipse [34], and more recently, Java-based rich client applications such
as Lotus Workplace Client [52] are appearing, too. To make such applications practical,
the performance of the Java execution environments has been a very important issue.

One special feature of Java is that it has built-in support for parallel processing.
Concretely, this is realized by creating multiple threads, which are executed independently
and asynchronously in the Java execution environment. For the mechanism of thread
synchronization and mutual exclusion, Java uses the high-level concept called monitors
[20, 21, 46], which are associated with objects. At most only one thread can enter a
monitor simultaneously, by acquiring the associated object’s lock. When a thread attempts
to enter a monitor being entered by another thread, the second thread is blocked until
the first thread exits from the monitor and releases the object’s lock. In Java, entering
and exiting from a monitor are implicitly specified by declaring a method or a block as
synchronized, rather than by specifying the lock acquisition and release explicitly.

Because of the built-in support for multi-threaded programming, Java programs, es-
pecially its libraries, must be written as thread-safe, so methods that handle data which
may be shared among threads must be declared as synchronized. As a result, Java
applications perform a significant number of lock operations. It was reported that 19%
of the total execution time was used for thread synchronization in an early version of a
Java execution environment [6].

Obviously, the lock operations are not the real task a user wants to perform, so re-
ducing the lock overhead is important to improve the performance of a Java execution
environment.

1
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1.2 Research Goal

This research aims at accelerating the performance of Java locks, which is very important
to improve the overall performance of Java applications as explained above.

As a side effect of Java being designed to execute machine-independent bytecode on a
Java virtual machine (JVM), its performance was very poor in early days when compared
to languages whose programs are compiled into native instructions. However, mainly
because of the evolution of just-in-time (JIT) compilation technologies [57, 58, 91, 102,
103], the execution speed of Java application has been considerably improved.

One approach to reduce the lock overhead is to eliminate unnecessary locks at the time
of the JIT compilation, for example, by using escape analysis [4, 16, 17, 24, 25, 96, 97, 118]
or analysis of nested invocations [101]. However, since Java is a dynamic language which
allows class loading during execution, it is intrinsically difficult to eliminate all unnecessary
locks at the times of JIT compilation. As will be shown in the following chapters1,
many lock operations still remain even if a JIT compiler with various lock elimination
techniques is used. In actuality, when a JIT compiler accelerates other code portions
that were executed by an interpreter, the overhead of lock operations becomes relatively
conspicuous. This implies that, to reduce the overhead of Java locks, it is necessary to
improve their essential performance by contriving better lock algorithms.

In early versions of Java virtual machines, Java locks were naively implemented by
directly using synchronization mechanisms provided by the underlying operating systems,
such as mutex. This is a straightforward way, but very expensive since a system call is
issued for every lock operation. To improve this situation, various research has already
been done on how to implement low-cost Java locks [3, 11, 28, 88]. In principle, this
research attempts to improve performance by optimizing common cases, which are found
from the analysis of lock behavior in real Java programs.

In their seminal work, Bacon et al. exploited the observation that Java locks are
mostly not contended, and proposed an excellent optimization for Java locks, called thin
locks [11]. The algorithm allows a lock to be acquired and released with a few machine
instructions in the uncontended case. When contention occurs, the lock is converted to
inflated mode, where the OS-provided heavyweight synchronization structure is used for
the first time.

The research goal of this thesis is to design new algorithms for Java locks and ul-
timately accelerate the lock performance. For that purpose, we exhaustively measured
the behavior of Java locks in existing Java applications from various viewpoints, and
newly discovered several unique characteristics of Java locks. We then designed several
new algorithms for Java locks that exploit these characteristics [65, 66, 67, 88, 89]. We
also showed the effectiveness of the proposed lock algorithms by implementing them on
production Java virtual machines and running several practical Java applications.

1Examples will later be shown in Tables 5.6 and 6.2.



1.3. THESIS STATEMENT 3

1.3 Thesis Statement

We require a fast algorithm for Java locks which reduces the overhead of synchronization
and improves the performance of Java applications. In this thesis, contentions in Java
locks were analyzed first, and it was discovered that most contentions are transient. We
thus first propose a new method for Java locks that utilizes the contention transience [88].
In this method, a heavyweight synchronization mechanism is used only while the lock is
contended. Once the contention is cleared, the lock returns, or deflates, to lightweight
mode, where the lock can be acquired with only one atomic operation. The method,
called tasuki lock, is used in IBM’s production Java virtual machines.

Next, uncontended Java locks were also investigated, focusing on the relationships of
each object and the threads acquiring the object’s lock. It turned out that for many
objects, the lock is primarily acquired by a specific thread, even in multi-threaded Java
programs. By exploiting the thread locality, we propose a novel technique of reserving
locks for threads [65, 66]. In the reservation lock algorithm, a thread can acquire a lock
without any atomic operations if the lock is reserved for the thread. Otherwise, it cancels
the reservation and falls back to a conventional lock algorithm.

We also show an improvement of this reservation lock, where the cancellation is elim-
inated and a specific thread can always acquire the lock very quickly [67, 89]. This asym-
metric lock algorithm is based on unique methodology of replacing the atomic operation
of the conventional algorithm with an asymmetric spin lock.

This thesis, thus, contributes to the following:

Discovery of two unknown characteristics of Java locks:
We discovered the contention transience and thread locality of Java locks by ana-
lyzing their behavior in real Java applications from various viewpoints.

Proposal of new concepts and actual algorithms for Java locks:
To exploit the contention transience and thread locality, we proposed new concepts
of deflation and reservation. We also designed new algorithms for Java locks that
incorporated the concepts. The algorithms are precisely designed to utilize previous
ideas while reducing the overhead in the common cases.

Implementations and evaluations in actual environments:
We implemented the new algorithms in a state-of-the-art Java system, and showed
actual performance improvements in real Java applications as well as in micro-
benchmarks.

Consequently, this thesis contributes to improving the performance of Java applications
by accelerating the processing of Java locks based on deep analysis of their behavior in
real Java applications.
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1.4 Thesis Configuration

The remaining chapters of this thesis are organized as follows.
Chapter 2 describes the mechanism of Java locks and introduces several major tech-

niques to accelerate their performance prior to our research. Chapter 3 then defines the
problems to be solved to improve the performance of Java locks and discusses possible
approaches.

The following three chapters show our analyses and accelerations of Java locks. Chap-
ter 4 describes the tasuki lock, which is our first enhancement based on the finding of
contention transience. Chapter 5 explains the second important finding of thread locality,
and proposes an enhancement by using the reservation lock. Chapter 6 shows an im-
provement of the reservation lock, the asymmetric lock, introducing a new methodology
to construct Java locks from a primitive spin lock.

Chapter 7 discusses related work from various viewpoints, and Chapter 8 concludes
this thesis.



Chapter 2

Java Locks

2.1 Introduction

This chapter first explains the mechanism of thread synchronization in Java and describes
Java locks in detail, which is a core component of the mechanism. Then several major
acceleration techniques for Java locks that have been done prior to our research will be
introduced, showing their implementations.

2.2 Overview of Java Locks

One unique feature of Java is that it has built-in support for parallel processing. In Java,
threads are provided as a first class primitive in the language, unlike C, where threads
are provided as an external library. Therefore, Java applications can utilize threads very
easily, just by extending the Thread class and implementing its run method1, and starting
its instance by invoking the start method [7]．The new thread starts execution from the
run method.

Figure 2.1 shows an example of thread programming in Java. The program is executed
from the main method at line 27. First, two counters, c1 and c2 (lines 29–30), and three
threads, A, B, and C (lines 33–35), are created as shown in Figure 2.2. The threads are
started by the invocations of the start method at line 38, then execute the run method
(line 19) independently. In the method, a counter specified at the thread creation time
is incremented 10,000,000 times. After starting the three threads, the main thread waits
for their termination (line 41) and exits after printing the values of the two counters
(lines 44–45).

The threads are executed independently and asynchronously on a Java virtual machine
(JVM). To avoid the situation that multiple threads increment the same counter simul-

1There is another way, where a Thread instance is created while specifying a class which implements
a Runnable interface and its run method, and is started through the start method.

5
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1 : // Simple counter
2 : class MyCounter {
3 : int value = 0;
4 :
5 : synchronized int add(int i) { // Guarded by Java locks
6 : value = value + i;
7 : return value;
8 : }
9 : }
10 :
11 : // Simple thread
12 : class MyThread extends Thread {
13 : MyCounter counter;
14 :
15 : MyThread(MyCounter c) { // Constructor
16 : counter = c;
17 : }
18 :
19 : public void run() { // Entry point of the thread
20 : for (int i = 0; i < 10000000; i++)
21 : counter.add(1);
22 : }
23 : }
24 :
25 : // Test driver
26 : class MyExample {
27 : public static void main(String[] args) throws InterruptedException {
28 : // Create counters
29 : MyCounter c1 = new MyCounter();
30 : MyCounter c2 = new MyCounter();
31 :
32 : // Create threads with specified counters
33 : MyThread thA = new MyThread(c1);
34 : MyThread thB = new MyThread(c1);
35 : MyThread thC = new MyThread(c2);
36 :
37 : // Start the threads
38 : thA.start(); thB.start(); thC.start();
39 :
40 : // Wait for the threads’ termination
41 : thA.join(); thB.join(); thC.join();
42 :
43 : // Show the counters
44 : System.out.println("C1 is " + c1.value);
45 : System.out.println("C2 is " + c2.value);
46 : }
47 : }

Figure 2.1: Example of thread programming in Java
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Figure 2.2: Threads and objects in the example

taneously and the results become inconsistent, some mechanism of mutual exclusion (or
thread synchronization) should be supported. For that purpose, Java provides a mutual
exclusion mechanism based on the concept of monitors [20, 21, 46], which are associated
with objects [7].

At most only one thread can enter an object’s monitor simultaneously. When another
thread is in the monitor, a thread trying to enter is forced to wait by the JVM until the
first thread exits from the monitor. In Java, a thread is permitted to enter a monitor
recursively. In this case, a waiting thread can enter the monitor only when it has been
exited the same number of times as it was entered.

In Java, the monitor operations are specified by declaring a method or a block as syn-
chronized, rather than by specifying the enter and exit independently. If the specified
method is an instance method, its receiver object, this, is used for a monitor. If the
method is a class method (static method), its class object is used for a monitor. When a
block is declared as synchronized, an object which will be used for a monitor is specified
at the same time.

In the example of Figure 2.1, the add method of the MyCounter class is declared as
synchronized. Therefore, for each MyCounter object, at most one thread can execute
the add method simultaneously, so the counter’s consistency is preserved. Note that the
add methods can be executed for counters c1 and c2 simultaneously by different threads,
because the monitor is prepared independently for each object,

To realize this monitor behavior, the JVM uses a lock mechanism, Java lock, associated
with each object. The lock is acquired by a thread when it enters the object’s monitor,
held while the thread is in the monitor and executing the synchronized method, and
released when the thread exits from the monitor. If a thread attempts to acquire a lock
held by another thread, the second thread is blocked until the first thread releases the
lock.
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Table 2.1: Investigation of Java locks in SPECjvm98

Number of
Program lock acquisitions

202 jess 14,646,978
201 compress 28,895
209 db 162,117,521
222 mpegaudio 27,168
228 jack 38,570,415
213 javac 47,062,772
227 mtrt 3,522,926

In Java programs, lock acquisitions and releases are performed very frequently. For
example, in the example of Figure 2.1, 30,000,000 acquisitions and releases are done
because each of the three threads invokes the add method 10,000,000 times. Similar
situations are also observed in more realistic Java programs. Table 2.1 summarizes the
number of lock acquisitions performed during the execution of seven programs2 from the
SPECjvm98 benchmark [100]. From the table, we can see that many lock operations are
performed, especially in 209 db, 213 javac, and 228 jack.

One reason why lock operations are performed so frequently is that Java programs,
especially its libraries, must be designed as thread-safe so that they run correctly even
in a multi-threaded environment. For that reason, the methods for objects that may be
shared among threads must be declared as synchronized, which leads to frequent lock
operations [45]. For example, in Figure 2.1, locks for counter c2 are actually unnecessary
because it is incremented only by Thread C . However lock operations are also performed
for that counter because the add method is declared as synchronized to make the class
MyCounter thread-safe.

Another reason is that, in Java, lock operations can be specified very easily, by just
declaring a method as synchronized. Therefore, programmers tend to use the declara-
tion without considering deeply, even for methods that need not be synchronized. For
example, in early versions of the Java libraries, we observed many unnecessary recursive
locks which were caused by invoking a synchronizedmethod from another synchronized
method for the same object.

2Each program was run in the application mode, specifying the problem size as 100% and the number
of executions as three, on the IBM Developer Kit for Windows, Java Technology Edition, Version 1.3.1
[53], while turning off its JIT compiler to avoid lock elimination. See Table 5.1 for the description of each
program.
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2.3 Implementation of Java Locks

As shown in the previous section, lock operations are performed very frequently in Java,
so the implementation of Java locks significantly affects the performance of Java pro-
grams. It was reported that 19% of the total execution time was consumed by thread
synchronization in an early version of Java [6]. As a result, tremendous efforts have been
devoted to optimizing Java locks.

Before showing the history of the improvement, this section explains how Java locks are
implemented by using a naive example, which directly uses a synchronization mechanism
provided by an operating system.

2.3.1 A Monitor Implementation for Java Locks

The OS-level synchronization mechanism for Java locks must provide an event notification
mechanism among threads as well as the basic mutual exclusion, because Java locks
support notification through the wait and notify(All) methods [41].

Figure 2.3 shows an example implementation of monitor for Java locks in pseudo-C
code, which combines a mutual exclusion primitive (os_mutex) and a condition notifica-
tion primitive (os_cond) provided by an operating system3. Here, we assume that the
os_mutex mechanism is implemented by the operating system in cooperation with its
thread scheduler, so the thread is suspended if it tries to acquire the os_mutex being held
by another thread. We also assume that os_mutex supports recursive acquisition.

In the code, a thread4 can enter a monitor by calling the monitor enter function
(line 6) with the address of the monitor structure (lines 1–4). At most one thread can
enter the monitor simultaneously. When another thread is in the monitor, the thread
calling monitor enter is forced to wait until the already entered thread exits from the
monitor by calling the monitor exit function (line 11). However, it is possible for a
thread to enter the same monitor recursively.

In addition, a thread can wait for an event notification by calling the monitor wait

function (line 17) while it is in the monitor. The thread implicitly exits from the monitor
when it is suspended for waiting. The waiting thread will become runnable again when
another thread calls the monitor notify function (line 23) or the monitor notify all

function (line 29) while entering the monitor. As their names imply, the former function
notifies only one thread, while the latter notifies all threads waiting on the monitor. Note
that the notified thread must implicitly enter the monitor again to resume execution. The
notification functions do nothing if no thread is waiting on the monitor. No race hazard

3Operating systems which support threads usually provide functions corresponding to these primitives.
For example, in a Pthreads [85] environment, pthread mutex and pthread cond can be used almost as
they are defined.

4Note that threads in this subsection are not Java threads, but lower-level threads provided by the
underlying operating system, which are used to construct Java threads.
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1 : typedef struct monitor {
2 : struct os_mutex mutex;
3 : struct os_cond cond;
4 : } monitor_t;
5 :
6 : int monitor_enter(monitor_t *mon) {
7 : os_mutex_lock(&mon->mutex); // block if the mutex is held by another thread
8 : return SUCCESS; // recursive monitor_enter is permitted
9 : }
10 :
11 : int monitor_exit(monitor_t *mon) {
12 : if (!os_mutex_owned(&mon->mutex)) return ILLEGAL_STATE;
13 : os_mutex_unlock(&mon->mutex);
14 : return SUCCESS;
15 : }
16 :
17 : int monitor_wait(monitor_t *mon) {
18 : if (!os_mutex_owned(&mon->mutex)) return ILLEGAL_STATE;
19 : os_cond_wait(&mon->cond, &mon->mutex); // wait until signaled
20 : return SUCCESS;
21 : }
22 :
23 : int monitor_notify(monitor_t *mon) {
24 : if (!os_mutex_owned(&mon->mutex)) return ILLEGAL_STATE;
25 : os_cond_signal(&mon->cond); // restart a waiting thread
26 : return SUCCESS;
27 : }
28 :
29 : int monitor_notify_all(monitor_t *mon) {
30 : if (!os_mutex_owned(&mon->mutex)) return ILLEGAL_STATE;
31 : os_cond_broadcast(&mon->cond); // restart all waiting threads
32 : return SUCCESS;
33 : }

Figure 2.3: Monitor implementation by OS primitives

occurs here since both the monitor wait and monitor notify functions can be called
only in the monitor.

If functions other than monitor enter are called without entering the monitor, an
ILLEGAL STATE error is returned (lines 12, 18, 24, and 30).

In the remaining part of this thesis, these monitor functions will be used as the base
synchronization primitives provided by the underlying operating system.

2.3.2 A Naive Implementation of Java Locks

The most naive implementation of Java locks is derived by directly using the monitor

mechanism shown above. According to the Java specification, any object can be used for
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Figure 2.4: Data structure for the naive implementation

1 : // Object header contains the OS-provided monitor structure
2 : typedef struct object {
3 : // :
4 : monitor_t mon; // initialized when the object is created
5 : // :
6 : } Object;
7 :
8 : // Current thread acquires the object’s lock
9 : int Java_lock_acquire(Object *obj) {
10 : return monitor_enter(&obj->mon);
11 : }
12 :
13 : // Current thread releases the object’s lock
14 : int Java_lock_release(Object *obj) {
15 : return monitor_exit(&obj->mon);
16 : }
17 :
18 : // Current thread blocks until notified, the lock is released until woken up
19 : int Java_lock_wait(Object *obj) {
20 : return monitor_wait(&obj->mon);
21 : }
22 :
23 : // Notify a waiting thread
24 : int Java_lock_notify(Object *obj) {
25 : return monitor_notify(&obj->mon);
26 : }
27 :
28 : // Notify all waiting threads
29 : int Java_lock_notify_all(Object *obj) {
30 : return monitor_notify_all(&obj->mon);
31 : }

Figure 2.5: Naive implementation of Java locks
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a lock by specifying it as a target of a synchronized method or block. Therefore, this
implementation prepares the monitor structure in every object’s header5, as shown in
Figure 2.4. A similar approach was actually used in very first versions of the Kaffe [63]
virtual machine.

Figure 2.5 shows the implementation in pseudo-C code. For executing a synchro-

nized method, the JVM calls the Java lock acquire function (line 9) while specifying
the address of the target object. This function calls monitor enter with the address of
the monitor structure in the object’s header. The current thread is blocked if another
thread is holding the object’s lock.

When Java lock acquire returns, it means that the object’s lock has been acquired
by the current thread. The JVM then executes the code in the synchronized method,
such as lines 6–7 of the add method in Figure 2.1. When it finishes, the JVM calls the
Java lock release function (line 14) to release the object’s lock. This function calls the
monitor exit function just as above.

Java supports event notification among threads through the wait, notify, and no-

tifyAll methods of the Object class. Therefore, Java lock implementation must also
provide functions for them. In the naive implementation of Figure 2.5, the Java lock -

wait (line 19), Java lock notify (line 24), and Java lock notify all (line 29) are the
functions for that purpose. The JVM calls these functions when corresponding Java
methods are invoked, and then the corresponding monitor functions are called.

In functions other than Java lock acquire, if the current thread does not hold the
specified object’s lock, the ILLEGAL STATE error is returned6. In this case, the JVM will
generate and throw an IllegalMonitorStateException as defined in the Java specifica-
tion [41].

The code shown here is a very naive example to explain how Java locks are imple-
mented, so the performance is not good in many ways. The improvement of Java locks can
be rephrased as to enhance the data structures for locks associated with objects and the
five functions, Java lock acquire, Java lock release, Java lock wait, Java lock -

notify, and Java lock notify all.

2.4 History of Java Lock Improvements

This section introduces several major techniques created to improve the performance of
Java locks. In principle, these improvements are done by optimizing common cases, which
are found from analyses of lock behavior in real Java programs.

5Usually, the internal structure of Java object consists of a header and a body. The body contains field
values of the object, while the header contains meta-level information for the object, such as its class,
various flags, information for GC, and data for lock processing.

6This occurs, for example, when the Object.wait method is invoked outside of the appropriate syn-
chronized block.
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Table 2.2: Number of objects used for locks in SPECjvm98

Objects Objects
Program created used for locks Ratio

202 jess 23,999,733 21,278 0.089%
201 compress 18,586 2,135 11.5%
209 db 9,883,475 66,592 0.674%
222 mpegaudio 26,456 1,620 6.12%
228 jack 19,334,735 1,635,497 8.46%
213 javac 19,140,558 1,192,734 6.23%
227 mtrt 21,622,389 3,020 0.014%

2.4.1 Monitor Table

In the naive implementation example of Section 2.3.2, every object contains the monitor
structure for lock processing in its header, as shown in Figure 2.4. This is because any
object can be used for a lock in Java. However, in real Java programs, only a few objects
are actually used as the target of lock operations. Table 2.2 shows the ratio of objects
used for locks in the SPECjvm98 benchmark programs, measured in the same condition
as in Table 2.1. From the table, it is revealed that at most only 10% of the total number
of objects are actually used for lock processing.

The object’s header is a very precious estate. From the viewpoint of memory usage, it
is ineffective to prepare monitor structures for all objects, most of which are not used for
locks. Therefore, a method was developed to allocate monitors separately from objects,
and maintain the mapping from objects to monitors by a global monitor table.

Figure 2.6 illustrates the data structure of this method. The object’s header contains
no field for the lock, and the association between objects and monitor structures is main-
tained by a newly added table. Notice that no monitor structures are associated with
Objects 1 and 4, since the structure is allocated and associated when an object is first
used for a lock.

Figure 2.7 shows the implementation of the monitor table method in pseudo-C code,
where the sidelines indicate the portions modified or added to the naive implementation
shown in Figure 2.5. In the new code, each lock function first calls the lookup monitor

function (line 9) to get the monitor structure associated with the target object. This
function first searches the table (line 12), and if the monitor structure is not found, it
creates a new structure for the object and registers it into the table (lines 14–15).

Although this method improved the memory utilization efficiency because no lock-
related field is necessary in an object’s header, it forces each lock function to look up the
monitor table. Since the table is a global resource in the JVM, some mutual exclusion
is necessary to access it, which means that another lock must be acquired (line 11) for
processing Java locks. Therefore, the method suffered from slow performance and bad
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Figure 2.6: Data structure of a monitor table

1 : // Object header does not contain a monitor structure
2 : typedef struct object {
3 : // :

| 4 : // no field for lock
5 : // :
6 : } Object;
7 :
8 : // Returns a monitor associated with the object

| 9 : monitor_t *lookup_monitor(Object *obj) {
| 10 : monitor_t *mon;
| 11 : Global_lock_acquire();
| 12 : mon = Search_a_monitor_from_the_table(obj);
| 13 : if (mon == NULL) { // if not found
| 14 : mon = Create_a_monitor();
| 15 : Register_a_monitor_to_the_table(obj, mon);
| 16 : }
| 17 : Global_lock_release();
| 18 : return mon;
| 19 : }

20 :
21 : int Java_lock_acquire(Object *obj) {

| 22 : monitor_t *mon = lookup_monitor(obj);
23 : return monitor_enter(mon);
24 : }
25 :
26 : int Java_lock_release(Object *obj) {

| 27 : monitor_t *mon = lookup_monitor(obj);
28 : return monitor_exit(mon);
29 : }
30 :
31 : // Java_lock_wait()/notify()/notify_all() are implemented in the same manner

Figure 2.7: Java locks using a monitor table
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Figure 2.8: Data structure for the direct pointing method

scalability [3, 43].
The early versions of Java virtual machines from Sun, for example JDK 1.1.6, used a

variation of this monitor table method, with an optimization technique called a monitor
cache [123]. This technique reduced the number of accesses to the global monitor table by
preparing small per-thread caches to hold the recent results of lookup monitor by each
thread.

2.4.2 Direct Pointing by Data Displacement

One technique to eliminate the table reference overhead is a direct pointing method by
using header word displacement [87]. When an object is first used for a lock, the method
directly stores a reference to a monitor structure into a rarely used field of the object’s
header, displacing the original value of the field into the monitor structure.

Figure 2.8 illustrates the data structure for this method. The global monitor table in
Figure 2.6 has been eliminated, and the monitor structures are directly pointed at from
the objects’ headers. A one-bit flag named OBJFLAG MON ASSOCIATED is prepared in the
object’s header to indicate whether or not the monitor structure is ready for the object.
For Objects 1 and 4, the flag is not set and monitor structures have not been prepared,
since the objects have not yet been used for locks.

Figure 2.9 shows the implementation in pseudo-C code, where the sidelines indicate
the portions modified from the monitor table code in Figure 2.7. To get the corresponding
monitor structure from an object, the get monitor function (lines 18–34) is prepared by
replacing the lookup monitor function. By using this new function, when an object is
first used for a lock, a monitor structure is created and its address is stored in the rare-

ly used info field in the object’s header while setting the OBJFLAG MON ASSOCIATED flag
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1 : // Object header contains a rarely_used_info, which may point to a monitor
2 : typedef struct object {
3 : // :

| 4 : volatile unsigned int flag; // 1 bit used to show the next field’s usage
| 5 : int rarely_used_info; // may contain a pointer to a monitor struct

6 : // :
7 : } Object;
8 :
9 : // Now the monitor structure has an extra field to hold the displaced data
10 : typedef struct monitor {
11 : // :
12 : // original monitor fields
13 : // :

| 14 : int displaced_info; // additional field to store the displaced info
15 : } monitor_t;
16 :
17 : // Returns a monitor for the object

| 18 : monitor_t *get_monitor(Object *obj) {
| 19 : if (obj->flag & OBJFLAG_MON_ASSOCIATED)
| 20 : return (monitor_t *)obj->rarely_used_info; // fast path
| 21 : // create a monitor and store its address to the object’s header

22 : monitor_t *mon;
23 : Global_lock_acquire();

| 24 : if (obj->flag & OBJFLAG_MON_ASSOCIATED)
| 25 : mon = (monitor_t *)obj->rarely_used_info;
| 26 : else {

27 : mon = Create_a_monitor();
| 28 : mon->displaced_info = obj->rarely_used_info;
| 29 : obj->rarely_used_info = (int)mon;
| 30 : obj->flag |= OBJFLAG_MON_ASSOCIATED;
| 31 : }

32 : Global_lock_release();
33 : return mon;
34 : }
35 :
36 : int Java_lock_acquire(Object *obj) {
37 : monitor_t *mon = get_monitor(obj);
38 : return monitor_enter(mon);
39 : }
40 :
41 : int Java_lock_release(Object *obj) {
42 : monitor_t *mon = get_monitor(obj);
43 : return monitor_exit(mon);
44 : }
45 :
46 : // Java_lock_wait()/notify()/notify_all() are implemented in the same manner

Figure 2.9: Java locks using the direct pointing method
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Figure 2.10: Data structure for thin lock

(lines 29–30). Just before this, the data which was originally stored in the field is moved
to the displaced info field added to the monitor structure (line 28). As for the data
displaced from the header to the monitor structure, one candidate is a hash code for the
object, which is a value unique to each object returned by an Object.hashCode method.

These monitor preparation processes must be done while acquiring a global lock
(line 23). However, once done, the monitor can be got from the object very quickly
(lines 19–20), without referring to a table or acquiring the global lock.

The direct pointing method improved the scalability since it does not require a global
monitor table. However, this could not improve the lock performance too much, since
OS-provided heavyweight monitors were still used in all cases.

2.4.3 Thin Lock

All of the lock methods explained above use a synchronization mechanism provided by
the underlying operating systems, such as the one shown in Section 2.3.1, for the lock
processing itself. Therefore, the overhead of Java locks was significant because OS func-
tions are called for every lock operation. In 1998, Bacon, Konuru, Murthy, and Serrano
proposed an excellent lock algorithm called thin lock7 [11], exploiting the observation that
most locks are not contended in Java.

As shown in Figure 2.10, the thin lock reserves one word8 in each object’s header, the
lockword. The lockword contains a mode flag called the shape bit, which distinguishes

7In the original paper, they used the plural form, thin locks. However in this thesis, we mainly use
the singular form, to express the thin lock algorithm itself.

8Actually, the whole 32 bits are not necessary for the algorithm. They reserved a 24-bit field where
remaining 8 bits are used for miscellaneous flags that are not directly related to lock operations. In
addition, they did not reserve the field by increasing the size of an object. In the base JVM they used,
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between the following two modes. When the shape bit is zero, the lockword is in the flat
mode. Otherwise, it is in the inflated mode. This bimodal use of the lockword is the most
important feature of the thin lock.

The meanings of lockword in each mode and state transitions among them are shown
in Figure 2.11, where the thickness of arrows indicates the relative cost of the transition.
As long as contention does not occur, the lockword is in the flat mode. In this mode,
the lock can be acquired by setting the current thread’s identifier to the lockword with a
compare and swap9, which is an atomic operation to perform a comparison and store of
memory data, as shown in Figure 2.12.

The monitor structure is first prepared when a thread attempts to acquire a lock held
by another thread, that is, when the lock is contended. As in the direct pointing method
in Section 2.4.2, the address of the monitor is stored in the lockword. At this time, the
shape bit is set and the lockword becomes to the inflated mode. This mode transition
is called inflation. In the inflated mode, lock operations are performed by calling the
monitor functions, as in other lock methods explained above.

In the case of Figure 2.10, the lockwords of Objects 3 and 5 are already inflated, and
lock operations for these objects are performed by using the monitor structures pointed at
through the lockwords. In contrast, the lockword of Object 2 is in flat mode, even though
it is currently held by Thread T . This is because no contention has yet occurred on the
object, so lock operations can be performed very quickly by using compare and swap.

an object’s header included a field for storing the object’s hash code. A compression technique allows
the field to be reduced to two bits, making 24 bits free and available to their algorithm. The technique
was independently invented by them and Agesen [2].

9Since the swapped original value is not used in our definition, the operation should have been called
compare and store.
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1 : int compare_and_swap(volatile unsigned int *addr,
2 : unsigned int oldval, unsigned int newval) {
3 : // The following is performed atomically
4 : if (*addr == oldval) { *addr = newval; return SUCCESS; }
5 : else return FAILURE;
6 : }

Figure 2.12: Semantics of compare and swap as used in this thesis

Figure 2.13 shows the implementation in pseudo-C code, where the sidelines indicate
the portions added for the thin lock. Note that the support of shallowly nested lock
acquisitions is omitted from this code10 to simplify the explanation.

The lockword is initially set to zero, which means that it is in the flat mode and
not acquired. The Java lock acquire function first attempts to set the current thread’s
identifier, which can be got by thread id, to the lockword by using compare and swap

(lines 12–13). This is the fastest, and most common case in this method. If the attempt
fails, it means that the flat-mode lock is being held by another thread or the lockword is
already inflated.

In the former case, the lockword is first inflated, which is performed by acquiring
the flat-mode lock in a busy-wait loop (lines 15–20), and then storing the address of the
created monitor in the lockword while setting its shape bit (line 30). If the lockword is
in the inflated mode, the lock acquisition is performed by the monitor enter function
(line 23) as in other lock methods. At this time, the address of monitor structure can
easily be extracted from the lockword (line 22), without referring to a table or acquiring
a global lock, as in the direct pointing method.

The Java lock release function first checks the mode of the lockword (line 35). The
flat-mode lock can be released by simply storing zero into the lockword (line 37), while
the inflated-mode lock is released by calling the monitor exit function (line 41).

The Java lock wait function requires an event notification mechanism which is pro-
vided through the monitor structure. Therefore if the lock is in the flat mode, the function
first prepares the monitor structure by forcing the inflation (lines 46–49).

By using the thin lock, OS-provided heavyweight monitors became unnecessary in
most lock operations, so the performance of Java applications was greatly improved. The
original paper [11] reported a maximum speedup of 1.7 in realistic applications.

This subsection has given an overview of the thin lock from the viewpoint of the
history of Java lock improvements. We will revisit the thin lock in Chapter 4 as the
base algorithm for our Java lock accelerations, showing its philosophy, implementation
techniques, and issues.

10The actual thin lock allocates 8 bits of the lockword in flat mode for counting the number of recursive
acquisitions.
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1 : // Object header contains a word for lock
2 : typedef struct object {
3 : // :

| 4 : volatile unsigned int lockword;
5 : // :
6 : } Object;
7 :

| 8 : #define SHAPE_BIT 0x80000000
9 :
10 : int Java_lock_acquire(Object *obj) {
11 : // flat lock path

| 12 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS)
| 13 : return SUCCESS;

14 : // inflation loop
| 15 : while ((obj->lockword & SHAPE_BIT) == 0) {
| 16 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS) {
| 17 : inflate(obj); return SUCCESS;
| 18 : }
| 19 : thread_yield();
| 20 : }

21 : // inflated lock path
22 : monitor_t *mon = (monitor_t *)(obj->lockword & ~SHAPE_BIT);
23 : return monitor_enter(mon);
24 : }
25 :
26 : // Inflate the object’s lockword, which is held by current thread

| 27 : void inflate(Object *obj) {
| 28 : monitor_t *mon = Create_a_monitor(); // assume that the MSB is 0
| 29 : monitor_enter(mon);
| 30 : obj->lockword = SHAPE_BIT | (unsigned int)mon; // set the shape bit
| 31 : }

32 :
33 : int Java_lock_release(Object *obj) {
34 : unsigned int lw = obj->lockword;

| 35 : if ((lw & SHAPE_BIT) == 0) { // flat lock path
| 36 : if (lw != thread_id()) return ILLEGAL_STATE;
| 37 : obj->lockword = 0; return SUCCESS;
| 38 : }

39 : // inflated lock path
40 : monitor_t *mon = (monitor_t *)(lw & ~SHAPE_BIT);
41 : return monitor_exit(mon);
42 : }
43 :

Figure 2.13: Thin lock (simplified version) (1 of 2)
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44 : int Java_lock_wait(Object *obj) {
45 : unsigned int lw = obj->lockword;

| 46 : if ((lw & SHAPE_BIT) == 0) { // flat mode
| 47 : if (lw != thread_id()) return ILLEGAL_STATE;
| 48 : inflate(obj); // force the inflation
| 49 : }

50 : // execute the wait using the monitor structure
51 : monitor_t *mon = (monitor_t *)(obj->lockword & ~SHAPE_BIT);
52 : return monitor_wait(mon);
53 : }
54 :
55 : // Java_lock_notify()/notify_all() are implemented in the same manner

Figure 2.13: Thin lock (simplified version) (2 of 2)

2.5 Summary

This chapter described the basic usage and several major implementations of Java locks.
To implement Java locks, we must prepare the data structures for the locks associated
with the objects and the five functions: Java lock acquire, Java lock release, Java -

lock wait, Java lock notify, and Java lock notify all.
Among the many implementations of Java locks proposed so far, the thin lock by

Bacon et al. was an epoch-making method, by which OS-provided heavyweight monitors
became unnecessary for most lock operations.





Chapter 3

Problem Definition

3.1 Introduction

In Chapter 2, we showed that fast lock algorithms are one of the key components to
improve the performance of Java applications, and explained several major techniques to
accelerate Java locks. However, we think there is still room for improvement. The goal
of our research is to accelerate Java locks to the greatest extent theoretically possible,
following upon the efforts for acceleration shown in the previous chapter.

In this chapter, we first analyze the approaches of prior lock improvements by position-
ing them into a chart. We then define problems to be solved in this thesis for achieving
the ultimate goal. Possible directions for the solution are also briefly mentioned.

3.2 Problems to Solve

Through the research shown in the previous chapter, Java locks have become considerably
faster than those in the early Java implementations. We noticed that each of these research
projects was done by first discovering a characteristic of Java locks from the analysis of
real applications, and then reducing the cost in that typical-use pattern, which is the
most common case related to the characteristic. Figure 3.1 positioned the characteristics
utilized in prior lock algorithms in a chart. All of the objects created for a Java application
are illustrated in the figure since locks are associated with objects in Java.

The first characteristic of Java locks is that only a few objects are actually used
for locks, although any objects can theoretically be used. The monitor table method
introduced in Section 2.4.1 utilized this characteristic to reduce the memory consumption.
In this method, monitor structures are not prepared for objects that are not used for locks,
which is the most common case. When an object is first used for lock, a monitor structure
is prepared and associated with the object.

The direct pointing method in Section 2.4.2 is considered to be a variation of utilizing

23
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All objects Objects used for locks

Objects whose locks
are contended for

Monitor table removed the monitor from
the object's header by exploiting the fact
that most objects are not used for locks.

Thin lock accelerated Java locks
by exploiting the finding that
most locks are not contended for.

QUESTION: Are there any other characteristics
                exploitable for accelerating Java locks?

Figure 3.1: Characteristics of Java locks and lock methods exploiting them

this characteristic, which also tried to improve the speed and scalability by pointing at
the prepared monitor directly from the object’s header.

The second characteristic shown in Figure 3.1 is that contention between threads never
occurs for most of the objects used for locks. This fact implies that the heavyweight
monitor structure which supports thread suspension is unnecessary for the most common
case. The thin lock explained in Section 2.4.3 accelerated this case by using a simple
compare and swap until contention actually occurs for the object.

With the thin lock, the performance of Java locks was drastically improved. However,
we think there is still room for further improvement. To show an example, we modified
a JVM to do nothing at the time of lock processing1. When 209 db in the SPECjvm98
benchmark [100] was executed by the modified JVM on a Linux PC containing dual
500 MHz Pentium III processors, its execution time was reduced by about 12% compared
to the original JVM, which uses a lock mechanism based on the thin lock. That is, even
with thin locks there still exist cases with large lock overheads.

The goal of our research in this thesis is to accelerate Java locks to the highest de-

1Of course, since necessary mutual exclusions are also not performed, Java applications may run
incorrectly on the modified JVM. The example shown here is a single thread application, so it ran
correctly.
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gree possible by removing the remaining overhead. The first problem which should be
addressed for that purpose is the same as in previous research:

Problem 1: Discovering new characteristics of Java locks.

One possible starting point for this is the investigation of the area not yet analyzed in
Figure 3.1, such as the behavior of the contended objects.

However, the finding of new characteristics does not directly lead to the lock acceler-
ation. To achieve this final target, it is necessary to design a lock algorithm which can
accelerate the most common cases with the newly found characteristic. Therefore, we
must also solve the more challenging problem of:

Problem 2: Designing new lock methods which can exploit the characteristics, and eval-
uating them.

The construction of a lock method must be done with the greatest care. As well as
the correctness as a lock, attention must also be paid to avoid degrading the performance.
Therefore, the third problem to be focused on is:

Problem 3: Showing a technique to construct Java locks more easily.

Specifically, a construction technique that can exploit the new characteristic while incor-
porating existing acceleration methods is required.

3.3 Approach

As a concrete approach to solve the problems, we consider here possible improvements
for the thin lock.

First of all, in the thin lock, once a lock is inflated, it is processed after that by a
slow method using a monitor structure. This is because it is not very easy to implement
deflation, a transition from the inflated mode which uses the monitor to the flat mode
which uses compare and swap. Another reason is that they considered it better to keep
contended objects in the inflated mode, because they assume such objects tend to be con-
tended for continuously. One possible starting point for our research is the confirmation
of this assumption by investigating the behavior of the contended objects in Figure 3.1.

In addition, the thin lock implementation uses a busy-wait loop for inflating an object’s
lock (lines 15–20 in Figure 2.13). It should also be checked that this will not cause
performance degradation. These topics will be examined in the next chapter.

By using the thin lock, the cost of lock acquisition has been reduced to one compare -

and swap operation. However, such an atomic operation is usually very costly compared to
simple memory access operations. If we can acquire a lock without any atomic operations
for common cases, the cost of locks is further reduced. To pursue the possibility, the area
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of non-contended objects in Figure 3.1 should also be investigated to find any exploitable
characteristics. This topic will be examined in Chapter 5.

As for the lock construction techniques, we will show a method of adding a new feature
to the existing lock method in Chapter 5. In addition, in Chapter 6, we will attempt a
new approach of replacing the compare and swap, which is one primitive for constructing
Java locks, with another spin lock.

3.4 Summary

In this chapter, we discussed the problems to be solved in this thesis. To achieve the goal
of the thesis, accelerating Java locks to the highest degree possible, we must solve the
problems of (1) finding new characteristics of Java locks that are (2) exploitable by new
lock algorithms to reduce the lock overhead. The new algorithms should (3) coexist with
existing accelerating methods, while making the best use of the new characteristics and
improving the performance.

To solve the problems, we will further analyze the behavior of Java locks by first
focusing on the contended locks in Figure 3.1. The area of non-contended locks in the
figure will also be analyzed later.



Chapter 4

Tasuki Lock

4.1 Introduction

In this chapter, we will introduce our first improvement of Java locks, named the tasuki1

lock [88]. The tasuki lock supports the deflation of a lockword to exploit the newly-
identified characteristic of Java locks that most contentions are temporary.

We will first revisit the thin lock, and identify potential issues in its bimodal use of
the lockword. Next, we analyze the synchronization behavior of real multi-threaded Java
programs, especially focusing on contended objects. The result indicates that busy-wait
and absence of deflation can be problematic in terms of robustness and performance.
Based on the analysis, we propose a new algorithm, tasuki lock, that allows both infla-
tion without busy-wait and deflation, but still maintains an almost maximum level of
performance in the absence of contention. Finally, we evaluate an implementation of our
algorithm in IBM’s production Java virtual machine. The measurements show not only
increased robustness but also performance improvements of up to 13.1% in server-oriented
benchmarks.

The remaining sections in this chapter are organized as follows. Section 4.2 intro-
duces the concept of spin and suspend locks, and Java locks using a bimodal lockword.
Section 4.3 revisits the base bimodal lock algorithm, which is a simplified version of thin
lock. Section 4.4 presents measurements for multi-threaded Java applications, especially
focusing on the contended locks. Section 4.5 describes our bimodal lock algorithm in
detail, and Section 4.6 shows performance results of an implementation of our algorithm.
Finally, Section 4.7 gives the summary of this chapter.

1In Japan, a tasuki is worn for tucking up sleeves, resulting in the shape of the letter ‘x’ on the back.
As we will see later in Figure 4.9, the most important characteristic of our algorithm is that the shape is
formed by the write/read dependency arrows of a lock field and a status bit.

27
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1 : int spin_acquire(volatile unsigned int *lock) {
2 : while (compare_and_swap(lock, 0, thread_id()) != SUCCESS)
3 : continue; // spin until success
4 : return SUCCESS;
5 : }
6 :
7 : int spin_release(volatile unsigned int *lock) {
8 : *lock = 0;
9 : return SUCCESS;
10 : }

Figure 4.1: Simple spin lock using compare and swap

4.2 Java Locks with Bimodal Fields

Even before the birth of Java, the field of thread synchronization (or process synchroniza-
tion) had been studied both long and deeply. As a result, most modern computer systems
provide two classes of locks for system programmers, spin and suspend locks. A spin lock
is realized with a memory word, by repeatedly performing a test (spinning) against the
word with such atomic primitives as test and set, fetch and add, or compare and -

swap. Figure 4.1 shows an example of a spin lock using compare and swap2. A thread
can acquire the spin lock by setting its identifier to the memory word pointed at by lock.

On the other hand, suspend locks, typical instances of which are semaphores [29] and
monitors [20, 21, 46], support the suspension of threads when they cannot acquire locks.
Therefore, the suspend locks must be integrated with an operating system’s scheduler,
and thus implemented within the kernel space, and so are heavier than the spin locks.
The monitor code in Figure 2.3 is one example of suspend locks.

A well-known optimization of suspend locks, first suggested by Ousterhout, is to com-
bine the technique with spin locks in the user space [90]. In acquiring this spin-suspend
lock, a thread first tries to acquire the spin lock, but only a small number of times (pos-
sibly only once). If it fails to grab the spin lock, the thread then attempts to obtain the
actual suspend lock, and goes down to the kernel space. As a result, when there is no
contention, synchronization requires just one or a few atomic primitives to be executed
in the user space, and is therefore very fast.

In Java, locks are performed by specifying objects. The main concern here is how
associations between objects and locks are realized. A simple way is to maintain them
in a hash table that maps an object’s address to its associated lock as in the monitor
table method described in Section 2.4.1. This approach is space-efficient, since it does
not require any working memory in an object’s header. However, the runtime overhead
is prohibitive, because the monitor table is a shared resource and every access must be
synchronized.

As briefly explained in Section 2.4.3, Bacon et al. proposed an efficient lock algorithm

2The semantics of the compare and swap function was shown in Figure 2.12.
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for Java, called thin lock [11], which optimizes common cases by combining spin locks
and suspend locks as in spin-suspend locks. However, what is really intriguing is that
the algorithm reserves a word (actually a 24-bit field) in an object’s header and makes
bimodal use of the single field. This was the beginning of bimodal locks for Java.

Initially, the field is in the spin-lock mode (flat mode), and remains in this mode as
long as contention does not occur. When contention is detected, the field is put into
the suspend-lock mode (inflated mode), and the reference to a monitor structure for the
suspend lock is stored into the field. In this way, the algorithm achieves the highest
possible performance in the absence of contention, which they found is the most common
case in Java locks.

Actually, their lock algorithm requires an atomic compare and swap operation only in
acquiring the lock, not in releasing the lock, whereas many other algorithms perform two
atomic operations, one in acquiring and the other in releasing [3]. This is why we say
that the algorithm achieves the highest performance.

However, we feel that the mode transitions inherent in bimodal locks have not yet
been fully considered. Transitions from and to the spin-lock mode are called inflation
and deflation, respectively. Their algorithm requires contending threads to busy-wait for
inflation, and does not perform deflation at all.

4.3 The Base Algorithm and Its Issues

This section describes the base lock algorithm for Java we try to improve. It is a simplified
version of the thin lock [11], an overview of which was given in Section 2.4.3. We sim-
plify their original algorithm in order to concentrate on those portions relevant to mode
transitions. We start by revisiting the thin lock, derive a simplified version, and discuss
issues inherent in bimodal locks.

4.3.1 Thin Lock Revisited

The thin lock was the first bimodal lock algorithm to allow a highly efficient implementa-
tion of Java locks. It was deployed across many IBM versions of the JDK, including the
IBM Developer Kits, Java Technology Edition [53], for AIX, Windows, Linux, OS/2, and
OS/390. The important characteristics are:

Space It assumes that a 24-bit field (lockword) is available in each object’s header for
implementing locks, and makes bimodal use of the lockword, with one mode for spin
lock and the other for suspend lock. These modes are distinguished by a shape bit
in the lockword.

Speed It takes a few machine instructions in acquiring and releasing a Java lock in the
absence of contention, while it still achieves better performance in the presence of
contention than the original JDK.
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Figure 4.2: Bimodal use of a lockword in the actual implementation of thin lock

Software Environment It assumes that the underlying layer provides suspend locks
with the full range of Java synchronization semantics. The (heavyweight) monitor
code shown in Section 2.3.1 is an example of such suspend locks.

Hardware Support As necessary hardware support, it only assumes the existence of
a compare and swap operation executable in user mode. Almost all modern pro-
cessors, including Pentium [55] and PowerPC [49, 79], support the operation as a
primitive instruction or as a sequence of instructions.

Like spin-suspend locks, the thin lock optimizes common, uncontended, cases by per-
forming hardware-supported atomic operations against a lockword. However, it optimizes
not only the most common case — that of acquiring a lock which is not currently acquired
(outermost acquisition) — but also the second most common case — that of acquiring
a lock which was already acquired by the same thread a small number of times (shallow
recursive acquisition). It does so by carefully engineering the structure of its lockword,
specifically by using 8 bits of lockword in the spin-lock mode as a recursion count.

Figure 4.2 shows the structure of 24-bit lockword actually used in the thin lock. In
the flat mode where the shape bit is 0, the 15-bit tid field is used to hold the thread
identifier currently acquiring the spin lock, and the 8-bit rcnt field is used to hold the
count of recursive spin-lock acquisitions. The rightmost 8 bits are used for miscellaneous
flags that are not directly related to lock operations.

4.3.2 The Base Algorithm

The base algorithm we use in this chapter is a simplified version of the original thin lock
in two respects:

• Extension of the lockword to make it a full word.
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Figure 4.3: Lockword structure and its state transitions of the base algorithm

• Omission of the optimization for shallowly nested lock acquisitions.

Except in these two respects, the base algorithm shares all of the important characteristics
of the thin lock. Note that both of the simplifications are purely for the sake of expla-
nation. Our actual implementation, which we will describe in Section 4.5, uses the same
number of bits, 24 bits, for the lockword, and performs the same level of optimization for
shallowly nested lock acquisitions.

We now present the base lock algorithm. First, the lockword has one of two structures:
a flat structure for spin-lock mode and an inflated structure for suspend-lock mode. These
structures are distinguished by the shape bit. Figure 4.3 reshows the structure of the
lockword and its state transitions. The left part illustrates the lockword structure in flat
mode. The value of the shape bit is 0, and the remaining bits hold a thread identifier.
The value of the lockword is 0 if no thread is holding the lock. Otherwise, the value is
the identifier of the thread currently holding the lock.

On the other hand, the inflated structure contains a shape bit with a value of 1 and
a monitor pointer (or monitor identifier in the actual implementation), as in the right
part of Figure 4.3. Notice that, when the lockword of an object is in the inflated mode, a
thread may or may not be holding the lock. That depends on the internal status of the
monitor structure referred to through the inflated lockword.

When an object is being created, the lockword is initialized to 0, which indicates that
it is in the flat mode and has not been acquired. Because of the lockword structure, the
thread and monitor identifier must be less than 231 in the base algorithm3.

3In addition, the value 0 is not permitted as the thread identifier since it means that the lock is not
acquired. In the actual implementation, whose lockword structure is shown in Figure 4.2, the thread
identifier must be less than 215 and the monitor identifier must be less than 223.
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1 : // Object header contains a word for lock
2 : typedef struct object {
3 : // :
4 : volatile unsigned int lockword;
5 : // :
6 : } Object;
7 :
8 : #define SHAPE_BIT 0x80000000
9 :
10 : int Java_lock_acquire(Object *obj) {
11 : // flat lock path
12 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS)
13 : return SUCCESS;
14 : // inflation loop
15 : while ((obj->lockword & SHAPE_BIT) == 0) {
16 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS) {
17 : inflate(obj); return SUCCESS;
18 : }
19 : thread_yield();
20 : }
21 : // inflated lock path
22 : monitor_t *mon = (monitor_t *)(obj->lockword & ~SHAPE_BIT);
23 : return monitor_enter(mon);
24 : }
25 :
26 : // Inflate the object’s lockword, which is held by current thread
27 : void inflate(Object *obj) {
28 : monitor_t *mon = Create_a_monitor(); // assume that the MSB is 0
29 : monitor_enter(mon);
30 : obj->lockword = SHAPE_BIT | (unsigned int)mon; // set the shape bit
31 : }
32 :
33 : int Java_lock_release(Object *obj) {
34 : unsigned int lw = obj->lockword;
35 : if ((lw & SHAPE_BIT) == 0) { // flat lock path
36 : if (lw != thread_id()) return ILLEGAL_STATE;
37 : obj->lockword = 0; return SUCCESS;
38 : }
39 : // inflated lock path
40 : monitor_t *mon = (monitor_t *)(lw & ~SHAPE_BIT);
41 : return monitor_exit(mon);
42 : }
43 :
44 : // Java_lock_wait()/notify()/notify_all() are omitted

Figure 4.4: Base lock algorithm: a simplified version of the thin lock
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Lock Acquisition

Figure 4.4 shows the base algorithm, which is actually the same as that shown in Fig-
ure 2.13. In acquiring an object’s lock, the thread first attempts to acquire a flat lock
by using a compare and swap operation (line 12). If the compare and swap succeeds, the
lockword was 0 (in the flat mode and not acquired), and becomes the current thread’s
identifier (acquired by the current thread). This is the fastest, and most common path in
acquiring the lock.

If the compare and swap fails, there are two possibilities. In one case, the lockword
is already in the inflated mode. The conditional in the while loop (line 15) immediately
fails, and the current thread attempts to enter the object’s monitor (line 23). In the other
case, the lockword is in the flat mode but the object’s lock is being held by some other
thread. This means that flat lock contention is occurring. The thread then enters the
inflation loop, which will be explained below.

Lock Release

In releasing an object’s lock, the current thread first looks at the lockword to determine
if it is in the flat mode (line 35). If so, the current thread releases the flat lock by
simply storing 0 into the lockword (line 37). This is the fastest path in releasing the lock.
Otherwise, it takes the object’s monitor out of the lockword, and exits from the monitor
(line 41).

Notice that the lock release in the flat mode does not require any atomic operations.
This is because an important discipline is imposed on the algorithm that only the thread
currently holding an object’s lock can modify the lockword, except for the initial acqui-
sition by compare and swap. Hence, the algorithm achieves the highest performance in
the absence of contention: one compare and swap in acquiring a lock, and a one bit-test
followed by one assignment in releasing the lock.

Inflation

When a thread detects flat lock contention, the thread enters the inflation loop (lines 15–
20) in the Java lock acquire function. In the loop, it performs the same compare -

and swap operation in order to acquire the flat lock. The inflating thread needs to do so
before modifying the lockword, because of the above-mentioned discipline.

If the compare and swap succeeds, the current thread calls the inflate function
(lines 27–31). This function creates a monitor for the object, enters the monitor, and
stores into the lockword the monitor’s identifier (address in this simplified implementa-
tion) with a shape bit whose value is 1. If the compare and swap fails, the thread needs
to busy-wait until it detects that some other thread has completed inflation or until it
succeeds in the compare and swap in the inflation loop.
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Deflation

Like the original thin lock algorithm, the base algorithm does not attempt the opposite
lockword transition, deflation, at all. Once the lockword has been inflated, all subsequent
lock attempts to the object take the inflated lock path, even if contention no longer occurs.

Actually, deflation is difficult to realize in this algorithm. For instance, storing 0 in the
lockword just before calling monitor exit in the Java lock release function (line 41)
does not work. This actually results in a loss of the correct lock behavior. What may
happen is that, while one thread acquires the suspend lock via the inflated lock path in
the Java lock acquire function (line 23), another thread could simultaneously succeed
in the initial compare and swap (line 12).

4.3.3 Inherent Issues

Inflation and deflation are unique to bimodal locks. The thin lock inflates the lockwords
by busy-waiting, and never deflate them, as we have seen in the base algorithm. We
summarize and consider the reasons and justifications given by the authors of the thin
lock [11] for their approach to mode transition.

First, they do not deflate lockwords for two reasons. One is the locality of contention,
which states that, if contention occurs once for an object, it is likely to occur again for that
object. This implies that, if we perform deflation, it will likely cause lockwords to thrash
between the flat and inflated modes. The other reason is that the absence of deflation
considerably simplifies the implementation.

However, the locality of contention was not verified. The real programs they measured
were single-threaded applications, which obviously resulted in no contention4. As we will
see, our measurements of real multi-threaded programs show that locality of contention
does not exist in many more cases than one might expect. On the other hand, the second
reason is understandable. As we explained above, deflation is quite difficult to accomplish
in this algorithm.

Next, they deemed busy-wait for inflation to be acceptable for two reasons. First, the
cost is paid only once because of the absence of deflation. Second, the cost is amortized
over the lifetime of an object, because of the locality of contention, which implies that
the object should stay in the inflated mode. However, as we have just mentioned, their
decision not to deflate may not necessarily be the right one in terms of performance. In
addition, locality of contention does not necessarily exist.

They also mention that standard back-off techniques like those proposed by Anderson
[5] can be used to ameliorate the cost and the negative effect of busy-waiting. However,
Anderson’s techniques are considered and evaluated in situations in which spin locks are
useful, namely, where the critical section is small or where no other process or task is ready

4This is not nonsensical, because the most important contribution of the thin lock is that it removed
the performance tax Java imposes even on single-threaded applications.
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to run. Lock activities in Java are so diverse that we do not think that these techniques
are straightforwardly applicable to Java.

It is possible to eliminate the busy-wait or yield of control in the inflation loop, by
using an atomic operation in the Java lock release function. However, the performance
in the absence of contention will no longer be as high as in the base algorithm. Since
atomic operations are usually very costly, we consider that such algorithms belong to a
different class of lock algorithms in terms of their performance characteristics.

Finally, it is worth noting that yielding of control in the inflation loop (line 19) is not
necessarily easy to implement correctly, because of priority inversion [71, 84, 111]. This
refers to the phenomenon where a higher-priority thread must wait for the processing
of a lower-priority thread. For instance, the situation arises when a high-priority thread
attempts to acquire an object’s lock that has been acquired by a low-priority thread. The
algorithm causes the high-priority thread to yield control, which is likely to result in the
thread being rescheduled and exhausting the processor.

To solve the priority inversion problem, the implementation of thin lock assumed a
minimal level of support from the underlying operating systems, specifically decay-usage
scheduling. However, even this minimal level of support is not provided in some systems,
while priority decay is too slow in others. In the end, it turns out that each platform
requires its own hacks to get around the problems.

4.4 Analysis of Contentions in Java Locks

To evaluate approaches to mode transitions, we measured the synchronization activities
of multi-threaded Java programs in IBM JDK 1.1.6 for the AIX operating system. In
particular, we were interested in the locality of contention and the durations for which
the object’s lock were acquired. The former is related to deflation, and the latter to
busy-wait for inflation.

We made some additions to the JDK code to log various synchronization events for
measurements. We ran all the test programs under AIX 4.1.5 on an unloaded RISC
System/6000 Model 43P containing a 166 MHz PowerPC 604ev with 128 megabytes of
main memory, and took timing measurements by using the PowerPC’s time base facility
[49], whose precision is about 60 ns on this machine. The JIT compiler was enabled for
all of these measurements.

Table 4.1 summarizes the programs we measured, which consist of two client appli-
cations, eSuite [77] and HotJava [104], and two server-oriented benchmarks, Ibench and
Amplace5 [121].

The Ibench program implements the business logic of the transactions as specified in
the TPC-C Benchmark Specification [113]. The benchmark creates client terminals as
Java threads, gets them to generate transactions against warehouse data, and reports the

5We thank Gaku Yamamoto for making the Amplace benchmark available to us.
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Table 4.1: Descriptions of programs measured

Program Description
eSuite An office suite from Lotus. Release 1.0. Open the desktop and

read 62 pages of a presentation file.
HotJava A Web browser from Sun. Version 1.1.5. Open an HTML page

containing ten 40-KB animated-GIF images.
Ibench Implements a TPC-C like business logic program. Creates m

terminals and gets them to generate transactions concurrently.
A value of m = 4 was used for the measurements.

Amplace Implements interactions among agents in a multi-agent server
for electronic commerce. Creates m shop agents and n con-
sumer agents, and causes the consumer agents to interact with
the shop agents. The values of m = 10 and n = 80 were used
for the measurements.

throughput in transactions per minute. Actually, this program is a very early version of
IBM’s pBOB (Portable Business Object Benchmark) [12].

The Amplace (Aglets marketplace) program implements interactions among agents in
a massive multi-agent system, and is built on top of a middleware system for electronic
commerce. The middleware was created with IBM’s Java-based mobile agents, Aglets
[54], and was actually used in a real commercial service on the Internet6. The benchmark
creates shop agents and consumer agents, causes each consumer agent to perform searches,
and reports the system’s throughput in searches per second. In each search, the consumer
agent queries all shops for recommended items, and waits for all of the shop agents to
return results.

4.4.1 Flat and Fat Sections

We consider that the lifetime of each object consists of flat and fat sections, one alternating
with the other. An object is said to be in a fat section either when a thread has attempted
to acquire the object’s lock but has not yet acquired the lock (i.e. contended), or when a
thread is waiting for a notification on the object’s lock. Otherwise, an object is said to
be in a flat section.

Figure 4.5 shows an example of flat and fat sections for three objects. Note that these
sections are distinguished by the existence of contention (or wait states). The flat section
does not mean that the object’s lock has not been acquired. The lock may be acquired
even in a flat section as long as there is no contention. The fat section does not mean that

6Provided at http://www.tabican.ne.jp/.
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Figure 4.5: Image of flat and fat sections

the lock is being acquired by only one thread. In a fat section, the lock may be acquired
by multiple threads one after another.

As long as an object is in a flat section, the object is not involved in any suspend-lock
operations. Thus, in terms of performance, objects should be in the flat mode in flat
sections. On the other hand, an object in a fat section is actually involved in suspend-
lock operations. Objects must therefore be in the inflated mode in fat sections. An object
having at least one fat section is said to be heavily synchronized. In Figure 4.5, Objects 1
and 3 are heavily synchronized, and are inflated in the base algorithm.

Table 4.2 summarizes the runtime statistics of the programs measured7. As shown in
the table, we measured the number of threads created, the maximum number of threads
that exist simultaneously, the number of objects created, the number of objects that are
synchronized, and the total number of synchronization operations. In addition, we include
in Table 4.2 the number of objects that are heavily synchronized, and the total number
of synchronization operations for those objects. As we see in the table, less than 1.6%
of the synchronized objects are heavily synchronized. For this point, the assumption of
thin lock is correct. However, these heavily synchronized objects are involved in more
than 32 times as many synchronization operations on average. This suggests that heavily
synchronized (contended) objects should be analyzed more deeply.

7For Amplace, numbers were taken from a run of the program that was partial due to the size of the
internal buffer for logging, but which was long enough to allow discussion of the benchmark’s runtime
characteristics.
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Table 4.2: Overall synchronization statistics

Threads existing
Program Threads created simultaneously Objects created
eSuite 31 28 228,298
HotJava 22 16 67,642
Ibench 6 6 752,445
Amplace 207 174 465,936

Objects Objects SyncOps for SyncOps per
Program created sync’d sync’d objects sync’d object
eSuite 228,298 18,120 (7.94%) 1,664,978 91.9
HotJava 67,642 6,735 (9.96%) 1,130,991 167.9
Ibench 752,445 97,957 (13.0%) 5,925,847 60.5
Amplace 465,936 61,432 (13.2%) 1,756,650 28.6

Objects SyncOps for SyncOps per
Objects heavily heavily heavily

Program sync’d sync’d sync’d objects sync’d object
eSuite 18,120 115 (0.63%) 20,148 175.2
HotJava 6,735 39 (0.58%) 257,394 6,599.9
Ibench 97,957 114 (0.12%) 1,770,146 15,527.6
Amplace 61,432 955 (1.55%) 226,320 237.0

4.4.2 Locality of Contention

The locality of contention is an assumption of thin lock that the contended object is almost
always contended. Using our terminology, we can rephrase the locality of contention as
follows: fat sections are long, or flat sections following fat sections are short. Here, time is
represented by the number of synchronization operations. We verify these claims in this
subsection.

Consider the example shown in Figure 4.5. Locality of contention exists for Objects 1
and 2. However, this is not the case for Object 3, for which the contention occurs only
in a short period. Actually, it is better to deflate the lock for Object 3 after the short fat
section is finished. If such objects are a large fraction of the heavily synchronized objects,
deflation can become very important.

For verifying the locality of contention in real multi-threaded programs, we first divided
the heavily synchronized objects into two groups. Objects in the nowait group are only
involved in mutual exclusion by monitor enter and exit, while objects in the wait group
are also involved in event notification by wait and notify(All).
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Table 4.3: Locality of contention

Objects
heavily Fat sections SyncOps per SyncOps per

Program Group sync’d SyncOps per object fat section flat section
eSuite nowait 14 10,575 1.21 24.41 327.74

wait 101 9,573 4.91 12.07 6.08
HotJava nowait 27 236,884 4.67 35.45 1519.07

wait 12 20,510 15.22 16.60 92.35
Ibench nowait 114 1,770,146 12.91 81.47 1040.50

wait 0 0 — — —
Amplace nowait 51 206,240 12.29 25.39 281.54

wait 904 20,080 2.91 4.31 2.60

Table 4.3 shows the lengths of fat and flat sections for each group of objects. Clearly,
we observe locality of contention in the wait group. However, we do not see any such
tendency in the other group. On the contrary, the flat sections are more than 10 times
longer than the fat sections, which means that most contentions are temporary for this
group. This contention transience suggests that deflation should be performed for objects
in the nowait group.

The average number of fat sections per object in eSuite is interesting. It implies that
most of the heavily synchronized objects in the nowait group have only one fat section.
We suspect that contentions were accidental for these objects.

4.4.3 Durations of Lock Acquisition

Busy-wait begins to have a negative effect on performance when a thread acquires an
object’s lock for a long time, keeping other threads in the inflation loop. We therefore
measured the lengths for the locked sections.

An object’s locked section starts when a thread acquires the object’s lock, and ends
when the thread releases the lock. Notice that the thread may implicitly release the lock
to wait on the object, and implicitly acquire the lock after returning from the wait. When
a garbage collection is invoked within a locked section, we subtract the time spent in the
collection from the length of the locked section, since the JDK’s garbage collector is a
stop-the-world type.

Table 4.4 shows the results. As we see, in comparison with the average length, there
are a few sections that are unusually long. This suggests that busy-wait is potentially
dangerous. Furthermore, notice that if we perform deflation as recommended above,
busy-wait for inflation is likely to be attempted many more times.
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Table 4.4: Durations of locked sections

Locked Average Longest Durations ≥10 ms
Program sections duration duration (ratio)
eSuite 821,676 0.245 ms 41.74 s 1,359 (0.17%)
HotJava 555,605 1.735 ms 5.52 s 2,767 (0.50%)
Ibench 2,960,314 0.131 ms 8.42 s 6,138 (0.21%)
Amplace 849,377 0.618 ms 24.31 s 2,474 (0.29%)

4.5 Our Lock Algorithm

As described in the previous section, our assumption in improving thin lock is that most
locks are not contended heavily in Java, so it is better to deflate the lockword after the
(temporary) contention goes away. In this section, we describe a new algorithm, tasuki
lock, that allows both inflation without busy-wait and deflation, but still maintains an
almost maximum level of performance in the absence of contention. In particular, the
algorithm does not require an atomic operation in releasing locks.

4.5.1 Tasuki Lock Algorithm

Tasuki lock requires one additional bit in an object’s header. The bit is set when flat lock
contention occurs, and is therefore named the FLC bit. An important requirement is that
the FLC bit of an object belongs to a different word from the lockword, since the bit is
set by a contending thread without holding the corresponding flat lock.

Figure 4.6 shows the data structure for tasuki lock. In addition to the FLC bit, the
tasuki lock uses a monitor table to maintain the association between objects and monitors.
In the figure, the monitor for Object 5 is registered in the table but not referred to from
the object’s lockword. This is the situation when the lockword was deflated. Compare it
with the data structure of the thin lock shown in Figure 2.10.

Figure 4.7 shows our lock algorithm, where the sidelines indicate the portions added
or modified from the base code (Figure 4.4). As in the base code, this is a simplified
version for explanation. Our actual implementation also uses the 24-bit lockword shown
in Figure 4.2, and performs optimizations for shallow recursive acquisitions, which are the
same as for the thin lock.

The first thing to note is that, if a thread fails to grab the flat lock in the inflation
loop, it waits on a monitor (line 24), so it does not busy-wait at all.

The second thing to note is that the Java lock release function, which is responsible
for notifying a thread waiting in the inflation loop, first tests the FLC bit (OBJFLAG FLAT -

CONTENDED) outside the critical region, without entering a monitor. This means that, in
the absence of contention, the additional overhead is only one bit test (line 48). Hence,
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Figure 4.6: Data structure for tasuki lock

an almost maximum level of performance is maintained. We explain in Section 4.5.2 why
this unsafe bit-test does not cause a race hazard.

The third thing to note is that the algorithm conditionally deflates an object’s lock-
word at lines 59–60. The necessary condition is that nobody is waiting on the object.
In addition, as long as the necessary condition is satisfied, tasuki lock allows selective
deflation, which is the purpose of the second condition in line 59, Better to deflate.
We can implement various deflation policies in this function. For instance, we can de-
flate lockwords on the basis of dynamic or static profiling information. We explain in
Section 4.5.3 why deflation is so simple to realize in our algorithm, and does not cause
problems such as those described in Section 4.3.2.

The last thing to note is the way in which monitors are used. In inflating an object’s
lockword, all the code related to inflation is basically protected by the corresponding
inflation monitor, which is entered at lines 17, 50, and 70. The noteworthy exception is
the unsafe test of the FLC bit (line 48). Interestingly, the inflation monitor is simply the
same as the suspend lock whose reference is eventually stored in the lockword. As we will
show in Section 4.5.4, tasuki lock ensures that the monitor’s dual roles do not interfere
with each other.

To understand the duality a bit better, consider the case in which a thread acquires
an object’s lock already in the inflated mode. The thread fails in the initial compare -

and swap in the Java lock acquire function (line 13). It then looks up and enters the
object’s inflation monitor (line 17). The only remaining thing is to fail in the conditional
expression of the while loop (line 19). Notice that the object’s monitor is entered after
the while loop in the base algorithm (line 23 in Figure 4.4), but it has already been
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1 : // Object header contains a lockword and an FLC bit
2 : typedef struct object {
3 : // :

| 4 : volatile unsigned int flag; // 1 bit is used as an FLC bit
5 : volatile unsigned int lockword;
6 : // :
7 : } Object;
8 :
9 : #define SHAPE_BIT 0x80000000
10 :
11 : int Java_lock_acquire(Object *obj) {
12 : // flat lock path
13 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS)
14 : return SUCCESS;
15 : // inflated lock and inflation path

| 16 : monitor_t *mon = obtain_monitor(obj);
| 17 : monitor_enter(mon);

18 : // inflation loop
19 : while ((obj->lockword & SHAPE_BIT) == 0) {

| 20 : obj->flag |= OBJFLAG_FLAT_CONTENDED; // set the FLC bit
21 : if (compare_and_swap(&obj->lockword, 0, thread_id()) == SUCCESS)
22 : inflate(obj, mon);

| 23 : else
| 24 : monitor_wait(mon); // wait on the inflation monitor

25 : }
| 26 : return SUCCESS;

27 : }
28 :
29 : // Returns a monitor associated with the object

| 30 : monitor_t *obtain_monitor(Object *obj) {
| 31 : unsigned int lw = obj->lockword;
| 32 : if ((lw & SHAPE_BIT) != 0) return (monitor_t *)(lw & ~SHAPE_BIT);
| 33 : return lookup_monitor(obj); // search for a monitor in the table,
| 34 : } // or create/register a new monitor

35 :
36 : // Inflate the object’s lockword, which is held by current thread
37 : void inflate(Object *obj, monitor_t *mon) { // mon must also be entered

| 38 : obj->flag &= ~OBJFLAG_FLAT_CONTENDED; // reset the FLC bit
| 39 : monitor_notify_all(mon);

40 : obj->lockword = SHAPE_BIT | (unsigned int)mon; // set the shape bit
41 : }
42 :

Figure 4.7: Our lock algorithm: tasuki lock (1 of 2)
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43 : int Java_lock_release(Object *obj) {
44 : unsigned int lw = obj->lockword;
45 : if ((lw & SHAPE_BIT) == 0) { // flat lock path
46 : if (lw != thread_id()) return ILLEGAL_STATE;
47 : obj->lockword = 0;

| 48 : if (obj->flag & OBJFLAG_FLAT_CONTENDED) { // test the FLC bit,
| 49 : monitor_t *mon = obtain_monitor(obj); // the only overhead
| 50 : monitor_enter(mon);
| 51 : if (obj->flag & OBJFLAG_FLAT_CONTENDED) monitor_notify(mon);
| 52 : monitor_exit(mon);
| 53 : }

54 : return SUCCESS;
55 : }
56 : // inflated lock path, deflate if possible
57 : monitor_t *mon = (monitor_t *)(lw & ~SHAPE_BIT);
58 : if (!monitor_being_entered_by_me(mon)) return ILLEGAL_STATE;

| 59 : if (!monitor_being_waited(mon) && Better_to_deflate(obj))
| 60 : obj->lockword = 0; // deflation

61 : return monitor_exit(mon);
62 : }
63 :
64 : int Java_lock_wait(Object *obj) {
65 : unsigned int lw = obj->lockword;
66 : if ((lw & SHAPE_BIT) == 0) { // flat mode
67 : if (lw != thread_id()) return ILLEGAL_STATE;
68 : // force the inflation

| 69 : monitor_t *mon = obtain_monitor(obj);
| 70 : monitor_enter(mon);

71 : inflate(obj, mon);
72 : }
73 : // execute the wait using the monitor structure
74 : monitor_t *mon = (monitor_t *)(obj->lockword & ~SHAPE_BIT);
75 : return monitor_wait(mon); // wait on the Java object
76 : }
77 :
78 : int Java_lock_notify(Object *obj) {
79 : unsigned int lw = obj->lockword;
80 : if ((lw & SHAPE_BIT) == 0) { // flat mode
81 : if (lw != thread_id()) return ILLEGAL_STATE;
82 : return SUCCESS; // no one should be waiting, no need to inflate
83 : }
84 : // execute the notify using the monitor structure
85 : monitor_t *mon = (monitor_t *)(lw & ~SHAPE_BIT);
86 : return monitor_notify(mon);
87 : }
88 :
89 : // Java_lock_notify_all() is implemented in the same manner

Figure 4.7: Our lock algorithm: tasuki lock (2 of 2)



44 CHAPTER 4. TASUKI LOCK

T0

1

00

releaseacquire

Shape bit

Monitor
structure

Flat mode
(Shape bit=0)

Inflated mode
(Shape bit=1)

Object creation

(pointer)

Acquired by T

Not acquired

acquire / release
deflate & release

inflate

Figure 4.8: Lockword state transitions of tasuki lock

entered as the inflation monitor in our algorithm.
Finally, we briefly describe the lookup monitor function used at line 33. The code

is not shown in Figure 4.7. We assume that there exists an underlying monitor table
that maintains associations between objects and their monitors. Given an object, the
function searches the monitor table, and returns the object’s monitor, creating a monitor
if necessary. Notice that deflation simply means the mode transition of a lockword. It
does not imply the removal of the corresponding association from the table. The table
and lookup monitor can be basically same as those in the monitor table code shown
in Figure 2.7. However, unlike the old code, the table is accessed only in the inflation
path. Since it is not used in the usual, flat or already-inflated, cases, the scalability is not
degraded.

Figure 4.8 illustrates the transitions of a lockword in tasuki lock. Compared to the
base algorithm (Figure 4.3), a new path is added for the deflation.

4.5.2 Testing an FLC Bit

This subsection explains why testing an FLC bit outside the critical region at line 48 of
Java lock release does not cause a race hazard. Specifically, we show that no thread
continues to wait forever at line 24 in the inflation loop without receiving any notification.
We start with the following two properties, which can be obtained immediately from the
code in Figure 4.7.

Property 4.1 An object’s shape bit is set only in the inflate function, and cleared only
at line 60 in the Java lock release function. In both cases, the object’s monitor is
entered.
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Property 4.2 An object’s FLC bit is set only in the inflation loop, and cleared only in
the inflate function. In both cases, the object’s monitor is entered.

We then prove the following crucial property, which states that the failing compare -

and swap has an important implication. There are subtle issues related to this property
on a multiprocessor system, which we will consider in Section 4.5.5.

Property 4.3 If a thread T fails in the compare and swap against an object in the infla-
tion loop (line 21), there is always some other thread that subsequently tests the object’s
FLC bit at line 48 of the Java lock release function.

Proof. Let t1 be the time at which T fails in the compare and swap. From Property 4.1,
the object’s shape bit remains the same at t1 as when T finds the while loop’s conditional
true. That is, the lockword is in the flat mode at t1.

The failure then implies that some other thread U holds the object’s flat lock at t1. In
other words, U does not yet execute the store of 0 into the lockword, which is at line 47
of the Java lock release function, at t1. Hence, U will unsafely test the FLC bit at
line 48 after t1.

Figure 4.9 illustrates Property 4.3, where the number beside each box is the line number
of the code shown in Figure 4.7. Using this figure, the property can be informally stated
as:

Because t1 < t2, therefore t0 < t3.

The key point of the property is that the shape of tasuki (Figure 4.10) is formed by the
two arrows at the center, and thus our algorithm was named tasuki lock8.

Next, the following lengthy property is all that we can theoretically state about what
happens after a thread waits in the inflation loop.

Property 4.4 If a thread T waits on an object’s monitor M in the inflation loop, there is
always a thread that subsequently calls the inflate function against the object or executes
a compare and swap against the object in the inflation loop.

Proof. Let t1 be the time at which T performs the compare and swap in the inflation
loop that fails and causes T to wait on M . From Property 4.3, there exists some other
thread U that will unsafely test the corresponding object’s FLC bit at some time t3 after
t1.

We then perform a two-case analysis based on whether U finds the FLC bit set or
cleared at t3. Consider the simpler case, in which U finds the FLC bit cleared at t3.
From Property 4.2, the clearance of the FLC bit implies that a third thread V has called
inflate before t3. Since T already entered M at t1, V called inflate after T started

8There is another reason for the name. In tasuki lock, the monitor has dual roles as will be shown in
Section 4.5.4. A monitor used for protecting the inflation code in the flat mode (line 17) is passed to the
inflated mode as a suspend-lock (line 22), like the tasuki baton in an Ekiden [119] race in Japan.
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waiting on M and implicitly exited from M at line 24. Thus, the property holds in this
case.

Next, consider the case in which U finds the FLC bit set at t3. The thread U then
succeeds in the unsafe test and continues to execute test-and-notify, which is properly
protected by M . The properly protected test at line 51 may fail or succeed. If it fails,
obviously, the FLC bit was cleared. By the same reasoning as above, we can deduce that
the property holds.

If the protected test succeeds, the thread U notifies M , and wakes up one of the waiting
threads, which may or may not be identical to T . Again, notice that, since T already
entered M at t1, U calls monitor notify after T started waiting on M and implicitly
exited from M . The woken-up thread W eventually resumes the execution and reaches
the while loop’s conditional at line 19.

The thread W may find the conditional false or true. If the conditional is false, some
thread has set the shape bit, which implies, from Property 4.1, that the inflate has been
called by the thread. If the conditional is true, the thread W continues to execute the
body of the inflation loop, which means it executes compare and swap at line 21. Thus,
we have shown that the property holds in both cases.

In theory, the execution of the compare and swap in the inflation loop repeatedly fails
and is retried forever. Our algorithm lacks fairness, like the base algorithm. However,
we can state that, in practice, a thread eventually succeeds in the compare and swap and
calls the inflate function.

Thus, a practical consequence of Property 4.4 is that, if a thread is waiting on an
object’s monitor in the inflation loop, there is always a thread that subsequently calls the
inflate function. Since the function wakes up all the threads waiting on the inflation
monitor (line 39), this means that every thread waiting on the inflation monitor at the
call is eventually woken up9.

4.5.3 Deflating a Lockword

Next, we show that our deflation is safe. Consider a general lock sequence in which a
thread T acquires an object’s lock, executes the code in the critical section, and releases
the lock. Let us consider that T acquires the object’s lock when T returns from the
Java lock acquire function, and releases the lock when T calls (rather than completes)
the Java lock release function. Let us also consider that T holds the lock between these
two times. We can then state the safety of our deflation as follows:

Property 4.5 No thread ever acquires an object’s flat lock when some other thread holds
the object’s suspend lock. Similarly, no thread ever acquires an object’s suspend lock when
some other thread holds the object’s flat lock.

9Because of deflation, the woken-up thread might wait on the inflation monitor again, by passing the
while loop’s conditional at line 19.
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Proof. In order for a thread to acquire an object’s flat lock, the thread needs to succeed
in the first compare and swap in the Java lock acquire function (line 13). However, it
never succeeds as long as some other thread holds the suspend lock, since the shape bit
is set in that situation.

Similarly, in order for a thread to acquire an object’s suspend lock, the thread T
needs to enter the object’s monitor and fail in the while loop’s conditional (line 19). The
conditional never fails as long as some other thread holds the object’s flat lock, where the
shape bit is cleared.

Indeed, what makes our deflation simple and safe is that the shape bit is always tested
after the monitor is (re-)entered. Notice that deflation of an object does not imply that
the association between the object and its suspend lock is instantaneously removed from
the underlying monitor table. Thus, it is safe even if the lockword of an object becomes
deflated in the middle of the obtain monitor function.

4.5.4 Monitors’ Dual Roles

The immediate concern about using a monitor both for protecting the inflation code and
for a suspend-lock of a Java object is that these two roles may interfere with each other.
More specifically, one concern is that notifying an inflation monitor (lines 39 and 51) might
wake up a thread waiting on the Java object (line 75), and another is that notifying a
Java object (line 86) might wake up a thread waiting on the inflation monitor (line 24).

Actually, tasuki lock ensures that neither case occurs, since the functions for waiting
on and notifying a Java object, Java lock wait and Java lock notify, are properly
defined.

First, as in the base algorithm, the Java lock wait function (lines 64–76) forces infla-
tion of the lockword if the lockword is in the flat mode10. This is done under appropriate
protection by the object’s inflation monitor acquired at line 70. In addition, the Java -

lock release function suppresses deflation as long as a thread is waiting on a Java object
(line 59). Combining the two, we obtain the following property:

Property 4.6 If some thread is waiting on a Java object, the lockword is in the inflated
mode.

Second, the Java lock notify function performs one of the following two actions.
If the object’s lockword is in the flat mode, the function simply ignores the notification
request (line 82), since the contrapositive of Property 4.6 states that no thread is waiting
on the Java object in this mode. Otherwise, the function notifies the corresponding
suspend lock (line 86). This implementation immediately yields the following property:

Property 4.7 If a thread notifies a Java object, the lockword is in the inflated mode.

10Notice that the thread which calls Java lock wait in the flat mode must already hold the flat lock.
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Third, tasuki lock notifies an inflation monitor in two places, one in the Java lock -

release function (line 51) and the other in the inflate function (line 39). Notice that
both places are protected by the monitor. A thread of control reaches the former only
when the FLC bit is set, and the latter only when the shape bit is cleared. Each of the
conditions holds if and only if the lockword is in the flat mode. We thus have the following
property:

Property 4.8 If a thread notifies an inflation monitor, the lockword is in the flat mode.

Finally, tasuki lock causes a thread to wait on an inflation monitor M in one place
(line 24), that is, in the inflation loop that is entered only when the shape bit is cleared.
In addition, calling inflate against M wakes up all the waiting threads on M . This
implies the following property:

Property 4.9 If a thread is waiting on an inflation monitor, the lockword is in the flat
mode.

We are now ready to conclude the subsection. From Property 4.8 and the contra-
positive of Property 4.6, we can infer that it is impossible to notify an inflation monitor
to wake up a thread waiting on the Java object. Similarly, from Property 4.7 and the
contrapositive of Property 4.9, we can infer that it is impossible to notify a Java object
to wake up a thread waiting on the inflation monitor.

4.5.5 Multiprocessor Considerations

In general, special care must be taken in implementing a lock algorithm on a multiproces-
sor system supporting a relaxed memory model [1, 27]. For instance, when implemented
on a PowerPC multiprocessor system, whose memory model is weakly consistent [49, 79],
the store of 0 in the lockword at line 47 of the Java lock release function must be pre-
ceded by a sync instruction, to ensure that any stores associated with the shared resource
are visible to other processors.

This is also the case for the base algorithm. Notice, however, that the store does not
have to be followed by a sync. Although a thread trying to acquire the same object’s
lock may see the stale value and thus fail in the compare and swap, this simply results in
a few more iterations in the busy-wait loop.

Our algorithm imposes more stringent requirements. As we have seen above, the proof
of Property 4.3 relies on the implication that, if T fails in the compare and swap, U has
not yet executed the store of 0 in the lockword at line 47 and will test the FLC bit at
line 48. However, the implication does not necessarily hold in a relaxed memory model.
To ensure Property 4.3, which can be stated as “Because t1 < t2, therefore t0 < t3.” in
Figure 4.9, we must ensure the sequences of instructions preserve t0 < t1 and t2 < t3. We
may thus need to issue additional instructions.
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Actually, on a PowerPC multiprocessor system, the store must also be followed by
sync to ensure t2 < t3. The failure of the compare and swap then implies that U has not
yet started executing the next instruction of the sync instruction, testing the FLC bit
(line 48). Thus, Property 4.3 still holds, although the additional instruction slows down
the performance in the absence of contention.

Besides the store, the same care must be taken with the setting of the FLC bit in the
inflation loop (line 20) to ensure t0 < t1, and also with the clearance of the FLC bit in
the inflate function (line 38). However, both are in the inflation path, and do not affect
the performance of the uncontended case.

4.6 Performance Results

In this section, we evaluate an implementation of our lock algorithm in IBM JDK 1.1.6 for
the AIX operating system. We based the implementation on that of thin lock contained
in the original IBM JDK. Thus, we use a 24-bit lock field, and include optimization for
shallowly nested lock acquisitions.

We adopted a deflation policy as suggested by the measurements in Section 4.4. That
is, we deflate the lockword of an object if the object belongs to the nowait group and if a
fat section of the object has ended. We thus check these two conditions in Better to -

deflate at line 59 in Figure 4.7.
The check is realized as follows. First, in order to determine whether an object belongs

to the nowait group we add a counter to the object’s monitor, which is incremented
when the Java lock wait function is called. This incurs virtually no execution overhead,
since only the execution of Java lock wait is affected. Second, we determine when an
object’s fat section ends by checking whether both the entry and waiting queues of the
object’s monitor are empty. In most cases, the information needed for checking this is
already included in the underlying layer’s internal structures. Thus, if these structures
are available and accessible, checking the second condition does not involve any extra
overhead.

We measured the performance of two versions of JDKs on the same machine with the
same configuration as in Section 4.4, and took a median of ten runs for each of the micro-
and macro-benchmarks. Neither of the JDKs included code for logging. The JIT compiler
was enabled for all the measurements.

4.6.1 Micro-Benchmarks

Table 4.5 summarizes the three micro-benchmarks we used. The LongLocker benchmark
test is intended to determine the effect of inflation without busy-wait, and Figure 4.11
shows the results. As we see, as the number of concurrent threads increases, the per-
formance of the original JDK deteriorates greatly, while our JDK maintains a constant
performance.



4.6. PERFORMANCE RESULTS 51

Table 4.5: Descriptions of micro-benchmarks

Program Description
LongLocker n One thread acquires an object’s lock for a long computation

(about 5 sec), while n − 1 threads attempt to lock the same
object.

FlatFat n m The flat section, where one thread executes a small synchro-
nized block n×m times, alternates with the fat section, where
n threads concurrently execute the same block m times.

Thrashing m Each of two threads iterates over a small synchronized block
m times in such a way that each iteration forces contention to
occur and cease.

The FlatFat benchmark test is intended to determine the effect of deflation. Fig-
ure 4.12 shows the results for n = 50 and m = 100,000. As we see, once inflation has
occurred, the original JDK no longer performs as well in subsequent flat sections as in
the first flat section, while our JDK maintains a constant performance in all the flat sec-
tions. We also obtained similar results for other cases such as n = 10, 20, or 80. On
the other hand, we observed that the performance in the fat section slightly degraded in
our algorithm. This is primarily because of the overhead of checking deflatability in the
Java lock release function (line 59 of Figure 4.7).

The Thrashing benchmark test was written so that each time one thread acquires an
object’s lock it ends up in contention with the other thread. The result for m = 2,000
is that, while the original JDK takes 1,396 msec to complete, our JDK takes 1,438 msec,
inflating and deflating the object exactly two thousand times.

The rate of more than one cycle of inflation and deflation per msec is extremely high
if we consider that the scheduling quantum is on the order of ten milliseconds in our
machine. Nevertheless, our JDK performs as well as the original JDK, which means that
thrashing does not pose a serious problem in our algorithm.

We suspect that this is mainly because of the underlying monitor table that we use to
maintain associations between objects and monitors. We simply enabled the implemen-
tation of the monitor cache [123] in the Sun JDK 1.1.6, which includes an optimization
for small per-thread monitor caches. A thread first looks up its own small monitor cache
for an association. When doing so, it does not have to hold any lock. Thus, as long as a
hit occurs in the per-thread cache, obtaining an object’s monitor is almost as efficient in
the flat mode as in the inflated mode.
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Table 4.6: Inflation and deflation dynamics of macro-benchmarks

IBM116
SyncOps in inflated

Program SyncOps Inflations Deflations mode (ratio)
eSuite 1,664,978 115 0 0.84%
HotJava 1,130,991 39 0 19.5%
Ibench 5,925,847 114 0 26.3%
Amplace 1,756,650 955 0 10.7%

Ours
SyncOps in inflated

Program SyncOps Inflations Deflations mode (ratio)
eSuite 1,664,366 138 127 0.52%
HotJava 1,047,248 165 157 2.01%
Ibench 5,917,825 1,255 1,255 1.82%
Amplace 1,535,618 1,661 1,476 1.39%

4.6.2 Macro-Benchmarks

For macro-benchmarking, we used the same set of Java programs as in Section 4.4, whose
processing is described in Table 4.1. We first measured the inflation and deflation dy-
namics of these programs in our JDK together with the dynamics in the original JDK.
Table 4.6 shows the results11. Notice that we collected these dynamics by using another
set of two versions of JDK, in which the logging facilities were enabled.

These results show that significantly more synchronizations occur in the flat mode in
our JDK. That is to say, our algorithm substantially reduces the synchronization over-
head. However, the extent to which the reduction in the synchronization overhead is
reflected in the overall performance varies from application to application, depending on
several factors, especially the amount of the execution time an application spends on
synchronization.

For the client programs of eSuite and HotJava, we could not see any consistent dif-
ferences between the original JDK and ours. These are interactive applications, and the
execution times significantly vary from run to run. On the other hand, we did see dif-
ferences for the server-oriented programs. The throughput is improved from 10,920.12
to 12,163.52 transactions per minute in Ibench, and from 1.5286 to 1.6076 searches per
second in Amplace. That is to say, we observed improvements of 11.4% and 5.16%,

11The figures for the dynamics do not necessarily coincide with those in the measurements given in
Section 4.4. This is primarily because of the different amounts of code inserted for recording different
kinds of synchronization events.
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Figure 4.13: Performance of the Ibench benchmark for various numbers of terminals

respectively.
We also ran Ibench while varying the number of terminals, m, from 1 to 10. As

Figure 4.13 shows, our lock algorithm achieved the maximal improvement of 13.1% at
m = 2, and the minimal improvement of 8.27% at m = 8. Furthermore, it is worth noting
that the throughput drops at m = 2 much less sharply in our JDK.

4.7 Summary

Thin lock was the first bimodal lock algorithm for Java, and made a significant contribu-
tion to accelerating Java locks. For uncontended objects, the lock can be acquired with
only one compare and swap, and released by simply storing 0. However, once a lock is
contended, it is inflated by busy-waiting, and never deflated.

By analyzing the lock behavior of contended objects in real multi-threaded Java ap-
plications, we discovered that most contentions are temporary, especially for objects in
the nowait group. To exploit the contention transience, we defined a new bimodal lock
algorithm, called tasuki lock, that allows both inflation without busy-wait and deflation.
The algorithm maintains an almost maximal level of performance in the absence of con-
tention. Two intriguing points in tasuki lock are the way in which the flat lock contention
bits are manipulated, and the dual roles of monitors.

We evaluated an implementation of tasuki lock in IBM’s production JDK. The results
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of micro-benchmarks show that, in comparison with the original JDK, our algorithm
achieved a constant performance even in the presence of a long-time lock holder, and
recovers the highest performance in the absence of contention even after inflation has
occurred. In addition, they suggest that thrashing of inflation and deflation is not a
concern.

Although the aim of removing busy-wait for inflation is to avoid disasters, that of
deflation is to improve performance. Our measurements have shown improvements up to
13.1% in server-oriented benchmarks. Currently, our tasuki lock is used in all of IBM’s
production Java developer kits [53], including versions for AIX, Windows12, Linux, and
z/OS [51].

To summarize, the research shown in this chapter contributes the following results:

• Finding of the contention transience
We analyzed contended Java locks deeply and found contention transience in the
nowait group objects.

• Proposal of tasuki lock
We proposed a new bimodal lock algorithm, tasuki lock, that supports deflation,
and inflation without a busy-wait loop.

• Implementation and measurement
We implemented the algorithm in a production JDK, and confirmed the increased
robustness and performance improvement of up to 13.1%.

12The Windows version cannot be downloaded as a stand alone package, but it is included in IBM’s
Java-based products, such as WebSphere Application Server [50].





Chapter 5

Reservation Lock

5.1 Introduction

Java locks have been improved so as to be acquired and released with only a few machine
instructions in their common case, the absence of contention, as a result of various research
efforts to accelerate Java locks such as thin lock [11], tasuki lock [88], and others [3, 28].
However, in all of these algorithms, the instruction sequence inevitably contains one or
more compound atomic operations such as compare and swap. Considering that atomic
operations are especially expensive in modern architectures, they are becoming the major
overhead factor in Java locks.

The atomic operations are very effective in the situation where multiple threads acquire
a lock symmetrically. However, this is not the best solution when there is an asymmetry
in the lock acquisitions. If an object’s lock is frequently acquired by a specific thread,
the lock’s cost may be further reduced by giving a certain precedence to that thread,
while shifting costs to other threads. One obvious example is single-threaded programs1,
in which locks must have been performed by only one thread. Even for multi-threaded
programs, there may be opportunities to exploit such asymmetries.

From this viewpoint, in this chapter we propose our second improvement of Java
locks, named reservation lock [65, 66]. It also follows the principle of optimizing common
cases. The observation exploited is the biased distribution of lockers called thread locality,
as described above. The key idea is to allow a lock to be reserved for a thread. The
reservation-owner thread can perform the lock processing without atomic operations, so
the lock overhead is minimized. If another thread attempts to acquire the reserved lock,
the reservation must first be canceled, and the lock processing falls back to an existing

1Strictly speaking, Java programs cannot be single-threaded because the Java virtual machine itself
normally creates internal helper threads. Even if there is no other thread, lock operations cannot be
completely omitted because some error situations which cause IllegalMonitorStateException must be
checked to comply with the Java specifications [41]. Furthermore, the case must also be supported that
a single-threaded program can become multi-threaded by dynamically creating threads.

57
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Figure 5.1: General thread locality and exploitable thread locality

algorithm.
As we will see later, the reservation lock can be built on any existing lock algorithm,

as long as it uses a lockword (or a field) in the object’s header and has one available bit
to represent the reservation status. When the LRV bit is set, the meaning of the lockword
is defined by our reservation lock, while when the bit is not set, the meaning is defined
by the underlying algorithm. We have evaluated an implementation of the reservation
lock in IBM’s production virtual machine and its JIT compiler. The results show that it
achieved performance improvements up to 53% in real Java programs.

The rest of this chapter is organized as follows. Section 5.2 shows the thread locality
of locks in real Java programs. Section 5.3 describes the algorithm of reservation lock, and
Section 5.4 discusses its correctness, characteristics, and several variations. Section 5.5
presents performance results from micro- and macroscopic viewpoints, and discusses some
possible extensions. Finally, Section 5.6 summarizes this chapter.

5.2 Thread Locality of Java Locks

The reservation lock we are trying to define in this chapter accelerates Java locks by
reserving each lock for a thread so it can be quickly processed. To make this idea effective,
there must exist a locality such that each object’s lock is frequently acquired by a specific
thread, for which the lock is to be reserved. This section studies this thread locality of
Java locks.

The thread locality of a lock is defined in terms of the lock sequence, the sequence of
threads (in temporal order) that acquire the lock. The general form of thread locality is
stated as follows. For a given lock, if its lock sequence contains a very long repetition of a
specific thread, the lock is said to exhibit thread locality, while the specific thread is said
to be the dominant locker.

However, the general form of thread locality is not easy to exploit, since we consider
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Table 5.1: Benchmark programs

Multi-
Program threaded? Description

SPECjvm98 Run each program 3 times in the application mode
202 jess No Expert shell system solving a set of puzzles
201 compress No LZW compression and decompression
209 db No Perform database functions on memory resident DB
222 mpegaudio No Decode MP3 audio files
228 jack No Parser generator generating itself
213 javac No Java source-to-bytecode compiler from JDK 1.0.2
227 mtrt Yes Two-threaded ray tracer

SPECjbb2000 Yes Simulate the operations of a TPC-C like business
logic, run for 8 warehouses

Volano Server Yes Chat room simulator
Volano Client Yes Chat client, creating 200 connections and sending 100

messages per connection

adaptive optimization of locks at runtime, rather than static optimization using off-line
profiles. Figure 5.1 illustrates example lock sequences for two objects. Obviously, Ob-
ject 1’s lock exhibits thread locality to Thread B, but it is very hard for the runtime
system to cheaply determine this while the lock sequence is being constructed, and give
the lock precedence to B. On the contrary, as for Object 2 in the figure, it is rather
easy to give some precedence to Thread C , which was first to acquire the object’s lock.
Thus, a stronger form of thread locality is considered for exploitability, which is described
as follows. For a given lock, if the lock sequence starts with a very long repetition of a
specific thread, the lock is said to show exploitable thread locality. When the lock exhibits
exploitable thread locality, the initial locker is the dominant locker.

To investigate how many objects show exploitable thread locality in real programs,
we gathered lock statistics using an instrumented version of the IBM Developer Kit for
Windows, Java Technology Edition, Version 1.3.1 [53]. We measured ten Java programs
listed in Table 5.1 — the seven programs of the SPECjvm98 [100] each of which was
executed three times successively in the application mode, the SPECjbb2000 [99] for eight
warehouses, and the server and client programs of the Volano Mark [114]. Among these
programs, 227 mtrt, SPECjbb2000, and the Volano Mark programs are multi-threaded
programs. The purpose of this investigation is to understand the inherent behavior of
Java locks, so we ran these programs with the JIT compiler disabled, since some locks
would otherwise be optimized away by compiler optimizations.

The focus in our measurements is the first repetition in the lock sequence for each
lock. This is the beginning subsequence consisting only of the initial locker. If the first
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Figure 5.2: Example lock sequences and their first repetitions

repetition of a lock is very long, the lock shows exploitable thread locality. Figure 5.2
shows example lock sequences and their first repetitions for three objects. As shown in
this example, the length of the first repetition may be one, which is counted as a first
repetition containing only one acquisition. Also, the initial locker may appear again after
the first repetition, which is not counted as a first repetition. In this example, the ratio
of lock acquisitions in the first repetitions to the total lock acquisitions is calculated as
17/30 = 56.7%.

Table 5.2 presents the actual results, which shows the total number of lock acquisitions
and the ratios of lock acquisitions in the first repetitions. The results shown here are for
the complete execution of each program, including lock acquisitions during the program
startup and shutdown. As shown in the table, the vast majority of lock acquisitions are
performed by the initial lockers. Even for multi-threaded programs, more than 75% of
the lock operations were performed by the initial lockers in the first repetitions. Thus, we
can draw the conclusion that a significant number of objects exhibit exploitable thread
locality, and their locks thus may be accelerated if they are reserved for their initial lockers.

Notice that the ratios in the last column are not 100% even for single-threaded pro-
grams, since the virtual machine implicitly creates helper threads for internal tasks such
as finalization. We also note that the initial locker of an object is not necessarily the
creator of the object. This actually happens in the Volano Mark programs, where a single
thread is dedicated to creating objects and passing them to worker threads that actually
use the objects. This suggests that locks should be reserved for their initial lockers, rather
than their creators.

In addition, Table 5.3 gives reference data from the viewpoint of the number of objects
in the same measurement. The table indicates that only 40% at most of the synchronized
objects’ locks are actually used by multiple threads. In other words, more than half of
synchronized objects’ locks are used only by single threads, so are worth being reserved
for those threads.

2The total number of lock acquisitions and created objects for SPECjbb2000 varies depending on the
execution speed.
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Table 5.2: Exploitable thread locality of Java locks

Number of Ratio of acquisitions
Program lock acquisitions in the first repetitions

SPECjvm98
202 jess 14,646,978 99.993%
201 compress 28,895 97.211%
209 db 162,117,521 99.9998%
222 mpegaudio 27,168 98.108%
228 jack 38,570,415 99.998%
213 javac 47,062,772 99.974%
227 mtrt 3,522,926 99.557%

SPECjbb20002 102,282,147 79.392%
Volano Server 7,244,208 75.983%
Volano Client 10,419,671 84.270%

Table 5.3: Investigation of synchronized objects

Objects Objects Objects sync’d by
Program created sync’d multiple threads

SPECjvm98
202 jess 23,999,733 21,278 187 (0.878%)
201 compress 18,586 2,135 127 (5.948%)
209 db 9,883,475 66,592 52 (0.078%)
222 mpegaudio 26,456 1,620 91 (5.617%)
228 jack 19,334,735 1,635,497 144 (0.0088%)
213 javac 19,140,558 1,192,734 1,760 (0.148%)
227 mtrt 21,622,389 3,020 114 (3.775%)

SPECjbb20002 18,511,021 2,077,210 176,318 (8.488%)
Volano Server 719,245 7,279 1,888 (25.94%)
Volano Client 3,957,166 4,102 1,640 (39.98%)
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Figure 5.3: Example lock sequence of reservation lock

5.3 The Proposal of Reservation Lock

The experiments in the previous section revealed that for many Java objects their locks
are dominantly used by the first locker thread. Therefore, it is confirmed that by giving
proper precedence to the first locker, we can accelerate the common case, where the lock
is successively used by that thread. This section presents a new lock algorithm called
reservation lock, which exploits the thread locality,

The key idea of this algorithm is to reserve locks for threads. When a thread attempts
to acquire an object’s lock, one of the following actions is taken in accordance with the
lock’s reservation status:

1. If the object’s lock is reserved for the thread, the runtime system allows the thread
to acquire the lock with a few instructions involving no atomic operations.

2. If the object’s lock is reserved for another thread, the runtime system cancels the
reservation, and falls back to a conventional algorithm for further processing.

3. If the object’s lock is not reserved, or the reservation was already canceled, the
runtime system uses a conventional algorithm.

The overall performance of Java locks is accelerated if most lock operations are processed
in the case 1 situation. Figure 5.3 illustrates the behavior of reservation lock when it
is applied to Object 2 in Figure 5.2. In this example, the object’s lock is reserved for
Thread C at its first acquisition, and is accelerated until the second thread, B, attempts
to acquire the lock.

As an interesting idea in the reservation-lock implementation, it should be pointed
out that the algorithm leaves the processing of the not-reserved case to a conventional,
existing lock algorithm (base algorithm). By using this approach, the implementation
can concentrate on the case where the lock is reserved, while utilizing the results from
previous research for the not-reserved case. This idea is similar to that of thin lock, where
the OS-provided monitor mechanism is used after a contention once occurs for the object.
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Figure 5.4: Lockword structure and semantics

5.3.1 Data Structure

Our reservation lock can be built on any existing lock algorithm, as long as it uses a
lockword, a word3 in the object’s header for lock processing, and allows one bit to be
available in the lockword. The bit is used for representing the lock’s reservation status,
and hence named the LRV (Lock ReserVed) bit. When the LRV bit is set, the lockword
is in the reserve mode, and the structure is defined by our algorithm. When the bit is
not set, the lockword is in the base mode, and the structure is defined by the underlying
algorithm that the runtime system falls back to after canceling the reservation.

Figure 5.4 shows the structure of the lockword. When the LRV bit is set, the lockword
is in the reserve mode, and is further divided into the thread identifier (tid) field and the
recursion count (rcnt) field. The tid field contains an identifier of the owner thread, for
which the lock is reserved, while the rcnt field holds the lock recursion level.

When the rcnt field is zero (Figure 5.4(a)), the lock is reserved but not held by any
thread. When the field is non-zero (Figure 5.4(b)), the lock is held by the owner thread.
As we will see later, the owner thread can acquire the lock by simply incrementing the
rcnt field, without any atomic operations.

3Actually, we don’t need the whole 32 bits of the word, and could put other information in the word
unrelated to the lock. However, for the sake of explanation, we assume that the whole word is used for
lock processing. See Figure 5.9 for the lockword structure used in the actual implementation.
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The rcnt field is also intended for recursive lock acquisition, which is fairly common
in Java. The owner thread acquires the lock recursively by incrementing the rcnt field,
in just the same manner as it initially acquires the lock. We must maintain the recursion
count of a lock since Java does not allow a thread to release a lock more times than it
acquires the lock. The virtual machine must detect such an illegal state and raise an
instance of IllegalMonitorStateException [76].

When an object is created, the lock is anonymously reserved. That is, the lockword is
in the reserve mode, but not reserved for or held by any particular thread (Figure 5.4(c)).
This is because the thread for which the lock should be reserved is normally not known
at the time of creation. In general, a reservation policy determines when and for which
thread a lock is reserved. Since we base our algorithm on exploitable thread locality from
the previous section, we use the initial-locker policy in our algorithm. That is, when an
object’s lock is acquired for the first time by a thread, we reserve the object’s lock for
that thread by confirming the anonymous reservation and make it specifically reserved.

When the reservation is canceled, the LRV bit is cleared, and the lockword is put in
the base mode. The structure is completely defined by the base algorithm. As we will
see later, canceling a reservation is the most challenging part of our algorithm, requiring
the owner thread to be suspended. The cancellation replaces the lockword in the reserve
mode with the corresponding state in the base algorithm. In the reservation lock system,
once a lockword is converted to the base mode, it never returns to the reserve mode.

Figure 5.5 depicts the state transitions of the lockword in our algorithm, where the
cancellation is shown as unreserve arrows. In the figure, the left half shows new states
managed by the reservation lock, while the right half is handled by the base algorithm.
The thickness of each arrow implies the relative cost of the transition. The next subsection
will describe the necessary processing for each transition.

5.3.2 Algorithm

Figure 5.6 shows the algorithm for reservation lock in pseudo-C code, where the functions
whose names start with Base lock are Java lock functions of the base algorithm. We
assume that each of the thread-manipulating functions (thread suspend, thread resume,
thread get context, and thread set context) does nothing and just returns FAIL if the
target thread does not exist or the specified thread identifier is zero. We also assume that
the thread suspend function can be called multiple times for a thread, where the target
thread will be resumed after thread resume is called the same number of times4.

For readability, the code shown here is slightly different from the actual code. For
instance, the condition checks in the beginning of the Java lock acquire and Java -

lock release functions are merged into two checks in the actual code. Also, the Base -

4Note that the thread suspend and thread resume functions are unrelated to the deprecated Java
methods suspend and resume in the java.lang.Thread class.
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Figure 5.5: Lock state transitions of reservation lock

lock acquire and Base lock release functions are tightly coupled with the Java -

lock acquire and Java lock release functions, respectively.

Lock Acquisition

A thread attempting to acquire an object’s lock calls the Java lock acquire function,
where it reads the lockword, and performs four checks to see if it is not in a special state
(lines 23–26). If it passes all of the checks, then the lock is in the most common state
where the thread owns the lock’s reservation. It completes the lock acquisition by simply
incrementing the rcnt field (line 28). Thus, if the lock is reserved for the thread, it can
be acquired very quickly by simple memory operations with no atomic operations.

There are three special cases where the quick acquisition cannot be performed. First,
when the lockword is not in the reserve mode (line 23), the thread executes the corre-
sponding function of the base algorithm, Base lock acquire (line 43). Second, when
the lock is anonymously reserved (line 24), the function attempts to make it specifically
reserved by using compare and swap (line 35). Third, when the lock is reserved for an-
other thread (line 25), the thread calls the unreserve function to cancel the reservation
(line 40), and falls back to the base algorithm. This third special case also results when
the thread owns the reservation but the recursion count has reached the maximum value
(line 26). We will discuss the reservation cancellation in detail later.
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1 : // Object header contains a lockword
2 : typedef struct object {
3 : // :
4 : volatile lockword_t lockword;
5 : // :
6 : } Object;
7 :
8 : // Lockword structure in each object header
9 : typedef struct lockword { // [tid:rcnt:R]
10 : unsigned int tid : N; // Thread ID of the owner
11 : unsigned int rcnt : M; // Recursion count
12 : unsigned int reserve : 1; // LRV bit
13 : } lockword_t;
14 :
15 : int Java_lock_acquire(Object *obj) {
16 : lockword_t l1, l2;
17 : unsigned int myTID = thread_id();
18 :
19 : retry_acquire:
20 : l1 = obj->lockword; // read the lockword ----------------------(1)
21 : // A
22 : // check special cases // |
23 : if (l1.reserve == 0) goto base_acquire; // |
24 : if (l1.tid == 0) goto make_specific; // unsafe
25 : if (l1.tid != myTID) goto unreserve_and_base; // region
26 : if (l1.rcnt == RCNT_MAX) goto unreserve_and_base; // |
27 : // |
28 : // reserved for me, and rcnt < RCNT_MAX // |
29 : l2 = l1; l2.rcnt++; // V
30 : obj->lockword = l2; // write the lockword ----------------------(2)
31 : return SUCCESS;
32 :
33 : make_specific:
34 : l2 = l1; l2.tid = myTID; l2.rcnt = 1;
35 : if (compare_and_swap(&obj->lockword, l1, l2) != SUCCESS)
36 : goto retry_acquire;
37 : return SUCCESS;
38 :
39 : unreserve_and_base:
40 : unreserve(obj, l1.tid, myTID);
41 :
42 : base_acquire:
43 : return Base_lock_acquire(obj);
44 : }
45 :

Figure 5.6: Algorithm of reservation lock (1 of 3)
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46 : int Java_lock_release(Object *obj) {
47 : lockword_t l1, l2;
48 : unsigned int myTID = thread_id();
49 :
50 : retry_release:
51 : l1 = obj->lockword; // read the lockword ----------------------(1)
52 : // A
53 : // check special cases // |
54 : if (l1.reserve == 0) goto base_release; // |
55 : if (l1.tid != myTID) goto illegal_state; // unsafe
56 : if (l1.rcnt == 0) goto illegal_state; // region
57 : // |
58 : // reserved for and held by me // |
59 : l2 = l1; l2.rcnt--; // V
60 : obj->lockword = l2; // write the lockword ----------------------(2)
61 : return SUCCESS;
62 :
63 : illegal_state:
64 : return ILLEGAL_STATE;
65 :
66 : base_release:
67 : return Base_lock_release(obj);
68 : }
69 :
70 : // Unreserve an object’s lock
71 : void unreserve(Object *obj, unsigned int ownerTID, unsigned int myTID) {
72 : lockword_t l1, l2;
73 : struct Context context;
74 :
75 : if (ownerTID == myTID) ownerTID = 0;
76 : thread_suspend(ownerTID);
77 :
78 : retry_unreserve:
79 : l1 = obj->lockword;
80 : if (l1.reserve == 0) goto already_unreserved;
81 : l2 = Base_equivalent_lockword(l1);
82 : if (compare_and_swap(&obj->lockword, l1, l2) != SUCCESS)
83 : goto retry_unreserve;
84 :
85 : // modify the owner’s context if it’s in an unsafe region
86 : if (thread_get_context(ownerTID, &context) == SUCCESS) {
87 : if (In_unsafe_region(context.pc)) { // if (1)<NextPC<=(2)
88 : context.pc = Get_retry_point(context.pc); // get the corresponding
89 : thread_set_context(ownerTID, &context); // retry point
90 : }
91 : }
92 :
93 : already_unreserved:
94 : thread_resume(ownerTID);
95 : }
96 :

Figure 5.6: Algorithm of reservation lock (2 of 3)
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97 : int Java_lock_wait(Object *obj) {
98 : lockword_t l1 = obj->lockword;
99 : unsigned int myTID = thread_id();

100 :
101 : if (l1.reserve == 1) {
102 : if (l1.tid != myTID || l1.rcnt == 0) return ILLEGAL_STATE;
103 : unreserve(obj, l1.tid, myTID); // actually, l1.tid == myTID
104 : }
105 : return Base_lock_wait(obj);
106 : }
107 :
108 : int Java_lock_notify(Object *obj) {
109 : lockword_t l1 = obj->lockword;
110 : unsigned int myTID = thread_id();
111 :
112 : if (l1.reserve == 1) {
113 : if (l1.tid != myTID || l1.rcnt == 0) return ILLEGAL_STATE;
114 : return SUCCESS; // no one should be waiting, no need to unreserve
115 : }
116 : return Base_lock_notify(obj);
117 : }
118 :
119 : // Java_lock_notify_all() is implemented in the same manner

Figure 5.6: Algorithm of reservation lock (3 of 3)

Lock Release

Similarly, a thread attempting to release an object’s lock calls the Java lock release

function, where it first reads the lockword, and performs three checks to see if it is not
in a special state (lines 54–56). If it passes all the checks, then the function finishes the
lock release by simply decrementing the rcnt field (line 60). This is the fastest and most
common case in releasing the lock.

There is only one legal special case in the Java lock release function. That is, when
the lockword is not in the reserve mode (line 54), the function invokes the corresponding
function in the base algorithm, Base lock release (line 67). The other two checks in
lines 55 and 56 are for detecting illegal states in the reserve mode, where the lock is not
currently held by the thread. For these cases, the algorithm returns the ILLEGAL STATE

error (line 64), and the JVM will raise an instance of IllegalMonitorStateException
in compliance with the Java language specification [41, 76].

We should note that the unreserve function need not be called in releasing the lock,
unlike in acquiring the lock. This is because it can never happen in our algorithm that a
currently-acquired lock is reserved for another thread.
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Reservation Cancellation

We now explain cancellation of a reservation, the most complicated part of our algorithm,
which the unreserve function (lines 71–95) is responsible for. Basically, a thread calls
this function when the thread attempts to acquire a lock which is reserved for another
thread5. The function atomically replaces the lockword in the reserve mode with the
equivalent state in the base algorithm (line 81), by using compare and swap (line 82) to
prevent multiple non-owner threads from succeeding in the replacement.

However, since the reservation-owner thread can access the lockword with non-atomic
memory operations, special care must be taken to cancel the reservation when the owner
is in the middle of the accelerated lock processing, more specifically, when it is in one
of the unsafe regions which are between the read (1) and write (2) of the lockword in
the Java lock acquire (lines 20–30) and Java lock release (lines 51–60) functions. If
the owner thread stays in the unsafe region when the unreserve function replaces the
lockword, the lockword will be overwritten by the thread at the end of the region, which
ends with an inconsistent status of the lockword.

To avoid such data race conditions, the unreserve function first suspends the owner
thread (line 76) before replacing the lockword. When the lockword is successfully re-
placed using the atomic operation, the function then obtains the execution context of
the suspended owner thread (line 86) to see whether the thread is in one of the unsafe
regions. If it is suspended inside an unsafe region, the function modifies the program
counter of the thread with the address of the corresponding retry point (line 19 or 50).
After guaranteeing that the suspended thread is outside of unsafe regions by using this
technique, the function resumes the thread (line 94).

This cancellation mechanism is the key of our reservation lock. Notice that each unsafe
region is carefully designed to have the following important properties:

Property 5.1 The unsafe region is formed as a continuous sequence of instructions.

Property 5.2 The unsafe region contains no instruction that causes side effects.

Property 5.1 makes it easy to check if the suspended thread is inside the region. Prop-
erty 5.2 makes it possible to move the thread’s processing to the retry point from an
arbitrary point in the region. Figures 5.7 and 5.8 illustrate the operations of Java lock -

acquire and Java lock release functions with their unsafe regions, respectively. The
number beside each box corresponds to the line number in the algorithm of Figure 5.6.

In our cancellation algorithm, if the suspended thread is in an unsafe region, the
thread is always moved to the retry point even if it is processing another object’s lock.
However, this does not cause any inconsistency because the region is restartable without
any side effect by the Property 5.2 stated above. This also does not cause any additional

5The unreserve function is also called when the rcnt is about to overflow or when the Java lock wait
function is called.
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noticeable performance degradation, because it seldom happens that a thread is inside an
unsafe region, since the regions are very short.

Wait and Notification

Finally, we briefly explain the support for the Java lock wait and Java lock noti-

fy functions. Since the reservation lock itself does not support the event notification
mechanism, Java lock wait enforces the reservation cancellation (line 103) to process
the wait function using the base algorithm, Base lock wait (line 105).

In contrast, the Java lock notify function simply returns (line 114) without forcing
the cancellation if the lock is in the reserve mode, since this status means no thread has
called Java lock wait for the lock. If the lock is in the base mode, the Base lock notify

function is called (line 116). The Java lock notify all function is implemented in the
same manner.

This approach is basically same as that used in the tasuki lock, which forces inflation
in Java lock wait but does not in Java lock notify, as shown in Section 4.5.4.

5.4 Discussion

This section discusses the reservation lock algorithm described in the previous section
from various viewpoints.

5.4.1 Correctness

First of all, the correctness of our algorithm should be discussed. As we have shown, a
thread does not have to execute any atomic operation in acquiring and releasing a lock
when it owns the reservation. In other words, the owner thread can read-modify-write the
lockword without atomic operations. Thus, when a different thread attempts to change
the lockword between the read and the write (i.e. in an unsafe region), special care must
be taken to prevent the modification from being lost. Otherwise, the lock state would
become inconsistent.

When a thread does not own a lock’s reservation, our algorithm requires the thread
call the unreserve function, where the non-owner thread modifies the lockword after
suspending the owner thread. When the owner thread is suspended in the middle of an
unsafe region, it is forced to restart the unsafe region, and will detect that it no longer
has the reservation. This prevents the thread from continuing its execution based on the
no-longer-valid assumption that it still owns the reservation.

The owner thread may have already completed the computation and ceased to exist
when another thread attempts to cancel a reservation. Although the unreservemust also
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handle this case properly6, there is no risk of a data race condition involving the owner
thread.

More than one thread may simultaneously try to make an anonymous reservation
specific (line 35) or try to convert the lockword in the reserve mode to the base mode
(line 82). However, it is guaranteed that only one thread eventually succeeds, since atomic
operations (compare and swap) are used in both cases.

Once the reservation is canceled, the lockword will never be reserved again. Thus,
after the cancellation, our algorithm behaves in exactly the same manner as the base
algorithm, and the correctness is ensured by the correctness of the base algorithm.

In certain sequences of thread scheduling, it may happen that a thread tries to modify
a lockword in reserve mode even after the reservation is canceled. However, in such situ-
ations, making the anonymous reservation specific (line 35) and converting the lockword
to the base mode (line 82) do not succeed because they are performed by using compare -

and swap. Writing to a lockword under reservation (lines 30 and 60) is performed by a
simple store instruction, but this cannot be executed after the cancellation, since it forces
the owner thread to be outside of the unsafe region.

5.4.2 Performance Characteristics

Next, we discuss the performance characteristics of the reservation lock. Our algorithm is
strongly expected to reduce the synchronization overhead when the reservation succeeds,
since the owner thread can acquire and release the lock by simply reading and writing the
lockword without any atomic operations.

When a lock is not reserved, our algorithm falls back to the base algorithm with almost
no additional overhead. It simply requires two additional checks for the reservation status,
one in the Java lock acquire function (line 23) and the other in the Java lock re-

lease function (line 54). However, depending on the details of the base algorithm, we
can completely eliminate the additional overhead. That is, if the base algorithm starts
the lock acquisition and the lock release by testing one or more bits in the lockword, we
may be able to merge the additional checks of our algorithm into the testing. Actually,
this is the case in our implementation that we will present in Section 5.5. No additional
computation is necessary for the base method, since the lockwords are never re-reserved
once the reservation is canceled.

The greatest concern in terms of performance is reservation cancellation in the un-

reserve function, which relies on expensive system calls such as thread suspend and
thread get context. However, since we do not reserve locks repeatedly, the cancellation
occurs at most once during the lifetime of an object. As we will show in the next section,

6As described at the first part of Section 5.3.2, we assume that thread-manipulating functions do noth-
ing and just return FAIL if the target thread does not exist. This makes our unreserve implementation
work properly even if the owner thread is terminated. In addition, it does not cause any error even if the
terminated thread’s identifier is reused.
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the ratios of cancellations to lock acquisitions are less than 0.05% in actual lock-intensive
programs. Thus, we believe that performance loss from cancellation does not offset the
performance gain by reservation success except for artificially created pathological bench-
marks7.

As mentioned above, in our algorithm, once a lock’s reservation is canceled, subsequent
lock operations are performed by the base algorithm, and the lock never returns to the
reserve mode. This is for the following reasons:

1. The investigation in the previous section shows that there is enough exploitable
thread locality even without re-reservation.

2. Once a reservation is canceled, it is usually useless to re-reserve it. Moreover, the
re-reservation may cause more cancellations, which degrade performance.

3. The algorithm to support the re-reservation was expected to be too complicated to
achieve the performance goals.

5.4.3 Unsafe Regions

If a thread always acquires and releases an object’s lock by calling the runtime func-
tions Java lock acquire and Java lock release, respectively, we have only two unsafe
regions in the virtual machine. The In unsafe region function (line 87) only has to
perform two range checks, which is easy to implement.

However, the JIT compiler may inline the synchronization operations into the gener-
ated code. This can result in many unsafe regions in the virtual machine, which we must
register in a data structure with the corresponding retry addresses. Given a program
counter, the In unsafe region function searches the data structure to see if the program
counter points to any unsafe region.

Alternatively, we could use the designated code sequence approach by Bershad et al.
[15]. When the JIT compiler inlines a lock operation, it can embed with each unsafe
region some landmark code pattern, which is a special code pattern not generated for other
purposes. Since the code sequence for lock processing is basically fixed, the distance to
the landmark can be known from each instruction in the unsafe region. The In unsafe -

region function searches for the landmark at the address anticipated from the instruction
at the program counter. If the landmark code pattern is successfully found, it means that
the thread is suspended inside an unsafe region.

Whatever techniques are used, we need to obtain the program counter of a suspended
thread by invoking an appropriate system call, which is expensive in most operating
systems. Thus, it is desirable to reduce the number of calls to the thread get context

function at line 86. If the virtual machine provides a fast way to see if the thread is in

7We will revisit this issue in the next chapter.
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a module of JIT-compiled code, we can reduce the number of calls by creating unsafe
regions only in the compiled code.

Some virtual machines allow us to cheaply determine, without the program counter,
whether a thread has been suspended within the module of compiled code. For instance,
the virtual machine we use in Section 5.5 maintains a thread local variable for the thread’s
execution mode. The variable takes values such as EXECUTING COMPILED CODE, COMPILING,
and INTERPRETING. We can thus know if the thread is in the module of compiled code by
simply checking the current value of the thread local variable.

On the other hand, we can confine unsafe regions to the module of compiled code as
follows. In general, we can convert an unsafe region into a safe region by modifying the
lockword with a compare and swap even in the reserve mode (lines 30 and 60). Although
we should not make such conversions for frequently executed unsafe regions since it sac-
rifices the gain by reservation, it is reasonable to convert the unsafe regions in the Java
bytecode interpreter and other performance insensitive components.

Putting these two approaches together, we can, in our virtual machine, use the fol-
lowing sequence in the unreserve function.

85 : // modify the owner’s context if it’s in an unsafe region
| 85a: if (get_exec_mode(ownerTID) == EXECUTING_COMPILED_CODE) {

86 : if (thread_get_context(ownerTID, &context) == SUCCESS) {
87 : if (In_unsafe_region(context.pc)) { // if (1)<NextPC<=(2)
88 : context.pc = Get_retry_point(context.pc); // get the corresponding
89 : thread_set_context(ownerTID, &context); // retry point
90 : }

| 91 : } }

The quick check in line 85a is expected to filter out many uninteresting cases, such as the
thread is in the interpreter or is waiting for some event, resulting in many fewer calls to
the thread get context.

5.4.4 Reservation Cancellation

The essential property in the reservation cancellation is to prevent the owner thread from
changing the lockword while another thread is canceling the reservation. As long as this
property is satisfied, we could implement the unreserve function in different ways. We
show two variations of the function here.

First, there may be a case where functions such as thread suspend and thread get -

context are not available in the underlying operating system. In this case, we could use
signals as provided in Unix operating systems. In this variation, the non-owner thread
just requests the cancellation, while the owner thread actually does the cancellation by
itself. More concretely, the non-owner thread sends a signal to the owner thread, and
waits until the latter has completed the processing. In the signal handler, the owner
thread converts the lockword to the base mode, checks with the saved program counter to
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see if it has been interrupted in an unsafe region, and, if so, modifies the program counter
to the corresponding retry address.

Second, more efficient implementations may become possible by utilizing a processor’s
special operations. As an example, we could exploit predicated stores8, which are available,
for instance, on Intel’s IA-64 processors [56]. We dedicate one predicate register in the
JVM process to reservation lock. We initialize it to TRUE before reading the lockword
in Java lock acquire (line 20) and Java lock release (line 51), while we write into
the lockword in the reserve mode (lines 30 and 60) with a predicated store qualified by
the predicate register. In the unreserve function, we always set the predicate register of
the owner thread to FALSE. This prevents the owner thread from changing the lockword
inconsistently9.

5.4.5 Multiprocessor Considerations

The Java language specification [41] describes the Java memory model in Chapter 17.
According to the rules about the interaction of locks and variables, we cannot move
before a lock acquisition the load operations that follow the acquisition or move after a
lock release the store operations that precede the release. Therefore, when we implement
the reservation lock on a multiprocessor system with a relaxed memory model [1], we need
to issue appropriate types of memory barriers in the functions for lock acquisition and
release.

Practically speaking, we believe that these memory barriers are unnecessary in the
reserve mode, since no other thread can be trying to execute the same critical region.
We can take care of the necessary synchronizations when the reservation is canceled and
while the owner thread is suspended.

Finally, we note that Pugh pointed out flaws in the Java memory model [94], and that
revisions have been discussed under Java Specification Request (JSR) 133 [60], which was
recently adopted in JDK 5.0 [8, 78, 105].

5.5 Performance Results

This section evaluates the effectiveness of the reservation lock with the IBM Developer Kit
for Windows, Java Technology Edition, Version 1.3.1 [53]. The JDK is same as that used

8In the IA-64, most operations can be qualified by a one-bit predicate register to indicate whether
it is actually executed or not. The execution of a predicated store consists of checking the predicate
register and conditionally performing the store, and cannot be interrupted in the middle. For example,
an instruction “(p1) st4 [r35]=r37” executes an operation same as “if (p1) *r35 = r37” in C. That
is, the content of register r37 is stored to a memory pointed by r35, only when the predicate register p1
is TRUE.

9Hudson et al. proposed a similar technique for object allocation, which utilizes dedicated predicate
registers set and reset by the context switcher [48].
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Figure 5.9: Actual structure of lockword in the reservation lock implementation

in the investigation in Section 5.2, but this time we enabled its JIT compiler [58, 102, 103]
with appropriate modifications for the reservation lock.

5.5.1 Actual Implementation

As the base algorithm combined with our reservation lock, we used the tasuki lock [88], as
used in the developer kit. As described in Chapter 4, by using the tasuki lock, a thread
can acquire a lock with a compare and swap and release the lock with a simple memory
store operation if the lock is not contended among threads (flat mode). When contention
happens, the lock is temporarily converted to the inflated mode, where lock operations are
performed by using a heavyweight monitor which supports the thread suspension. The
lock returns to the flat mode after the contention ceases.

Although our reservation lock can be built upon any algorithm, tasuki lock is a very
natural fit since the lockword structure in the flat mode is almost the same as the structure
in the reserve mode. This allows lock operations to be highly efficient in terms of both
space and time. As shown in Figure 4.2, the actual implementation of tasuki lock uses
a 24-bit lockword, where the 15-bit tid and 8-bit rcnt fields are already defined in its
flat mode. We squeezed in the LRV bit for reservation lock by reducing the rcnt field
to 7 bits. Figure 5.9 shows the actual lockword used in the implementation, where the
lockword is used tri-modally.

Since the tid and rcnt fields are used in both lock methods, we could easily implement
the Base equivalent lockword, which is a function to generate the equivalent lockword
for the base mode at the time of reservation cancellation (line 81), by just removing the
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reservation information as follows10:

1 : lockword_t Base_equivalent_lockword(lockword_t l1) {
2 : lockword_t l2 = l1;
3 : l2.reserve = 0; // clear the LRV bit
4 : if (l1.rcnt == 0) l2.tid = 0; // clear the reservation owner info
5 : return l2; // return the new lockword for tasuki lock
6 : }

Figure 5.10 illustrates all of the state transitions when the reservation lock is coupled
with the tasuki lock. In the figure, the thickness of each arrow informally represents the
cost of the transition. While a lock is reserved for Thread T (i.e. the lock is used only
by T ), it is processed in the reserve mode, which is the left half of the figure. When the
second thread, S, attempts to acquire the lock, the reservation is canceled and subsequent
lock operations are processed by tasuki lock, which is the right half of the figure.

For example, if S attempts the acquisition while T is holding the lock in reserve mode,
the lockword is converted from (a)→(b) by the cancellation. When T releases the lock,
the content of the lockword changes along the path of (b)→(c)→(d)→(e), and the inflated

10In the original implementation of tasuki lock, an outermost lock acquisition just sets the thread
identifier to the tid field and leaves the rcnt field as 0. We slightly modified the implementation to also
set the field to 1 at the outermost acquisition, to improve affinity with the reservation lock, where the
rcnt is set to 1 at the outermost acquisition. The modified tasuki lock code is omitted here since it is
trivial.
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lock is acquired by Thread S. Since tasuki lock supports the deflation of the lockword,
the lockword will be converted from (e)→(c) if appropriate conditions are satisfied when
S releases the lock.

We took a simple approach to implementing checks for unsafe regions. Our virtual
machine includes two sets of implementations of Java lock acquire and Java lock re-

lease functions, one pair in the module of the JIT runtime code and the other pair in
the module of the interpreter. The JIT-runtime version is called from but not inlined
into the JIT generated code. The interpreter version, written in C, is called from the
interpreter, and implemented without unsafe regions as described in Section 5.4.3. This
means we only have two unsafe regions in our virtual machine. To make the performance
comparison exact, we disabled inlining of the lock acquisition and release code in the
original virtual machine.

In order to comply with the Java memory model, we inserted the lfence and sfence

instructions of Pentium 4 [55] into the functions for lock acquisition and release, respec-
tively.

We ran all of the benchmark programs under Windows 2000 SP2 on an unloaded
IBM IntelliStation M Pro containing two 1.7 GHz Pentium 4 Xeon processors with
1,024 megabytes of main memory.

5.5.2 Micro-Benchmarks

First, the basic performance of reservation lock was measured by using the following
two micro-benchmarks. We confirmed in both tests that the relevant methods were JIT-
compiled to native code, and that the synchronization operations within the methods
were not optimized away by the JIT compiler. We also verified that garbage collection
did not occur during the measurements.

PrimitiveTest

The first micro-benchmark, PrimitiveTest, is intended for measuring the cost of synchro-
nization, that is, of acquiring and releasing a lock, in different lock states. We measured
the following two cases in three lock states — reserved, not reserved (flat), and inflated:

• Outermost: Acquire and release a lock using a synchronized block n times, and
measure the elapsed time.

• Recursive: Perform the same measurement inside another synchronized block.

To identify the cost of acquiring and releasing a lock in each state, we created a spe-
cial virtual machine that does nothing on lock acquisition or release, and calculated the
differences between the times of the normal and special virtual machines.



5.5. PERFORMANCE RESULTS 79

Table 5.4: Synchronization costs in reservation lock

Is recursive?
Lockword state Outermost Recursive
Reserved 61.4 nsec 61.4 nsec
Not reserved (flat) 229.5 nsec 61.4 nsec
Inflated 335.5 nsec 155.8 nsec
Flat in original 228.9 nsec 62.2 nsec
Inflated in original 330.3 nsec 150.0 nsec

Table 5.5: Costs of lock state transitions

State transition Time
Anonymous-to-specific 89.0 nsec
Reserved-to-base (faster case) 6,741 nsec
Reserved-to-base (slower case) 18,986 nsec

Table 5.4 shows the results. For comparison, the table also contains the numbers
for the original tasuki lock algorithm without reservation. When the reservation suc-
ceeds, we dramatically reduced the cost of the outermost synchronization by more than
70%. Although the profit from each successful reservation is small, we believe that it
can accumulate to result in visible performance improvements because there are many
lock-intensive Java programs [32], as shown in Section 5.2. On the other hand, after
the reservation is canceled, the cost of the synchronization is almost the same as in the
original algorithm.

TransitionTest

The second micro-benchmark, TransitionTest measures the cost of transitions of lock
states unique to reservation lock. We created a total of n objects, and forced them to
make the following two transitions.

• Anonymous-to-specific: Acquire and release the lock of each object, making the
anonymously reserved lock specifically reserved.

• Reserved-to-base: Cancel the lock reservation for each object by creating another
thread and having this second thread acquire and release the lock.

To calculate the cost of each transition, we took the differences from the times of lock
acquisition and release without the transitions.

Table 5.5 presents the results. These numbers show the cost of the transitions, and the
time of lock acquisition itself is not included. Since we found that the cost of cancellation
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Figure 5.11: Performance improvements by reservation lock

heavily depends on whether or not thread get context (line 86 in Figure 5.6) is actually
executed, we show two cases for the cancellation in the table, a faster case in which the
function is not executed and a slower case in which the function is executed.

As the table shows, the cost of making an anonymous reservation specific is very small
and negligible, while the cost of reservation cancellation is very large, as expected. The
cost of cancellation is 20 to 60 times larger than the cost of outermost synchronization
in the inflated mode. One reason for this is that getting a thread context (by calling
GetThreadContext) is very slow in Windows. It is important to continue to pursue a
better implementation for reducing the cancellation cost.

5.5.3 Macro-Benchmarks

We now show the performance improvement in real programs. We measured the perfor-
mance of the same set of programs as in our investigation in Section 5.2. The overview of
each benchmark was listed in Table 5.1. We ran each program several times with two vir-
tual machines, one with the original tasuki-lock algorithm and the other with reservation
lock, and compared the best scores. We took the measurements with the JIT compiler
enabled including its various lock elimination techniques.

Figure 5.11 shows the results, which are the ratios of the performance improvements
by reservation lock compared to the original tasuki lock. The reservation lock improved
the performance of all programs except for 201 compress and 222 mpegaudio, both of
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Table 5.6: Reservation lock statistics in the benchmarks

Number of Ratio of accelerated Ratio of reservation
Program lock acquisitions lock acquisitions cancellations

SPECjvm98
202 jess 14,585,409 99.289% 0.00125%
201 compress 29,150 31.547% 0.419%
209 db 162,079,177 99.963% 0.0000296%
222 mpegaudio 27,480 35.837% 0.313%
228 jack 35,207,339 91.947% 0.000395%
213 javac 43,510,883 99.402% 0.00403%
227 mtrt 3,523,262 99.035% 0.00284%

SPECjbb200011 335,718,621 58.544% 0.0535%
Volano Server 6,862,014 79.755% 0.0248%
Volano Client 10,381,000 84.333% 0.0138%

which perform very few lock operations. We observed especially significant improvements
of more than 30% in 209 db, 228 jack, and 213 javac. As a result, reservation lock
improved the geometric mean of the SPECjvm98 programs by 18.13%. In addition, we
observed improvements of 5 to 10% even in the multi-threaded programs, SPECjbb2000
and the Volano Mark.

Table 5.6 shows lock statistics in the actual environment, which we measured sepa-
rately. As the table shows, even when the JIT compiler is enabled, many lock operations
are performed. The table also shows the ratios of lock acquisitions accelerated by our
implementation of reservation lock. Note that these numbers do not include synchroniza-
tions performed inside the interpreter or performed recursively in the compiled code, even
if the reservations were successful. Because of this, most of the lock acquisitions were not
accelerated in 201 compress and 222 mpegaudio, since they were not in hot methods
and were executed by the interpreter rather than compiled by the JIT. For other, lock-
intensive programs, more than 58% of the lock acquisitions were accelerated by reservation
lock.

As already mentioned in Section 5.2, Volano Mark programs cannot be accelerated if
we adopt the creator reservation policy, where a lock is reserved for the thread that creates
the object. As a reference, we also measured the lock statistics as in Table 5.6 while
implementing this policy. The ratios of accelerated lock acquisitions were significantly
reduced to 0.543% in Volano Server and to 0.126% in Volano Client.

11Again, the total number of locks for SPECjbb2000 is not very meaningful because it varies with the
execution speed.
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5.5.4 Possible Extensions

As the results of the micro- and macro-benchmarks show, the implementation of reserva-
tion lock significantly improves performance if the reservation succeeds, while it maintains
comparable performance if the reservation fails. The only problem is a relatively high cost
in canceling a reservation, which occurs when a thread acquires an object’s lock reserved
for another thread. However, as Table 5.6 shows, canceling a reservation rarely happens
in real programs. Although the locks are initially put in the reserve mode in our imple-
mentation, less than 0.05% of lock acquisitions caused reservations to be canceled in the
lock-intensive benchmarks.

There might be pathological programs in which reservations are canceled more fre-
quently. It may be important to lower the cost of a cancellation, and to reduce the
number of cancellations by refining the reservation policy.

For example, if dynamic profiles of cancellations uncover that reservations are fre-
quently canceled for objects of specific classes or created at specific execution points, we
should initially put them into the base mode. Also, we may be able to predict which
thread is likely to initially acquire an object’s lock, using dynamic profiles or static analy-
sis. The gray arrows at the object creation in Figure 5.10 indicate such cases as reserving
(or not reserving) the object’s lock in advance.

Finally, if we can reduce the cost of a cancellation, it could become worthwhile to
pursue an algorithm allowing repeated reservations.

5.6 Summary

We have presented a new lock algorithm, reservation lock, which optimizes Java locks by
exploiting thread locality.

The algorithm allows locks to be reserved for threads, and runs in either reserve mode
or base mode. When a thread attempts to acquire a lock, it can do so extremely quickly
without any atomic operations if the lock is reserved for that thread. If the lock is reserved
for another thread, it cancels the reservation and falls back to the base mode.

We have defined thread locality of locks, which means that the lock sequence of a lock
contains a very long repetition of a specific thread, and confirmed that the vast majority
of Java locks exhibit thread locality.

We have evaluated an implementation of reservation lock in IBM’s production virtual
machine and JIT compiler. The results of micro-benchmarks show that we could reduce
the lock overhead by more than 70% when the reservation succeeded. The results of macro-
benchmarks show that reservation lock accelerated more than 58% of the lock acquisitions,
and achieved up to 53% performance improvements in real Java applications.
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To summarize, the research shown in this chapter contributes the following results:

• Discovery of the thread locality of Java locks
We found that many objects’ locks are repeatedly acquired only by the same thread
specific to each object, even in multi-threaded programs.

• Proposal of reservation lock
To exploit the above-mentioned thread locality, we proposed an asymmetric lock
method that reduces the lock cost by giving precedence of reservation to a specific
thread.

• Implementation and measurement
We showed an implementation of reservation lock which can be easily combined
with existing lock methods with minimum overhead, and observed performance
improvements with actual Java programs on a state-of-the-art Java environment.





Chapter 6

Asymmetric Lock

6.1 Introduction

The reservation lock shown in the previous chapter is a novel optimization for Java locks,
which does not require any atomic operations in common cases [65, 66]. We observed that
most Java locks exhibit thread locality, that is, each lock tends to be dominantly acquired
and released by a specific thread. Attempting to exploit this observation, we reserve a
lock for such a dominant thread, or let the dominant thread be the owner of the lock. The
owner thread of a lock can acquire and release the lock without any atomic operations,
resulting in a significantly higher performance on a reservation hit.

However, when a non-owner thread attempts to acquire the lock, the algorithm requires
the non-owner thread to cancel the reservation by suspending the owner thread, which
incurs a significant performance penalty. Although few reservations were canceled in
the benchmarks we measured, this weakens the robustness and allows for pathological
behaviors.

Although it is true that atomic operations such as compare and swap (CAS) are usu-
ally much heavier than other general instructions, their relative costs differ among proces-
sors or system configurations. Therefore, in the combination of a processor whose atomic
operations are relatively cheap and an operating system whose thread-manipulating func-
tions are heavy, there may be situations such that the overhead of reservation cancellation
becomes visible even in actual Java programs. In addition, in some scientific programs
which strictly maintain the mutual exclusion among threads by themselves without de-
pending on standard Java libraries, there may be cases where the ratio of cancellations
increases even if the program is written in Java.

Based on these viewpoints, in this chapter, we propose a new reservation-based lock
algorithm for Java which does not require reservation cancellation [67, 89]. We derive the
algorithm in two steps.

First, applying the concept of reservation to spin lock for the first time, we develop
a new algorithm, called the asymmetric spin lock. Interestingly, this new algorithm is a

85
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hybridization of a CAS-based spin lock and a Dekker-style spin lock. Taking on the flavor
of Dekker’s Algorithm [30], the new algorithm allows the owner thread of a lock to acquire
and release the spin lock with a small constant number of read and write instructions,
requiring no compound atomic operations.

Second, observing that the conventional spin lock is subsumed in a widely-used algo-
rithm for Java locks, we attempt to replace the spin lock with the asymmetric spin lock.
This results in a new reservation-based algorithm for Java lock which possesses the prop-
erties we desire. While the owner thread of a lock can acquire and release the lock without
any atomic operations, a non-owner thread does not have to cancel the reservation, thus
avoiding the need to suspend the owner thread.

We have evaluated our new Java lock algorithm, asymmetric lock [67, 89], in IBM’s
production Java virtual machine and JIT compiler. The results of micro-benchmarks show
that the new algorithm achieves high performance, close to our previous algorithm on a
reservation hit, while it removes the anomalous behavior the previous algorithm exhibits
on a reservation miss. Furthermore, since our new algorithm does not cancel reservations
at all, it allows programs to run with more reservation hits. For macro-benchmarks, while
the new algorithm achieved comparable speedups in the SPECjvm98 benchmarks, it even
improved the performance of two scientific programs for which the previous algorithm
actually caused degradation.

The remaining sections in this chapter are organized as follows. Section 6.2 quickly
revisits the reservation lock. Section 6.3 describes the concept and implementation of our
asymmetric spin lock, and Section 6.4 gives several explanations of and extensions to the
new spin lock. Section 6.5 constructs a new reservation-based Java lock algorithm by em-
bedding the asymmetric spin lock into a widely-used algorithm for Java lock. Section 6.6
presents experimental results of the constructed asymmetric lock, and compares it with
other lock methods. Finally, Section 6.7 gives the summary of this chapter.

6.2 Reservation Lock Revisited

In this section, we review our previous algorithm, reservation lock [65, 66], focusing on
the points necessary for introducing the new algorithm. See Chapter 5 for the full details
of reservation lock.

The reservation lock is constructed on top of an existing algorithm, by making one bit
available in the lockword of each object’s header. The bit is used to represent the lock
reservation status, and hence called the LRV bit. When the LRV bit is set, the lockword
is in the reserve mode, and the structure is defined by the algorithm. When the bit is not
set, the lockword is in the base mode, and the structure is defined by the existing base
algorithm.

Figure 6.1 summarizes the lockword state transitions in the reservation lock, where
thick arrows indicate that atomic operations are used for the transitions. A lockword is
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Figure 6.1: Lockword structure and state transitions of the reservation lock

initialized to be the anonymously-reserved state. The first thread attempting to acquire
the lock makes the reservation specific by setting its identifier to the tid field with an
atomic operation (Figure 6.1(a)). By this operation, the lock is reserved for the thread,
and the owner thread can successively acquire and release the lock by simply incrementing
and decrementing the rcnt field, respectively (Figure 6.1(b)). Since no atomic operations
are necessary1 in the common cases, the algorithm attained higher performance in the
synchronization-intensive Java programs we measured.

When a non-owner thread attempts to acquire the reserved lock, the thread first cancels
the reservation (Figure 6.1(c)), and then falls back to the base algorithm. Canceling a
reservation is the most crucial and trickiest part of the algorithm. In doing so, the non-
owner thread first suspends the owner thread, then replaces the lockword in the reserve
mode with the equivalent state in the base mode. To avoid data race, the non-owner
thread forces the suspended owner thread to be outside of unsafe regions by controlling
the saved context, and allows the owner thread to resume execution. Once the reservation
is canceled, subsequent lock operations are performed by the base algorithm using atomic
operations (Figure 6.1(d)).

1Strictly speaking, the method utilizes the feature that memory read and write operations to a word are
atomic, in other words, it cannot be observed that the word is partially modified. However, in this thesis,
we use the term atomic operations for complex compound instructions that perform memory-reading,
testing or modifying, and writing without being interrupted, such as compare and swap, test and set,
and fetch and add.
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While few reservations were canceled in the benchmarks we measured (Table 5.6), can-
celing a reservation requires expensive system calls and incurs a very large overhead. This
weakens the robustness of the algorithm and makes it subject to pathological behavior.
Another issue is that the cancellation is a one-way transition. Once a lock’s reservation
has been canceled, even the original owner thread can no longer acquire the lock quickly
so the thread locality may not be fully exploited.

One reason for these weaknesses is that the algorithm exploits the cancellation tran-
sition for delegating complicated operations, such as contention management, to the full-
function base algorithm. This chapter also reconsiders such approaches for constructing
Java locks, and tries to remove the barrier of reservation cancellation by directly intro-
ducing the asymmetricity into a full-function Java lock method.

More concretely, while the previous approach defines an extension layer to an existing
algorithm, thus making it applicable for most of the existing algorithms, our new approach
takes a particular class of the existing algorithms, and replaces the spin locks used in
those algorithms with new, reservation-based spin locks. In this asymmetric spin lock,
the reservation persists even when a non-owner thread acquires the lock. Therefore, the
troublesome reservation cancellation never occurs in the new Java lock which includes
this spin lock.

6.3 The Proposal of Asymmetric Spin Lock

This section describes the idea of the asymmetric spin lock, which is a core component of
the new reservation-based Java lock. We first review the generic spin lock, then present
an asymmetric algorithm based on the reservation.

6.3.1 Generic Spin Lock

The spin lock is a primitive used to implement complex synchronization operations. Mod-
ern processors provide atomic read-modify-write instructions such as compare and swap

and test and set, in order to facilitate creating locks in software. Thus, spin locks are
commonly implemented with such atomic instructions.

Figure 6.2 presents one of the simplest of such spin locks2, showing again the semantics
of the compare and swap (CAS). When some thread holds the lock, the lockword contains
the thread’s identifier. Otherwise, the value is zero. To acquire a lock, a thread calls
spin acquire, which tries to change the value from zero to the thread’s identifier by
calling spin try acquire. This process is performed atomically by compare and swap,
and iterated until it succeeds (i.e. spin). To release the acquired spin lock, the thread

2This is basically same as the code shown in Figure 4.1, but the spin try acquire function is separated
and the spin is acquired function is added for future use in this chapter. Error checking is also added
to the spin release function.
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1 : int compare_and_swap(volatile unsigned int *addr,
2 : unsigned int oldval, unsigned int newval) {
3 : // The following is performed atomically
4 : if (*addr == oldval) { *addr = newval; return SUCCESS; }
5 : else return FAILURE;
6 : }
7 :
8 : int spin_acquire(volatile unsigned int *lock) {
9 : while (spin_try_acquire(lock) != SUCCESS)
10 : continue; // spin until success
11 : return SUCCESS;
12 : }
13 :
14 : // Try to acquire the spin lock
15 : int spin_try_acquire(volatile unsigned int *lock) {
16 : return compare_and_swap(lock, 0, thread_id());
17 : }
18 :
19 : int spin_release(volatile unsigned int *lock) {
20 : if (*lock != thread_id()) return ILLEGAL_STATE;
21 : *lock = 0;
22 : return SUCCESS;
23 : }
24 :
25 : // Check if current thread holds the spin lock
26 : int spin_is_acquired(volatile unsigned int *lock) {
27 : if (*lock == thread_id()) return SUCCESS;
28 : else return FAILURE;
29 : }

Figure 6.2: Semantics of compare and swap, and a simple CAS-based spin lock

calls spin release, which resets the lockword to zero to enable another spinning thread
to acquire the lock. The spin is acquired function returns SUCCESS if the lock is held
by the current thread.

The algorithm in Figure 6.2 usually has to be augmented for practical use. For in-
stance, many algorithms in use in the real world support recursive locking. Beyond that,
they typically incorporate optimizations such as spin-on-read or exponential back-off [5]
for scalability. We omit all of these extensions and optimizations for the sake of sim-
plifying the explanation. Also notice that the field does not necessarily have to be one
word long. It can be a byte or a short word, as long as the processor architecture allows
compare and swap to act upon it.

6.3.2 Asymmetric Spin Lock

Next, we construct a new algorithm for spin lock, called asymmetric spin lock, by applying
lock reservation to spin lock for the first time. The new algorithm allows a specific thread
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Figure 6.3: Data structure of the asymmetric spin lock

(the reservation owner) to process the lock without any atomic operations.

As shown in Figure 6.3, the data structure for our asymmetric spin lock consists of
three fields, owner and other to hold thread identifiers, and owner status to indicate the
acquisition status of the owner thread. The lock is either in the not-yet-reserved state or
the reserved state. When the lock is in the not-yet-reserved state, the owner field is zero.
When it is in the reserved state, the field holds the identifier of the reservation-owner
thread of the lock. When the lock is held by the owner, the owner status field is set to
one, and the other field is zero or will sooner or later be set to zero. When the spin lock
is held by a non-owner thread, the other field contains the identifier of the thread, and
the owner status field is zero or will sooner or later be set to zero.

Figure 6.4 summarizes the state transitions of the asymmetric spin lock, where thick
arrows indicate that atomic operations are used for these transitions. Like the reservation
lock for Java in Section 6.2, the algorithm uses the first-acquirer reservation policy. Thus,
the state of a lock is initialized to be the not-yet-reserved state, and is changed into
the reserved state by the first thread which attempts to acquire the lock, by setting its
identifier to the owner field (Figure 6.4(a)). In addition, we note that, once the lock
has been reserved for a thread, the reservation is never canceled or switched to another
thread, and it continues to be reserved for the same owner thread.

Once the lock is reserved, the owner thread attempts to acquire the spin lock by storing
one to the owner status field (Figure 6.4(b)), while any non-owner thread attempts to
acquire the lock by setting its identifier to the other field (Figure 6.4(c)). An atomic
operation is used for the latter attempt, since it may be performed by multiple non-owner
threads.

These two types of acquisition attempts may occur at the same time. To solve the data
race, each thread reads the other field (i.e. other or owner status) after it wrote to its
relevant field. If zero is read back, the spin lock was successfully acquired by the thread.
If not, the thread resets the written field to zero, and spins for acquisition (Figure 6.4(d),
(e)).

The lock can be released by simply writing zero to the field the thread modified to
acquire the lock. Notice that the owner status field is modified only by the owner thread,
while the other field is modified by non-owner threads.
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Figure 6.5 shows this algorithm of asymmetric spin lock in pseudo-C code. The spin -

try acquire function (lines 13–41) does the essential task, where lines 17–21 reserve a
lock for the first acquirer (Figure 6.4(a)), and lines 22–30 acquire the lock for the owner
thread (Figure 6.4(b), (d)), while lines 31–40 acquire the lock for non-owner threads
(Figure 6.4(c), (e)).

Let us first consider the case when a thread attempts to acquire the lock in the not-
yet-reserved state (lines 17–21). It performs the compare and swap in order to change the
lock state from the initial state to the reserved state. If it does not succeed, its attempt
has failed (line 19), and some other thread must have succeeded in the state transition.
Otherwise, the thread proceeds to the case for the owner thread.

We next consider the case when the owner thread attempts to acquire the lock
(lines 22–30). It first sets the owner status field, and then checks the other field. If
the other field is zero, it implies that no race has occurred, and the owner has suc-
cessfully acquired the lock (line 25). Otherwise, the owner’s attempt has failed because
another non-owner thread holds or is just acquiring the lock, and the owner resets the
owner status field (line 27).

Finally, we consider the case when a non-owner thread attempts to acquire the lock
(lines 31–40). It first tries to atomically change the other field from zero to its thread
identifier with a compare and swap. If it failed, the non-owner’s attempt to acquire the
lock failed (line 33) because another non-owner thread holds or is just acquiring the lock.
Otherwise, the non-owner proceeds to check the owner status field. If the field is zero, it
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1 : typedef struct asym_spin {
2 : volatile unsigned int owner; // thread ID of the reservation owner
3 : volatile unsigned int other; // thread ID of non-owner, acquiring the lock
4 : volatile int owner_status; // flag to indicate acquisition by the owner
5 : } asym_spin_t;
6 :
7 : int spin_acquire(volatile asym_spin_t *lock) {
8 : while (spin_try_acquire(lock) != SUCCESS)
9 : continue; // spin until success
10 : return SUCCESS;
11 : }
12 :
13 : int spin_try_acquire(volatile asym_spin_t *lock) {
14 : unsigned int owner = lock->owner;
15 : unsigned int myTID = thread_id();
16 :
17 : if (owner == 0) { // attempt in the initial state
18 : if (compare_and_swap(&lock->owner, 0, myTID) != SUCCESS)
19 : return FAILURE;
20 : owner = myTID; // falls through if reservation succeeded
21 : }
22 : if (owner == myTID) { // attempt by the owner thread
23 : lock->owner_status = 1;
24 : if (lock->other == 0)
25 : return SUCCESS;
26 : else {
27 : lock->owner_status = 0;
28 : return FAILURE;
29 : }
30 : }
31 : else { // attempt by a non-owner thread
32 : if (compare_and_swap(&lock->other, 0, myTID) != SUCCESS)
33 : return FAILURE;
34 : if (lock->owner_status == 0)
35 : return SUCCESS;
36 : else {
37 : lock->other = 0;
38 : return FAILURE;
39 : }
40 : }
41 : }
42 :

Figure 6.5: Algorithm of the asymmetric spin lock (1 of 2)
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43 : int spin_release(volatile asym_spin_t *lock) {
44 : unsigned int myTID = thread_id();
45 :
46 : if (lock->owner == myTID) {
47 : if (lock->owner_status == 0) return ILLEGAL_STATE;
48 : lock->owner_status = 0;
49 : } else {
50 : if (lock->other != myTID) return ILLEGAL_STATE;
51 : lock->other = 0;
52 : }
53 : return SUCCESS;
54 : }
55 :
56 : int spin_is_acquired(volatile asym_spin_t *lock) {
57 : unsigned int myTID = thread_id();
58 :
59 : if (lock->owner == myTID) {
60 : if (lock->owner_status == 1) return SUCCESS;
61 : } else {
62 : if (lock->other == myTID) return SUCCESS;
63 : }
64 : return FAILURE;
65 : }

Figure 6.5: Algorithm of the asymmetric spin lock (2 of 2)

implies that no race has occurred, and the non-owner has successfully acquired the lock
(line 35). Otherwise, the non-owner’s attempt has failed because the owner thread holds
or is just acquiring the lock, and the non-owner resets the other field (line 37).

The spin acquire function (lines 7–11) is implemented by continuously calling (i.e.
spinning) the spin try acquire function until it succeeds, which is same as in the generic
spin lock shown in Figure 6.2. The spin release function (lines 43–54) first reads the
owner field. If the current thread is the owner of the lock, it stores zero to the owner sta-

tus field, otherwise it stores zero to the other field. The ILLEGAL STATE error is returned
if the lock is not held by the current thread.

It is quickly known from the code in Figure 6.5 that the owner status field is only
modified by the owner thread, while the other field is only modified by a non-owner
thread which successfully acquired the lock by compare and swap. Thus, the writes to
these two fields must not interfere with each other.

The performance of the asymmetric spin lock in the absence of contention can be
summarized as follows. The owner thread can acquire and release the lock with three
reads (lines 14, 24, and 46) and two writes (lines 23 and 48), requiring no atomic read-
modify-write instructions, while the non-owner thread requires one atomic read-modify-
write instruction (line 32), in addition to three reads (lines 14, 34, and 46) and one write
(line 51). Since the atomic operation is unnecessary for the reservation owner, performance
can be improved if most of the lock operations are performed by that thread.
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6.4 Discussion and Extension

In this section, we discuss the asymmetric spin lock introduced in the previous section
from various viewpoints, and show several extensions.

6.4.1 Dekker’s Algorithm

It was of academic interest to design algorithms for spin locks using only read and write
instructions [29, 30, 70, 93]. The most famous one among these is Dekker’s Algorithm
introduced by Dijkstra [30], which is a mutual exclusion mechanism for two threads (or
processes) to execute a critical section. In this algorithm, a flag for mutual exclusion is
prepared for each of the two threads, and initially cleared. To execute the critical section,
each thread first sets its flag and then checks the other’s flag. If it is set, the thread resets
its flag and retries the process. Otherwise, the thread executes the critical section and
clears its flag in exiting from the critical section.

Figure 6.6 shows a spin lock based on Dekker’s Algorithm. The two-element status
array in the dekker_spin_t structure is used for the flags. Notice that this is a two-
thread algorithm. The algorithm assumes that only two threads, whose identifiers are
zero and one, are involved. We also assume that the myTID and anotherTID variables are
appropriately set for each thread in advance.

Each of the two threads attempts to acquire the lock by setting its own status element
(line 12), and then checking the other thread’s status element (line 13). If the other
thread’s element is not set, the thread has successfully acquired the lock. Otherwise, the
thread has failed in acquisition, and resets its own status element (line 16).

We can generalize the algorithm for n threads by expanding the status array to n and
checking the other (n− 1) threads’ status before executing the critical section. However,
the number of memory operations required becomes proportional to n. Thus, as the
number of threads increases, the performance becomes worse than the CAS-based spin
lock shown in Figure 6.2. As far as we know, all the algorithms composed from read and
write instructions suffer from this problem, including those in [29, 30, 70, 93].

It is important to observe that our asymmetric spin lock in Figure 6.5 hybridizes the
CAS-based lock in Figure 6.2 and the Dekker-style lock in Figure 6.6. The non-owner
threads first compete with each other in the preliminary round and the winner advances
to the final round, while the owner thread is seeded to the final round. The preliminary
round is performed through the CAS-based lock (line 32 of Figure 6.5). The final round,
involving exactly two threads, is done using the Dekker-style lock (lines 23–29 for the
owner, and lines 32 and 34–39 for the winner of the preliminary round).

The asymmetric spin lock solved the above-mentioned scaling issue by introducing
asymmetricity and atomic operations into Dekker’s Algorithm. However, only the owner
thread can process the lock without atomic operations. We believe that this algorithm
is still very useful, at least for Java locks, where many locks are dominantly acquired by
specific threads.
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1 : typedef struct dekker_spin {
2 : volatile int status[2]; // flags for the two threads, initialized as {0,0}
3 : } dekker_spin_t;
4 :
5 : int spin_acquire(volatile dekker_spin_t *lock) {
6 : while (spin_try_acquire(lock) != SUCCESS)
7 : continue; // spin until success
8 : return SUCCESS;
9 : }
10 :
11 : int spin_try_acquire(volatile dekker_spin_t *lock) {
12 : lock->status[myTID] = 1; // set my flag, and
13 : if (lock->status[anotherTID] == 0) // check another’s flag
14 : return SUCCESS;
15 : else {
16 : lock->status[myTID] = 0;
17 : return FAILURE;
18 : }
19 : }
20 :
21 : int spin_release(volatile dekker_spin_t *lock) {
22 : if (lock->status[myTID] == 0) return ILLEGAL_STATE;
23 : lock->status[myTID] = 0; // clear my flag
24 : return SUCCESS;
25 : }

Figure 6.6: Dekker-style spin lock for two threads

6.4.2 Correctness

Next, we discuss the correctness of the new algorithm.

In our asymmetric spin lock, each lock’s reservation owner is decided by setting the
owner field when the lock is first acquired. Because this step is performed by compare -

and swap (line 18 of Figure 6.5), the owner field cannot be overwritten once it is set. The
owner status field is modified only by the owner thread after it is decided, so no race
hazard can occur for this field.

On the other hand, the other field can be modified by multiple non-owner threads.
However, setting the thread’s identifier to acquire the lock is also performed by com-

pare and swap (line 32), so it never overwrites any other thread’s identifier. Resetting
the other field to release the lock (line 51) or to avoid a contention (line 37) is performed
only by the thread which has successfully stored its identifier to the other field, so racing
never occurs here.

It is guaranteed by Dekker’s Algorithm that the asymmetric spin lock provides mutual
exclusion between the owner and non-owner, and does not deadlock. However, the imple-
mentation shown in Figure 6.5 may livelock in exactly the same manner as the Dekker-style
lock. That is, when the owner and a non-owner thread simultaneously attempt to acquire
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the lock, they may continuously fail. More concretely, the owner may continuously exe-
cute lines 23, 24, 27, and 28 (Figure 6.4(d)) in the spin try acquire function, while the
non-owner may continuously execute lines 32, 34, 37, and 38 (Figure 6.4(e)).

We could resolve the livelock with a technique used in Dekker’s Algorithm [30], by
introducing a field to indicate which of the owner and a non-owner takes precedence
on contention. However the technique was not included in our asymmetric spin lock
because it increases memory accesses. We could also ameliorate the issue with back-offs
on contention as proposed by Anderson [5]. Also, we note that the one-word asymmetric
spin lock we will soon present in Section 6.4.5 does not cause livelock. In addition, when
a spin lock is embedded into a bimodal Java lock (as will be described in Section 6.5),
once the spin try acquire function has failed, then the spin lock is usually taken over
by a suspend-lock instead of spinning to acquire the lock. Therefore, livelock does not
occur in Java locks even without modifying the implementation.

6.4.3 Multiprocessor Considerations

While our algorithm does not require any atomic operations on a reservation hit, it does
rely on the program order execution of writes and reads. More concretely, in Figure 6.5,
the owner thread must execute the write to the owner status field (line 23) and the read
from the other field (line 24) in that order3.

Multiprocessor architectures with relaxed memory consistency models [1, 27] do not
necessarily guarantee the program order of memory operations, but provide hardware in-
structions to force the program order. Modern architectures include dedicated instructions
called memory barriers or fences, while older architectures rely on atomic read-modify-
write instructions to achieve the same effect.

Some architectures allow the program order to be preserved with software techniques,
although the details significantly vary depending on processor architectures and even
processor implementations. For instance, for the IBM 370, we can preserve the order
of write into X and read from Y (X and Y are different memory locations) with the
sequence of write into X, read from X, and read from Y [1]. In general, software
techniques are cheaper than hardware instructions.

Whether the program order is preserved with hardware instructions or software tech-
niques, it must be noted that the asymmetric spin lock provides performance gains on
those multiprocessor systems where the cost of the atomic read-modify-write instruction
(which it removes) is higher than the cost of program-order enforcement (which it intro-
duces).

Finally, we note that while enforcing the program order obviously affects some opti-
mizations such as speculation, using the atomic read-modify-write instruction also does
so in the same manner.

3Actually, the compare and swap against the other field (line 32) and the read from the owner status
field (line 34) must also be executed in that order by a non-owner thread, but usually this is assured
because the atomic operation implies a memory-ordering barrier.
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Figure 6.7: Data layout in the one-word variation

6.4.4 Optimizations

If we have a compare and swap that can act upon both the other and owner status

fields simultaneously, the execution path by a non-owner thread could be made much
simpler, since this instruction allows the operation on other at line 32 and the check of
owner status at line 34 to be combined.

Similarly, if we have a compare and swap that can act upon both the owner and own-

er status fields simultaneously, the execution path in the not-yet-reserved state could be
made simpler, since a thread could directly change the lock state from the not-yet-reserved
state to the state actually reserved for and acquired by the thread itself at line 18.

These optimizations do not necessarily require the underlying processor architecture
to support a special instruction such as double compare and swap [42] (DCAS, or CAS2

[82]). We could achieve the same effect by co-locating multiple fields in a single memory
region upon which the usual compare and swap could act. The technique is used in the
one-word variation of the asymmetric spin lock we will describe below.

6.4.5 One-Word Embodiment

The asymmetric spin lock explained to this point allocated each of the three fields in a
separate word4, mainly to simplify the explanation. Although the three-word version is
simple and clearly conveys the key ideas and the essential properties of the asymmetric
spin lock, it is not as space efficient as to construct a Java lock on the data structure. In
this section, we show a variation where the three fields are packed into one word, in order
to be easily embedded into a Java lock.

The one-word embodiment assumes that compare and swap and atomic read are pos-
sible for 32-bit data, and that atomic writes are also possible for 8-bit and 16-bit data
without affecting the other data. The algorithm uses a 32-bit word with the data lay-
out shown in Figure 6.7, where the minimal size of atomic write, 8 bits, is assigned to
owner status and the remaining 24 bits are divided into the owner and other fields

Figure 6.8 shows the algorithm of the one-word variation in pseudo-C code, where
the sidelines indicate the portions optimized from the original asymmetric spin lock in
Figure 6.5. Note that we assume Little Endian addressing here. As we mentioned earlier,

4Unless otherwise stated, we assume that a word is 32 bits long.
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1 : #define OWNER_MASK 0x000fff00
2 : #define OTHER_MASK 0xfff00000
3 :
4 : // The following definitions assume Little Endian addressing
5 : #define OWNER_STATUS_BYTE(lock) (((char *)lock)[0])
6 : #define OTHER_SHORT(lock) (((short *)lock)[1])
7 :
8 : // We assume that thread_id() returns values shifted to fit into
9 : // the owner field, between 0x00000100 and 0x000fff00
10 : #define OWNER_TO_OTHER(tid) ((tid)<<12)
11 :
12 : int spin_acquire(volatile unsigned int *lock) {
13 : while (spin_try_acquire(lock) != SUCCESS)
14 : continue; // spin until success
15 : return SUCCESS;
16 : }
17 :
18 : int spin_try_acquire(volatile unsigned int *lock) {
19 : unsigned int l = *lock;
20 : unsigned int myTID = thread_id();
21 :
22 : if ((l & OWNER_MASK) == 0) { // attempt in the initial state

| 23 : unsigned int locked = myTID | 1;
| 24 : return compare_and_swap(lock, 0, locked);

25 : }
26 : else if ((l & OWNER_MASK) == myTID) { // attempt by the owner thread
27 : OWNER_STATUS_BYTE(lock) = 1;
28 : if ((*lock & OTHER_MASK) == 0)
29 : return SUCCESS;
30 : else {
31 : OWNER_STATUS_BYTE(lock) = 0;
32 : return FAILURE;
33 : }
34 : }
35 : else { // attempt by a non-owner thread

| 36 : unsigned int unlocked = l & OWNER_MASK;
| 37 : unsigned int locked = unlocked | OWNER_TO_OTHER(myTID);
| 38 : return compare_and_swap(lock, unlocked, locked);

39 : }
40 : }
41 :

Figure 6.8: Algorithm of the one-word variation (1 of 2)
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42 : int spin_release(volatile unsigned int *lock) {
43 : unsigned int l = *lock;
44 : unsigned int myTID = thread_id();
45 :
46 : if ((l & OWNER_MASK) == myTID) {
47 : if (OWNER_STATUS_BYTE(&l) == 0) return ILLEGAL_STATE;
48 : OWNER_STATUS_BYTE(lock) = 0;
49 : } else {
50 : if ((l & OTHER_MASK) != OWNER_TO_OTHER(myTID)) return ILLEGAL_STATE;
51 : unsigned int unlocked = l & ~OTHER_MASK;
52 : OTHER_SHORT(lock) = OTHER_SHORT(&unlocked);
53 : }
54 : return SUCCESS;
55 : }
56 :
57 : int spin_is_acquired(volatile unsigned int *lock) {
58 : unsigned int l = *lock;
59 : unsigned int myTID = thread_id();
60 :
61 : if ((l & OWNER_MASK) == myTID) {
62 : if (OWNER_STATUS_BYTE(&l) == 1) return SUCCESS;
63 : } else {
64 : if ((l & OTHER_MASK) == OWNER_TO_OTHER(myTID)) return SUCCESS;
65 : }
66 : return FAILURE;
67 : }

Figure 6.8: Algorithm of the one-word variation (2 of 2)

the writes to the owner status and other fields must not interfere with each other.
Thus, the one-word variation sets and resets the owner status field with the 8-bit write
(lines 27, 31, and 48), while it clears the other field using the 16-bit write in the spin -

release function (line 52). Note that involving the upper four bits of the owner field in
the 16-bit write for the other field does not cause any problem. This is because the value
of the owner field is never changed once the lock has been set to the reserved state.

The compare and swap operations on the 32-bit data are used for making the lock to
the reserved state (line 24) and for the acquisition by non-owner threads (line 38). Since
this makes it possible to check multiple fields atomically, the two optimizations shown in
the last subsection are also applied to the algorithm.

As a side effect of the above optimizations, the one-word variation cannot cause the
livelock mentioned in Section 6.4.2. That is, the owner and a non-owner thread never
continuously fail. If the owner thread takes the path to return FAILURE at line 32, it
implies that the non-owner thread has succeeded in the compare and swap at line 38,
meaning that the non-owner thread has succeeded in the acquisition of the lock.

Finally, Figure 6.9 illustrates the state transitions of the lockword in the one-word
variation.
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Figure 6.9: Lockword state transitions of the one-word variation

6.5 Optimizing Java Lock with the Asymmetric Spin

Lock

By using the one-word asymmetric spin lock derived above, this section describes a tech-
nique to implement a new reservation-based Java lock which is free from the overhead of
reservation cancellation.

6.5.1 Java Lock and Spin Lock

As shown in Chapter 5, it is known that many Java locks exhibit thread locality, which
means that each lock is dominantly used by a specific thread [65, 66]. Therefore, we may
be able to accelerate Java locks by utilizing the asymmetric spin lock, while giving the
precedence (reservation) to the specific thread which will dominantly use the lock. In
addition, since the reservation is not canceled in the asymmetric spin lock, we can remove
the step of reservation cancellation, which is a potential problem for the reservation lock
proposed in the previous chapter.

However, it is not realistic to directly use a spin lock as a Java lock. Synchronization
in Java is based on monitors [20, 21, 46], and the critical sections guarded by Java locks
may be long, such as the example shown in Table 4.4 of Chapter 4. Since a spin lock
requires the thread to busy-wait when the lock is not acquired, it is not suitable for long
critical sections. Clearly, suspend locks, which require the thread to relinquish control of
the processor, are much preferred for Java locks.

A widely employed optimization of a suspend lock is hybridizing it with a spin lock
[90] as a spin-suspend lock. When a thread attempting to acquire a spin-suspend lock
finds that it is not available, it busy-waits or spins but does so only a certain number of
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times. After the thread has repeatedly failed in all of the spins, it relinquishes control of
the processor.

Space-efficiency and time-efficiency are equally important in Java locks. In general,
we can make lock operations on objects faster by implementing them with bits in the
headers. However, the real estate in an object’s header is very precious, and thus the
number of bits dedicated to lock processing must be minimized.

A bimodal lock [11, 38, 88] is a space-efficient implementation of the spin-suspend lock
intended for use in Java. This method reserves only one field (a lockword) in each object’s
header, using the field in two modes. In the flat mode, the bimodal lock acts as a spin
lock. When the lock is held by a thread, the lockword contains the thread’s identifier.
Otherwise, the value of the lockword is zero. In the inflated mode, the bimodal lock
behaves as a suspend lock, and the lockword contains a reference to the suspend lock.
These two modes are distinguished by one bit in the lockword, called the shape bit.

The bimodal lock is initialized to be in the flat mode, and remains in that mode as long
as no contention occurs. Thus, the bimodal lock is as efficient in the uncontended case as
the spin lock. When the lock is contended, a structure for suspend lock is prepared, and
the bimodal lock is inflated and put into the inflated mode.

One instance of the bimodal locks for Java is the tasuki lock [88] explained in Chapter 4.
As in its base algorithm, thin lock [11], tasuki lock uses the compare and swap as the spin
lock primitive in the flat mode. A new reservation-based Java lock can be implemented
by replacing this part with the asymmetric spin lock.

6.5.2 Tasuki Lock Revisited

Before showing the new algorithm, we briefly review the tasuki lock here, focusing on how
the spin lock is used in it.

Figure 6.10 shows the algorithm of the tasuki lock, which is basically same as that
shown in Figure 4.7 except for the portions indicated by sidelines, which are modified or
added to make the internal spin lock replaceable.

The Java lock acquire function is called to acquire a Java lock. This function first
attempts to acquire the spin lock by using spin try acquire (line 14). Successfully
acquiring the spin lock means successfully acquiring the Java lock. If the spin lock cannot
be acquired, the function then tries to acquire the suspend lock by using monitor enter

(line 18). In this case, if the lockword is in the flat mode, it is converted to the inflated
mode by calling the inflate function.

The Java lock release function is called to release a Java lock. This function first
tests the lockword to determine whether it is in the flat mode. If so, it releases the spin
lock by using spin release (line 48), with additional processing if the lock is contended.
Otherwise, it releases the suspend lock by using monitor exit (line 62). Just before
exiting from the monitor, the function checks if the lockword can return to the flat mode,
and calls the deflate function if it is possible.
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1 : // Object header contains a lockword and an FLC bit
2 : typedef struct object {
3 : // :
4 : volatile unsigned int flag; // 1 bit is used as an FLC bit
5 : volatile unsigned int lockword;
6 : // :
7 : } Object;
8 :
9 : #define SHAPE_BIT 0x80000000

| 10 : #define MON_MASK (~SHAPE_BIT)
11 :
12 : int Java_lock_acquire(Object *obj) {
13 : // flat lock path

| 14 : if (spin_try_acquire(&obj->lockword) == SUCCESS)
15 : return SUCCESS;
16 : // inflated lock and inflation path
17 : monitor_t *mon = obtain_monitor(obj);
18 : monitor_enter(mon);
19 : // inflation loop
20 : while ((obj->lockword & SHAPE_BIT) == 0) {
21 : obj->flag |= OBJFLAG_FLAT_CONTENDED; // set the FLC bit

| 22 : if (spin_try_acquire(&obj->lockword) == SUCCESS)
23 : inflate(obj, mon);
24 : else
25 : monitor_wait(mon); // wait on the inflation monitor
26 : }
27 : return SUCCESS;
28 : }
29 :
30 : // Returns a monitor associated with the object
31 : monitor_t *obtain_monitor(Object *obj) {
32 : unsigned int lw = obj->lockword;

| 33 : if ((lw & SHAPE_BIT) != 0) return (monitor_t *)(lw & MON_MASK);
34 : return lookup_monitor(obj); // search for a monitor in the table,
35 : } // or create/register a new monitor
36 :
37 : // Inflate the object’s lockword, which is held by current thread
38 : void inflate(Object *obj, monitor_t *mon) { // mon must also be entered
39 : obj->flag &= ~OBJFLAG_FLAT_CONTENDED; // reset the FLC bit
40 : monitor_notify_all(mon);
41 : obj->lockword = SHAPE_BIT | (unsigned int)mon; // set the shape bit
42 : }
43 :

Figure 6.10: Review of the tasuki lock algorithm (1 of 2)
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44 : int Java_lock_release(Object *obj) {
45 : unsigned int lw = obj->lockword;
46 : if ((lw & SHAPE_BIT) == 0) { // flat lock path

| 47 : if (spin_is_acquired(&obj->lockword) != SUCCESS) return ILLEGAL_STATE;
| 48 : spin_release(&obj->lockword);

49 : if (obj->flag & OBJFLAG_FLAT_CONTENDED) { // test the FLC bit,
50 : monitor_t *mon = obtain_monitor(obj); // the only overhead
51 : monitor_enter(mon);
52 : if (obj->flag & OBJFLAG_FLAT_CONTENDED) monitor_notify(mon);
53 : monitor_exit(mon);
54 : }
55 : return SUCCESS;
56 : }
57 : // inflated lock path, deflate if possible

| 58 : monitor_t *mon = (monitor_t *)(lw & MON_MASK);
59 : if (!monitor_being_entered_by_me(mon)) return ILLEGAL_STATE;
60 : if (!monitor_being_waited(mon) && Better_to_deflate(obj))

| 61 : deflate(obj, mon);
62 : return monitor_exit(mon);
63 : }
64 :
65 : // Deflate the object’s lockword and release the spin lock

| 66 : void deflate(Object *obj, monitor_t *mon) {
| 67 : obj->lockword = 0; // reset the shape bit, while releasing the spin lock
| 68 : }

69 :
70 : int Java_lock_wait(Object *obj) {
71 : unsigned int lw = obj->lockword;
72 : if ((lw & SHAPE_BIT) == 0) { // flat mode

| 73 : if (spin_is_acquired(&obj->lockword) != SUCCESS) return ILLEGAL_STATE;
74 : // force the inflation
75 : monitor_t *mon = obtain_monitor(obj);
76 : monitor_enter(mon);
77 : inflate(obj, mon);
78 : }
79 : // execute the wait using the monitor structure

| 80 : monitor_t *mon = (monitor_t *)(obj->lockword & MON_MASK);
81 : return monitor_wait(mon); // wait on the Java object
82 : }
83 :
84 : // Java_lock_notify()/notify_all() are implemented in the same manner

Figure 6.10: Review of the tasuki lock algorithm (2 of 2)
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Figure 6.11: Lockword structure of the asymmetric tasuki lock

For the mode transitions, tasuki lock uses a flag in another word of the object’s header
named the FLC bit (OBJFLAG FLAT CONTENDED in the code), and a notification mechanism
utilizing the suspend lock. Full details of this algorithm were shown in Chapter 4.

6.5.3 Asymmetric Tasuki Lock

The original tasuki lock shown in Chapter 4 uses the CAS-based spin lock shown in
Figure 6.2 for the spin try acquire, spin release, and spin is acquired functions in
the code. We must note that the shape bit is implicitly tested in acquiring the spin lock,
which fails if the bit is set. In addition to the inflate function, the deflate function is
newly defined to separate the lockword-conversion function.

A new Java lock can be constructed by modifying the lockword structure and replacing
these five functions with the version for the asymmetric spin lock. The resulting asym-
metric tasuki lock behaves like the asymmetric spin lock in the flat mode. Thus, this new
reservation-based Java lock does not require any atomic operations on a reservation hit
and does not have to suspend the owner on a reservation miss.

For the replacement, the one-word variation of asymmetric spin lock presented in
Section 6.4.5 is used, while modifying the data layout as shown in Figure 6.11 to include
the shape bit and recursion count field5. Using this data layout, the asymmetric spin lock
is slightly modified in order to embed it into the tasuki lock as shown in Figure 6.12. The
sidelines indicate the portions modified from the corresponding functions in Figures 6.8
and 6.10. To simplify the explanation, the rcnt handling is omitted from this code. In
the real code used for the evaluation in next section, the 3-bit field is used appropriately6

5Since only 10 bits are assigned for the owner and other fields in this layout, the number of threads
that can simultaneously exist in the system is limited to 1,023. It is possible to expand the thread fields
to 15 bits by using the unused 7 bits for owner and moving the rcnt field to another word.
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1 : // Now the monitor structure has an extra field to hold the spin lock’s owner
2 : typedef struct monitor {
3 : // :
4 : // original monitor fields
5 : // :

| 6 : unsigned int spin_owner; // additional field to store the owner’s TID
7 : } monitor_t;
8 :
9 : #define SHAPE_BIT 0x80000000

| 10 : #define MON_MASK 0x7fffff00
| 11 : #define OWNER_MASK 0x0003ff00
| 12 : #define OTHER_MASK 0x0ffc0000

13 :
| 14 : #define SHAPE_OWNER_MASK (SHAPE_BIT | OWNER_MASK)
| 15 : #define SHAPE_OTHER_MASK (SHAPE_BIT | OTHER_MASK)

16 :
17 : #define OWNER_STATUS_BYTE(lock) (((char *)lock)[0])
18 : #define OTHER_SHORT(lock) (((short *)lock)[1])

| 19 : #define OWNER_TO_OTHER(tid) ((tid)<<10)
20 :
21 : int spin_try_acquire(volatile unsigned int *lock) {
22 : unsigned int l = *lock;
23 : unsigned int myTID = thread_id();
24 :

| 25 : if ((l & SHAPE_OWNER_MASK) == 0) { // attempt in the initial state
26 : unsigned int locked = myTID | 1;
27 : return compare_and_swap(lock, 0, locked);
28 : }

| 29 : else if ((l & SHAPE_OWNER_MASK) == myTID) { // attempt by the owner thread
30 : OWNER_STATUS_BYTE(lock) = 1;

| 31 : if ((*lock & SHAPE_OTHER_MASK) == 0)
32 : return SUCCESS;
33 : else {
34 : OWNER_STATUS_BYTE(lock) = 0;
35 : return FAILURE;
36 : }
37 : }
38 : else { // attempt by a non-owner thread
39 : unsigned int unlocked = l & OWNER_MASK;
40 : unsigned int locked = unlocked | OWNER_TO_OTHER(myTID);
41 : return compare_and_swap(lock, unlocked, locked);

| 42 : // will fail if the shape bit is set
43 : }
44 : }
45 :
46 : // spin_release()/spin_is_acquired() are not changed
47 :

Figure 6.12: Asymmetric spin lock modified for use in the tasuki lock (1 of 2)
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48 : // We assume that mon fits into the MON_MASK bits of a lockword
49 : void inflate(Object *obj, monitor_t *mon) {
50 : obj->flag &= ~OBJFLAG_FLAT_CONTENDED; // reset the FLC bit
51 : monitor_notify_all(mon);

| 52 : mon->spin_owner = obj->lockword & OWNER_MASK; // save the owner info
| 53 : if (mon->spin_owner == thread_id()) {
| 54 : obj->lockword = SHAPE_BIT | (unsigned int)mon;
| 55 : } else while (1) { // inflate while preserving the owner_status bit
| 56 : unsigned int l = obj->lockword;
| 57 : unsigned int inflated = SHAPE_BIT | (unsigned int)mon | (l & 1);
| 58 : if (compare_and_swap(&obj->lockword, l, inflated) == SUCCESS) return;
| 59 : }

60 : }
61 :
62 : void deflate(Object *obj, monitor_t *mon) {

| 63 : if (mon->spin_owner == thread_id()) {
| 64 : obj->lockword = mon->spin_owner; // restore the owner info
| 65 : } else while (1) { // deflate while preserving the owner_status bit
| 66 : unsigned int l = obj->lockword;
| 67 : unsigned int deflated = mon->spin_owner | (l & 1);
| 68 : if (compare_and_swap(&obj->lockword, l, deflated) == SUCCESS) return;
| 69 : }

70 : }

Figure 6.12: Asymmetric spin lock modified for use in the tasuki lock (2 of 2)

to hold the count of recursive spin-lock acquisitions up to seven.

As described above, the spin try acquire function must always fail in the inflated
mode. Therefore, the function is modified to check the shape bit in the availability checks
(lines 25, 29, 31, and 41). This modification is unnecessary for spin release, since the
function is called only in the flat mode.

When modifying the inflate and deflate functions, the following three points must
be taken into account. First, the owner status field should be preserved in the transition.
Therefore, compare and swap is used if the transition is performed by a non-owner thread
(lines 58 and 68). However, this does not cause performance degradation, since the
transition functions are not called frequently. Second, the owner thread should not be
changed in the transition. Therefore, the information about the owner is saved in in-

flate (line 52) and restored to the lockword in deflate (lines 64 and 67). Third, the
deflate function not only clears the shape bit but also releases the spin lock. Therefore,
the owner status field is cleared if the lock is held by the owner (line 64), otherwise the
other field is cleared (line 67).

6The rcnt field is modified by writing to the leftmost 8 bits of the lockword to avoid overwriting
the owner status field, which may be modified by the owner thread even while the lock is held by a
non-owner thread. Note that unlike the case of reservation lock in Chapter 5, the rcnt field remains zero
in the outermost acquisition, which is same as in the original tasuki lock.
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Figure 6.13: All lock state transitions of the asymmetric tasuki lock

By using the modified asymmetric spin lock with the tasuki lock shown in Figure 6.10, a
new reservation-based Java lock was created which is free from the overhead of reservation
cancellation while the owner thread can acquire the lock very quickly, without any atomic
operations.

Figure 6.13 shows the complete state transitions of the asymmetric tasuki lock, where
the thickness of each arrow informally represents the cost of the transition. This figure
also illustrates the rcnt processing which is omitted in the pseudo-code in Figure 6.10.
The flat mode acquisition by the reservation owner T is accelerated. Since the algorithm
removed the mode change of reservation cancellation, the accelerated path can still be
used for T even after the second thread S appears.

6.6 Performance Results

In this section, we evaluate the effectiveness of the new asymmetric lock with the IBM
Developer Kit for Windows, Java Technology Edition, Version 1.4.0 [53]. The virtual
machine in the developer kit contains a synchronization subsystem based on the tasuki
lock [88]. We implemented both the new reservation-based algorithm and the original
reservation lock shown in Chapter 5, and compared the two algorithms, using the tasuki
lock in the original virtual machine as the base algorithm. The JIT compiler [58, 102, 103]
included in the JVM was also modified to support the new algorithms.
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Figure 6.14: Lock sequence for the micro-benchmark

The new reservation-based Java lock is implemented by the method of replacing the
spin lock in the tasuki lock with the one-word asymmetric spin lock as explained in
Section 6.5.3. Although it was omitted in the explanation, the actual implementation
utilizes the rcnt field appropriately to allow shallow recursive acquisitions in the flat
mode. The implementation of tasuki lock and reservation lock are almost the same as
described in Chapters 4 and 5, respectively. These also include the support for shallow
recursive acquisitions.

All of the benchmark programs were run under Windows XP Professional Edition with
SP1 on an unloaded IBM IntelliStation M Pro with two 933 MHz Pentium III processors
and 512 megabytes of RAM.

6.6.1 Micro-Benchmarks

First, we show the results of a micro-benchmark which clearly highlights important behav-
ioral characteristics of the three Java lock algorithms — the tasuki lock, reservation lock,
and asymmetric lock. The benchmark creates two threads T and S, which alternately
perform three rounds of computation. In each round, T or S executes the following loop:

1 : for (int i = 0; i < MAX; i++) {
2 : synchronized (a[i]) { counter++; }
3 : }

Here the variable a holds a MAX-element array of objects. Notice that, when the loop is
executed for the first time, each of the MAX locks is acquired for the first time. Figure 6.14
shows the lock sequence of each object in the micro-benchmark.

Figure 6.15 shows the execution times of the three algorithms for the initial few rounds
of execution, relative to that of the base algorithm in the first round. For each of the
rounds, the thread which executes the round is shown under the round number.

Let us first consider the performance of the base algorithm, tasuki lock. Although two
threads are involved, the lock is not contended at all, since the two threads run alternately
in the test. Thus, the base algorithm shows the same uncontended performance in all of
the rounds. As mentioned in Section 6.5.2, tasuki lock allows a lock to be acquired and
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Figure 6.15: Micro-benchmark results

released in the absence of contention with a few machine instructions containing only one
compare and swap.

Next, we consider the performance of the original reservation lock. As we mentioned
in Section 6.2, the algorithm adopts the reservation policy of first acquirer. Thus, a thread
attempting to acquire the lock for the first time, T in this case, reserves the lock for itself
with a compare and swap (Figure 6.1(a)). This happens in the first round in Figure 6.15,
so it took almost same time as the base algorithm.

Since the lock is now reserved for T , the performance in the second and third rounds
is improved, since the thread can now acquire and release the lock without any atomic
operations (Figure 6.1(b)). This is the power of the reservation lock, and the performance
is improved if this situation continues long enough.

However, when S comes into play in the fourth round, the pathological behavior of the
reservation lock manifests itself. In this round, S suspends T and cancels the reservation
(Figure 6.1(c)), making the performance in this round more than 100 times worse than the
performance of the base algorithm. In addition, after the fourth round, the reservation
lock algorithm never exhibits the same level of high performance even for T ’s rounds as
for the second and third rounds, since it has fallen back to tasuki lock (Figure 6.1(d))
in the fourth round and does not reserve the lock again. Therefore, the times for the
following rounds are same as the base algorithm.

Now, we consider the performance of the new asymmetric lock algorithm. The same
explanation applies for the first three rounds. In particular, we can observe a level of high
performance close to the original reservation lock on a reservation hit as shown in the
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Figure 6.16: Two types of lock sequences

second and third rounds. Little degradation is observed in these rounds because of the
additional cost to check the other field.

The subsequent rounds show two significant advantages of the new algorithm over the
original algorithm. First, the new algorithm does not show any pathology in the fourth
round, since it does not suspend the owner. Second, the algorithm shows the same level
of high performance in all of T ’s rounds, since it does not cancel the reservation and the
lock continues to be reserved for T .

Finally, the performance of the new algorithm in S’s rounds is similar to the base
algorithm. This is because the algorithm is a bimodal lock and the performance in the
uncontended path is almost the same as the performance of the asymmetric spin lock. In
each of S’s rounds, the non-owner path of the spin lock is followed, which contains one
compare and swap as the dominant cost. We believe that the slight degradation compared
to the base algorithm comes from the additional cost to check the owner status field.

From the result of the micro-benchmark, the characteristics of the two reservation-
based Java lock algorithms are summarized as follows.

The original reservation lock is the most suitable algorithm for programs where each
object’s lock is used by a specific thread, because most lock operations are handled as in
the second (or third) round in Figure 6.15. Object 1 in Figure 6.16 shows an example
lock sequence for such a program. However, for programs where locks are mainly used for
mutual exclusion among multiple threads, the algorithm may not be able to achieve much
performance improvement, since most locks are processed as in the cases after the fifth
round in Figure 6.15. Object 2 in Figure 6.16 shows an example lock sequence for that
kind of program. In addition, if many objects’ locks are used for such mutual exclusion,
the performance may even be harmed by the cancellation overhead of the fourth round.

The new asymmetric lock can also accelerate programs of the Object 1 type, but it
is not as fast as the reservation lock. However, the new algorithm can even accelerate
programs in the Object 2 group if many lock operations are performed as in the seventh
round.

Based on the above qualitative analysis, the next subsection shows quantitative results
using more realistic Java programs, as well as their lock statistics.
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Table 6.1: Benchmark programs

Program Description
SPECjvm98 Run each program 3 times in the application mode
202 jess Expert shell system solving a set of puzzles
201 compress LZW compression and decompression
209 db Perform database functions on memory resident DB
222 mpegaudio Decode MP3 audio files
228 jack Parser generator generating itself
213 javac Java source-to-bytecode compiler from JDK 1.0.2
227 mtrt Two-threaded ray tracer

SPLASH-2 Multi-threaded scientific benchmark programs ported to Java
Water An evaluator of forces and potentials in water molecules
Barnes A simulator of an N-body system using the Barnes-Hut method

6.6.2 Macro-Benchmarks

We now show the results of more realistic applications, seven programs from SPECjvm98
[100] and two scientific applications from the SPLASH-2 benchmark set [120]. We ran
each of the SPECjvm98 benchmarks in the application mode, specifying the problem
size as 100% and the number of executions as three. The scientific applications are
Water and Barnes which were written in Java by the authors of [97]7. We chose them as
possible candidates where locks are mainly used for mutual exclusion. Table 6.1 shows
descriptions of these programs. Among these programs, 227 mtrt, Water, and Barnes
are multi-threaded programs.

Table 6.2 shows the synchronization statistics of the benchmark programs. We col-
lected these statistics by running a special version of the virtual machine and JIT compiler
which counts the events of our interest. As the table shows, even when JIT compiler is
enabled, locks are very frequently acquired (and released) in all of the programs except
201 compress and 222 mpegaudio. This happens even in single-threaded programs,
which is one of the unique characteristics of Java.

For each program, the table also shows the ratios of reservation hits of the two al-
gorithms. We compute the ratio as the number of outermost acquisitions by the owner
thread divided by the total number of lock acquisitions. That is, we exclude recursive
acquisitions by the owner thread, since they are already optimized in the base algorithm
and performed without any atomic operations. In other words, the number becomes the
ratio of lock acquisitions that can be accelerated by each algorithm.

As shown here, both of the reservation-based algorithms can speed up the vast major-

7We thank Alexandru Salcianu and Martin Rinard for making their benchmark programs avail-
able to us.
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Table 6.2: Lock statistics of macro-benchmarks

Reservation lock Asymmetric lock
Number Ratio of Number Ratio of

Objects of lock reservation of cancel- reservation
Program sync’d acquisitions hits lations hits

SPECjvm98
202 jess 12,800 14,977,053 99.353% 187 99.356%
201 compress 2,462 35,382 85.764% 127 86.868%
209 db 66,800 170,834,005 99.982% 52 99.982%
222 mpegaudio 2,111 31,201 88.327% 91 89.028%
228 jack 538,631 46,972,114 95.822% 144 95.859%
213 javac 133,448 43,820,079 98.662% 1,760 99.676%
227 mtrt 3,358 3,528,225 99.451% 114 99.548%

SPLASH-2
Water 858,230 4,326,541 43.668% 6,022 44.342%
Barnes 216,459 2,064,200 25.245% 78,819 34.076%

ity of the lock acquisitions in the SPECjvm98 benchmarks, while they can still accelerate
many though not most of the acquisitions in the scientific applications. Also, as expected
from the behavioral characteristics, the hit ratios are always higher for the measured
benchmarks in the new asymmetric lock than in the original reservation lock. The differ-
ence is largest in Barnes.

As described in the previous subsection, the original reservation lock may suffer if
many cancellations occur. To check this, for the algorithm, the table also shows how many
cancellations of reservations occur in each program. The cancellations rarely happen in
the SPECjvm98 programs8. The number is slightly larger in 213 javac, but it is still only
about 1.3% of the number of synchronized objects. Since the number of lock acquisitions
are also large in the program, we expect the penalty of cancellation to be relatively small.

On the contrary, the cancellations are frequent in the two scientific applications. Es-
pecially in Barnes, 36% of synchronized objects’ lock reservations were canceled. We
suspect that frequent cancellations and the lower hit ratios just mentioned above resulted
because these two programs were translated from the C versions, and do not rely on Java’s
standard library as much as the other programs.

Figure 6.17 shows the speedup ratios of the reservation-based algorithms to the base
algorithm9. We took the best times from repeated runs.

8A few cancellations occur even in single-threaded programs because internal helper threads created
by the virtual machine acquire some locks.

9The values shown in Figure 6.17 are slightly different from those in our previous papers [67, 89],
where the reduction ratios of execution time were actually calculated. Here, I recalculated with the same
data to show the speedup ratios correctly.
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Figure 6.17: Macro-benchmark results

Let us first consider the performance of SPECjvm98. The original reservation lock
showed a maximum speedup of 12.7% in 209 db but slows down in 227 mtrt. The
new asymmetric lock showed a maximum speedup of 7.9% in 209 db, no slowdown for
227 mtrt, and greater speedups in 202 jess and 213 javac than the reservation lock.
Neither significantly improved 201 compress and 222 mpegaudio, since these programs
involve very few synchronization operations and are little affected by the performance of
the Java locks.

Considering the most effective program, 209 db, its execution time was reduced by
11.3% and 7.4% from the base algorithm by reservation lock and asymmetric lock, respec-
tively. Since the lock overhead in the execution time of this program was about 11.9%10, it
is roughly estimated that more than 90% of the overhead was removed by reservation lock
for this case. In contrast, asymmetric lock can remove only about 60% of the overhead,
but it also removes the penalty of cancellation, which will be described below.

We now turn to the performance of the two scientific programs. The original reserva-
tion lock degraded these two programs. In particular, it causes a 12.6% of slowdown in
Barnes. This shows that canceling reservations by suspending the owner threads could
have a significantly negative impact even on macro-benchmarks. The new asymmetric
lock, on the other hand, did not exhibit such anomalous behavior because cancellation is
unnecessary, and it even improved the performance of these scientific applications.

10The number was measured on the same processors by using a special JVM modified to actually do
nothing during lock processing.
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We should note that the results shown here are slightly different from those in Fig-
ure 5.11 in the previous chapter. Our considered opinion is that this is mainly because
the processors and Java environments used for the measurements are different. That is,
on a processor where the cost of compare and swap is not so high, the merit of reservation
lock by removing these operations becomes relatively small, and the overhead of reser-
vation cancellation may become dominant. This becomes conspicuous in some scientific
programs which strictly maintain mutual exclusion among threads by themselves, without
depending on standard Java libraries.

Actually, the motivation for developing the new reservation-based Java lock is that
we found such cases in real programs. As shown in the macro-benchmark results, the
new asymmetric lock successfully remedied the anomalous behavior and improved the
performance for the combination of such a processor and benchmarks.

6.7 Summary

In this chapter, we have presented a new reservation-based algorithm for Java lock. Like
the previous reservation lock, it reserves locks for specific threads, allowing the owner
thread of a lock to acquire and release the lock without any atomic operations. Thus, the
new algorithm attains a similar level of high performance on a reservation hit. Further-
more, unlike the previous algorithm, it does not require a non-owner thread to suspend
the owner in order to cancel the reservation. Thus, the algorithm no longer suffers from
the anomalous behavior the original algorithm exhibits on a reservation miss. Also, it
allows programs to run with more reservation hits, since it does not cancel reservations.

We obtained the algorithm by replacing a CAS-based spin lock in a bimodal lock with
our new spin lock, called the asymmetric spin lock. We devised the asymmetric spin
lock by applying lock reservation to spin lock for the first time, and by hybridizing a
CAS-based lock and a Dekker-style lock.

We have evaluated an implementation of the new algorithm in IBM’s production vir-
tual machine and JIT compiler. The results of micro-benchmarks show that, compared
to the original reservation lock algorithm, the new asymmetric lock algorithm achieves a
similar level of high performance on a reservation hit, shows no anomaly on a reservation
miss, and also yields more reservation hits. For macro-benchmarks, while the new algo-
rithm achieved up to 7.9% speedups in the SPECjvm98 benchmarks, it even improved the
performance of two scientific programs which the previous algorithm degraded by more
than 10%.

To summarize, the research shown in this chapter contributes the following results:

• A new algorithm for spin lock
We devised a novel optimization for spin lock based on lock reservation. The asym-
metric spin lock allows the owner thread of a lock to acquire and release the lock
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with a few read and write instructions, while it does not cause a non-owner thread
to suspend the owner thread.

• A new method of introducing a new feature to Java lock
We showed that a new Java lock can be constructed by replacing a spin lock of
bimodal Java lock algorithms.

• Evaluation on a production virtual machine and JIT compiler
By using the new method with the asymmetric spin lock, we developed a new
reservation-based Java lock, asymmetric lock, on a production Java virtual machine
and JIT compiler, and measured the performance on a multiprocessor system, using
an industry-standard benchmark set and scientific programs.





Chapter 7

Related Work

7.1 Introduction

The topic of locks has been addressed by a significant number of papers and textbooks,
even before the appearance of Java. This chapter introduces this research while catego-
rizing it from several viewpoints. Our three approaches to Java locks are also put into
context by comparing them with these alternatives.

First, in Section 7.2, we revisit general lock techniques without limiting the area to
Java. Next, Section 7.3 picks up several lock methods without atomic operations, com-
paring them with our reservation-based locks. Following two sections deal with research
on Java locks. Section 7.4 covers various algorithms for Java locks and compares them
with ours. Section 7.5 discusses another approach to accelerate Java locks which was not
treated in this thesis, the elimination of locks. Finally, Section 7.6 gives the summary of
this chapter.

7.2 Generic Locks

As already described several times, the locks for synchronizing threads (or processes) can
be divided into two categories: spin and suspend locks. A spin lock is usually implemented
with atomic operations such as compare and swap, test and set, or fetch and add, by
continuously performing the operation until the lock is acquired. On the other hand,
suspend locks, typical instances of which are semaphores [29] and monitors [20, 21, 46],
are integrated with an operating system’s scheduler. They support the suspension of
threads and do not waste CPU resource when they cannot acquire locks. However, since
the suspend locks are implemented in kernel space to cooperate with the scheduler, they
are usually heavier than spin locks.

Anderson studied the performance of various algorithms for spin locks on multipro-
cessor systems, and discussed optimizations such as spin on read and exponential back-off

117
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[5]. Mellor-Crummey and Scott proposed a sophisticated spin-lock algorithm, named
MCS locks from their initials, that performs efficiently in shared-memory multiprocessors
of arbitrary size [80]. The key to the algorithm is for every processor to spin only on sepa-
rated locally accessible locations, and for some other processor to terminate the spin with
a single remote write operation. Although the algorithm constructs a queue of waiting
processors in the presence of contention, it is a spin-lock algorithm, and neither hybrid
nor bimodal.

Basically, our work on Java locks is orthogonal to theirs, and an interesting future
research direction would be to use their algorithm for acquiring a lock in the flat mode,
or in the spin-lock mode, in our algorithms.

The idea of hybridizing spin locks and suspend locks as spin-suspend locks was first
suggested by Ousterhout [90], leading to subsequent work on the spinning strategy. Kar-
lin, Li, Manasse, and Owicki empirically studied seven spinning strategies based on the
measured lock-waiting-time distributions and elapsed times [64], while Lim and Agar-
wal derived static methods that attain or approach optimal performance using knowledge
about the likely wait-time characteristics of different synchronization types [75]. Based on
the concept of spin-suspend locks, recent versions of the Linux operating system provide
a fast synchronization mechanism named futex [36], which exposes the spin lock to the
user level. In the uncontended case, a futex lock can be acquired by an atomic increment
operation and released by an atomic decrement operation, without using system calls.

As mentioned in Chapter 2, bimodal locks for Java, first proposed by using the thin
lock [11], are space-efficient hybridizations of spin locks and suspend locks. The findings
for spin-suspend locks are thus applicable to bimodal locks, which includes all three of
our algorithms as well as the original thin lock. Actually, Dimpsey, Arora, and Kuiper
proposed a three-tier spin/yield/block solution for Java locks for multiprocessor envi-
ronments, where a thread that failed to acquire a lock in the inflated mode spins then
yields for a while before blocking [31]. BEA’s JRockit JVM [13] also adopts a similar
spinning mechanism for multiprocessor to reduce the context-switching cost and negative
cache-effects [98].

As for the memory consumption, the space overhead has never been a concern in the
research on spin-suspend locks. In other words, it is totally acceptable to add one word to
a suspend lock structure for spin lock. However, for Java locks, the idea of the bimodal use
of a single field in the thin lock was a painful one to reach, because the bits in an object’s
header are extremely precious, and increasing the header size is simply prohibitive.

In the area of locks for objects, Mesa [71, 81] provides language support for monitoring
of large numbers of small objects. A monitored record is a normal Mesa record, except
that it implicitly includes a field for a monitor lock. It is of a predefined type named
MONITORLOCK, which can be thought of as the following record:

RECORD [locked: BOOLEAN, queue: QUEUE]

The size is one word (16 bits at that time) which suggests packing. In our terminology,
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Mesa directly stores a suspend lock, not a reference to one, in the lock word. However, a
suspend lock can be so small in Mesa for two reasons. First, recursive entry into a monitor
is not allowed. Second, the suspend lock is used solely for mutual exclusion. Long-term
synchronization is done through a condition variable for which an additional field must
be explicitly declared.

Although some Java implementations, notably earlier versions of Kaffe [63], take a
similar approach as shown in Section 2.3.2, the space overhead is prohibitive, since Java
permits recursive lock acquisition and allows any arbitrary object to be involved in long-
term synchronization.

7.3 Locks without Atomic Operations

In Chapters 5 and 6, we examined methods to accelerate Java locks by removing atomic
operations1 from their common cases. Actually, there are several methods that can per-
form locks without atomic operations.

Early work on locks focused on achieving mutual exclusion using only the atomicities
of read and write instructions, because no complex atomic operations were available.
Numerous algorithms were proposed including those of Dekker [30], Dijkstra [29], Peterson
[93], and Lamport [70]. However, the number of read and write instructions required in
these algorithms is proportional to the number of threads (or processes), preventing them
from being used in practical systems. Furthermore, academic interest in such algorithms
quickly dwindled with the widespread adoption of hardware support for complex atomic
operations such as compare and swap (CAS).

As discussed in Section 6.4.1, our asymmetric spin lock can be considered as a revi-
talization of Dekker’s idea [30], by dividing threads into the two categories of reservation
owner and others. For the others group, a thread is first chosen by using an atomic op-
eration as a representative to compete with the reservation owner. By hybridizing the
CAS-based lock and the Dekker-style lock, our algorithm only requires a few read and
write instructions on a reservation hit, at the cost of forcing all of the non-owner threads
to perform an atomic compare and swap instruction against a single field.

By using a similar idea, Frigo, Leiserson, and Randall implemented a work-stealing
mechanism in the Cilk-5 multi-threaded language [37], which is an extension of C for
parallel processing. Their THE protocol, by which a thief thread steals work from a
worker thread, gives the worker thread a priority (or reservation) which makes it possible
for the thread to check the status without using heavy atomic operations in common
cases. Compared to their protocol, one unique feature of our asymmetric spin lock is
that it utilizes the action of setting a non-owner thread’s identifier to the other field by

1We should note that again, the atomic operations mentioned in this thesis refer to complex compound
instructions that perform memory-reading, testing or modifying, and writing without being interrupted,
such as compare and swap, test and set, and fetch and add.
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compare and swap as the first step of a Dekker-style lock. We also mention that the lock
is packed into one word and applied to a more generic situation, Java locks, than the
limited situation of work-stealing.

Bershad, Redell, and Ellis proposed a unique lock algorithm that closely cooperates
with the operating system’s scheduler [15]. In this method, when a thread is preempted
inside a critical section of lock processing, it will be forcibly restarted from the entry
point of the section by the scheduler. The restartable atomic sequence proposed by them
resembles the unsafe regions of our reservation lock algorithm, which are also restartable.
Actually, as discussed in Section 5.4.3, their idea of marking each atomic sequence with a
designated code sequence can be used in our reservation cancellation system. By extend-
ing Bershad’s idea, Johnson and Harathi proposed interruptible critical sections, which
support the modification of multiple data objects [62].

The idea of restartable critical sections has been successfully used in the area of real-
time processing [112]. However, replacing Java locks with such an optimistic synchro-
nization model is not so easy, because the synchronized sections of Java programs are not
originally written as restartable and are sometimes too long to log the activities inside
them, as measured in Section 4.4.3. By limiting the target to short monitored sections,
Welc, Jagannathan, and Hosking introduced the optimistic synchronization named trans-
actional monitors into Java [115].

When a Java virtual machine uses its own user-level threading mechanism instead
of OS-provided threads, we can use these scheduler-based techniques to implement Java
locks. Actually, both the CACAO [68] and LaTTe [122] Java systems implement locks
without atomic operations by inhibiting thread switches inside the critical sections. How-
ever, the scheduler-based locks are only effective on a uniprocessor system, so cannot
exploit the benefits of multiprocessing. Moreover in Java, they may cause starvation
when a foreign function is called through the Java Native Interface [74], and the foreign
function attempts to acquire a system-level lock. On the contrary, our reservation-based
locks work properly on a multiprocessor system and under the system-level, preemptive
scheduler. The lock is accelerated only for the reservation owner, but we already showed
that this still has much merit in Java because of the thread locality.

The communities of database systems and distributed file systems invented many
optimization techniques based on access locality [110], which is similar to our thread
locality. Kung and Robinson proposed an optimistic concurrency control for database
systems, which speculatively executes critical regions without acquiring locks and commits
the changes if there is no contention [69]. Rajwar and Goodman proposed a technique to
implement a similar idea at the micro-architectural level [95]. The transactional monitor
[115] mentioned above can also be considered as adapting the optimistic concurrency
control to Java.

Microsoft’s CIFS distributed file system includes a file-lock mechanism called oppor-
tunistic locks or oplocks [33, 73]. When a client is granted an exclusive oplock for a file,
it can cache the file’s data for better performance. If another client attempts to open the
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file, the server sends the client holding the oplock an oplock break request to return the
cached data. This resembles reservation cancellation in our reservation lock algorithm,
although the granularity differs greatly.

7.4 Acceleration of Java Locks

Java created renewed interest in algorithms for locks, because very frequent and ubiquitous
synchronizations caused a significant performance penalty in early virtual machines [6, 43].
Many techniques have since been proposed for optimizing locks in Java, which can be
divided into two categories, runtime techniques and compile-time techniques. The runtime
work attempts to make lock operations cheaper, while the compiler approaches attempt
to eliminate lock operations.

All three of the lock methods proposed in this thesis are categorized as runtime tech-
niques. We have already covered the significant runtime techniques in Chapter 2, but
we briefly revisit them here while adding other research to clarify the positions of our
methods.

In early versions of Java virtual machines, OS-provided monitor mechanisms were used
directly for implementing Java locks, so their cost was very high [6, 43, 87, 123]. Bacon et
al. disrupted this situation with their thin lock, based on the observation that most locks
are not contended in Java and a heavyweight monitor which supports thread suspension
is unnecessary in many cases [11]. The thin lock was the first bimodal lock algorithm
for Java, where a lockword in each object’s header was used for both the spin-lock and
suspend-lock modes. We have already fully described that algorithm in Section 4.3.

Their work inspired us to deeply consider issues inherent in bimodal locks. In the
thin lock, once a lock is inflated by contention, it is processed by using a suspend lock
after that. We discovered that many contentions are temporary in Java, and proposed
the tasuki lock [88], which was presented in Chapter 4. Allocating one additional bit in
an object’s header to represent the contention status, the method allowed for deflation
while also removing the busy-wait from the inflation process. Importantly, no atomic
operations were added in the uncontended path. The tasuki lock is now widely used in
IBM’s production Java virtual machines [53]. Gagnon and Hendren also implemented a
variation of tasuki lock in the SableVM [38]. They put the contention bit in the thread
structure, instead of in the object’s header, to reduce the per-object memory overhead.
Whaley’s Joeq VM also uses the tasuki lock with Gagnon’s extension [117].

As similar research which accelerated the uncontended case, Agesen et al. proposed
another algorithm for Java lock, called meta lock [3]. While it is highly space-efficient
since it only uses two bits of a word in each object’s header, it requires at least two
atomic operations in acquiring and releasing a lock. Thus, it is not as time-efficient as
thin lock and tasuki lock, which require only one compare and swap for these operations.
Furthermore, when contention happens, the meta lock requires a full word (32 bits), and
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moves the 30 remaining bits to an out-of-line data structure. Thus, frequently accessed
information such as a class pointer cannot be stored in the remaining bits. Dice proposed
a modified version of meta lock named relaxed lock, where atomic operations are used
only at lock acquisitions. However, its uncontended execution path seems to be not as
optimized as thin lock and tasuki lock.

There are few public descriptions about how locks are implemented in production Java
execution environments other than IBM’s [53], where (an optimized version of) tasuki
lock is used. Sun’s HotSpot JVM [107] claims that it provides “ultra-fast, constant-
time performance for all uncontended synchronizations” [109]. This is considered to be
an optimization similar to our tasuki lock, so that heavyweight OS monitors are not
necessary for uncontended cases. Actually, the meta lock mentioned above seems to be
used, at least in an early version of the HotSpot JVM [91]. BEA’s JRockit JVM [13]
seems to adopt the concept of thin lock with the fat lock extension of multiprocessor
spinning [14], as mentioned in Section 7.2. They claim that it requires only one atomic
operation at lock acquisition and no atomic operations at lock release [98].

Although the details are significantly different, these fast algorithms including our
tasuki lock allow a lock to be acquired and released with a small number of instructions if
it is not contended. However, the instruction sequences of each algorithm still contain one
or two atomic operations, which have been becoming relatively more and more expensive
in modern multiprocessor architectures. Our reservation lock [65, 66] shown in Chapter 5
is an attempt to remove the last-remaining overhead of atomic operations. This makes it
possible for a lock to be reserved for a thread to exploit the observation that most locks
are not only uncontended in Java, but also dominantly acquired by a specific thread. We
note that Bacon and Fink independently proposed a similar idea of eliminating atomic
operations in Java locks, where they gave the creator of an object preference about the
lock [10].

As explained in Section 6.2, while the reservation lock significantly reduces the syn-
chronization overhead on a reservation hit, it must suspend the owner on a reservation
miss. A similar idea of reservation was proposed by Gomes et al. [40]. Their speculative
lock algorithm also requires a heavyweight fix-up operation to be performed on speculation
failure. Our asymmetric lock [67, 89] in Chapter 6 is positioned as another implementation
of the reservation concept, but it eliminated the reservation cancellation with a unique
approach. It first introduced an asymmetricity to a spin lock, which is a core primitive of
all of the lock implementations, and then showed that a new reservation-based lock can
be constructed by putting the asymmetric spin lock into the bimodal lock algorithm.

Recently, Ogasawara et al. proposed a Java lock also based on the concept of reserva-
tion, named TO-Lock [86]. Their algorithm is interesting because it supports the migration
of the reservation ownership instead of canceling it. Although they showed only micro-
benchmark results for the reserved path, ownership migration is a possible direction for
the reservation-based locks if its cost is really small.

To further accelerate Java locks, investigation of real applications is indispensable. We
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believe that the various lock statistics shown in this thesis, such as Tables 4.2, 4.3, 4.4,
5.2, 5.3, 5.6, and 6.2, are useful for that purpose. As for more exhaustive investigation,
Dufour, Driesen, Hendren, and Verbrugge carefully studied the dynamic characteristics
of many kinds of Java applications using various metrics [32]. For synchronization, they
defined the following five metrics: average number of lock acquisitions per execution of
1,000 bytecodes, locality of lock acquisitions (percentage of locks responsible for 90%
of the lock acquisitions), percentage of contended lock acquisitions, average number of
contended lock acquisitions per execution of 1,000 bytecodes, and locality of contended
lock acquisitions. Their measurement results are useful to understand the characteristics
of Java applications and to design new Java locks.

7.5 Elimination of Java Locks

Another approach to improve the performance of Java locks is to eliminate the locks
altogether rather than to reduce the cost of the locks, as explained in the previous section.
As already shown in Table 5.3 of Chapter 5, Java programs contain many objects each
of whose locks is processed by a specific thread. Especially for these objects, there is a
chance of performance improvement by completely eliminating their lock operations, even
beyond the savings of reservation-based locks.

The most common elimination technique in Java is to discover objects accessible only
by their creator threads by using escape analysis [92], and to eliminate all lock operations
for such non-escaping objects [4, 16, 17, 24, 25, 96, 97, 118]. This technique is effective
in static offline Java compilation environments, where entire programs can be analyzed
at compilation time. However, Java is essentially a dynamic language which allows class
loading during execution, and there are limits to escape analysis in such an environment.
When applying escape analysis to Java, many objects must conservatively be judged as
escaping, and their locks cannot be optimized away.

For example, in one of the papers [17], only a little improvement was observed by
lock elimination for the 209 db program of SPECjvm98 [100], even though it is a single-
threaded lock-intensive program [32]. As another example, the JVM used in the exper-
iments of Chapter 5 performs lock elimination in its JIT compiler [58, 102, 103] using
dynamic escape analysis based on [118], but the total number of locks was not signifi-
cantly reduced from Table 5.2 (no optimization by JIT) to Table 5.6 (with optimization
by JIT). Whaley proposed partial method compilation for improving the effectiveness of
escape analysis for a dynamic language [116].

In our reservation-based locks, all lock operations to non-escaping objects are accel-
erated because such objects’ locks will be acquired only by the creator threads and their
reservations are never canceled. In addition, lock operations to escaping objects are also
accelerated if they are performed only by a specific thread. Typical examples of such
objects are found in the Volano Mark programs [114], where objects created by a single
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thread are passed to other worker threads, as already described in Section 5.2. These
objects are escaping from the creator thread, but their locks can still be accelerated by
giving the reservation to their first acquirers, because each lock is processed only by a
specific worker thread.

The reservation-based lock approach has another merit in that it is applicable to
interpreter environments, since they do not need analysis before execution. However,
all lock processing cannot be totally removed from the lock algorithm, since reservation
checks and recursion counter management must be done. Therefore, it is desirable to
first eliminate locks by escape analysis and accelerate (a part of) the remaining locks by
reservation.

There are several techniques to eliminate recursive locks. For example, when a syn-

chronized method is inlined into another synchronized method, the JIT compiler can
eliminate the inner locks if it detects that the receiver objects of these methods are always
identical [101]. A similar optimization is possible in writing Java programs. Useless inner
locks can be removed by not invoking a synchronized method from another synchronized
method for the same object. This technique is widely used in recent Java core class
libraries [45].

It was pointed out that shallowly nested lock acquisitions occur frequently in Java
[11]. To exploit this situation, the actual implementation of thin lock included the rcnt

(recursion count) field in the lockword. Shallow recursive locks can be acquired by just
incrementing the field. The implementations of our three methods also have a similar
mechanism to accelerate the shallow recursive locks. In addition, the reservation-based
locks can accelerate the outermost lock acquisitions by removing the atomic operations
from the fast paths.

If a program’s behavior is correctly understood, unnecessary synchronizations can be
eliminated during the programming [45]. To support this, several methods have been
proposed to detect data races in Java programs using a type system [19, 35]. However, it
seems to be difficult to apply these methods to general-purpose Java class libraries.

Hovemeyer, Pugh, and Spacco investigated a unique approach for reducing Java locks
by recognizing special idioms in Java programs and converting them into code utilizing
atomic machine instructions such as compare and swap [47]. Another idea of exposing
such atomic instructions to Java programs has been discussed under Java Specification
Request (JSR) 166 [61], and was recently adopted in JDK 5.0 [105] as a java.util.-

concurrent(.atomic) package, which provides several atomic-operation methods such as
compareAndSet. This package finally made it possible to write lock-free algorithms [44]
in Java [39].

Bacon attempted to eliminate all of the synchronization overhead from single-threaded
executions [9]. As long as the system creates and runs only one thread, nothing is done
for lock acquisition and release. When the running program attempts to create a second
thread, the system scans the stack frames and properly recovers the lock states. Muller
also briefly mentioned a similar idea [83]. Ruf proposed whole-program analysis to de-
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termine if the program does not create a second thread [96]. Unfortunately, these ideas
cannot be used in most of the commercial virtual machines, since they always create a
couple of helper threads, besides the main thread, at start-up time.

Compared to these lock elimination techniques, our reservation-based locks can be
used without modifying the Java applications, and are effective even in the dynamic Java
environment. As shown in the results of Sections 5.5.3 and 6.6.2, the new lock methods
can accelerate almost all of the locks in single-threaded programs and can even accelerate
many of the locks in multi-threaded programs.

7.6 Summary

This chapter categorized related research into four areas: generic locks, locks without
atomic operations, acceleration of Java locks, and elimination of Java locks. In each
section, we introduced major research efforts in each category, and positioned our research
in this thesis among them.

Figure 7.1 summarizes the evolution of locks explained in this chapter, while also
positioning our three methods within it.

All of our Java lock algorithms included in this thesis incorporate the concept of
spin-suspend locks, while using the lockword in each object’s header in multiple modes.
The bimodal use of lockword was first introduced in thin lock. The tasuki lock shown
in Chapter 4 can be positioned as an extension of the thin lock, supporting deflation of
lockwords, to exploit the contention transience in Java locks.

Locks without atomic operations were originally designed in an older period when
processors did not have modern atomic operations. However, the reservation lock in
Chapter 5 and the asymmetric lock in Chapter 6 revitalized these ideas by utilizing the
thread locality of Java locks.

Since Java is a dynamic language, many lock operations remain even in the environ-
ment of lock elimination by JIT compilers. Our reservation-based locks can accelerate the
remaining locks and improve the overall performance.
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Figure 7.1: Evolution of locks, and positioning of our research



Chapter 8

Conclusion

8.1 Summary

In this thesis, we have described three techniques to accelerate Java locks, the tasuki lock,
the reservation lock, and the asymmetric lock, each of which incorporated or improved
the previous ideas.

At the problem definition in Chapter 3, we showed that the acceleration of Java locks
has been done by first discovering the characteristics of Java locks from the analysis of
real applications, and by reducing the cost in the typical-use patterns, which is the most
common case derived from the characteristics. We then defined problems to be solved for
further accelerating Java locks, as follows:

Problem 1: Discover new characteristics of Java locks.

Problem 2: Design new lock methods exploiting these characteristics, and evaluate them.

Problem 3: Show techniques to construct Java locks more easily.

As a solution of Problem 1, we first paid attention to the behavior of contended locks,
and discovered the contention transience, that is most contentions are transient in Java.
We also investigated the behavior of uncontended locks, and found the thread locality of
Java locks, which means that a lock is primarily used by a specific thread in many cases.

As a solution of Problem 2, this thesis proposed three lock methods exploiting these
characteristics. Figure 8.1 positions the characteristics of the Java locks utilized in these
methods, along with those in the prior methods shown in Figure 3.1.

The tasuki lock proposed in Chapter 4 is a technique to exploit the contention tran-
sience, in which a lock can be deflated to lightweight mode once the contention goes away.
The reservation lock in Chapter 5 enables each lock to be reserved for a specific thread
to exploit the thread locality, where the reservation-owner thread can acquire the lock
without any atomic operations. The asymmetric lock in Chapter 6 is a variation of the

127
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All objects Objects used for locks

Objects whose locks
are contended for

Monitor table removed the monitor from
the object's header by exploiting the fact
that most objects are not used for locks.

Objects whose locks
are heavily contended for

Objects whose locks are
mostly used by one thread

Thin lock accelerated Java locks
by exploiting the finding that
most locks are not contended for.

Tasuki lock improves the lock per-
formance by deflating lockwords of
temporarily contended objects.

Reservation lock and Asymmetric lock accel-
erate Java locks used mostly by one thread.

Figure 8.1: Revealed characteristics of Java locks and our lock methods exploiting them

Table 8.1: Target area and key characteristic of each lock method

Frequent ← → Rare The number of ‘x’s indicates the relative
Uncontended locks Contended locks performance (more ‘x’s is faster).
Used by Used by Not-

one multiple heavily Heavily
thread threads contended contended Key characteristic

(Thin lock) xxx xx – Do not use monitors until contended.
Tasuki lock xxx xxx xx – Return to the fast mode after contention.

Res. lock xxxxx xx xxx xx – Accelerate locks until the 2nd thread appears.
Asym. lock xxxx xxx xxx xx – Always accelerate locks for specific threads.

reservation lock, but it enables a specific thread to always acquire the lock very quickly by
eliminating the reservation cancellation step. Table 8.1 summarizes the target area and
key characteristic of each lock method, including the thin lock. In the table, the number
of ‘x’s indicates the relative performance of each lock method to the specified lock type,
and bold ‘x’s indicate the lock types accelerated by the method.

The proposed three lock methods were actually implemented on IBM’s production
Java virtual machines, and their performance was measured. Although the measurement
environments differ from each other, we observed performance improvements of real Java
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Existing lock algorithm

New spin lock primitive
other owner st

Existing lock algorithm

New mode Base mode

Extension for the
new algorithm

0xxxxxx1tid rcnt

Mode
transition Spin lock

(a) Add a new mode (b) Replace an internal primitive

New primitive

New mode

Figure 8.2: Two methods to extend existing lock algorithms

applications by up to 13.1% for the tasuki lock, and additional improvements by up to
53% and 7.9% for the reservation lock and the asymmetric lock, respectively.

As a solution of Problem 3, we showed in Chapter 5 a method to incorporate the
concept of reservation while still taking advantage of the merits of the existing lock algo-
rithm, by adding a mode flag (the LRV bit) to the lockword. In addition, in Chapter 6,
we constructed an asymmetric lock algorithm through a unique methodology of replac-
ing the core atomic operation of conventional algorithms with an asymmetric spin lock.
Figure 8.2 illustrates these two methods to extend existing lock algorithms, where (a)
corresponds to the reservation lock and (b) corresponds to the asymmetric lock.

8.2 Contribution

The primary contribution of this thesis is that it provided three new algorithms for Java
locks to accelerate the performance of Java applications. The contributions of each re-
search method were already described in Chapters 4 to 6, but we summarize them here
to clarify the contributions of this thesis.

The first contribution is based on the discovery of two unknown characteristics of
Java locks. We discovered the contention transience and thread locality of Java locks by
analyzing their behavior in real Java applications from various viewpoints.

The second contribution is the proposal of new concepts and actual algorithms for
Java locks. To exploit the contention transience and thread locality, we proposed new
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1 : // Data structure
2 : struct {
3 : volatile int owner_status; // flag for frequent locker’s acquisition
4 : volatile unsigned int other; // ID of an infrequent locker, acquiring
5 : int data; // shared data to be accessed exclusively
6 : } shared;

1 : // Code for a frequent locker 1 : // Code for infrequent lockers
2 : spin_retry: 2 : spin_retry:
3 : shared.owner_status = 1; 3 : if (compare_and_swap(&shared.other,0,myID)
4 : if (shared.other != 0) { 4 : != SUCCESS) goto spin_retry;
5 : shared.owner_status = 0; 5 : if (shared.owner_status != 0) {
6 : goto spin_retry; 6 : shared.other = 0; goto spin_retry;
7 : } 7 : }
8 : // (access to shared.data) 8 : // (access to shared.data)
9 : shared.owner_status = 0; 9 : shared.other = 0;

Figure 8.3: Generic usage pattern of the asymmetric spin lock

concepts of deflation and reservation. We also designed new algorithms for Java locks
that incorporated the concepts. The algorithms are precisely designed to utilize previous
ideas while reducing the overhead in the common cases.

The third contribution is implementations and evaluations in actual environments.
We implemented the new algorithms in a state-of-the-art Java system, and showed actual
performance improvements in real Java applications as well as in micro-benchmarks.

To summarize, this thesis directly contributes to improving the performance of Java
applications by accelerating the processing of Java locks based on deep analysis of their
behavior in real Java applications. It was reported that the market for Java application
servers has grown to 1.1 billion U.S. dollars in 2002 [26]. We believe that our research
into improving Java performance has contributed to the rapid spread of Java by making
it possible to process complicated business logic with practical execution times.

In this thesis, we proved that locks can be further accelerated by utilizing characteris-
tics specific to the target environment, Java. As a more general contribution, we believe
that such an environment-dependent optimization approach is widely applicable to various
research areas in computer science, especially in the situations where generic acceleration
techniques have already reached their maximum levels. We also believe that the two lock
construction methodologies shown in Chapters 5 and 6 and summarized in Figure 8.2 are
usable beyond the world of Java and can lead to faster lock algorithms.

In addition, the asymmetric spin lock shown in Sections 6.3 and 6.4 are generally
applicable to situations where the lock frequency is biased to a specific locker. Figure 8.3
shows pseudo-code to access such shared data using the asymmetric spin lock. One
possible example of such situations is a thread scheduler on multiprocessor systems where
a scheduling queue is prepared for each processor and is occasionally peeked at by other
processors.
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8.3 Future Work

The asymmetric tasuki lock shown in Chapter 6 is a lock algorithm which exploits all the
characteristics of Java locks shown in Figure 8.1, including our two findings. In addition,
it also eliminated the overhead of reservation cancellation, which was a potential problem
in the original reservation lock. However, it is not necessarily the final form of Java locks.
Research should continue to improve Java locks.

One possible future research direction is the examination of the reservation policies.
Both of our reservation lock and asymmetric lock implementations adopted the first-
acquirer policy, where a lock is reserved for the thread that attempts to acquire it for the
first time. However, alternative policies may further improve the performance.

For example, in the case of our original reservation lock, if we can predict the categories
of objects whose lock will be used by multiple threads, it becomes possible not to reserve
those locks from the beginning, since their reservations will be canceled anyway. The
performance degradation of the scientific applications observed in Section 6.6.2 may be
remedied by this approach. In addition, for the asymmetric lock, if we can know which
thread performs lock operations most frequently for each object in advance, through some
profiling or code analysis, it would become possible to reserve the object’s lock for that
thread rather than its first acquirer.

As for research on the lock algorithm itself, it would be worthwhile to examine a tech-
nique for transferring or re-acquiring the lock reservation, or a technique for switching
between multiple algorithms on the basis of the runtime statistics or execution environ-
ment.

Another interesting approach is to manipulate the objects’ lockwords during the
garbage collection. For example, it would be worth considering resetting the reserva-
tion status to the not-yet-reserved state, which would allow the lock to be reserved for an
appropriate thread again.

The costs of atomic operations and memory barriers differ among processors or sys-
tem configurations. One research candidate would involve dynamically tuning the lock
algorithm at runtime by taking into account these costs. Since Java is a language exe-
cuted by a virtual machine, such an adaptive feature can be rather easily implemented,
for example, into its dynamic JIT compiler [58, 102, 103].

Such profile-based adaptive optimization and reconfiguration is considered to be one
of the hottest research areas. Another possible approach in this area would be to change
the processing of contended locks by dynamically estimating the remaining time of the
synchronized section being executed.

Incorporating real-time features into Java has been discussed for a long time under
the first Java Specification Request (JSR 1) [59], and is recently becoming realistic since
Sun unveiled an implementation of the RTSJ (Real-Time Specification for Java) [18] in
June, 2005 [22]. There are new opportunities to apply various real-time synchronization
techniques [84, 111, 112] to such real-time Java environments.
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Java has flourished for ten years since its birth, and has now come to be recognized
as a practical programming language. During this period, the environments surrounding
Java have changed a lot. For example, JDK 5.0 [105], which is the latest release from
Sun, adopted a new memory model, JSR 133 [60, 72], where the memory access ordering
rules are redefined strictly [8, 78]. Therefore, future research on Java locks must take
into account, or possibly exploit, the new specification. In addition, Java is now being
used to construct large-scale commercial applications such as Web services [108] using
J2EE [106]. Investigation of the lock behavior and improvement of the lock techniques,
including thread management, in such emerging environments, are also considered to be
possible future work.
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