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Abstract

The popularity of Java and recent advances in compilation and execution tech-
nology for Java are making the language one of the preferred ones in the field of
high-performance scientific and engineering computing. A distributed Java Virtual
Machine supports transparent parallel execution of multi-threaded Java programs
on a cluster of computers. It provides an alternative platform for high-performance
scientific computations. In this paper, we present the design of a global object space
for a distributed JVM. It virtualizes a single Java object heap across machine
boundaries to facilitate transparent object accesses. We leverage runtime object
connectivity information to detect distributed-shared objects (DSOs) that are reach-
able from threads at different nodes to facilitate efficient memory management in
the distributed JVM. Based on the concept of DSO, we propose a framework to
characterize object access patterns, along three orthogonal dimensions. With this
framework, we are able to effectively calibrate the runtime memory access patterns
and dynamically apply optimized cache coherence protocols to minimize consistency
maintenance overhead. The optimization devices include an object home migration
method that optimizes the single-writer access pattern, synchronized method migra-
tion that allows the execution of a synchronized method to take place remotely at
the home node of its locked object, and connectivity-based object pushing that uses
object connectivity information to optimize the producer-consumer access pattern.
Several benchmark applications in scientific computing have been tested on our dis-
tributed JVM. We report the performance results and give an in-depth analysis of
the effects of the proposed adaptive solutions.
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1 Introduction

The Java programming language [1] supports concurrent programming with
multiple threads, which makes it a potential language for parallel computing
without the need to learn a new parallel language. Recent advances in Java
compilation and execution technology, such as just-in-time compiler and the
hotspot technology [2], add to the attractiveness of Java as a language for
high performance scientific and engineering computing [3]. Some performance
benchmark results even indicate that Java can outperform the C programming
language in some numerical computations [4].

On the other hand, cluster [5,6] has gradually been accepted as a scalable
and affordable parallel computing platform by both academia and industry in
recent years. Several research projects have been conducted to support trans-
parent and parallel execution of multi-threaded Java programs on clusters [7—
11]. Among them, Java/DSM [9], cJVM [10], and JESSICA [11] introduced the
idea of a distributed JVM that runs on a cluster of computers. A distributed
JVM appears as a middleware that presents a single system image (SSI) [12]
of the cluster to Java applications. With a distributed JVM, the Java threads
created within one program can be run on different cluster nodes to achieve
a higher degree of execution parallelism. In addition, cluster-wide resources
such as memory, I/0O, and network bandwidth can be unified and used as a
whole to solve large-sized problems.

The adoption of the distributed JVM for parallel Java computing can also
boost programming productivity. Given that the distributed JVM conforms
to the JVM specification, any Java program can run on the distributed JVM
without any modification. The steep learning curve can thus be avoided since
the programmers do not need to learn a new parallel language, a new mes-
sage passing library, or a new tool in order to develop parallel programs. It
is also convenient for program development as the parallel algorithms can
be implemented and tested in a single machine before it is submitted to a
parallel computer for execution. Finally, many existing multi-threaded Java
applications, especially server applications, can be ported to clusters when a
cost-effective parallel platform is sought for.

In a distributed JVM, the shared memory nature of Java threads call for a
global object space (GOS) that “virtualizes” a single Java object heap spanning
multiple nodes or the entire cluster to facilitate transparent object access [11].
The GOS is indeed a distributed shared memory (DSM) service in an object-
oriented system. The memory consistency semantics of the GOS are defined
based on the Java memory model (Chapter 8 of the JVM specification [13]).
The performance of the distributed JVM hinges on the GOS’s ability to mini-
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mize the communication and coordination overheads in maintaining the single
object heap illusion.

Many distributed JVMs use a page-based DSM to build the GOS [9,11]. This
is an easy approach because all the memory consistency and cache coherence
issues are handled by the page-based DSM. It however suffers from problems
due to a mismatch between the object-based memory model of Java and the
underlying page-based implementation of the distributed object heap subsys-
tem. One of these is the false sharing problem which occurs because of the
incompatible sharing granularities of the variable-sized Java objects and the
fixed-size virtual memory pages [14]. This mismatch has also prevented further
optimizations in the cache coherence protocol implementing the Java memory
model.

Object-based DSMs can be good candidates for implementing the GOS. Most
existing object-based DSM systems are language-based [15-18], and rely on
the compiler to extract object sharing information in the user’s program. Such
information comes usually from annotations by the programmers. Therefore,
the approach cannot fit into our distributed JVM scenario because as a runtime
component, the GOS cannot rely on the programmer to provide the sharing
information.

Scientific applications exhibit diverse execution patterns. To execute these ap-
plications efficiently in software DSM systems, many cache coherence protocols
have been proposed. Home-based protocols [19] assign a home node to each
shared data object from which all copies are derived. It is widely believed that
home-based protocols are more scalable than homeless protocols [20], for the
reason that the former has less memory consumption and can eliminate diff
accumulation. The home in a home-based protocol can be either fixed [19] or
mobile [21]. There is also variation for the coherence operations, such as a
multiple-writer protocol, or a single-writer protocol. The multiple-writer pro-
tocol introduced in Munin [17] supports concurrent writes on different copies
using the diff technique. It may however incur heavy diff overhead compared
with conventional single-writer protocols. Another choice is between the up-
date protocol (e.g., Orca [15]) and the invalidate protocol used in many page-
based DSM systems such as TreadMarks [20] and JUMP [21]. The update
protocol can do prefetching to make the data available before the access, but
it may send much unneeded data when compared with the invalidate protocol.
Indeed, the choice of a good coherence protocol is often application-dependent.
That is, the particular memory access patterns in an application speak for the
more suitable protocol. That motivates us to go after an adaptive protocol.

In this paper, we propose a new global object space design for the distributed
JVM. In our design, we use an object-based adaptive cache coherence proto-
col to implement the Java memory model. We believe that adaptive protocols



are superior to non-adaptive ones due to their adaptability to object access
patterns in applications. An adaptive cache coherence protocol is able to de-
tect the current access pattern and adjusts itself accordingly. Some DSMs
(e.g., Munin [17]) support multiple cache coherence protocols and allow the
programmer to explicitly associate a specific protocol with the shared data.
This is not transparent to the programmer and it is difficult to dynamically
switch between different protocols in response to changes in the access pattern.
Several page-based DSM systems [22][23] support adaptive protocols that can
automatically adapt to the access pattern at runtime. However, the access pat-
tern observed by these systems is the page-level approximation of the actual
pattern. They may not be effective if the approximation deviates substantially
from the actual pattern, which can easily be the case if the application has
fine-grained sharing granularity. An object-based adaptive protocol, on the
other hand, should be more flexible.

The challenges of designing an effective and efficient adaptive cache coherence
protocol are: (1) whether we can determine those important access patterns
that occur frequently or those that contribute a significant amount of overhead
to the GOS, and (2) whether the runtime system can efficiently and correctly
identify such target access patterns and apply the corresponding adaptations
in a timely fashion.

To further understand the first challenge and to overcome it, we propose the
access pattern space as a framework to characterize object access behavior.
This space has three dimensions—number of writers, synchronization, and rep-
etition. We identify some basic access patterns along each dimension: multiple-
writers, single-writer, and read-only for the number-of-writers dimension; mu-
tual exclusion and condition for the synchronization dimension; and patterns
with different numbers of consecutive repetitions for repetition dimension.
Some combination of different basic patterns along the three dimensions then
portrays an actual runtime memory access pattern. This 3-D access pattern
space serves as a foundation on which we can identify those significant object
access patterns in the distributed JVM. We can then choose the right adapta-
tions to match with these access patterns and improve the overall performance

of the GOS.

To meet the second challenge, we take advantage of the fact that the GOS
is implemented by modifying the heap subsystem of the JVM. Our adaptive
protocol can leverage all runtime object types and access information to effi-
ciently and accurately identify the access patterns worthy of special focus. We
leverage runtime object connectivity information to detect distributed-shared
objects (DSOs). DSOs are the objects that are reachable from at least two
threads located at different cluster nodes in the distributed JVM. The iden-
tification of DSOs allows us to handle the memory consistency problem more
precisely and efficiently. For example, in Java, synchronization primitives are



not only used to protect critical sections but also to maintain memory consis-
tency. Clearly, only synchronization of DSOs may involve multiple threads on
different nodes. Thus, the identification of DSOs can reduce the frequency of
consistency-related memory operations. Moreover, since only DSOs that are
replicated on multiple nodes would be involved in consistency maintenance,
the detection of DSOs therefore leads to a more efficient implementation of
the consistency protocol.

We apply three different protocol adaptations to the basic home-based multi-
ple writer cache coherence protocol in three respective situations in the access
pattern space: (1) object home migration which optimizes the single-writer ac-
cess pattern by moving the object’s home to the writing node according to the
access history; (2) synchronized method migration which chooses between de-
fault object (data) movement and optional method (control flow) movement
in order to optimize the execution of critical section methods according to
some prior knowledge; (3) connectivity-based object pushing which scales the
transfer unit to optimize the producer-consumer access pattern according to
object connectivity information.

The rest of the paper is organized as follows. Section 2 introduces the access
pattern space. Section 3 defines DSO, and explains the lightweight DSO detec-
tion scheme and how we use the concept of DSO to address both the memory
consistency issue and the memory management issue in the GOS. Section 4
presents the adaptive cache coherence protocol. We conducted experiments
to measure the performance of the prototype based on our design, which we
report in Section 5. In section 6, related work is discussed and compared with
our GOS. The final section gives the conclusion and presents a possible agenda
for future work.

2 Access Pattern Specification

In this section, we first introduce the Java memory model which influences
memory behavior, and then propose the access pattern space for specifying
object access behavior in Java. Although we discuss access patterns in the
context of Java, the access pattern space concept should be applicable to
other shared memory systems.

2.1 Java Memory Model

The Java memory model (JMM) defines memory consistency semantics of
multi-threaded Java programs. There is a lock associated with each object



in Java. Based on the JMM proposed in [24], when a thread T; acquires a
lock that was most recently released by another thread 75, all writes that are
visible to T5 at the time of releasing the lock become visible to T}. This is the
release consistency [25].

The Java language provides the synchronized keyword, used in either a syn-
chronized method or a synchronized statement, for synchronization among
multiple threads. Entering or exiting a synchronized block corresponds to ac-
quiring or releasing a lock of the specified object. A synchronized method or
a synchronized statement is used not only to guarantee exclusive access in the
critical section, but also to maintain memory consistency of objects among all
threads that have performed synchronization operations on the same lock.

We follow the operations defined in the JVM specification to implement this
memory model. Before a thread releases a lock, it must copy all assigned values
in its private working memory back to the main memory which is shared
by all threads. Before a thread acquires a lock, it must flush (invalidate) all
variables in its working memory; and later uses will load the values from the
main memory. Therefore, an object’s access behavior can be described as a set
of reads and writes performed on the object, with interleaving synchronization
actions such as locks and unlocks. Locks and unlocks on the same object are
executed sequentially. Among all the accesses from different threads, a partial
order is established by the synchronization actions.

The complexity of the implementation of the JMM stems from the fact that
these reads and writes as well as locks and unlocks may be issued concurrently
by multiple threads. In particular, the locks and unlocks invoked on a particu-
lar object may influence other objects’ access behavior of different threads. A
straight-forward implementation of the JMM will result in poor performance,
especially in a cluster environment.

2.2 Access Pattern Space

Three orthogonal dimensions capturing the characteristics of object access
behavior can be defined: number of writers, synchronization, and repetition.
They form a 3-dimensional access pattern space, as shown in Fig. 1.

Number of writers. This says how many nodes there are in which some
thread is writing to the object. We distinguish three cases:

o Multiple writers: the object is written by multiple nodes.
o Single writer: the object is written by a single node. Fzxclusive access is a
special case where where the object is accessed (written and read) by only
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Fig. 1. The object access pattern space: items in normal font are the access patterns;
items in italic font are the corresponding adaptations; the basic protocol is not
shown.

one node. Object home migration is used to optimize this pattern, which
will be discussed in Section 4.1.
e Read only: no node writes to the object.

Synchronization. This characterizes the execution order of accesses by dif-
ferent threads. When the object is accessed by multiple threads and at least
one thread is a writer, the threads must be well synchronized to avoid data
race. There are three cases:

e Accumulator: the object accesses are mutually exclusive. The object is
updated by multiple threads concurrently, and therefore all the updating
should happen in a critical section. That is, the read/write should be pre-
ceded by a lock and followed by an unlock.

o Assignment: the object accesses obey the precedence constraint. The object
is used to safely transfer a value from one thread to another thread. The
source thread writes to the object first, followed by the destination thread
reading it. Synchronization actions should be used to enforce that the write
happens before the read according to the memory model. Java provides
the wait and notify methods in the Object class to help implement the



assignment pattern.
e No synchronization: synchronization is unnecessary.

We use synchronized method shipping to optimize synchronization-related
patterns, which will be discussed in Section 4.2.

Repetition. This indicates the number of consecutive repetitions of an access
pattern. It is desirable that an access pattern will repeat for a number of times
so that the GOS will be able to detect the pattern using history information
and then to apply optimization on the re-occurrence of the pattern. Such
a pattern will appear on the right side of the adaptation point along the
repetition axis. The adaptation point is an internal threshold parameter in
the GOS. When the pattern repeats for more times than what the adaptation
point indicates, the corresponding adaptation will be automatically performed.
The single-writer pattern can be optimized using this approach. On the other
hand, some important patterns appear on the left of the adaptation point, such
as the producer-consumer pattern, which is also called the single assignment.
We use connectivity-based object pushing to optimize those patterns that have
little repetition as we cannot rely on the history information to detect them.
The detail is presented in Section 4.3.

3 Distributed-shared Object

In this section, we define distributed-shared object and the benefits it brings
to our GOS. We then present a lightweight mechanism for the detection of
DSOs and the basic cache coherence protocol used in the GOS.

3.1 Definitions

In the JVM, connectivity exists between two Java objects if one object contains
a reference to another. Therefore, we can conceive the whole picture of an ob-
ject heap to be a connectivity graph, where vertices represent objects and edges
represent references. Reachability describes the transitive referential relation-
ship between a Java thread and an object based on the connectivity graph.
An object is reachable from a thread if its reference resides in the thread’s
stack, or if there is some path existing in the connectivity graph between this
object and some known reachable object.

By the escape analysis technique [26], if an object is reachable from only
one thread, it is called thread-local object. The opposite is a thread-escaping
object, which is reachable from multiple threads. Thread-local objects can be



separated from thread-escaping objects at compile time using escape analysis.

In a distributed JVM, Java threads are distributed to different nodes, and
so we need to extend the concepts of thread-local object and thread-escaping
object. We define the following.

o A node-local object (DSO) is an object reachable from thread(s) in the same
node. It is either a thread-local object or a thread-escaping object.

o A distributed-shared object (NLO) is an object reachable from at least two
threads located at different nodes.

3.2 Benefits from Detection of DSOs

The detection of DSOs can help reduce the memory consistency maintenance
overhead. According to the JVM specification, there are two memory consis-
tency problems in a distributed JVM. The first one, local consistency, exists
among working memories of threads and the main memory inside one node.
The second one, distributed consistency, exists among multiple main memo-
ries of different nodes. The issue of local consistency should be addressed by
any JVM implementation, whereas the issue of distributed consistency is only
present in the distributed JVM. The cost to maintain distributed consistency
is much more than that of its local counterpart due to the communication in-
curred. As we have mentioned before, synchronization in Java is used not only
to protect critical sections but also to enforce memory consistency. However,
synchronization actions on NLOs do not need to trigger distributed consis-
tency maintenance, because all threads that are able to acquire or release
the lock of an NLO must reside in the same node, and therefore would not
experience distributed inconsistency throughout.

Only DSOs are involved in distributed consistency maintenance since they
have multiple copies in different nodes. With the detection of DSOs, only
DSOs need to be visited to make sure that they are in a consistent state
during distributed consistency maintenance.

According to the JVM specification, one vital responsibility of the GOS is
to perform automatic memory management in the distributed environment—
distributed garbage collection (DGC) [27]. The detection of DSOs also helps
improve the memory management in the GOS in this regard. Being aware
of the existence of DSOs, local garbage collectors can perform asynchronous
collection of garbage. The detection of DSOs enables independent memory
management in each node.



3.8 Lightweight DSO Detection and Reclamation

In the distributed JVM, whether an object is a DSO or an NLO is determined
by the relative location of the object and the threads reaching it. Compile-time
solutions, such as escape analysis, are not useful as the location of objects and
threads can only be determined at runtime. We propose a runtime lightweight
DSO detection scheme which leverages Java’s runtime type information.

Java is a strongly typed language. Each variable, either object field that is in
the heap or thread-local variable in some Java thread stack, has a type. The
type is either a reference type or a primitive type such as integer, char, or
float. The type information is known at compile time and written into class
files generated by the compiler. At runtime, the class subsystem builds up type
information from the class files. Thus, by looking up runtime type information,
we can identify those variables that are of the reference type. Therefore, object
connectivity can be determined at runtime. The object connectivity graph is
dynamic since connectivity between objects may change from time to time
through the reassignment of objects fields.

DSO detection is performed when there are some JVM runtime data to be
transmitted across node boundary, which could be thread stack context for
thread relocation, object content for remote object access, or diff data for up-
date propagation. On both the sending and the receiving side, these data are
examined for identification of object references contained within. A transmit-
ted object reference indicates the object is a DSO since it is reachable from
threads located at different nodes. On the sending side, if the object has not
been marked as a DSO, it is marked at this moment. On the receiving side,
when a received remote reference first emerges, an empty object of correspond-
ing type will be created to be associated with it, so that the reference will not
become a dangling pointer. The object’s access state will be set to be invalid.
When it is accessed later, its up-to-date content will be “faulted in”. In this

scheme, only those objects whose references appear in multiple nodes will be
identified as DSOs.

We detect DSO in a lazy fashion. Since at anytime it is unknown whether an
object will be accessed by its reaching thread in the future or not, we choose
to postpone the detection to as close to the actual access as possible, thus
making the detection scheme lightweight.

To correctly reflect the sharing status of objects in the GOS, we rely on dis-
tributed garbage collection to convert a DSO back to an NLO. If all the cached
copies of a DSO have become garbage, the DSO can be converted back to an
NLO. A DGC algorithm, indirect reference listing (IRL) [28], is adopted to
collect DSOs that have turned into garbage. With the IRL in place, each node
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independently garbage-collects its local heap using a mark-sweep collector [29].
Timely invocation of DGC can avoid the unnecessary overheads in handling
the consistency problem.

3.4 Basic Cache Coherence Protocol

Our basic cache coherence protocol is a home-based, multiple-writer cache
coherence protocol. Fig.2 shows a state transition graph depicting the lifecycle
of an object from its creation to possible collection based on the proposed DSO
concept.

An object is the unit of coherence. When a DSO is detected, the node where
the object is first created is made its home node. The home copy of a DSO
is always valid. A non-home copy of a DSO can be in one of three possible
access states: invalid, read (read-only), or write (writable). Accesses to invalid
copies of DSOs will fault in the contents from their home node. Upon releasing
a lock of a DSO, all updated values to non-home copies of DSOs should be
written to their corresponding home nodes. Upon acquiring a lock, a flush
action is required to set the access state of the non-home copies of DSOs
invalid, which guarantees that the up-to-date contents will be faulted in from
the home nodes when they are accessed later. Before the flush, all updated
values to non-home copies of DSOs should be written to the corresponding
home nodes. In this way, a thread is able to see the up-to-date contents of the
DSOs after it acquires the proper lock. Note that along the number-of-writers
dimension in the access pattern space, the multiple-writers pattern can be
treated as a generalized form of all patterns, with the single-writer pattern
and the read-only pattern being special cases (with some dumb writers).

Since a lock can be considered a special field of an object, all the operations
on a lock, including acquire, release, as well as wait and notify that are
the methods of the Object class, are executed in the object’s home node.
Thus, the object’s home node acts as the object’s lock manager. A multiple-
writer protocol permits concurrent writing to the copies of a DSO, which is
implemented using the twin and diff technique [20]. On the first write to a
non-home copy of the DSO, a twin will be created, which is an exact copy of
the object. On lock acquiring and releasing, the diff, i.e., the modified portion
of the object, is created by comparing the twin with the current object content
word by word, and sent to the home node.

With the availability of object type information, it is possible to invoke dif-
ferent coherence protocols according to the type of the objects. For example,
immutable objects, such as instances of class String, Integer, and Float,
can be simply replicated and treated as an NLO. Some objects are consid-
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Fig. 2. State transition graph depicting object lifecycle in the GOS

ered node-dependent resources, such as instances of class File. When node-
dependent objects are detected as DSOs, object replication should be denied.
Instead, accesses to them should be transparently redirected to their home
nodes. This is an important issue in the provision of a complete single system
image to Java applications.
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4 Adaptive Cache Coherence Protocol

In the last section, we presented the home-based multiple-writer cache coher-
ence protocol for dealing with the consistency issues. However, as explained
before, the non-adaptive protocol can not be optimal in all circumstances.
The adaptive protocols are superior to non-adaptive ones because of their
adaptability to applications’ access patterns. In this section, we discuss the
adaptations we add to the basic protocol based on the proposed access pattern
space.

4.1 Object Home Migration

With a home-based cache coherence protocol, each DSO has a home node
to which all writes are propagated and from which all copies are derived.
Therefore, the home node of a DSO plays a special role among all nodes holding
a copy. Accesses happening in the non-home nodes will incur communication
with the home node, while accesses in the home node can proceed in full speed.

We propose a runtime mechanism to determine the optimal location of the
home of an object and perform object home migration accordingly. Object
home migration may have negative impacts on performance. In order to no-
tify a node which is not aware of the home migration, a redirection message
should be sent. Improper migration will result in a large number of unnec-
essary redirection messages in the network. Therefore, we only apply object
home migration to those DSOs exhibiting the single-writer access pattern. If
a DSO exhibits the multiple-writers pattern, all the non-home nodes can still
communicate with the original home node in order to obtain the up-to-date
copy and propagate the writes. It does not matter which is the home node as
long as long as the home node is one of the writing nodes.

If a DSO exhibits the single-writer pattern and its home is made the only
writing node, the overhead of creating and applying diff can be eliminated.
If the DSO further exhibits an exclusive access pattern, all the accesses will
happen in the home node, and therefore no communication will be necessary.

In order to detect the single-writer access pattern, the GOS monitors all home
accesses as well as non-home accesses at the home node. With the cache co-
herence protocol, the object request can be considered a remote read, and a
diff received on synchronization points can be considered a remote write. To
monitor the home accesses, the access state of the home copy will be set to
invalid on acquiring a lock and to read on releasing a lock. Therefore, home
access faults can be trapped and a return can be made after the access is
recorded.
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To minimize the overhead in detecting the single-writer pattern, the GOS
records consecutive writes that are from the same remote node and that not
interleaved by the writes from other nodes. We follow a heuristic that an object
is in the single-writer pattern if the number of consecutive writes exceeds a
predefined threshold. A relatively small threshold is used because the number
of consecutive writes reflects the synchronization periods during which the
object was only updated by that node.

The cost incurred by object home migration is due to monitoring and recording
the consecutive writes. This cost happens when the object request message
or the diff message arrives, as well as the first local write on at-home DSO
happens. Compared with the communication overhead, this cost is negligible
since only a few instructions suffice to update the object’s current consecutive
write counter.

If the single-writer pattern is detected, upon request from the writing node, not
only is this object delivered in a reply but also a home migration notification
would be issued. A forwarding pointer is left in the original home node to refer
to the new home.

4.2 Synchronized Method Migration

Synchronized method migration is not meant to directly optimize synchro-
nization related access patterns such as assignment and accumulator. Instead,
it optimizes the execution of the synchronized method itself, which is usually
related to those access patterns.

Java’s synchronization primitives, including synchronized block, as well as the
wait and notify methods of the Object class, are originally designed for
thread synchronization in a shared memory environment. The synchroniza-
tion constructs built upon them are inefficient in a distributed JVM that is
implemented in a distributed memory architecture like clusters.

Fig. 3 shows the skeleton of a Java implementation of the barrier function.
The execution cannot continue until all the threads have invoked the barrier
method. We assume the i