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Abstract. Traditional component models and frameworks simplified software
system development by enabling developers to break software systems into
independent pieces with well-defined interfaces. This approach led to looser
coupling among the system pieces and enhanced possibilities for reuse. While the
component-based approach led to advancements in the software development
process, it still has its limitations. In particular, after a component-based
application is developed and deployed it typically is a monolithic and static
configuration of components. The advent of service-oriented component (SOC),
the rise in popularity of consumer devices, and the ubiquity of connectivity have
fostered a growing interest in applications that react dynamically to changes in
the availability of various services. To simplify the creation of such dynamic
software systems, it is possible to borrow concepts from SOC and include them
into a component model, resulting in a service-oriented component model that
specifically supports dynamically adaptable applications. This paper presents
iPOJO, a service-oriented component framework to help developers implement
dynamically adaptable software systems.

Keywords: Service Orientation, Component Orientation, Dynamic Adaptable
Software, Software Composition

1 Introduction

Traditional component models and frameworks simplified software system develop-
ment by enabling developers to break software systems into independent pieces with
well-defined interfaces. This approach led to looser coupling among the system pieces
and enhanced possibilities for reuse. Component-based applications are constructed
by developing, selecting, and assembling the individual system components. The
components in the application are typically bound together with standard connectors
and/or custom “glue” code. While the component-based approach led to advance-
ments in the software development process, it still has its limitations.

In particular, after a component-based application is developed and deployed it typ-
ically is a monolithic and static configuration of components. The characteristics of
the component-based approach (i.e., loose coupling, third-party component selection,
and reuse) only extend to the development portion of the software life cycle, not to
the run-time portion. While there are some exceptions to this characterization, such as
the use of plugins, these exceptions tend to be low scale and coarse grained. The ad-



vent of service-oriented computing (SOC), the rise in popularity of devices such as
cell phones, PDAs, and MP3 players, and the ubiquity of both wired and wireless con-
nectivity (e.g., WiFi, Bluetooth) have fostered a growing interest in applications that
react dynamically to changes in the availability of various services. For example, soft-
ware systems may dynamically react to the presence of a Bluetooth-enabled mobile
phone or printer in order to offer related services to the end user.

While such dynamic capabilities are feasible in most component models and
frameworks, there is no direct support for dynamic component composition. As a res-
ult, the developer must manage this non-functional aspect by hand. To simplify the
creation of software systems that react dynamically to the changing availability of ser-
vices, it is possible to borrow concepts from SOC and include them into a component
model, resulting in a service-oriented component model that specifically supports dy-
namically adaptable applications.

This paper presents iPOJO, a service-oriented component framework to help de-
velopers implement dynamically adaptable software systems. The rest of the paper is
organized as follows. The next section presents SOC concepts and how they are use-
ful in supporting dynamic composition. Section 3 describes the general principles of a
service-oriented component model. Section 4 describes the approach of the iPOJO
service-oriented component framework. Section 5 describes the iPOJO framework
and how to design and implement dynamically adaptable applications, while section 6
describes iPOJO implementation details and experimentation. Section 7 presents re-
lated work, followed by a discussion of current and future work in section 8. Lastly,
section 9 presents the conclusions.

2 Service-Oriented Computing Concepts

Service-oriented computing (SOC) [9][17] is a paradigm that utilizes services as
fundamental elements for application design. The central objective of the service-
oriented approach is to reduce dependencies among “software islands,” where an
island is typically some remote piece of functionality accessed by clients. By reducing
such dependencies, each element can evolve separately, so the resulting application is
more flexible than monolithic applications.

SOC is based on three actors:

* A service provider offers a service.
* A service consumer uses a service.
* A service broker contains references to available services.

Another central concept to SOC is the service specification, which is a description
of the functionality provided by a service. Service providers implement a specific ser-
vice specification and service consumers know how to interact with services imple-
menting the specifications they require. Among these three actors are three kinds of
interactions: service publication between the provider and the broker to offer services
for use, service discovery between the consumer and broker to find desired services,
and service invocation between the consumer and provider to actually use the service.

From these concepts, SOC applications can exhibit interesting characteristics, such
as:

» Loose coupling: a consumer does not need to know anything about the service
implementation.



+ Late binding: a consumer uses a broker to find desired services at run time.

» Dynamic resilience: a service consumer cannot rely on the same service imple-
mentation being returned by the broker between uses.

* Location transparent: providers and consumers are oblivious to the underlying
communication infrastructure (e.g., local versus remote, specific protocols,
etc.).

To design complex service-oriented applications, it is necessary to compose ser-
vices to provide higher-level services, which means that providers may require other
services to provide their own service. Current approaches to SOC, specifically in web
services, offer process-oriented solutions to this issue; however, service-oriented ap-
plications can be difficult to develop since the mechanisms tend to require a lot of de-
veloper effort. Indeed, developers need to manage service publication/revocation, re-
quired service discovery, and run-time tracking of services. The SOC paradigm facilit-
ates the implementation of dynamically adaptable software systems by supporting
loose coupling and late binding, but is not sufficient in itself. The next section de-
scribes how SOC concepts can be merged into a component model to provide a more
complete solution for dynamically adaptable software systems.

3 Service-Oriented Component Model

In [6], the general principles of a service-oriented component model were introduced,
which are:

« A service is provided functionality.

+ A service is characterized by a service specification, which describes some
combination of a service's syntax, behavior, and semantics as well as dependen-
cies on other services.

« Components implement service specifications, which may exhibit implementa-
tion-specific dependencies on services.

« The service-oriented interaction pattern is used to resolve service dependencies
at run time.

» Compositions are described in terms of service specifications.

« Service specifications provide a basis for substitutability.

The model that results from these principles is rather flexible and powerful. It pro-
motes service substitutability since compositions are defined in terms of specifica-
tions, not specific implementations. This notion of service substitutability is
strengthen by recognizing two levels of dependencies, both specification and imple-
mentation levels. Traditional component orientation only recognizes implementation
dependencies, hindering substitutability. Service orientation does not typically de-
scribe service dependencies as part of the service specification, which eliminates
forms of behavior parameterization and structural service composition. Dependency
description also simplifies composition because explicit wiring of constituent service
specifications is not necessary since it can be inferred. Lastly, the service-oriented ar-
chitecture and interaction pattern make it possible to defer service implementation se-
lection until run time, which enables the creation of sophisticated adaptable applica-
tions.

When using a service-oriented component approach to build an application, the ap-
plication is decomposed into a collection of interacting services. The semantics and



behavior of these services are carefully described independently of any implementa-
tion. By doing so, it is possible to develop the constituent services independently of
each other as well as to have variant implementations that are easily interchangeable.
Variant implementations can be used, for example, to support different platforms or
different non-functional requirements.

Once the application's services have been defined, it is possible to define a map-
ping to a set of components for implementation. A component may implement zero or
more services and there is no requirement on how the mapping from service specifica-
tion to component implementation occurs. For example, if certain services are related,
then it might make sense from a cohesion or performance point of view to implement
them using a single component; however, it is not required. Additionally, whether a
service represents local or remote functionality is largely irrelevant. If a service does
represent remote functionality, then the resulting component implementation is merely
a proxy stub for the remote service, which can be treated like any other component
implementing a local service.

As pointed out in [7], one of the set of components that comprise a service-oriented
component application is typically a “core” component that contains the main service
composition or process that guides the application's execution. Other component in-
stances provide the services used by the core component and these instances can
themselves require services provided by other instances. This approach is similar to
the exogenous connector approach promoted in [13].

In traditional component-oriented composition, the component selection process
for a composition occurs at design time. The selection process for a service-oriented
composition occurs at run time as component instances are created inside the execu-
tion environment. The execution of the application starts the moment the main com-
ponent instance's dependencies are satisfied. The application composition is thus an
abstract descriptor that could be used, for example, by a deployment system to deploy
components that satisfy the service specifications required by the composition. The
resulting application configuration depends on the specific set of deployed compon-
ents, which may vary per platform or even dynamically at run time.

4 iPOJO Approach

iPOJO is a service-oriented component framework supporting the service-oriented
component model concepts of section 3. One of the main goals of iPOJO is to keep
service-oriented component development as simple as possible, which means keeping
the component as close to a “plain old Java object” (POJO) as possible. The code of a
component should focus on business logic, not on SOC mechanisms or non-functional
requirements. To achieve this goal, iPOJO provides a component container that man-
ages all SOC aspects, such as service publication, service object creation, and re-
quired service discovery and selection. The component developer only focuses on two
tasks:

+ Implementing the business logic.

« Configuring the component container.

The business logic is domain specific, but implementing it is simplified since it

need not contain code that is component model specific. The POJO component is con-
nected to iPOJO by configuring the component container, which consists of declaring



component metadata that will be used by the container for run-time management.
Component metadata declares information such as provided services, required ser-
vices, and configurable properties.

Figure 1 illustrates how the container automatically manages SOC activities, such
as providing or requiring services. The container of C2 publishes its provided service.
C1 also provides a service, but it has a dependency on the service that C2 provides. At
run time the container of Cl1 tries to select a service implementation to resolve the de-
pendency. If the dependency is not resolvable, the container will not publish Cl's
provided service. On other hand, if the dependency is resolvable, then the container
will publish the service and manage component instance creation, not creating the
component instance until its service is actually used.

Provided
Content Service Container
Specification
A
\
c1 C2
T Bindings between
Required components using
Service SOA mechanisms
Specification

Fig. 1: Service component binding.

The container for each component must be configured by declaring the metadata to
provide and require the appropriate services. It should also be noted that the container
manages the ongoing dynamic availability of services, which means that it automatic-
ally deals with publishing and revoking services as dependencies are resolved and
broken at run time if new component instances are introduced or existing ones are re-
moved.

5 iPOJO Framework and Component Composition

iPOJO's approach to composition is very similar to traditional component composi-
tion, except that iPOJO compositions are in terms of service specifications rather than
component instances, which allows for late selection and binding of component in-
stances and substitutability. An iPOJO component declares its required services in its
metadata and the iPOJO component container uses this information at runtime to
automatically manage any necessary bindings between the component instance and
any required services. The following subsections discuss how to implement iPOJO
service components and the run-time support available to them.



5.1 Service Component Implementation and Description

To design an application with service components, developers need to describe which
services a component requires (service dependency) and provides (provided service).
With this information, iPOJO can create a composition at runtime. iPOJO tracks re-
quired services at runtime and “injects” required services into the component when
they become available.

The component in figure 2 illustrates a service component. This component ex-
poses a multimedia message service (MMS) that allows clients to send an MMS mes-
sage containing pictures from any number of attached cameras. To achieve this, the
component requires two services: the first required service is MmsService, which al-
lows a client to send an MMS message, and the second service is Camera, which al-
lows a client to take a digital photograph. The metadata for the component's camera
service dependency indicates that it is an aggregate dependency, meaning that it can
be bound to one or more camera services.

Send Photo —( MmsService

By MMS
Photo By MMS
—‘ Camera (aggregate)

Fig. 2: Architecture of the Photo By MMS comporent.

Service Component Implementation

The iPOJO approach is based on POJOs. Developers should only manage the logic of
the component, forgetting service discovery and service publication. The code snippet
in figure 3 shows a possible implementation of the above example component.

package fr.imag.adele.escoffier;

public class PhotoByMMS implement PhotoSender {
private MmsSender sender;
private Camera[] cameras;

public void send() {
MMS mms = new MMS() ;

synchronized (cameras) {
for (int i = 0; i < cameras.length; i++) {
mms .add (cameras[i] .getPhoto());

}
}
sender.send ("1234567890", mms) ;

Fig. 3: Photo By MMS implementation

The component implementation is very simple. Service dependencies are simply
coded with the assumption that the services are available as member fields (e.g.,
sender and cameras); the one caveat is for aggregate dependencies, which require
a synchronized block to avoid run-time list modification during the loop. The com-
ponent provides the PhotoSender service by simply implementing the service in-



terface.

Service Component Description

When a component is implemented, it needs metadata to describe which services are
required and provided. Figure 4 shows the description of the previous component. The
metadata declares two service dependencies and a provided service. At a minimum, a
service dependency must specify the needed service specification name (the fully
qualified Java type), but may also contain optionality, cardinality, and filter informa-
tion.

<iPOJO>
<component className="fr.imag.adele.escoffier.PhotoByMMS">
<dependency field="sender"/>
<dependency field="cameras"/>
<provides/>
</component>
<instance component="fr.imag.adele.escoffier.PhotoByMMS"
name="Sender” />
</iP0OJO>
Fig. 4: iPOJO Metadata for the PhotoByMMS component

In the example, the first service dependency is for MmsService. The declared de-
pendency contains only the component's member field name to which the dependency
will be associated; it is not necessary to specify the service specification type since it
can be identified from the member field type using reflection. By default, service de-
pendencies are assumed to be mandatory. If a dependency is declared as optional, then
the nullable object pattern is used to avoid null-case testing by the component de-
veloper.

The second dependency is for Camera services; it is an aggregate dependency. All
Camera services will be tracked. The metadata does not have to express the cardinal-
ity explicitly. Instead, reflection can determine that the field type in the component
class is an array, which iPOJO interprets as an aggregate dependency. Aggregate de-
pendencies can also be optional. An empty array is returned if no consistent providers
are available.

The component declares that it provides a service by explicitly declaring it in its
metadata. However, the service type need not be mentioned explicitly since it can also
be inferred using reflection. The metadata can also contain properties to attach to a
published service, which can then be used for service filtering; the current example
does not include any service properties.

Composition Binding Description

iPOJO components declare their dependencies on other service specifications. As a
result, composition bindings do not need to be explicitly declared since they can be
inferred from the individual component metadata. At runtime, iPOJO injects the final
bindings into the components and also manages the dynamic availability of the ser-
vices associated with the bindings and consequently the life cycle of the component
instances.



5.2 Dynamic Run-Time Composition Management

Managing the dynamic availability of services is difficult to do manually and it results
in code that mixes business and non-functional logic. By separating the component
class and the component metadata, iPOJO is able to externally manage service dy-
namics on behalf of the component; figures 5 and 6 depict this process.

Component start

For each
dependency

Look for a service provider
matching the dependency

A

y
—{ Get the service reference

Are all
endencies resolv

Yes, the component
is valid #

Publish No, the component
provided services is invalid

L

v
‘ Start service tracking
Fig. 5: Component initialization process.

When a component starts, for each service dependency iPOJO discovers all match-
ing providers and injects one or more references to them as necessary into the com-
ponent instance (see figure 5). If the component provides a service, iPOJO manages
service publication according to the state of the component. A service component is
valid if all service dependencies are resolved (i.e., at least one service provider exists
for each mandatory dependency). In all other cases, the service component is invalid.
An invalid component cannot have its service published, since its requirements are
not met. As soon as the component becomes valid, its services can be published. A a
component is initialized and enters the valid or invalid state, iPOJO continues to listen
for service events indicating service arrival or departure and updates the component's
state accordingly (see figure 6).For aggregate dependencies, iPOJO looks for all



matching service providers and injects them as a list of service references. A mandat-

Receive a service event

A service
disappears

Is the service
in use

Does the service
esolve a dependenc

No No

Unget the service

Get the service reference

}

A 4

oes this change Are all service
the component dependencies
state resolved
No No
Yes
v
Unpublish all
published services
\ A
Publish all
provided services
v
» Wait for next event ¢

Fig. 6: Service event processing.

ory aggregate service dependency is resolved if it at least one service is available.
Figure 7 illustrates the impact of dynamic service availability on a service compon-
ent. The component in the figure requires a service and provides another. The environ-
ment contains two providers matching with the required service. In (a) the service
component is bound to the first service provider. Consequently, its provided service is
published because all of its service dependencies are resolved. In (b) the bound ser-
vice provider goes away. The original component can no longer use the departed ser-
vice and must find another one. iPOJO looks for and finds another provider and cre-



ates a binding to it (c). During this time the instance is frozen. When the second pro-
vider goes away in (d), iPOJO is unable to find a replacement. As a result, the original
component becomes invalid and iPOJO revokes its provided service.

Fig. 7: Run-time composition and dynamics management

For aggregate dependencies, such as the example in the previous section, iPOJO
needs to track all matching services and inject this set into the component instance.
This set is automatically updated when a new service arrives or an existing one disap-

pears; figure 8 depicts this behavior. An aggregate dependency is unresolved when no
service implementation can be found at run time.

Mms
Senvice| - Mobile
Send Photo

Phone
By MMS _(
@— Photo By MMS

—1—@®— Camera 1

—@— Camera 2

—@®— WebCam 1

Fig. 8: Bindings for the Photo By MMS camponent.



6 Implementation and Experimentation

iPOJO is implemented for the OSGi Service Platform [15] and is available as a sub-
project of the Apache Incubator Felix' project. iPOJO has been used in an industrial
prototype for an European project named ANSO. This section briefly describes how
iPOJO is implemented and how it is used in the ANSO project.

6.1 iPOJO Implementation

iPOJO is implemented on top of the OSGi Service Platform, which defines a frame-
work to dynamically deploy services in a centralized (i.e., non-distributed) environ-
ment. The core OSGi framework automatically manages aspects of local service de-
ployment, such as Java package dependency resolution, but leaves service depend-
ency management as a manual task for component developers. iPOJO is built on top
of the OSGi service platform for three main reasons:
« It is service-oriented platform,
« It is applicable to a large range of use cases (from mobile phones to application
servers), and
« It is a dynamic platform, which is particularly interesting from a research per-
spective.

Although iPOJO is built on top of the OSGi Service Platform, the concepts it em-
bodies are applicable to any service-oriented platform. The name iPOJO is derived
from the phrase “injected POJO”, since the general approach of iPOJO is to inject
POJOs with byte code to perform the management of non-functional behavior. Spe-
cifically, at component packaging time iPOJO instruments the component byte code
to intercept all member field accesses. With this simple modification, iPOJO is able to
inject member field values inside of the component when needed.

At runtime, iPOJO uses the OSGi service registry to discover, track, and publish
services. iPOJO also manages component property configuration, dynamic service
properties, and publication of component factory services.

6.2 Experimentation

The ANSO project, supported by ITEA, is an European project attempting to design a
residential gateway. The gateway is intended to manage devices available in the home
and provide higher-level services like alarm management and video-on-demand. A
prototype of the ANSO gateway [1][2] was developed using iPOJO to manage avail-
able services. The motivation for using iPOJO was due to the fact that residential en-
vironments are very dynamic: devices (e.g., mobile phones, PDAs) appear and disap-
pear dynamically and device state may change often as well as the end user context.
iPOJO is used to aide developers in creating applications in such an environment; de-
velopers do not need to manage service events, device discovery, and invocation pro-
tocols.

Additionally, iPOJO is used by EDF (French electricity company) to manage
multi-modal interactions. In this context, iPOJO is used to manage dynamic availabil-

1

http://incubator.apache.org/felix/



ity of interactive devices (e.g., a mouse or joystick) in order to find the best configura-
tion for disabled people [18].

7 Related Work

Component models and frameworks are not new. Numerous well-known examples
exist, such as Common Object Model (COM) [3], JavaBeans [19], Enterprise Java-
Beans [20], Fractal [4], and CORBA Component Model [14]. These component mod-
els and frameworks target various application domains. These approaches typically
have a significant developer cost associated with them, such as the need to implement
specific interfaces, extend specific base classes, and use specific application program-
ming interfaces. A newer trend for component models is appearing that promotes the
notion of POJOs, like EJB 3.0 [21] and Spring [12]. In these approaches, like in
iPOJO, developers program POJOs and then configure a container that contains the
POJO. Despite these similarities, these component models do not tackle the issues of
dynamic availability and dynamic run-time composition.

Using components to implement services is becoming relatively popular [22][23].
Some service-oriented component models exist, like Jini, Service Component Archi-
tecture (SCA) [10], Service Binder [5], Declarative Services [16], and Spring-
OSGi [11].

Jini is a Java-based distributed middleware platform that supports multiple service
registries. Jini uses the concept of service leasing as a mechanism to limit the time a
client can access a service. However, Jini does not support a composition model and
is intimately tied to Java remote method invocation (RMI).

SCA provides a service-oriented component model mainly designed for web ser-
vices. SCA defines an assembly model for loosely coupled web services. SCA com-
ponents can support several kinds of implementation languages, e.g., Java, C++, and
BPEL [8] processes. The SCA programming model uses Java annotations and is close
to POJOs. SCA does not address dynamic availability and does not manage dynamic
composition.

Declarative Services in the OSGi Service Platform Release 4 specification was in-
spired by the work on Service Binder. Both address building component-based applic-
ations from dynamically available services. The approach taken by these component
frameworks is somewhat complex since it involves using stylized programming and
specific application programming interfaces. iPOJO is actually a continuation of the
Service Binder work and attempts to rectify its shortcomings. iPOJO also provides an
extensibility mechanism so that it can address an open ended set of issues.

Spring-OSGi is the integration of the Spring framework with the OSGi framework.
As with iPOJO, this new service component model uses POJOs and tries to address
dynamic availability. Spring-OSGi uses an aspect framework to inject service depend-
encies. However, the developer need to explicitly manage exceptions when an un-
available service is used. Spring-OSGi also does not manage dynamic service proper-
ties and component factories.



8 Current and Future Work

This section explores current and future work that is being investigated as part of the
overall research strategy of iPOJO. These issues can be divided into two main cat-
egories: service specification description and hierarchical composition.

8.1 Service Specification Description

Typically, service description is limited to the service interface definition and a set of
properties. In order to automatically compose services, it is necessary to have a richer
description of services. One simple example is the need for service-level dependen-
cies. iPOJO's approach is to define compositions in terms of services, but without ser-
vice-level dependencies then all composition must occur in glue code or within com-
ponent implementations, which limits reusability and substitutability.

The iPOJO approach allows developers to expose service-level dependencies at
design time (see figure 9). The benefit is that these dependencies enable simple struc-
tural composition purely in terms of services so that management and verification of
these dependencies can be offloaded to the component framework. This is different
than web service composition, where services merely provide functionality and do not
exposes any structural information. Additionally, service specifications become richer
since it is now possible to parameterize service behavior in a well-defined way and
create service specifications that follow patterns like model-view-controller. The ser-
vice consumer is not impacted by this increased richness and continues to use the ser-
vice as a black box.

Service S2

Service

> S Service S3 4

Fig. 9: An example of structural service composition.

It is also necessary to investigate forms of semantic, behavioral, and contextual de-
scription of services. Such additional richness will further improve the component
framework's ability to determine when a service is appropriate for a given composi-
tion or which service to choose when many potential candidates exist.

8.2 Hierarchical Service Composition
Generally, service compositions are created using orchestration, like BPEL. In such a

case, an orchestration engine manages the service invocation sequence and the in-
formation exchange among services.



Fig. 10: Composite service.

Another way to create service compositions is following a more component-ori-
ented approach using hierarchical compositions to create composite services. Unlike
traditional component-oriented approaches, these composite services are expressed in
term of services instead of component instances to enable late selection and binding,
which enables dynamic adaptability through substitutability. Figure 10 depicts an ex-
ample of hierarchical service composition.

As service-oriented component applications grow in size and complexity, compos-
ite services also provide a way to mitigate this complexity by further subdividing the
application. A composite service creates a scope that encapsulates the constituent ser-
vices from external services and vice versa. A composite service can import and ex-
port services from/to its parent composite. The service bindings among components
inside a composite service are resolved only with services available in the composite
or those which are imported.

9 Conclusion

Traditional component models and frameworks simplified software system develop-
ment by enabling developers to break software systems into independent pieces with
well-defined interfaces. While the component-based approach led to advancements in
the software development process, it still has its limitations. In particular, after a com-
ponent-based application is developed and deployed it typically is a monolithic and
static configuration of components. This contrasts the growing interest in creating ap-
plications that react dynamically to changes in the availability of various services.

This paper presented iPOJO, a service-oriented component framework that is try-
ing to simplify creating dynamically adaptable software systems. The iPOJO ap-
proach is based on a model that combines concepts from service-oriented computing
with component orientation. iPOJO implements its component model using byte code
instrumentation, enabling the use of simple POJOs as components. From this founda-
tion, iPOJO is able to manage all service-oriented aspects of its model on behalf of the
components (e.g., service dependency resolution, service publication, dynamic service
properties, and ongoing service availability tracking). The result is applications that
are dynamically adaptable to changing service availability. iPOJO has demonstrated
its usefulness in various prototypes and is available as part of the Apache Incubator
Felix project. Work continues on enriching iPOJO and evaluating its usefulness after
its initial successes.
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