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Abstract—In this paper, we describe a novel life-long learning
approach for intelligent agents that are embedded in intelligent
environments. The agents aim to realize the vision of ambient in-
telligence in intelligent inhabited environments (IIE) by providing
ubiquitous computing intelligence in the environment supporting
the activities of the user. An unsupervised, data-driven, fuzzy tech-
nique is proposed for extracting fuzzy membership functions and
rules that represent the user�s particularized behaviors in the envi-
ronment. The user�s learned behaviors can then be adapted online
in a life-long mode to satisfy the different user and system objec-
tives. We have performed unique experiments in which the intelli-
gent agent has learned and adapted to the user�s behavior, during
a stay of �ve consecutive days in the intelligent dormitory (iDorm),
which is a real ubiquitous computing environment test bed. Both
of�ine and online experimental results are presented comparing
the performance of our technique with other approaches. The re-
sults show that our proposed system has outperformed the other
approaches, while operating online in a life-long mode to realize
the ambient intelligence vision.

Index Terms—Agents, ambient intelligence, fuzzy systems, intel-
ligent inhabited environments (IIE).

I. INTRODUCTION

UBIQUITOUS computing, alternatively referred to as
pervasive computing, is a paradigm in which computing

technology becomes virtually invisible by being embedded
in our environments. As embedded computers get smaller
and become integrated into noncomputing artifacts, they can
effectively physically disappear. With the addition of communi-
cation capabilities and pervasive networking, such artifacts can
be associated together and remotely accessed in both familiar
and novel arrangements to make highly personalized systems.
The challenge, however, is how to manage, program, or direct
such systems, a task which could cognitively overburden the
user and become an obstacle to the achievement of pervasive
computing. The vision of ambient intelligence can help to
address this challenge [8], [17].

Ambient intelligence is a new information paradigm where
people are empowered through a digital environment that is
�aware� of their presence and context, and is sensitive, adap-
tive, and responsive to their needs [8]. Ambient intelligence
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improves the quality of life through creating desired environ-
mental conditions and functionality via intelligent, personalized
interconnected systems and services [8]. An environment with
ambient intelligence can be characterized by its ubiquity, trans-
parency and intelligence [8]. It is ubiquitous because the user is
surrounded by a multitude of interconnected embedded systems
which form a pervasive infrastructure. Its transparency is due
to the invisible nature of the computing-based artifacts being
seamlessly integrated into the surrounding environment. Its in-
telligence spawns from the fact that the technology is able to
recognize the users and program itself to their needs by learning
from their behavior. In addition, environments constructed in
such a way would be adaptive to changing conditions and user
preferences.

One approach to achieve this vision of ambient intelligence
is to embed intelligent agents in the user environments so that
they can control them according to the needs and preferences of
the user. In this paper, we will present a novel fuzzy learning and
adaptation technique for agents that can be embedded in ubiqui-
tous computing environments. This technique would learn and
adapt in a life-long mode the particularized behaviors of the
user and automatically adjust the agent controller based on a
broad range of parameters in a nonintrusive and invisible way,
satisfying one of the main requirements for ambient intelligent
systems [8]. Furthermore, the agents will always and immedi-
ately carry out any action requested by the user, subject to safety
considerations to achieve the responsive property implied in the
ambient intelligence vision [8]. Due to the fact that these agents
need to be located on small embedded computers with lim-
ited processor and memory capacities, our learning and adapta-
tion system is a one-pass method which does not require heavy
computation.

We have performed unique experiments in which our intel-
ligent agent has learned and adapted to the behavior of a user
who spent �ve consecutive days in the Essex intelligent dormi-
tory (iDorm), which is a real ubiquitous computing environment
test bed.

The rest of this paper is organized as follows. In Section II, we
will introduce the concept of intelligent inhabited environments
(IIE) and our test bed for ubiquitous environments: the iDorm.
Section III presents a description of the life-long learning and
adaptation technique AOFIS. Section IV presents the experi-
ments and results. Section V provides the conclusion.

1083-4427/$20.00 ' 2005 IEEE

Authorized licensed use limited to: Seoul National University. Downloaded on November 2, 2008 at 08:47 from IEEE Xplore.  Restrictions apply.



56 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS�PART A: SYSTEMS AND HUMANS, VOL. 35, NO. 1, JANUARY 2005

Fig. 1. iDorm.

II. IIE AND THE iDORM

IIE are enclosed living spaces (such as a car, shopping mall,
home, or even our own body) equipped with embedded intelli-
gent technology that would allow the environment to respond
�thoughtfully� to the users� needs. These environments could
consist of a multitude of possibly disconnected active spaces
supporting ambient intelligence and providing ubiquitous ac-
cess to system resources according to the current situation of
the user. These intelligent environments will personalize them-
selves in response to our presence and behavior. Precursors to
such environments can be found now in intelligent buildings
(IBs) [5]. The heterogeneity, dynamism, and context awareness
in a building make it useful for exploring the design challenges
concerned with ubiquitous systems. One view of an IB is a com-
puter-based system, gathering information from a variety of sen-
sors (and other computers), and using intelligent mechanisms to
determine the appropriate control actions of various devices [5],
[9], [10].

Currently, there have been several research projects con-
cerned with applying intelligent agents to IIE. In Sweden,
Davidsson [4] utilized multiagent principles to control building
services. In Colorado, Mozer [16] used a soft computing ap-
proach based on neural networks, which was focused on the
intelligent control of lighting within a building. Work at MIT in
the HAL project [7] concentrated on making a room responsive
to the occupant by adding intelligent sensors to the user inter-
faces. Context-aware systems are the focus of the aware home
work at Georgia Tech [1]. These projects represent a large body
of current research effort; however, they are mostly concerned
with time independent context rather than temporal history,
learning, or adaptation, which is central to our requirements for
agents supporting the vision of ambient intelligence [8]. There
are other high-pro�le intelligent environments projects, such
as the Microsoft Smart House, BT�s Tele-care, and Cisco�s
Internet Home [18]. However, most of these industrial projects,
including home automation technologies like Lonworks and
X10, are geared toward using networks and remote access with
some autonomous control. In general, this is mostly simple au-
tomaton with sparse use of arti�cial intelligence (AI) and little

emphasis on learning and adaptation to the user�s behavior. In
our previous paper, we developed an incremental synchronous
learning technique for an embedded agent [10]; however, it
learned only the user rules and not all the parameters of the
embedded agent controller.

A. Essex iDorm

The iDorm shown in Fig. 1 is a test bed for ubiquitous and
pervasive computing environments. It looks like any other room
and is comprised of a large number of embedded sensors, actu-
ators, processors, and a heterogeneous network [11].

The iDorm is a multiuser space containing areas for different
activities such as sleeping, working and entertaining. It con-
tains the normal mix of furniture, found in a typical student
study/bedroom environment, including a bed, work desk, and
a wardrobe. There is a standard multimedia PC that com-
bines a �at-screen monitor and a multimedia video projector,
which can be used for both working and entertainment. Any
networked computer that can run a standard Java process can
access and control the iDorm directly, thus, this PC can also
act as an interface to control the devices in the room as shown
in Fig. 2(a). Equally, the interface to the devices could be
operated from physically portable computational artifacts that
can monitor and control the iDorm wirelessly. The handheld
PDA (Compaq iPAQ) shown in Fig. 2(b) contains a standard
Java process that can access and control the iDorm directly.
Because the iPAQ supports Bluetooth wireless networking, it
was possible to adjust the environment from anywhere inside
and in close proximity to the room. This forms a type of
�remote control� interface that would be particularly suitable
to elderly and disabled users. It is also possible to interact with
the iDorm through mobile phones as shown in Fig. 2(c) using a
WAP interface, which is a simple extension of a web interface.
There is also an internet fridge (iFridge) in the iDorm provided
by LG consumer electronics that incorporates an intelligent
user-friendly server with touch-screen capability, which can
also be used to control the devices in the room as shown in
Fig. 2(d).
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