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Abstract. A smart environment is a context sensitive system based
on ubiquitous computing, in which the environment interacts with
its inhabitants through embedded dedicated devices. The design
and construction of a smart environment requires the collaboration
among several areas, such as (1) intelligent man-machine interfaces,
(2) pervasive communications, (3) ambient intelligence, (4) scalable
systems and (5) mobile computing. It can be very useful if a de-
signer can abstract the required functionalities from these areas to
design and build a smart environment. We propose a layer based
middleware for mobile devices (mainly focusing on smart phones)
for the intelligent interaction between devices. Each layer provides
specific functionalities and serves as the ground upon which upper
- i.e. more abstract - layers are built. We identify the following lay-
ers: (1) infrastructure and communications, (2) services and agents,
(3) middleware services and (4) collective intelligence. We also pro-
pose a formalization of interactions for the specification of services
in a smart environment, which is based on ambient calculus and also
defines the relationships between layers.

1 Introduction

The interaction with computers in daily activities is useful only if
computers can be helpful to the users, providing effective means
to complete their tasks. These means can be presented as services,
which must be consistent with the tasks at hand of users and also
adequate considering the available devices for each user.

A smart environment provides to its inhabitants the computational
services most adequate for each task at their hands. These services
must be adapted according to each task, and can be provided coop-
eratively by a group of devices whose activities must then be coordi-
nated.

The design of a smart environment can be based on a variety of
approaches, as presented in [4], where the required functionalities
to build a smart environment have been identified as (1) intelligent
man-machine interfaces, (2) pervasive communications, (3) ambient
intelligence, (4) scalable systems and (5) mobile computing.

Different approaches provide to the systems designed different
middleware systems, frameworks and tools which have as one of
their main goals the abstraction of the required functionalities to
build a smart environment. For example, we have the Aura project
in which task driven computing is the foundational model for inter-
action between the environment and its devices; the Oxygen project
in which several tools have been defined to deal with ubiquitous
computing; and projects like GAIA [19], GatorTech, EasyLiving and
Smart Media Spaces, in which specific architectures have been pro-
posed to support the required functionalities for smart environments.
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More recently, different approaches such as the Open Croquet
project [10] have implemented a P2P middleware to build virtual
worlds which, together with ubiquitous computing result on the
union of real and virtual worlds [9].

Our proposed middleware is based on layers [17] to activate the
interaction between devices. Each layer provides support to specific
functionalities, as follows: (1) infrastructure and communications;
(2) agents and services; (3) middleware services; and (4) collective
intelligence.

Moreover, each layer abstracts the complexity of implementation
of the corresponding concepts.

2 Goals and Motivation

Each individual nowadays carries with him/her a variety of mobile
devices, such as smartphones, PDAs, notebooks, portable game con-
soles such as PlayStation Portable, etc. the mobility of these devices
provides individuals with the capability to receive information any-
where and anytime. Following the tenets of ambient intelligence, the
interactions with these devices and among devices must be intelli-
gently managed so that it becomes transparent to individuals when
performing their tasks.

Interactions must occur naturally and be unobtrusive to the activ-
ities of individuals. One way to attend this requirement is to specify
interactions based on high-level and flexible descriptions of interac-
tions and services, for example using ontologies to describe coordi-
nation protocols between autonomous agents [7].

In the following section we discuss the functionalities required to
build a smart environment. In section 4 we describe the functionali-
ties provided by each layer of our proposed middleware and provide
examples of smart environments that could be founded on them. Fi-
nally, in section 5 we present some preliminary conclusions and pro-
posed future work.

3 Required Functionalities for Smart
Environments

Several projects have been introduced in the literature related to the
design and construction of smart environments. In [4] we have stud-
ied some of these projects and detected the following required func-
tionalities for a smart environment. The projects we have studied can
be found in [22, 23, 24, 25, 26, 27, 28]:

1. A computational model to describe the interactions between the
environment and its devices.

2. Architectures to support the proposed computational model.

3. A computational model to facilitate the representation of the phys-
ical environment as a computational environment.

4. Techniques and applications for ubiquitous computing and com-
munications.



5. Adaptable environments and devices.

6. Intelligent interfaces between humans, devices and the environ-
ment.

7. Seamless interaction between any pair of devices [7, 8].

The middleware proposed in this work aims at supporting these
requirements, whilst facilitating the design of sophisticated environ-
ments through the abstraction of specific functionalities and require-
ments in different layers of abstraction.

4 Architecture of the Proposed Middleware

In this section we describe the functionalities proposed for each layer
in our middleware. We also suggest different projects that could be
used to support the implementation of each layer in our middleware.

Each layer defines different entities as first class entities, as fol-
lows:

e The infrastructure layer transports messages. The messages in-
clude entities of the upper layers.

e The layer of agents and services conveys semantic descriptions of
agents and services.

e The layer of middleware services provides pré-built services to
convey specific functionalities to the environment.

e The layer of collective intelligence contains more ellaborate enti-
ties and artifacts in charge of the coordination of actions involving
several devices in the environment.

The interactions between layers is defined using ambient calcu-
lus [15], so that each entity in a layer is considered na agent in the
semantics of ambient calculus.

In figure 1 we have the layers of the middleware and corresponding
projects related to each layer.
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Figure 1. Middleware Layers and Corresponding Projects

4.1 Infrastructure

This layer provides the communications infrastructure for devices.
It must support different communications technologies, such as Wi-
Fi, Bluetooth and RF, and different architectures, such as P2P and

client/server. It is based on the model presented in [20, 21], where
messages are placed in a common space visible to the upper layers.

This layer must implement the message exchange infrastructure,
which can be based on models such as JADE [11] - which is based
on the FIPA model for message exchange in multiagent systems -
and Croquet [10] to build collaborative multiuser applications.

4.2 Agents and Services

This layer must contain a repository of agents, services and seman-
tic descriptions of their capabilities. It is responsible for the dis-
covery of the required functionalities implemented in an agent or
service that can be found in a device. In [4] we have introduced a
mechanism for the discovery of services and agents based on ATMS
(assumption-based truth maintenance systems), which matches func-
tionalities with tasks [6]. Moreover, in [13, 14] we find proposals to
standardize the descriptions of such functionalities so that other lay-
ers in the middleware can retrieve them.

4.3 Middleware Services

This layer contains services provided by the middleware itself and

which are distributed across the devices in the environment. Exam-

ples of such services are yellow pages and discovery of entities from

different layers, management of ontologies and semantic objects.
This layer provides to the other layers resources for:

e Management and maintenance of ontologies, implemented using
mechanisms such as e.g. COBRA [3];

e Retrieval and processing of contextual information [2];

e Yellow pages and Discovery of entities based on mobility, as in
[18].

4.4 Collective Intelligence

Contains more ellaborate entities (artifacts) to coordinate the entities
of the lower layers [7, 8].

In [1, 12] several methods are presented to manage and coordi-
nate services provided by heterogeneous agents. The difference in
our case is that the coordination must manage entities of lower lay-
ers, i.e. representations of services and agents in different levels of
abstraction.

The construction of these entities and artifacts must rely on con-
cepts originating from:

e Game Theory;

e Distributed truth maintenance systems;
e Multiagent coordination;

e Al planning; etc.

5 Conclusions and Future Work

In [5] we find several scenarios of applications of ambient intelli-
gence, with their corresponding challenges related to social and eth-
ical issues, technological issues and industrial issues. As a result, the
following topics are suggested as relevant for the construction of am-
bient intelligence:

1. Specialized hardware development;

2. Open platforms development;

3. Unobtrusive and invisible technologies;

4. Support to personal and social activities; and



5. Safety and reliability.

We intend to build proof-of-concept systems using our middle-

ware, in which these topics are taken into account.

At present, we are working on the specification of the interac-

tions between layers of abstraction, employing ambient LCC [15, 16]
(Lightweight Coordination Calculus) - which is a variation of ambi-
ent calculus - for that. Our goal is to specify the interactions between
layers in such way that different implementations of each layer can
be built and used in our middleware, provided only that it is aligned
with this specification.
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