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Abstract

Pervasive computing has gained much attention from the
research community due to the possibility of deploying the
first pervasive environments. Therefore, many software so-
lutions are emerging, with the intent of facilitating the de-
velopment of pervasive applications. Within this scope, in
this paper, we introduce a service oriented middleware for
pervasive computing, enhanced with runtime flexibility, ex-
tensibility for applications, and heterogeneous service pro-
vision. Our goal is to enable the middleware and its appli-
cations to be adapted to changing operational scenarios.
Furthermore, different protocols can be used to discover
and access services.

1. Introduction

Nowadays we are facing a new trend in computer sci-
ence. Advances in microelectronics, and thus on hard-
ware components are promoting the development of com-
puters with reduced size. Also, wireless networking tech-
nologies are increasingly being made available on differ-
ent computing devices that incorporates efficient energy
consumption techniques. The mix of these advances is
enabling the large-scale development of small mobile de-
vices embedded with wireless networking features. Cel-
lular phones and handhelds, both equipped with Bluetooth
(http://www.bluetooth.org) and/or Wi-Fi (Wireless Fidelity
- http://www.wi-fi.org) interfaces, are among these devices.

A consequence of these advances in mobile technology
is the possibility to give the first steps towards a computing
paradigm foresaw almost 15 years ago — the so-called ubig-
uitous, or pervasive, computing [15]. Introduced by Mark
Weiser, pervasive computing defines a world where com-
puting appliances are seamlessly integrated into our lives,

providing us with anytime, anywhere information.

Although simple at first sight, the pervasive computing
vision raises a set of challenges in the context of applica-
tion software development. The seamless or invisible in-
tegration of appliances in human life, requires them to act
pro-actively on the behalf of the users [10]. To perform this
task, pervasive computing systems need to be aware of the
current context, such as the situation of a user (e.g., in a
meeting), surrounding conditions (e.g., people in the vicin-
ity), and the time of the day. More precisely, the interests of
the users as well as the resources and information available
both in the device and in the environment are the two main
features in such scenario.

The interests of the users, which are viewed as the re-
quirements of the application, are however, too dynamic. In
one moment a user can be interested on a cheap fast food
restaurant, and some minutes later on the weather forecast.
Considering that it is not possible, or at least very difficult,
to anticipate all the functionalities that satisfy the needs of
a user, these changes in the requirements forces pervasive
computing systems to adapt in an unanticipated way. In our
example, the application will be faced with two function-
alities which it was probably not conceived to deal with.
Therefore, it is necessary to provide mechanisms to deploy
“pieces” of software in the device in order to provide the
missing features. Also, considering that such deployment
should not bother users while executing their tasks, exten-
sibility and runtime flexibility are thus mandatory features
for any pervasive system.

Another point to be stressed is concerned with the
way that pervasive applications access information and re-
sources available in the environment. One way of enabling
such access is through the provision of services. In such
an approach, a lighting sensor, for example, could provide
two services (e.g., getLightingLevel and setLightingLevel)
for returning and setting up the current lighting level of a
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room. These services are then used by a pervasive applica-
tion to detect the level of illumination in the room, to check
if it is according to the preferences of the user, and if it is
not, adjust it accordingly. This idea of using services to
access remote functionalities has been considered the next
step in distributed computing [11] and can be applied as
well to develop pervasive applications. This is due to the
dynamic binding nature of the service approach, which al-
lows an application to discover and use services on demand,
possibly guided by the interests of the users.

Within this scope, the support for mobility is one of the
key problems to be solved. When a user moves through dif-
ferent environments, it is likely that the service discovery
protocols has to change. For example, in one environment
services can be discovered based on UPnP (Universal Plug
and Play - http://www.upnp.org), and in another one based
on JXTA (http://www.jxta.org). Therefore, it is necessary
to include capabilities to perform service discovery based
on different protocols, in order to increase the number of
services that a user can access. One approach to tackle this
problem is to embed all available service discovery proto-
cols in the mobile device. However, their storage and mem-
ory constraints suggests that this is not a reasonable deci-
sion. Besides, it is possible that some of these protocols will
be never be used, thus only wasting storage space. A better
approach is to embed only a core set of service discovery
protocols in a device, and enable them to be dynamically
added and removed, whenever needed.

Based on our discussion, in this paper we present a
service provisioning middleware for pervasive computing,
named Wings. Our main focus is on flexibility to perform
service provision based on heterogeneous networks and to
provide the middleware, as well as the applications running
over it, with enough extensibility for facing pervasive en-
vironments. The remainder of this paper is organized as
follows: in Section 2 we present the Wings pervasive com-
puting middleware. We also present and discuss some re-
lated works in Section 3. Finally, in Section 4, we conclude
the paper and review our future works.

2. The Wings Middleware

The basis of the Wings middleware lies on the concepts
of context, service, and peer. Context encapsulates the
information used by pervasive applications for improving
their interaction with users [9]. A service is some function-
ality provided by a device. Audio streaming and printing
are some examples of such services. Each service is de-
fined by: a name, a description, a parameter list, and a re-
turn type. The first one defines the name of the service. The
description provides information about the functionality of
the service, and can be used in the discovery process, in or-
der to determine whether a discovered service matches the
needs of the user. The parameter list and the return type

describe the types of the arguments of the service and its re-
sult, respectively. Such information is useful, for example,
when trying to find an alternative for a service which is no
longer available in the environment. Finally, peers are de-
fined as remote network hosts, providing two information:
their names and the list of services they provide.

The architecture of the Wings middleware, which has
been implemented over the Java CDC ! specification, is
shown in Figure 1. Observe that, the concepts of service and
peer are implemented in the Pervasive Networking module.
The concept of context, on the other hand, is implemented
in the Context Awareness module. In what follows each
module of the Wings architecture is detailed.

Context Reasoning

Middleware Facade

Pervasive
Networking

Context
Awareness

Compor Component Model

Figure 1. The architecture of the Wings perva-
sive computing middleware.

2.1. The Compor Component Model

For enabling the middleware to be updated on the fly, we
have used a dynamic component model, named COMPOR
Component Model [1]. Such a model defines a dynamic
composition solution for inserting, removing, and changing
components of an application without impacting the exist-
ing ones, even at runtime. More precisely, two entities are
specified in such a component model; containers and func-
tional components, which are organized in a hierarchical
way. Functional components implement the functionalities
of an application, making them available through services.
On the other hand, containers do not implement functional-
ities. Instead, they are composed of functional components
or other containers, and their function is to manage the ac-
cess to the services provided by their child components.

Each container keeps two tables: one for the services
provided by its child components and another for the events
they are interested. In this way, after the insertion of a com-
ponent, the list of services and events for each container up
to the root of the hierarchy must be updated. This is also
true also for the removal and update of components. We
illustrate in Figure 2 the process of inserting a component
into an application. Each step presented in such a figure

!Connected Device Configuration - http://java.sun.com/products/cdc
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is described next: 1) a component, named X, which im-
plements the service “calculate” is added to Container 2;
2) container 2 updates its service table redefining the ser-
vices provided by its child components (the same occurs
for the event table); 3) container 2 asks its parent container,
Container 1, to update its service table. This will redefine
the services provided by its child components, as in the last
step; 4) container I updates its service table.

Service | Component
calculate | Container 2
print Container 2
Service | Component
calculate X -
print Y @y Container 1
2 oraer2

[(x] [Y]

Figure 2. The insertion of a new component
into an application.

After the execution of these steps the services provided
by component X can be accessed from any component in
the hierarchy without an explicit reference to it (Observe
that a component has only the reference to its parent con-
tainer). Therefore, assuming the existence of a service
named “save”, implemented by a component K, the exe-
cution of this service can be requested by a component X,
without an explicit reference to K. This feature enables to
change the component that provides a service without mod-
ifying the rest of structure. In Figure 3 it is illustrated the
process of invoking the “save” service. The steps described
in such a figure are described next: 1) component X requests
the execution of the service “save” to its parent container; 2)
based on its service table, container 2 verifies that no child
component implements the service “save”’; container 2 for-
wards the request to its parent container, in this case con-
tainer I; container 1, according to its service table, verifies
that one of its children, container 3, implements the service
“save”. Container 1 views container 3 as the component
that implements the requested service; container I then for-
wards the service request to container 3; container 3 does
not implement the requested service but has a reference to
the component that implements it, in this case component
K; container 3 forwards the request to component K; com-
ponent K executes the “save” service and returns the result,
following the reverse path, back to the requester.

2.2. The Pervasive Networking Module

This module implements features for enabling a device
to discover peers, to be discovered by them, as well as pro-
vide services (i.e., advertise and discover). In Wings, these

Service | Component

calculate | Container 2 } Service | Component |

print Container 2 save | K
save Container 3 @
Service | Component g
calculate X %
el 3 @ ®
]

I 1
There is not reference among X and K.

Figure 3. The invocation of a service in a
Compor-based application

features are implemented by two different types of plugins,
which we have been named of Service Provision Plugins
(SPPs) and Host Discovery Plugins (HDPs). Both types of
plugins are based on the Compor Component Model, ex-
tending the functional component entity. In this way, it is
possible to insert, remove, and update SPPs and HDPs in a
transparent way, both for the users and for the applications
executing over the middleware. Furthermore, as it is pos-
sible to deploy different implementations of such plugins,
at the same time, the discovery of peers and provisioning
of services can be performed over heterogeneous networks.
For example, both operations can be executed over UPnP,
JXTA, and Bluetooth networks, increasing the number of
services and peers a device has access to.

To this end, each SPP and HDP provides a specific set
of services. The former provides four services: discover-
Services, stopServiceDiscovery, advertiseService, and un-
advertiseService. The discoverServices service searches for
remote services available in the network. This service re-
ceives in the argument a set of keywords representing the
desired functionality as well as a listener object, which is
notified when a service matching the keywords is found. It
returns an identifier that uniquely identifies the search. Such
identifier should be provided to the stopServiceDiscovery
service, whenever a peer or service search must be stopped.
Finally, the advertiseService and unadvertiseService ser-
vices are used for respectively advertising/unadvertising a
service. HDPs, on other hand, only provide two services:
discoverPeers and stopPeerDiscovery. The former starts
the discovery of peers in the network associated with the
HDP. It receives a listener as the argument, which is no-
tified whenever a peer is discovered. Just like the discov-
erServices service, discoverPeers also returns an identifier
for the search. Such an identifier should be provided to the
stopPeerDiscovery service, when a search for peers should
be canceled.

The Pervasive Networking module itself is implemented
as a container, named of Pervasive Networking Container,
which is also based on the Compor Component Model.
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Therefore, SPPs and HDPs can be inserted and removed
from the middleware without stopping and restarting it. It
is through this container that all services of the SPPs and
HDPs are invoked, hiding from the above module all the de-
tails involved in this process. To exemplify how this trans-
parency has been achieved, we present in Figure 4 the ser-
vice discovery process through Pervasive Networking Con-
tainer. Each step presented in such a figure is described
next: 1) a requester starts the service discovery from Perva-
sive Networking Container; 2) Pervasive Networking Con-
tainer passes the service discovery request to each installed
SPP; 3) once a SPP discovers a service, it notifies the lis-
tener associated with the search. As it can be viewed in
Figure 4, SPPs 1 and 2 have discovered services and are
about to notify the listener. The processes associated with
the other functionalities are similar, and therefore, we have
not presented them here.

Requester

@

Pervasive Networking Container

Listener

A

©,
SPP 1 SPP2 | === | SPPn

PN f

Figure 4. The process of discovering services
through the installed SPPs.

2.3. The Context Awareness Module

The Context Awareness module provides a mechanism
for delivering context information for applications and ser-
vices running at the highest module of Wings. This process
can be performed in two ways: using key-value pairs and
context events. In the former, each context information is
associated with a key, which is used to retrieve the current
value of the information. The current battery level of the
device and the number of peers in the vicinity are some ex-
amples of this kind of context information retrieval. Context
events, on the other hand, associates a context information
with a condition. Each condition is associated with a key,
which serves to register a listener to it. Once the condition
is satisfied, an event is fired, in order to notify all the lis-
teners. As an example, an application could be interested
in the battery low condition, in order to apply some energy
saving technique or to store critical data before the battery
be completely consumed.

Practically speaking, the provision of context informa-
tion is performed by a specific type of plugin, named of
Context Awareness Plugins (CAPs). The idea is that each
CAP should be associated with a specific domain (e.g., in-
telligent homes and tourist information), and thus provide
only the context information related to such a domain. To
this end, each CAP provision two services, retrievelnforma-
tion and registerContextCondition, associated respectively
with the key-value pair and event-based context information
retrieval approaches. By using this approach, it is possible
to easily increase the context sensitivity feature of the mid-
dleware, just by adding CAPs to it. Besides, as each CAP is
based on the Compor Component Model, just like the SPPs
and HDPs, this addition can be fulfilled at runtime.

Just like in the Pervasive Networking module, this one
is implemented as a container according to the Compor
model. Therefore, the retrieval of context information in
the installed CAPs as well as their insertion and removal is
performed through such a container.

2.4. The Middleware Facade Module

The Middleware Facade module simply provides a sin-
gle interface so that applications and services, running on
the above module, can easily use the middleware features.
To this end, this module provides one method for each of the
services provided by the middleware plugins, that is, SPPs,
HDPs, and CAPs. In addition, it also keeps the root con-
tainer of the Wings plugin hierarchy, that is, the one where
the Pervasive Networking and Context Awareness modules
are placed during the middleware execution.

2.5. The Context Reasoning Module

In this module are placed all the software which makes
use of context information. Agents, services, and client ap-
plications are examples of what can be executed here, al-
though the current implementation of Wings only provides
native support for the last two.

Service development in Wings: The service framework
of Wings is based on three entities: Service, LocalService,
and ServiceProxy. Service defines, at the implementation
level, the basic features of all Wings services, presented in
the beginning of this section. The other two entities, Lo-
calService and ServiceProxy extend Service, and represent,
respectively, services provided locally and remotely. The
former are the ones which can be advertised, and as we have
seen, this is performed by the SPPs, through the Middleware
Facade module. It is important to note that service adver-
tising is only possible for local services. This approach for-
bids a peer to advertise a service not provided by itself (i.e.,
a ServiceProxy).

Winglets: Wings-based pervasive computing appli-
cations: In Wings, pervasive applications are named of
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Winglets. They are supported by a plugin-based architec-
ture, in order to be extended on demand. The plugins of a
winglet executes, basically, accessing its core API. Such an
API, which is released by the developer, should contain all
the classes and resources that plugins will use to extend the
winglet.

Plugins are packaged in zipped files, containing a prop-
erties file, a single folder, and a jar file. The properties file
contains general information about the plugin, such as its
name, description, vendor, amongst others. This file must
be named of “descriptor.properties”. The folder should con-
tain the plugin’s libraries, and must be named “lib”. Among
these libraries it should be included the application’s core
API. The jar file should contain the plugin’s .class files, and
must necessarily be named of “plugin.jar”. Still, the man-
ifest of this file should contain a Plugin-class entry, which
indicates the main class of the plugin.

3. Related work

Some of the current work on the infrastructure for per-
vasive computing has been concentrated on solving the
problem of context-sensitivity. An example is the RCSM
(Reconfigurable Context Sensitive Middleware) middle-
ware [17]. It provides a language, the context sensitive
interface description language (CS-IDL), for applications
specifying the actions to be triggered given some context
condition. The action itself is implemented in program-
ming languages like C++ and Java. Another examples are
the JCAF [2] (Java Context Awareness Framework) and
Scooby [14] infrastructures, which use events for notify-
ing applications about changes in the context. In particu-
lar, JCAF, just like Wings, provides flexibility to the context
awareness mechanism.

Efforts have also been made concerning the develop-
ment of flexible and extensible pervasive computing mid-
dlewares, where the concept of plugins has been success-
fully applied. Basically, the idea is to deploy the middle-
ware with a minimal set of functionalities, providing hooks
where extensions can be plugged. In this context, exam-
ples of extensions are transport and remote procedure call
protocols as well as context-awareness mechanisms. Ex-
amples of plugin-based pervasive middlewares are ReM-
MoC [7], Runes [6], and Plugin-ORB [8]. The ReMMoC
middleware uses plugins for discovering services available
in the environment regardless of the underlying protocol.
The Runes middleware, on the other hand, is based on the
concept of component frameworks. The idea of Runes is
that each component framework should have a specific pur-
pose, defining, for example, the types of plugins it accepts.
Finally, the Plugin-ORB middleware is based on the idea
of encapsulating other pervasive computing middlewares in
plugins, and thus, access remote resources through different
solutions.

At the application level, flexibility has also been consid-
ered. The purpose is to provide mechanisms for enabling
applications to adapt according to the environment and the
interests of the users. In other words, the main goal is to en-
able the insertion, removal, and update of features, provid-
ing pervasive applications with some degree of adaptability
for facing an ever-changing environment. Works such as the
one of Belaraman et al. [3] are classified in this category.

The mix of service oriented and pervasive computing
has also been tackled by some middlewares. The main
idea of using services within pervasive computing is to en-
able applications to dynamically bind to needed services.
Therefore, in a general way, these approaches try to de-
termine which services from an environment are relevant
to the current context. For example, information about
the users’ needs can be used for filtering relevant services.
In this research branch we can place works like [5], [4],
and [12]. Within this scope, we would like to give special
attention to the SDIPP protocol [13], which defines a set of
sub-protocols for enabling the discovery of services, either
through Bluetooth or GPRS?.

As it has been presented, a reasonable effort has been
performed concerning the aspects of flexibility and service
provision in pervasive computing middlewares. However,
as it is possible to note, these features are scattered across
different solutions. Whereas some middlewares provide in-
herent flexibility for atop applications, or for the middle-
ware itself, service provision is not tackled. When services
are used for dynamically finding needed functionalities, ap-
plication and/or middleware flexibility is not considered. In
this context, except for one solution, all the others perform
service provision considering a single discovery protocol.
Besides, none of them provides specific mechanisms for the
discovery of hosts, which is an important feature for perva-
sive environments [16].

4. Conclusions and Future Work

In this paper we have presented a pervasive comput-
ing middleware focused on flexibility and service provision
across heterogeneous networks. More precisely, we have
provided it with dynamic flexibility and also extensibility
for its applications. In addition, the possibility to advertise,
discover, and use services based on any existing protocol is
included. Within the scope of pervasive computing, these
are important features, since they enable the unanticipated
evolution of the middleware, the personalization of client
applications, and the transparent access to heterogeneous
services.

Another point to be considered is the simplicity of the
introduced solution. By focusing on the features related to
dynamic software composition and plugin based software
architectures, we have developed the Wings middleware,

2General Packet Radio System
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which incorporates adaptability features that can effectively
support the development of applications for pervasive com-
puting environments. Also, it is important to point out, that
other efforts have been made to solve the problems dis-
cussed in this paper. However, such efforts do not address
all the key features related to flexibility and heterogeneous
service provision. Therefore, the solution introduced in this
work can be seen as a more complete approach concerning
service provision middlewares for pervasive computing.

The Wings middleware implementation is already
finished and tested, and can be downloaded from
http://www.percomp.org/wings. A C++ version, for the
Symbian operating system, is also being developed. We are
also putting our efforts towards the development of reposi-
tories for deploying SPPs, HDPs and CAPs, so that devel-
opers can download them. Still, such a repository can be
useful for the middleware itself, when it needs to deploy a
new SPP, HDP or CAP. Furthermore, with the intent of sup-
porting the development of SPPs, HDPs, CAPs, services,
winglets and their plugins, we are also working towards the
development of an eclipse plugin.
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