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Abstract

The increasing diffusion of ubiquitous communication in-
frastructures and physical active objects —like sensors
and smart tags— is motivating the integration of these
devices into advanced distributed systems. The novelty
of these technologies has imposed a “code and fix” ap-
proach; only a few methodologies have been developed to
address the integration of heterogeneous technologies to
provide the user with sophisticated and flexible abstrac-
tions of real world objects.

To this end, the paper proposes the first results of a
model-driven approach for the development of applica-
tions based on heterogeneous physical active objects. We
propose a metamodel and a framework for automatic code
generation based on Jini. The approach is exemplified on
a simple case study in the domain of advanced logistics.

1 Introduction

In these last years, the increasing diffusion of ubiquitous
communication infrastructures and small devices is mo-
tivating the development of applications that acquire sig-
nificant information from real world objects directly. Sen-
sors [6], active and passive RFID tags [3], and GPS re-
ceivers —hereafter collectively referred to as physical ac-
tive objects (PAOs)— are increasingly embedded into ad-
vanced distributed systems.

Oftentimes, applications mix different PAOs, but the
number of available programming models, and the lack of
standards for the communication among objects supplied

by different vendors, hamper their integration. A viable
development framework should provide the user with ho-
mogeneous abstraction layers, where the peculiarities of
the different PAOs are hidden. The user should be able
to decide programatically how PAOs are associated with
real world objects and also how they interact with the ap-
plication logic.

Although there are many different PAO technologies
and software development systems designed for them, just
a few are aimed at the integration of different technolo-
gies. To this end, the paper proposes a model-driven ap-
proach towards the adoption of heterogeneous PAO tech-
nologies. We solve the problem by abstracting the PAOs
into software objects related to the application domain
(tanks, containers, boxes, if we consider logistics). We
propose a conceptual model to support the design of these
systems independently of the technology used for their
implementation. We also propose a Jini-based framework
for the automatic generation of the application code.

The approach is demonstrated through an example in
the domain of advaced logistics. It addresses the prob-
lem of tracing containers by means of different PAOs with
respect to their state and context. We suppose that con-
tainers be traced in two different ways: with GPS/GPRS
devices for long-range monitoring, and with RFID tags
(with EPC tag ids [17]), for short-range tracking. The
RFID tag is used also to store information about the ac-
tual contents of the container. The GPS infrastructure is
used when the container is transported on the road, but
it is switched off when it enters a parking area. At the
entrance gate, the RFID tag informs about its actual con-
tents. This is to avoid that “incompatible” containers be



parked in adjacent lots.
The rest of the paper is organized as follows. Sec-

tion 2 describes the conceptual model proposed for the
model-driven development of PAO-centric applications.
Section 3 presents the supporting framework. Section 4
demonstrates the approach through a case study. Section 5
surveys some related approaches and Section 6 concludes
the paper.

2 Layers and models
The main goal of this paper is to gain an understanding of
how to design distributed applications where PAOs con-
stitute the edge of the network. Specifically, we wish to
provide a systematic approach to support a seamless inte-
gration of the physical objects existing in the real world
and their counterparts represented in distributed systems,
through which the real world is controlled and managed.
In these applications, we need to support access to func-
tionality and information provided by PAOs equipping
real-world objects (such as the containers in our case
study).
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Figure 1: Abstraction levels.

The layered architecture sketched in Figure 1 aims at
becoming a reference model for this class of applications.
The lowest level (Physical objects level) is where PAOs
are situated. The functionality to access physical-level
objects is provided by the next layer up —the Device-
access level. This level includes the Operation Man-
agers, which provide the functions to access the physi-
cal objects and generate events when certain relevant phe-
nomena occur in the physical world. Operation managers
are provided by the middleware infrastructures we use to
interact with PAOs. The Logical level is constituted by
Logical Objects, which provide the logical representa-
tion of physical objects. Each logical object represents a
specific instance of a physical device. There is a one-to-
one mapping between logical and physical objects. The
events generated by the operation managers when phys-
ical objects perform certain actions low up to the corre-
sponding logical objects, which change their state in a
way that reflects what happened in the real world. For
example, when an operation manager raises an event be-
cause a specific RFID tag is seen by a reader. Likewise,
the operations which access the information of a logical
object are accomplished by invoking the appropriate op-
erations offered by the relevant operation manager.

The Application level is the highest in the hierarchy.
Application Objects represent abstractions as they are
naturally seen by the application. They abstract away
from logical objects and hide the existence of differ-
ent individual logical objects associated with the same
application-level entity. A possibly many-to-many rela-
tionship exists between application and logical objects,
but we may also have objects at both levels with no corre-
sponding entities at the other level.

As an example, an application object may be a con-
tainer, with an attribute that yields the container’s loca-
tion. At the application level, we can ignore that the po-
sition is obtained by using different sensing devices. If
the container is being transported, its position is obtained
via GPS antenna. The “location” attribute of the logi-
cal object representing the container’s RFID is used if the
container is stored in a parking area whose entry and exit
gates are equipped with RFID readers. Thus, one appli-
cation object is associated with two different logical ob-
jects. As another example, when a container is loaded on
a truck, which is bound to a logical object, it may gather
also its localization mechanism. In this case, we would
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Figure 2: Main elements of our metamodel.

have several application objects bound to a single logical
object.

Besides application objects, the application level also
contains Contexts. A context is a particular kind of ap-
plication object (as the metamodel presented in the next
subsection will show). Moreover, application objects may
belong to a context: for example, several containers may
be in the same parking area.

Notice that in the layered architecture of Figure 1 there
is a flow of events from lower layers to upper layers
and a flow of operation invocations from upper layers to
lower layers. This is consistent with the C2 architectural
style [16].

Creation and destruction of instances are governed by
special-purpose rules. Besides the simple manual instan-
tiation of logical/application objects, in many cases it is
possible to automatically instantiate a logical object when
the specific PAO is seen by an access gateway (for ex-
ample an RFID logical object can be instantiated when
a reader into the system sees that tag for the first time).
More complex instantiations can be performed by speci-
fying how logical objects can trigger the instantiation of
application objects or how they can manage their lifecy-
cle.

2.1 Proposed metamodel
The metamodel of Figure 2 formalizes the concepts infor-
mally introduced above. Its main element is class Func-
tionalElement, which provides operations, raises events,
and can keep a state. It is an abstract element, and thus it
cannot be instantiated directly, but only through elements
that extend it. Operations and Events have parameters,
each one associated with a DataElement of a specific
data type. The state of FunctionalElements is also com-
posed of a set of DataElements. Every FunctionalEle-
ment has methods to manage its state, to internally notify
raised events, and to let other elements subscribe to spe-
cific types of events and invoke operations provided by
the element.

Several elements (with different semantics) extend
Functional Element: ApplicationObject, LogicalOb-
ject, and OperationManager, already introduced in the
previous section. ApplicationObjects and Contexts have
methods to attach and detach LogicalObjects and Ap-
plicationObjects, respectively, and to attach themselves
to contexts. In particular, AppplicationObject provides
methods to attach itself to LogicalObjects and Contexts,
while Context provides methods to have ApplicationOb-
jects be attached.

These elements correspond to those defined to compose
the three abstraction levels of Figure 1. The Application



level is composed of ApplicationObjects and Contexts.
They are bound through Roles, which represent the role
played by the object when in a Context. This means that
the operations and events associated with a Role can be
invoked onto the object when it is in a context, and thus
the interface supplied by an ApplicationObject changes
because of the Context it is associated with.

The Logical level is composed of LogicalObjects. An
ApplicationObject gets some of its data from the Log-
icalObjects it is associated with. The Device access level
comprises OperationManagers. Each LogicalObject is
associated with one OperationManager.

Both ApplicationObjects and LogicalObjects can be
complemented with UML statecharts [4] to specify their
behavior and pave the ground to automatic code genera-
tion. Events are requests from other elements or notifica-
tions from lower abstraction levels, conditions predicate
over components’ states and actions are method calls.

Each LogicalObject is associated with a single state-
chart, while ApplicationObjects can have as many stat-
echarts as the roles they play in different Contexts. Cur-
rently, we impose that a Role only adds new methods and
events, and we also impose that an ApplicationObject
plays one Role at a time.

3 Jini framework
The conceptual framework is complemented with a a Jini-
based framework to support the development of PAO-
centric applications. Jini [10] is a service oriented tech-
nology that fosters the development of highly dynamic
and distributed applications. Elements are loosely cou-
pled and can interact both via method invocations and
through events.

The framework (Figure 3) oversees both the code
generation and the execution of the distributed system.
Models are translated automatically into code skeletons
by means of the Code Generator with the help of the
Eclipse Java Emitter Template framework (part of the
EMF framework [1]). JSP-like templates define explic-
itly the code structure and get the data they need from the
model via EMF.

Functional elements are implemented as Jini services.
Operations and events are implemented with public meth-
ods and through the Jini event based system, respectively.
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Figure 3: Jini-based framework.

Relationships between model elements are implemented
through bindings between Jini services.

The second part of the generation process translates the
statecharts associated with logical and application objects
to implement their behavior by using the approach pre-
sented in [11]. Usually, this part of the generation process
needs to be integrated with hand written code since the
definition of a complete behavioral model would be too
expensive and does not pay off.

Application Objects can adapt their behavior dynam-
ically. They can both change their associated Logical
Objects and the role they play. The former goal is ac-
complished by embedding adaptation logic into applica-
tion objects. The latter adaptation is harder since Java
does not provide native mechanisms to modify interfaces
at runtime. Role management is implemented by using
the proxy design pattern (Figure 4). The main function-
ality of an application object is supplied through an inter-
face. For every role, there exists a dedicated interface that
extends the original one. The implementation provides
all the interfaces of the different roles, but a proxy for
every role only offers a particular interface and forwards
the method calls to the implementation. When the object
changes role, the old role proxy service is destroyed and
the new role service is created.

Management Services are in charge of lifecycle man-
agement. Our framework aims at supporting both the
manual and automatic instantiation of elements. Special-
purpose rules feed these services to enforce application-
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Figure 4: Role management.

specific policies for creating logical and application ob-
jects.

The Factory is an implementation of the abstract fac-
tory pattern. It is in charge of instantiating the services
that belong to the application and of initializing the sys-
tem by setting all required contexts. This component does
not deal with the events that come from the physical world
for the instantiation of objects. It only creates services ei-
ther directly or with the help of other factories that are
specific to the single functional element.

The Observer is used to listen to the physical world,
through the Operation Managers specific to the differ-
ent technologies. It is divided into a Listener and Event
sources, with the former that receives the events from the
latter. Every event source is developed by the user and in-
terfaces with an Operation Manager. The difference be-
tween an event source and an operation manager is that
the latter represents the interface of the software compo-
nent that gets the events from the field (for example from
a middleware for RFID tags), while the former defines
how the application uses the events (for example it can
ask the operation manager to listen to a particular cate-
gory of RFID tags) and raises events that are understood
by the listener. When the listener discovers a new physical
object, the factory is in charge of instantiating the corre-
sponding service (for example when a tag specified in the
model is seen for the first time).

Currently, we only have a limited prototype; the com-

Figure 5: An application object joins a new context.

plete implementation of the lifecycle manager is part of
our future work. As example of common management
activities, we can dig down into an interesting scenario.
If we think of role management, we have to consider the
cases in which application objects join a new context or
leave it. In the former case, the application object enters a
new context and thus assumes a new role (Figure 5). The
application object itself executes the method to join the
context, the proxy service for the particular role is instan-
tiated, and the reference to the real service is passed to it.
The service is then registered and becomes available. In
the latter case, the application object calls the method to
leave the context, which destroys the lease of the proxy
service for that role and the service is not available any-
more.

4 Example application

Given the scenario introduced in Section 1, Figure 6
shows the main objects of a prototype implementation that
comply with the metamodel of Figure 2. Elements are
stereotyped with the name of the classifier they instanti-
ate to improve the readability of the diagram and also to
emphasize the links with the underlying metamodel.

Every Container is an application object that offers the
capability of getting its position in an adaptive way by
hiding the underlying technology. The Container can be-
long to two different contexts: Road and ParkingArea.
In the latter case, the Container also offers the capabili-
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Figure 6: Structural description of the model

ties of setting and getting its content. This is done through
RFID technologies that are not available when the con-
tainer is travelling. A ParkingArea, as a whole, also of-
fers the capability of raising alarms when two containers,
which contain incompatible goods, are too close. This
means that the ParkingArea keeps track of the content
of each Container and uses this information to compute
some compatibility analyses. This check is triggered by
the event raised by the parking area when a new Con-
tainer asks for joining the context (ParkingArea). The
context scans its content and checks the new container
against all the others for incompatibilities. If the goods
in the new container are not compatible with those stored
in one of the containers already in the area, the system
raises an alarm and identifies the containers that may
cause problems.

The application object (Container) has bindings with
two logical objects: one with GPSAntenna and the other
with RWRFIDTag. Both the logical objects know when
their PAO must be used and how to compute the posi-
tion of the application object (even if the GPS gives geo-
spatial coordinates and the RFID tag only gives the iden-
tifier of the last reader that intercepted it).

The Container adapts its behavior by changing the role

it plays. The statechart of Figure 7 explains how it works.
The automaton comprises two parallel states. The first
region describes the behavior of the main object; the sec-
ond region describes the behavior added by role Parked.
Role Travelling does not add behavior and thus it is not
considered here.

If we consider the main behavior, event getPosition,
which corresponds to the call of operation getPosition, is
handled in two different ways depending on the used logi-
cal object. When the Container enters the ParkingArea,
the event gathered from the logical object triggers a
change in both performed role (second region) and used
logical object (first region).

The second region (i.e., role Parked) also checks,
whenever a Container is Parked, if its content is com-
patible with the contents of the other containers.

5 Related work

The problem of integrating PAOs in distributed systems
has gained more and more interest in the last couple of
years in the fields of ubiquitous and pervasive computing.

Some approaches focus on the simple integration of a
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specific technology without providing adaptivity or so-
phisticated abstractions. For example, the EPC Global
Network [17] approach for RFID tags, along with its im-
plementations [9, 12, 2], provides an infrastructure for
event-based access of data coming from RIFD readers and
allows a world-wide sharing of this information.

Other approaches focus on providing high-level ab-
stractions for the events generated by PAOs. For exam-
ple, [18, 7, 5, 15] provide a framework to associate higher
level meaning with events generated by RFID readers
and to aggregate them into complex business-level events.
These last approaches add abstraction, but do not go be-
yond a single technology (RFID) and only concentrate on
providing “smart” events to the user. Also [8] provides
an approach to build high-level descriptions of applica-
tions for sensor networks, which are then translated di-
rectly into the code for each node.

Similarly to our approach, some proposals define
“generic” high level models for ubiquitous systems based
on a logical model of the environment. For example, [14]
proposes abstractions of physical world objects capable

of executing software and [13] offers a similar approach
that concentrates on the discovery of objects available in
a virtual space.

6 Conclusions and future work

This work presents the first experiments with a model-
driven methodology centered around physical active ob-
jects. The methodology is based on abstractions that al-
low users to conceive their applications by concentrating
on their business objects. The links between PAOs and
application objects are set by means of dedicated rules.

We present a metamodel, for the structural design of
these applications, and a Jini framework for their imple-
mentation and deployment. A simple case study shows
how the developer can separate the application logic from
the issues related to the physical active objects.

There are several research issues we still want to ad-
dress. We want to extend the metamodel to consider non-
functional attributes associated with PAOs. The frame-



work will follow the evolutions of the metamodel, but we
also want to add new features to consider the autonomic
adaptation of running applications.
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