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Abstract

Two paradigms exist for communication in distributed systems: the traditional
message passing approach and the space-based approach. The latter has gained
more attention throughout the past few years, possibly because global players
such as Lockheed Martin announced that they could drastically reduce their
development time, thus saving costs.

Meanwhile, a number of companies has implemented their own spaces, partly
based on Sun’s JavaSpaces Service Specification [1], and partly extending it to
their own proprietary standards. The products GigaSpaces [2] or IBM’s TSpaces
(research status) [3] are examples.

In this thesis, we developed Jacos, a space based on Sun’s JavaSpaces Service
Specification. The aim was to show that such a system can be developed based
on off-the-shelf components (already existing components). Therefore, we used
MySQL, CORSO, which is a patented technology for the management of dis-
tributed applications in heterogenous IT environments, and a number of other
components.

The analysis showed that Jacos complies with Sun’s JavaSpaces standard, but
its performance and scalability are subjects for improvement.



Sammanfattning

Det existerar tv̊a paradigmer för kommunikationen i distribuerade system: det
traditionella meddelandebaserade och den space-baserade ansatsen. Den senare
har uppmärksammats mer de senaste åren, möjligen eftersom multinationella
företag som Lockheed Martin har tillkännagett att de därigenom drastiskt har
kunnat reducera sin utvecklingstid och p̊a s̊a sätt har sparat kostnader.

Sedan dess har en rad företag implementerat sina egna spaces, delvis baserade
p̊a Sun’s JavaSpaces Service Specification [1], och delvis utökat det till sin pro-
prietära standard. Produkten GigaSpaces [2] eller IBM’s TSpaces (forskningssta-
tus) [3] är exempel.

I det här examensarbetet, utvecklade vi Jacos, en space baserad p̊a Sun’s JavaS-
paces Service specification. Syftet var att visa att man kan utveckla ett s̊adant
system baserat p̊a off-the-shelf components (componenter som redan existerar).
För detta, använde vi MySQL, CORSO, vilken är en patenterad teknologi för
att hantera distribuerade applikationer i heterogena IT-miljöer, och en rad andra
komponenter.

Analysen visade att Jacos uppfyller Sun’s JavaSpaces standard, men prestanda
och skalbarhet g̊ar att förbättra.
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1 Introduction

Distributed systems can be difficult to design, build and debug. The most chal-
lenging problem developers typically encounter when building distributed systems
is the heterogenity of the hardware environment. Thus, it is necessary to port
the code to make it runnable on any environment. The programming language
Java overcomes this limitation, because it was developed in such a way that the
source code is written once and may then be run on different platforms. But
there are more problems to deal with: the communication medium between the
application components may be unreliable or slow. Hence, developers have got
to address issues like latency, synchronization and partial failure, which do not
occur in standalone applications. In current distributed systems, message passing
is the widely used communication paradigm, which does not deal innately with
these common problems in a satisfactory manner.

But an alternative to the message passing paradigm does exist: Space-based
programming. JavaSpaces is built upon this paradigm, which opens up a new
way to design and develop distributed systems. At the same time, it reduces the
number of problems the development of a distributed system traditionally entails,
when using the message passing paradigm. Although the idea of space-based pro-
gramming is already more than 15 years old, this programming paradigm lived
a shadowy existence until a few years ago. Message passing was and still is the
most widely used communication paradigm in distributed systems. But around
the new millenium, space-based programming began to attract more enterprises
and developers, possibly because global players such as Lockheed Martin an-
nounced that they could drastically reduce their development time, thus saving
costs.

The JavaSpaces technology facilitates the development of distributed systems. It
is foremost designed to be simple: space-based programming requires learning
only a handful of operations. At the same time, it is expressive: a large class
of distributed problems can be approached using this simple framework. The
benefit for the developer is that the combination of these two features can sig-
nificantly reduce the design effort and source code needed to create collaborative
and distributed applications [4, p. 1].

Meanwhile, a number of companies has implemented their own spaces, partly
based on Sun’s JavaSpaces Service Specification [1], and partly extending it to
their own proprietary standards. The products GigaSpaces [2] or IBM’s TSpaces
(research status) [3] are examples. Also, the company Tecco, based in Vienna,
Austria, has developed a similar product: CORSO, which is a patented technol-
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ogy for the management of distributed applications in heterogenous IT environ-
ments. But CORSO does not comply with the JavaSpaces Service specification.
Hence, with the help of CORSO and other off-the-shelf components a genuine
JavaSpaces implementation should be developed.

2 Aim

The aim of this thesis is the development of a JavaSpaces compliant system,
based on CORSO, MySQL and other components. Clients have got to be able to
use Sun’s JavaSpaces interface to communicate with the JavaSpaces compliant
system, without any additional knowledge about the components used to imple-
ment the distributed system. The main objective (aim 1) is to show that such a
system is feasible and complies with Sun’s JavaSpaces Service Specification [1].
At the same time, through achieving the main objective, a JavaSpaces-compliant
API is added to CORSO. Secondary objectives are that (aim 2) the design is scal-
able, so that many clients can be supported, without any performance penalty,
when adding additional JavaSpaces services and (aim 3) to compare the devel-
oped system’s performance to the already existing solutions Gigaspaces [2] and
Sun’s JavaSpaces reference implementation [5].

3 Structure of this Thesis

Concepts: an introduction to the various technologies, which were used in the
practical part of this thesis, is given.

Design: this chapter comprises an overview of the whole architecture, followed
by an explanation of each application component and their tasks.

Implementation Details: three interesting problems of the implementation have
been selected and are presented in this chapter.

Analysis: the system is analysed in regard to its JavaSpaces-compliance and its
performance. Moreover, the system’s performance was compared to the products
GigaSpaces and Sun’s JavaSpaces reference implementation.

Conclusion: this chapter summarizes the results of the thesis and their possible
application areas. Unsolved problems are outlined.
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4 Concepts

This chapter is devoted to explaining the basics of space-based programming, the
technology JavaSpaces and CORSO.

4.1 Space-based Programming

The idea of space-based programming is to read and write entries into a space.
A space can be described as a distributed shared memory. One of the first
programming languages that used this programming paradigm was Linda [6],
which was designed as a coordination language for ensemble (distributed and
parallel) computing. It was developed by David Gelernter at Yale University.
Linda allows developers to write tuples into a space. A tuple consists of a sequence
of one or more typed data fields, such as <"fred", 1958>, <"sid", 1964> and
<4, 9.8, "Yes">. Any combination of types of tuples may exist in the same
tuple space. Processes share data by accessing the same tuple space: they place
tuples in tuple space using the write operation and read or extract them from
tuple space using the read or take operation. The write operation adds a tuple
without affecting existing tuples in the space. The read operation returns the
value of one tuple without affecting the contents of the tuple space. The take

operation also returns a tuple, but in this case it also removes the tuple from the
tuple space.

When reading or taking at tuple from tuple space, a process provides a tuple
specification and the tuple space returns any tuple that matches that specification
– this is a type of associative addressing. To enable processes to synchronize their
activites, the read and take operations both block until there is a matching tuple
in the tuple space. The tuple specification includes the number of fields and the
required values or type of the fields. For example, take(String, integer) could
extract either <"fred", 1958> or <"sid", 1964>; take(String, 1958) would
extract only <"fred", 1958> of those two [7, p. 641].

In Linda, no direct access to tuples in tuple space is allowed and processes have to
replace tuples in the tuple space instead of modifying them directly. For example,
a set of processes could maintain a shared counter in the tuple space. The current
count (say 64) is in the tuple <"counter", 64>. A process must execute code of
the following form in order to increment the counter in a tuple space mySpace:
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<s, count>:=mySpace.take(<"counter", integer>);

mySpace.write(<"counter", count+1>);

After this brief history and introduction, we want to highlight the most important
advantages of space-based programming:

• Loosely coupled communication [4, p. 114]: in tightly coupled communica-
tion, senders and receivers have got to fulfill the following criteria in order
to be able to successfully exchange messages:

– Who? → know each other’s identity (e.g., a process identifier)

– Where? → know each other’s precise location (e.g., an IP address)

– When? → exist at the same time

These communication questions (who, where, when) must be answered in
tightly coupled systems. In space-based communication they may be an-
swered with anyone, anywhere, at anytime. This allows to build systems
that are more flexible, adaptable, and reliable.

• High scalability via the addition of cheap standard hardware. [8] It is up
to the distributed application to support scalability.

• Dividing the workload : Shift of load from the server to concurrent worker
processes.

• Distributed caching : May be used to enable clients to access objects quickly.

• Simple integration of heterogenous IT-environments : the heterogenous plat-
forms only have to agree on a standard format on how to exchange data.

• Positive impact on project costs and development time: Bill Rawlings, CTO
of Lockheed Martin, announced in 08/2000 that a distributed processing
system, which was over 12.000 lines of code and took 2.5 programmers 6
months to write, was rewritten using space-based technology in under 900
lines of code and took only 3 weeks to write. [9]

4.2 JavaSpaces

This section first introduces Sun’s JavaSpaces, describing its unique features such
as transactions and leases. Second, the JavaSpaces interface’s methods are ex-
plained.
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4.2.1 Introduction

JavaSpaces was introduced by Sun as part of Jini [5]. In Jini, JavaSpaces runs
as a service which supports distributed persistence and the design of distributed
algorithms. The design of JavaSpaces was heavily influenced by the program-
ming language Linda, introduced in the previous section. Like Linda, JavaSpaces
is designed to facilitate the development of distributed and parallel processing
systems.

Communication between applications takes place via the space. The programs
write, read, and take tuples they are interested in. JavaSpaces goes even further,
by defining the data as objects. As a consequence of being able to pass objects, it
is possible to pass behaviour [10]. The objects are passed using RMI and object
serialization.

Objects are found in the space using associative lookup. Therefore a template
is passed to the space and the space checks if it presently has a suitable object
stored. The object in the space and the template it should be compared with must
have the same value. Having the same value in the context of JavaSpaces means
that the objects are matched by comparing their data type and the serialized
versions field-by-field. Thus, two fields match if they have the same data type
and the bytes of their serialized form match [4, p. 47]. Moreover, JavaSpaces
allows matching of subtypes – a template match can return a type that is a
subtype of the template type [1].

Figure 1, 2 and 3 give examples of templates and objects and reasons why they
match or do not match.

(2) forward write request

Corso

Corso

Client

Jacos
Space

Jacos
Service

Writer
(Thread)

(1) invoke write
(4) instantiate new

Writer Thread

(3) receive request

(5) process
object

(6) return lease object

Object A
Class Person

String name=�Mark�

int age = 3

String job=�Manager�

Template A
Class Person

String name=�Mark�

int age = 3

String job=�Manager�

Object C
Class Person

String name=�Mark�

int age = 35

String job=�Manager�

Template A
Class Person

String name=�Mark�

int age = 3

String job=�Manager�

Object A
Class Person

String name=�Mark�

int age = 3

String job=�Manager�

Template B
Class Person

String name=�Mark�

int age = 3

String job=null

Object D
Class Person

String name=�Mark�

int age = 34

String job=�Poet�

Template A
Class Person

String name=�Mark�

int age = 3

String job=�Manager�

Object E
Class MarriedPerson

derived from Class Person

String name=�Mark�

int age = 35

String job=�Manager�

boolean married=true

Template C
Class Person

String name=�Mark�

int age = 35

String job=�Manager�

Figure 1: Both objects match the template. In template B, variable job is set
to null which is called a wildcard in terms of JavaSpaces. Wildcards
match any value.

Matching fields by their byte stream is already one point which allows to draw
a clear dividing line between JavaSpaces and object oriented databases, where
matching is typically done by invoking an object’s equals method. Another
difference is that JavaSpaces does not have a defined query language such as
SQL or OQL, but rather objects are retrieved by passing suitable templates.
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Figure 2: Object C and D both do not match the template, since one or more
values differ.
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Figure 3: The template C matches Object E, because the class MarriedPerson is
a subclass of class Person. [1, p. 7]

Another feature of JavaSpaces are transactions: Transactions allow a set of oper-
ations to be grouped in such a way that they either all succeed or all fail; further,
the operations in the set appear from the outside the transaction to occur si-
multaneously [11, p. 83]. The transaction concept of JavaSpaces is based on the
two-phase commit protocol. This requires that the participants in a transaction
are asked to vote on a transaction in the first step. If all participants agree to go
ahead, then the transaction commits, which is binding on all the participants. If
one participant requests to abort during the voting phase, then all participants
are forced to abort.

JavaSpaces has adopted the syntax of the two-phase commit protocol. It is up to
the clients and services involved in the transaction to observe the ACID properties
[12, p. 245]. Thus, JavaSpaces supplies the mechanism of the two-phase commit
protocol, but leaves the policy of meaning to a transaction’s participants. Since
transactions in JavaSpaces are not associated with a particular semantic, trans-
actions can be represented in a simple way, as long identifiers. This identifier is
obtained from a transaction manager, and will uniquely label the transaction to
that manager. All participants in the transaction communicate with the trans-
action manager, using this identifier to label which transaction they belong to.

The participants in a transaction may disappear; the transaction manager may
disappear. So transactions are managed by a lease, which will expire unless it is
renewed. When a transaction manager is asked for a new transaction it returns a
TransactionManager.Created object, containing the transaction identifier and
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lease [13].

Another feature of JavaSpaces are leases : leasing provides a manner of allocating
resources for a fixed period of time, after which the resouce can be freed. This
model is beneficial in the distributed environment, where partial failure can cause
holders of resources to fail or become disconnected from the recources before they
explicitly free them. In the absence of a leasing model, resources could grow
without bound. [4, p. 197]

For example, when a new entry is written into the space the client may pass a
lease time as argument. The space may or may not be willing to grant the client’s
requested lease time. Before a lease expires, clients may renew it. Leases may
also be cancelled, which results in removing the object from the space. If the
client does neither, the space removes it after the object has expired. Leases do
not only concern objects, but also exist for notifications and transactions.

4.2.2 The JavaSpace Interface

Sun’s JavaSpaces interface comprises the following methods:

• Lease write(Entry entry, Transaction txn, long lease)

Write a new entry into the space. Entries can be written under transactions,
but the value may also be null, which implies that no transaction is used.
With the help of the lease parameter the client specifies in milliseconds how
long he desires to have this entry stored in the space. The space may only
be willing to grant a shorter time than the client specified.

• Entry read(Entry tmpl, Transaction txn, long timeout)

Read any matching entry from the space, blocking until one exists. Return
null if the timeout expires.

• Entry readIfExists(Entry tmpl, Transaction txn, long timeout)

Read any matching entry from the space, returning null if there currently
is none. Matching and timeouts are done as in read, except that blocking
in this call is done only if necessary to wait for transactional state to settle.

• Entry take(Entry tmpl, Transaction txn, long timeout)

Take a matching entry from the space, waiting until one exists. The time
the client is willing to wait is specified through the timeout parameter. If
the entry is taken from the space, it will be deleted and will not be accessible
any longer for other clients.
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• Entry takeIfExists(Entry tmpl, Transaction txn, long timeout)

Take a matching entry from the space, returning null if there currently is
none. Matching is and timeout done as for read, except that blocking in
this call is done only if necessary to wait for transactional state to settle.

• EventRegistration notify(Entry tmpl, Transaction txn,

RemoteEventListener listener, long lease, MarshalledObject handback)

When entries are written that match this template notify the given listener
with a RemoteEvent that includes the handback object. Matching is done
as for read.

• Entry snapshot(Entry template)

Snapshot a template to speed up subsequent write/take operations that
use the same template. The template will be stored on the server side.

Any JavaSpace compliant system has got to implement these methods. More
details about the JavaSpace interface may be found in the Jini Specifications and
API Archive [14].

4.3 CORSO

CORSO (CoORdinated Shared Objects) [15] [16] is one of the commercially
available implementations of shared object spaces. Tecco, the vendor, describes
CORSO as a technology for the management of distributed applications in het-
erogenous IT environments, offering maximum scalability and flexibility by al-
lowing applications to communicate with one another via spaces [17]. CORSO is
platform-independent, i.e. it runs on various operating systems, in different net-
works and offers language-specific APIs for example for C/C++, Java and .NET.
The runtime kernel is smaller than 1 Megabyte, which makes CORSO applicable
even on devices with limited resources, such as PocketPCs.

From a technical point of view, CORSO is a software layer between the appli-
cation program and the operating systems of the distributed and heterogeneous
platforms it shall operate on. CORSO’s purpose is to hide as much as possible of
the heterogeneity from the programmer and to facilitate the development of dis-
tributed applications. In more detail, CORSO meets the following requirements
posed by the heterogeneity of distributed applications: location, migration, repli-
cation, access, transaction, failure, representation and persistency requirements.
[17, p. 15]

For the communication and synchronization of distributed systems, CORSO uses
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the paradigm of a virtual shared memory, providing a vision of a common shared
object space to which participating, distributed and parallel executing processes
have a consistent view. Shared data objects, which are used for communication
between and synchronization of parallel and distributed processes, relieve the
application programmer from caching and replication issues. Due to this advan-
tage and due to the conceptually higher abstraction of the underlying hardware,
a tendency towards virtual shared memory as an alternative to the traditional
message passing is observable [18].

4.4 Comparing CORSO and JavaSpaces

Although CORSO and JavaSpaces are similar, some fundamental differences ex-
ist: for example, in CORSO named objects may be written into the virtual
shared memory. These objects are directly accessible through their named ob-
ject id. In JavaSpaces, this concept does not exist. Accessing objects rather
happens through associative lookup (section 4.2.1), by passing an adequate tem-
plate. Moreover, JavaSpaces will attempt to return an object of a class derived
from the template’s class, if an object of the template’s class is not found. If two
objects of the same class are stored in the space, and the template matches both,
the space will return any of those two objects.

Another difference is the kind of data that can be stored: According to the
JavaSpaces specification, a client must be able to persist every object, as long as
it follows a set of conventions, such as that every field, that should be persisted,
must be declared as public and it must be ensured that all fields are serializable
[4, p. 50]. In CORSO, either basic types (e.g., long, byte or int) or user-defined
objects, with fields made up of basic types may be stored. User-defined objects
have got to implement the interface CorsoShareable. Implementations for the
methods write(CorsoData data) and read(CorsoData data) have got to be
written.
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5 Design

This chapter starts out with an overview of the whole system, followed by a
detailed description of each application component.

5.1 Overview

The system, which we called Jacos (JAva COrso Spaces), is divided into three
components:

1. JacosService - a JavaSpace service, which is capable of communicating with
both CORSO and a database system.

2. JacosSpace - a Java API, based on Sun’s JavaSpaces Service Specification,
offering clients a JavaSpaces-compliant API.

3. A database system (e.g., MySQL) to store objects.

See figure 4 for a representation of the architecture.
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Figure 4: Architecture of Jacos. The grey-shaded parts have got to be developed.

If a client writes a new object into the space, the object must be persisted. Later,
another client might want to read or take the same object from the space, i.e. it
must be possible for the space to reconstruct the object later. In order to store
information about objects written to the space for later retrieval, the object tree,
described in the following section, is used.

5.2 Object Tree

The object tree is one of Jacos’s most important parts. Hence, it is important
to understand its purpose and how it works. The object tree is part of the

10



JacosService and it stores meta information about the objects in the space. Each
service has its own object tree. It was mainly designed in order to satisfy the
requirement of being able to match subclasses, as described in section 4.2.1. The
object tree basically stores the classnames of objects; the data fields and values
of the object themselves are stored in the database, but the object tree keeps a
reference (the database id) to them.

Each node in the object tree has the following data fields:

• classname

• database ids, pointing to the actual objects of this class stored in the
database

• references to subnodes

Figure 5 shows a sample object tree. We want to demonstrate how the object
tree works with the help of an example: assume that there are two objects of
the class jacos.entries.Apple stored in the object tree and a client passes
an object of the class jacos.entries.Fruit as template. Eventually, in this
example, the client should receive an apple as a response to his request, since
jacos.entries.Apple is a subclass of jacos.entries.Fruit. The object tree
first determines the template’s superclasses with the help of the Java Reflection
mechanism [19, p. 431]. Based on the names of the superclasses, it continues to
step down in the tree until it reaches jacos.entries.Fruit. Then, it checks if
there are any objects of this class available. Since this is not the case in this exam-
ple, it starts looking for objects in subclasses, first in jacos.entries.Pear (no
objects available again) and finally in jacos.entries.Apple. It then retrieves
these two objects from the database and starts matching the fields.
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Figure 5: Example object tree

It would have also been possible to store the names of the superclasses in the
database. We did not choose this way, because we wanted to avoid as many
database operations as possible, since they are so time consuming. Now, the
object tree exists in the main memory (RAM) of the computer the JacosService
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is running on and looking for entries happens in about one millisecond, or less,
even if the object tree has many nodes.

5.3 JacosSpace

JacosSpace offers a JavaSpace-compliant interface for clients. Therefore, it im-
plements the interface net.jini.core.JavaSpace. For a description of the in-
terface’s methods, refer to section 4.2.2.

This section describes what happens if a client invokes the JavaSpaces interface’s
methods from a general point of view. For further descriptions, including details
of the implementation, refer to chapter 6.

5.3.1 Write

A client invokes write to store a new object in the space. The object, the requested
lease time and a transaction object (optional, may be null) have got to be passed
in the call (step 1 in figure 6). JacosSpace forwards incoming write requests to
the JacosService via CORSO (step 2). The JacosService receives this request and
instantiates a new Writer (step 3). The class Writer is derived from Thread,
and its purpose is to take care of storing new objects. First, Writer calculates
the granted lease time with the help of the lease service (step 4 and 5). Second,
the object’s fields are stored in the database as byte streams, in order to be
able to compare this object with templates, which is required for read and take

requests. Third, the object’s name, the name of its superclasses and its primary
key, assigned by the database system, are added to the object tree (step 6 and
7). Fourth, the Writer creates a response (a lease object) which is returned to
the client via CORSO (step 8 and 9).

The reason for using threads to store objects in the space is to enable the Ja-
cosService to immediately be able to receive and process new requests.
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Figure 6: Overview of the write operation

5.3.2 Read/ReadIfExists & Take/TakeIfExists

The operations read, readIfExists, take and takeIfExists allow clients to retrieve
Entries (stored objects) from the space. Therefore, the client passes a template.
Matching templates and objects, which are stored in the space, happens as de-
scribed in section 4.2.1.

Figure 7 represents the application flow of a read operation: The client creates a
template which it passes as parameter when invoking read (step 1). The JacosS-
pace takes and forwards this request to the JacosService (step 2), which receives
the request (step 3). Next, a new ReaderTaker thread is instantiated (step 4),
which only lives until it has completed its task – finding a suitable object in
the space that matches the template. Therefore, the ReaderTaker communicates
with the object tree (step 5 and 6), looking for an object that matches the client’s
template. If a suitable object is found in the tree, it will be reconstructed and
the values be matched field-by-field. Eventually, assuming that an object that
matches the template has been found, the object is returned to the client (step
7–9).
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5.3.3 Notify

A client may register a listener which will be informed if an object matching the
client’s template arrives. Figure 8 shows the necessary steps to register a new
notification: the client invokes notify (step 1). JacosSpace forwards this request
to JacosService (step 2), which delegates the task of creating a new notification
to the NotificationManager (step 3). The NotificationManager instantiates
a new Notifier thread (step 4), which is done every time a new notify request
arrives. This thread becomes responsible for this notification, until it expires.
It sends an EventRegistration object via CORSO to the JacosSpace and this
object eventually arrives at the client (step 6 and 7).
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Figure 8: Registering a new notification

At the same time, the Notifier looks for a suitable object in the object tree once
and assuming that an object is found, a RemoteEvent is sent to the client. Later,
if another client writes an object into the space that matches the template, the no-
tification generates another RemoteEvent (figure 9). RemoteEvents are not sent
to the client directly, but rather to a client’s NotificationService which acts as
a proxy. The NotificationService stores the listener object, which the client
passed when he registered the notification. This listener object must implement
the interface net.jini.core.event.RemoteEventListener which declares the
method public void notify(RemoteEvent event). So actually, when a Noti-
fier generated a new RemoteEvent, this method will eventually be invoked.

As figure 9 indicates, the Notifier does not access or communicate with the
object tree, except when it is being created (figure 8). It then runs through the
object tree once to see if there is already a suitable object in the object tree,
matching the client’s template in his notify request. Later, if new objects are
written into the space, the Notifier directly investigates this new object and
tries to match it with the template of the notification. The idea behind this
behaviour is to minimise accesses to the object tree, thus avoiding conflicts.
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Figure 9: Client B writes an object into the space Client A has registered a no-
tification for. Hence, Client A’s listener is informed and may react to
the event.

5.3.4 Snapshot

The idea of this operation is to make a copy of a template in order to use it in
subsequent, repeating operations. This avoids reserialisation and retransmission
of the same entry, thus saving time and speeding up take and read requests.

In Jacos, the following idea was used to snapshot objects (figure 10): A client
invokes snapshot (step 1), and the template is serialized and transported to the
JacosService (step 2). The JacosService passes the request on to the CacheHelper
(step 3). An object of this class takes care of storing the template in a JCache
[20]. The template receives a unique id within the cache (step 4 and 5), which
is returned to the client (step 6 and 7). When the client then uses the entry in,
e.g., a write request, only the cache id is transmitted and not the whole object.
JacosService detects that the template is stored in the cache and retrieves it
with the template’s cache id before passing on the request to a new ReaderTaker

thread.
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5.4 JacosService

The JacosService receives and processes requests from the JacosSpace via CORSO.
These requests may be:

• write - write a new entry into the space.

• read/readIfExists/take/takeIfExists - read/take an entry from the space.

• notify - create a new notification request.

• ping - allow clients to detect if the JacosService is available.

• pause - this request is sent by the GarbageCollector (see section 5.7). It
pauses the service so that garbage can be collected. While the service is
paused, requests will still be received and later processed.

The requests are received with the help of an acceptor [21]. Acceptors can be
compared to queues (figure 11). Every time a new request is received, it is added
to the queue and as soon as the JacosService is idle again, it takes care of the next
request in the queue. Internally, CORSO uses named notifications for acceptors.
When the JacosService creates an acceptor, it actually creates a notification. As
soon as a new request arrives, this request is added to the notification vector and
the JacosService is immediately informed [22].
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Figure 11: An acceptor is used to receive requests to clients. The JacosService is
informed about new items written to the acceptor.

The JacosService was designed to delegate almost every incoming event to threads,
in order to be able to receive and process the next incoming request. For exam-
ple, every time a new write request arrives, a new Writer thread is instantiated
to take care of it. In a similar way, a new ReaderTaker thread handles read,
readIfExists, take and takeIfExists requests.
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5.5 Transactions

Transactions in JavaSpaces-compliant systems are based on the two-phase com-
mit protocol. Thus, it would have been necessary to implement a distributed
transaction management which would have been a cumbersome and time-consuming
task. As an alternative, the idea of reusing the existing transaction management
of the database (e.g. from MySQL) in Jacos came up. MySQL offers transactions
and so, for example, records taken from the database under transactions become
invisible and unaccessible for other clients.

Each opened connection to MySQL using transactions may eventually either be
committed or aborted, by invoking the corresponding method on the Connection
object. Hence, one connection is opened per transaction. The Connection object
belonging to a given transaction is used when performing operations in the space,
such as writing or taking entries.

After the description of the idea, the involved classes and their interaction is
described:

• JacosTxManagerProxy - One transaction manager proxy per client ex-
ists. It implements the interface net.jini.core.transaction.server.

TransactionManager and hence allows clients to request a commitment or
an abort of a transaction.

• JacosTxManagerService - the transaction manager service runs as a thread
as part of the JacosService. It receives and delegates requests from the
clients’ transaction manager proxy to the Jacos Transaction Manager. The
requests are delegated in order to be able to take care of subsequent requests
as quickly as possible.

• JacosTxManager - The Jacos Transaction Manager actually commits or
aborts a transaction, on behalf of a client. It stores one Connection object
per transaction id.

The interaction of these classes is described by making use of an example. A
client wants to take, modify and then write back an object into the space (see
figure 12 which shows taking the entry under a transaction):

1. The client creates a new transaction with the help of the JacosTxManagerProxy
and the TransactionFactory, which is provided by Sun. Upon creation,
the JacosTxManager assigns this transaction a unique id (step 1–6 in figure
12).
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2. The client takes the object he wants to modify under a transaction (step
7–10). The responsible ReaderTaker detects that transactions are used
and therefore it retrieves this object from the database with the help of
the Connection object assigned to this transaction id (step 11 and 12).
The ReaderTaker gets this Connection object from the JacosTxManager,
which stores all active Connection objects. Eventually, the object the client
requested is returned (step 13–16)

3. The client modifies the object.

4. The client writes the modified object under a transaction. Again, the re-
sponsible Writer detects the usage of transactions, and fetches the corre-
sponding Connection object from the JacosTxManager.

5. The client invokes commit on the Transaction object. This request, es-
sentially the transaction id and the wish to commit, is forwarded from
the JacosTxManagerProxy to the JacosTxManagerService which delegates
the request to the JacosTxManager. The JacosTxManager retrieves the
Connection object from its map with the transaction id and invokes the
operation commit on this Connection object. Hence, the modification made
on the object becomes visible for other clients in the database and the trans-
action is complete.
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5.6 Leases

Leases in Jacos are handled by the JacosLeaseService, which runs as a thread as
part of the JacosService. Its task is to manage lease requests, which are received
with the help of a CORSO acceptor. The requests are sent by the JacosSpace if
a client invoked the cancel or the renew method on a lease object. Hence, this
request may either be to renew a lease or to cancel a lease.

Ojects, notifications and transactions may be leased. A lease may be renewed if
the present lease on the object/transaction/notification has not expired yet. In
this case, the expiration time is reset to a new expiration time. As for the original
lease time, also the new client’s desired lease time is checked for not being longer
than maximum lease time the space is willing to permit at most. This maximum
lease time is configurable. Cancelling a lease simply results in the removal of the
object/transaction/notification from the space.

Lease requests concerning objects and transactions are directly processed by
the JacosLeaseService. Lease requests on notifications are delegated to the
NotificationManager (section 5.3.3) which again passes on the request to the
corresponding Notifier. Then, the notifier sets its new expiration time and ev-
ery time a new object arrives at the space through a write request, and is passed
on to the active Notifiers, each Notifier checks if it has not expired yet. If it has
expired, the Notifier terminates itself.

5.7 Garbage Collector

Jacos has its own garbage collector. It runs in a configurable interval as a
TimerTask. Its task is to ensure the consistency between the object tree and
the database. Therefore, it first deletes expired objects in the database and then
it removes the resulting garbage (dead primary keys) from the object tree. Even-
tually a copy of the garbage-free object tree is stored in the database in order to
be able to reload it, in case of a system crash.

In order to be able to work properly, the garbage collector pauses the JacosService
for a moment. This is done to avoid ConcurrentModificationExceptions when
operating on the object tree. When it has finished its work, the JacosService is
reactivated again.
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6 Implementation Details

This chapter is devoted to four selected problems of the implementation and
their solution. First, the distributed classloader is described, which is necessary
for both JacosSpace and JacosService, in order to be able to load class files.
Second, the problem of serializing any object and transmitting it via CORSO is
discussed. Third, it is explained how the application components communicate
with each other via CORSO. Finally, the database design including a description
of the tables is given.

6.1 Distributed Classloader

A common problem in distributed systems is how to dynamically load classes,
in order to be able to create objects. In Jacos, the same problem used to exist.
The client could write objects of any class into the space, and the space had to
be able to persist and reconstruct them for later read or take requests.

This problem was solved with the help of a java.net.URLClassLoader. This
classloader is provided by Sun and one constructor to instantiate a new object of
URLClassLoader allows to pass an array of java.net.URL as parameter. These
URLs are configurable in the properties file jacos.properties through the prop-
erty jacos.class.repository. The sources are separated by a comma, the
transformation to valid Java URL objects is taken care of by Jacos. It is possible
to specify more than one and different kinds of class file locations.

For example, if the JacosService should look for class files in the file system and
online at a given URL, the property jacos.class.repository could be set to:
file:/c:/repository/, http://212.33.60.159/repository/
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6.2 Object Serialization in Jacos

A problem we encountered was how to serialize objects so that they can be
transmitted via CORSO. Internally, CORSO uses an interface definition lan-
guage (IDL) to represent the data written into objects. These limitations ex-
ist since CORSO objects can be shared between different language paradigms
across heterogeneous platforms that may differ in their representation of data.
So CORSO allows to either transmit basic types (such as int, long, byte, etc.)
or user-defined objects, with fields made up of basic types. User-defined objects
have got to implement the interface CorsoShareable. Implementations for the
methods write(CorsoData data) and read(CorsoData data) have got to be
written. But Sun’s JavaSpaces specification requires that every object’s public
fields must be persistable in a space, as long as the object implements the marker
interface Entry. So the problem was how to serialize user-defined objects, if only
basic types are available? The solution was to use Java Serialization to XML
(JSX) [23]. JSX is a tool exclusively designed to serialize and deserialize objects
and it proved to be very useful in Jacos. With its help, the object the client
wants to store in the space is serialized into a byte array, which can be easily
transmitted via CORSO. In JacosService, the object is reconstructed with the
help of JSX and the distributed class loader, which loads the required class file
from the repository.

6.3 Communication with CORSO

Objects of JacosService and JacosSpace communicate via communication objects,
which are provided by CORSO. Communication objects contain all data shared
between concurrent, parallel and distributed processes for synchronization and
communication purposes. Local application objects/variables can be associated
with communication objects and thus be shared across applications. A commu-
nication object is uniquely identified by its OID (object identifier). The OID
is a network wide unique identification of an object, which is generated at the
creation time of the object. Communication objects are data containers that
are untyped from the CORSO’s point of view. The wrapping into an object-
oriented programming technology is done via the language binding, if it supports
objectorientation [17, p. 31].

In order to facilitate the communication via CORSO, the class CorsoHelper was
developed. CorsoHelper provides the following methods:

• establishConnection(): establish a connection to CORSO

21



• installAcceptor(String name): install a new CORSO acceptor (section
5.4)

• sendPacket(CorsoShareable packet, String packetId): send a new
packet from JacosSpace to JacosService, or vice-versa. In terms of CORSO,
the packetId is the OID.

• waitForReply(String packetId, CorsoShareable packet, int timeout):
wait until new data is written to a given OID (the packetId) or the timeout
expires.

The packets mentioned in the list above all implement the CorsoShareable in-
terface. Different packets have been developed: The most important one is the
TransportPacket which is sent from a client’s JacosSpace object to the JacosSer-
vice, containing a request type (e.g., write, read, take, etc) and the required
data (e.g., lease time, the object to write into the space, etc). Another example
is the EventRegistrationPacket which is sent by a Notifier (section 5.3.3)
to a JacosSpace object, if a new notification a client requested was registered
successfully.

6.4 Database Design

The database was designed in MySQL and consists of three tables:

• Objects - stores meta information about objects written to the space.

• ObjFields - stores an object’s fields and values.

• BackupObjTree - keeps backups of the object tree, which are written there
by the garbage collector in regular intervals. Also, when the JacosService
is shut down properly, the object tree is stored in the database, so that it
can be reloaded when the JacosService is started again.

Table Objects

Field Type Description
id int the primary key
classname varchar the persisted object’s classname
timestamp timestamp expiration date and time of the object
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Table ObjFields

Field Type Description
id int the primary key
object id int foreign key to table Objects
fieldname varchar the field’s name
type varchar the field’s datatype
objstream blob the field’s serialized value in a byte array

Table BackupObjTree

Field Type Description
id int the primary key
backupobjtree text the serialized object tree
ts timestamp timestamp when the object tree was seri-

alized

Although it has not been tested yet, it should be possible to easily migrate to
another transaction-supporting database, by simply exchanging the JDBC driver
and configuring the properties for accessing the database in jacos.properties.

6.5 Tools

In this section we briefly want to describe which tools we used during the devel-
opment:

• CORSO v.3.3

• MySQL database v.4.0.20: as persistent object storage.

• MySQL Connector/J v.3.0.14 [24]: JDBC driver supporting transactions to
access the MySQL database

• JSX - Java Serialization to XML v.2.2.2: to transmit objects via CORSO
in serialized form.

• JCache v.1.0 beta: to store snapshotted templates.

• Proxool v.0.8.3: database connection pool.

• log4j v.1.2.8: as logging utility.
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• JUnit v.3.8.1: to automate tests.

• Eclipse v.3.0: as integrated development environment (IDE) for Java.

Only two commerical tools (CORSO and JSX) are used in Jacos, every other tool
used is OpenSource.
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7 Analysis

Jacos was investigated in regard to its JavaSpaces API compliance. In addition,
this chapter describes how Jacos was tested and which test cases were devel-
oped. Finally, benchmarking was done with the products GigaSpaces and Sun’s
JavaSpaces reference implementation.

7.1 API Compliance

In this section, Jacos is analysed in regard to its compliance with the JavaS-
paces service specification. Therefore we step trough the JavaSpaces interface’s
methods, adding comments to each method:

• Entry write(Entry entry, Transaction txn, long lease)

Jacos allows entries to be written into its space. In contrast to Sun’s ref-
erence implementation, Jacos even allows to write basic types (e.g., long,
byte, etc.) into the space. The second parameter (Transaction txn) is
used when entries are written under transactions, which is supported by
Jacos too. As described in section 5.5, Jacos relies on the transaction man-
agement of the database. Hence, if transactions are required, the database
used to store the entries has to include a transaction management. The
lease time parameter is taken care of by the lease service (section 5.6) and
will be processed too.

• Entry read(Entry tmpl, Transaction txn, long timeout)

Matching an entry happens as described in the JavaSpaces service specifi-
cation [1, p. 14]. Entries read from the space stay in the space. Blocking
until an entry exists, specified through the parameter long timeout (in
milliseconds), is supported too.

• Entry readIfExists(Entry tmpl, Transaction txn, long timeout)

Matching and timeouts are done as in read, except that blocking in this
call is done only if necessary to wait for transactional state to settle. This
behaviour has been implemented. The ReaderTaker thread responsible for
finding a matching entry therefore communicates with the JacosTxManager,
which tells him if there are ongoing transactions (section 5.5).

• Entry take(Entry tmpl, Transaction txn, long timeout)

Take a matching entry from the space, waiting until one exists or until the
timeout expires. If the entry is taken from the space, it will be deleted
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from the database immediately. The object’s id will stay in the object tree,
until it is deleted the next time the garbage collector (section 5.7) is active.

• Entry takeIfExists(Entry tmpl, Transaction txn, long timeout)

Works exactly as readIfExists except that the matching entry will be
deleted.

• EventRegistration notify(Entry tmpl, Transaction txn,

RemoteEventListener listener, long lease, MarshalledObject handback)

When entries are written that match this template notify the given listener
with a RemoteEvent that includes the handback object. Matching is done
as for read. Presently, the handback object is not supported, but may be
added. Otherwise, notify() works as described in the specification [1,
p. 17].

• Entry snapshot(Entry template)

Snapshotting a template, to speed up subsequent write/take operations
that use the same template, is supported by Jacos. The template will be
stored in a cache on the server side.

The API compliance of Jacos was also proven by taking examples from the book
JavaSpaces Principles, Patterns, and Practice [4] and successfully executing them
in Jacos. More information about this and other tests may be found in the next
section.

7.2 Test Cases

Jacos was tested in various ways. First, using automated tests written in JUnit
[25]. These automatic tests cover the following scenarios:

• read an entry from the space

• read an entry from the space, passing a superclass as template

• unsucessful read (timeout expires)

• take an entry from the space

• renew and cancel a lease on an object

• notification mechanism
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• renew and cancel a lease on a notification

• read and write entries under transactions

• abort a transaction

• renew and cancel a lease on a transaction

• read passing null as template, which matches any entry in the space

• snapshot mechanism

• letting the garbage collector remove expired objects

Second, automatic tests were written for single parts of Jacos (e.g., for testing the
notification object or the object tree). The test scenarios given in the list above
are for the whole system. In these single tests, parts were tested standalone.

Third, Jacos was tested with examples taken from the book JavaSpaces Princi-
ples, Patterns, and Practice [4]. These examples, covering the whole range of
the JavaSpaces interface, including e.g. several clients accessing the space simul-
taneously, worked without huge modifications. The first modification was that
some examples were written to be invoked from the command line, i.e. offering
a main() method to run. This code was rewritten into threads, of course with-
out modifying the application logic, in order to be able to start several clients at
once automatically. The second modification concerned the creation of the Space
object. This code was rewritten to create a new JacosSpace object, instead of
trying to access Sun’s JavaSpaces reference implementation via a lookup.

7.3 Benchmarks

The performance of Jacos has been tested and compared to Gigaspaces v.3.2.1
[2] (using the MySQL database to persist the objects) and Sun’s JavaSpaces
reference implementation [5] (using the built in ODI PSE Pro database). The
aim of the test was to measure and compare the required time for the operations
write, read and take.

The following computer was used to run the tests:

• Personal Computer

• CPU: AMD Athlon XP 2600+ MHz (1916 MHz)
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• RAM: 512 MB

• Operating System: Windows XP Professional

The following classes, which build up a four-stage inheritance hierarchy, were
used as entry objects during the tests: Food (field: String name) - Fruit

(field: String taste) - Apple (field: String color) - GoldenDelicious (fields:
Boolean hasWorms and Double weight).

Figure 14 shows 100 consequent write and read operations. During this test,
the hierarchy level of the objects is continously increased. At first, Food, which is
only derived from java.lang.Object, is written and read. Next, objects of the
class Fruit (two-stage inheritance hierarchy) are written and read, and so on.
The same test was repeated with 1000 consequent write and read operations
(figure 15).
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Figure 14: Benchmarking tests with 100 write and read operations

As the results indicate, Jacos is slower than Gigaspaces and Sun’s JavaSpaces ref-
erence implementation. This result was to be expected, and our first assumption
was the usage of CORSO. A closer investigation was performed to find out what
exactly requires the most time. The investigation showed that the assumption
was wrong; most of the time is lost during writing, retrieving and reconstruct-
ing objects from the database. One positive remark concerning Jacos: at least
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Figure 15: Benchmarking tests with 1000 write and read operations

increasing the amount of operations from 100 to 1000 did not severely influence
the required time.

The performance of Gigaspaces is impressive. One reason for this overwhelming
performance might be the usage of the distributed cache, which is of course
faster in retrieving objects than any database system. Anyway, performance
was a negligible goal in this implementation and in section 8.3 possibilities for
improving it are pointed out.
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8 Conclusion

This chapter summarizes the results of this work and points out possible applica-
tion areas. At the end, open problems and their possible solutions are discussed.

8.1 Results

The main objective, developing a JavaSpaces-compliant system based on CORSO,
MySQL, and other components was fulfilled. As the tests proved, especially
the tests where examples from the book JavaSpaces Principles, Patterns, and
Practice [4] were executed, Jacos is JavaSpaces-compliant.

Secondary objectives were scalability and comparing Jacos to already existing
solutions. The results of latter (section 7.3) showed that Jacos’s performance
is worse than comparable products. This result was to be expected, since the
whole development was focused on feasibility, and not performance. But we are
convinced that Jacos’s performance can be improved, and our suggestions on how
to achieve this are outlined in section 8.3.

Scalability is a subject for improvement, too. The problem of the current imple-
mentation is that each JacosService has its own object tree. In order to scale well,
it would be necessary that several JacosServices share one object tree. Then each
JacosService would be aware which objects are presently stored in the space.

One final note: it has to be kept in mind that Jacos relies on a database’s
transaction management, if transactions are used. Hence, both the database
(e.g., MySQL or Oracle) and the database driver (e.g., MySQLConnector/J [24])
have got to support transactions too. Otherwise the transaction mechanism will
not work.

8.2 Application Areas

Jacos may be used for the same tasks as any other JavaSpaces-compliant im-
plementation is used for. Common examples include implementations of the
master-worker pattern. Thereby, a master puts task into the space and the worker
continuously takes one task after the other, and computes it. By adding more
workers, the overall goal may be achieved quicker. This pattern is well suited for
solving computational problems, e.g. when rendering pictures or in raytracing.
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Another pattern used in distributed systems is the marketplace pattern: thereby,
producers and consumers of resources can interact with one another to find the
best deal. A resource in this context may be any product or service that can
be bought or sold, for example cars, computer parts, flights, hotel reservation, a
plumber repairing your heating system, etc. A buyer adds certain characteristics
to his requested product and the sellers of the product that approximates these
characteristics issues an offer. Then, the buyer may select the offer by which he
is attracted most [4, p. 176].

Space-based systems may also be used to map an enterprises’s workflow to a
distributed application: Employee A could be notified if a new request from a
customer arrives. He then classifies this new request, and passes it on to employee
B, by writing it into the space. Employee B takes the request from the space and
processes it. Then, B writes his work’s result back into the space. Through this
action, superior C is notified who takes B’s work from the space in order to check
it, before the result is returned to the customer. Although this example may
seem trivial, it should have become obvious that Jacos can be used for building
such systems as well.

It is also possible to use Jacos as distributed file system. An entry object could
have a data field storing a file in byte form. Users could check out their files and
later, after they have finished their work, check them in again.

This list could doubtlessly be extended, but it should be clear by now that a wide
range of application domains exists for applying Jacos.

8.3 Future Work

The analysis showed that Jacos’s performance should be improved, in order to
be more competitive than comparable products. We suggest to look for a better
solution for serialising and deserialising objects, since this takes a lot of time.

Another performance increase could be achieved by making use of an optimistic
write. Thereby, the client could already be notified about the successful addition
of his write request prior to the time the entry is actually written into the space.
This entails the risk that the client is notified about the successful addition of his
entry, but actually it was not successfully written due to a crash of the responsible
thread for instance.

Moreover, a cache could be added, which should have a positive impact on per-
formance. This distributed cache could store objects outside of the database.
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This would decrease the amount of database operations, which are indeed time-
consuming.

Besides performance, scalability could be improved: at the moment, each running
JacosService uses its own object tree. This makes it impossible for the application
to scale well. A solution could be to extract the object tree from the JacosService
and let it run as an individual, independent service. But it has to be kept
in mind that turning the object tree into such a service might also influence
the performance in a negative way. This depends on the number of operations
carried out on the space, because of the communication overhead between the
JacosServices and object tree service. If only 1000 operations on a space are
performed per day, it would be useless to have an independent object tree service.
But, if five or ten million operations are performed, it does certainly make sense.
Unfortunately, it is impossible to state an exact number, since we did not have
the time to turn the object tree into an independent service and test it.
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