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Abstract
Intelligent environments are buildings and other settings that can recognize the changing needs of their users
and/or the changing nature of their context, and respond to them by adjusting some key environmental
parameters (temperature, light, sound, furnishings, etc.). Unlike the currently common approach, which is
based on systems theory (i.e., adjusting the parameters of the environment to match some pre-defined use
profile), the approach proposed in this paper is based on dynamic, collaborative design: it views the (built)
environment as comprised of multiple independent object-agents, each of which is responsible for one small
aspect of the environment. Each can sense the immediate changes pertaining to its domain of responsibility,
and propose corrective measures, which are negotiated with other agents to form a collective response. The
paper hypothesizes that such an approach can be made more context-sensitive and dynamic, is easily scaleable,
and can respond to the needs of multiple different users of the environment at the same time. The paper
presents the rationale for developing the multi-agent approach, its hypothetical implementation, and its
application to hypothetical case studies.
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Introduction
Once man-made environments, such as buildings,
automobiles, and urban places are built, they are
often ‘frozen’ in one or a few interchangeable
configurations, intended to support a single
activity or environmental condition, or a number
of closely related activities/conditions. When the
activities or the conditions do not match those for
which the environment was designed, adjustments
are needed. They can take the form of opening or
closing a window, turning on the light, rearranging the furniture, or remodeling the building.
Each adjustment requires conscious action by the
occupant(s). ‘Intelligent environments,’ on the
other hand, can actively support diverse human
activities and different environmental conditions
by automatically and dynamically adjusting their
configuration to meet the changing needs of their
occupants without explicit human intervention.
The idea of making buildings “intelligent” has
been first suggested by Nicholas Negroponte, in
his influential book “Soft Architecture Machines”
(1975). Such buildings will be able to adjust their
environmental and configurational settings to
match the occupants’ needs and activities without
explicitly being ‘told’ to do so through manual
environmental controls. As such, they will be able
to perform optimally for a wide range of activities
and needs, rather than an “average” daily activity
or need set at the time of their design. Negroponte
went as a far as stating that such intelligent
environments will obviate the need for architects:
they will “redesign” themselves whenever the need
arises.
Attempts to make buildings more intelligent have
proliferated since the advent of affordable,
ubiquitous computing devices (Intel Research,
2005). These attempts, which focus primarily on
the technical aspects of buildings and information
systems, are typically guided by a systems
approach, whereby the building adjusts its
parameters to conform to some pre-defined
schema (e.g., a given temperature, lighting, or
another parameter). This approach, which is based
on traditional cybernetic principles, focuses on the
physical environment itself, rather than on the
dynamic interrelationship between human
activities and the environments in which they
occur. Little attention is paid to how an
environment (e.g., a room, a building, etc.) should
behave as users and their activities change; which
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possible conflicts may arise between the needs and
activities of multiple different occupants of the
same space at the same time; and how these
conflicts can be resolved.
This paper describes research that attempts to
answer some of these questions, by providing a
framework for developing intelligent
environments using a collaborative design
approach, rather than the systems approach. The
approach proposed by this research is derived from
the observation that adjusting the environmental
and physical parameters of a building after it has
been built can be compared to the process of
designing the building in the first place (before it
is built). During the design process, the individual
participants (architect, engineers, client, etc.) of a
design team interact with one another in ways that
eventually lead to a joint solution, influenced by
the goals, contributions, and constraints of each
participant. Modern design (and organizational)
theories (Benne, 2004; Kalay, 2004) claim that this
negotiated process is not based on a top-down
systems approach, as cyberneticists would have it
(“the building is a machine,” according to Le
Corbusier (1927)), but rather on methods of
collaborative decision-making that respects the
needs and wishes of each participant. Such
dynamic, negotiated, and collaborative adjustment
of building parameters typically ends when the
building is constructed, and it is “locked” into one
or a few fixed states. Thereafter, a system-based,
mechanistic method is used to monitor and control
adjustable building parameters (e.g., light, energy,
security, elevators, etc.): the “system” is adjusted
to conform to some pre-conceived schema.
The approach proposed in this paper, on the other
hand, wishes to extend the dynamic adjustment
of building parameters after it has been built, using
continual negotiation rather than a pre-conceived
schema. One can argue that such a mechanism is
already in place, in the form of the on-going
actions taken by the building occupants (turning
on lights, opening windows, re-arranging the
furniture, remodeling the building, etc.). This
research proposes to replace the actions of the
human participants with intelligent software agents
that will extend the on-going negotiation and
collaborative decision making that characterizes
the design phase of buildings, thereby off-loading
these decisions and actions from the human
occupants.
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The research discussed in this paper focuses on
the processes that control intelligent environments,
rather than the physical devices themselves that
sense and respond to the required changes. The
design of the sensors and actuators has been
researched by others (Coen, 1998; Holmes et al,
2002; Krogh et al, 2001; Streitz et al, 1998).
Conventional Approaches to Intelligent
Environments
After Negroponte’s first experiments in the 1970s
with the adaptation of computer technologies to
the building industry, many attempts were made
to develop intelligent environments. Two major
approaches emerged: equipping the environment
with devices that can help users do their job more
effectively (e.g., process information, etc.), and
approaches that adjust the environment’s own
qualities (e.g., light, temperature, etc.). The first
approach is known as the Information Systems
approach, and the second as Building Operations/
Environmental Controls approach.
According to the Information Systems approach,
an environment is considered a means (a machine)
for processing information. Most such systems
have been based on ubiquitous computing
technology that inserts programmable microchips
into building components and appliances to
monitor and control them through networked
communication (Weiser, 1993). The primary goal
of this approach is to make computers invisible
and become part of the environment, mostly at
room-scale. For example, in the i-Land project
(Streitz et al, 1998), a set of roomware
components, such as “DynaWall” (an interactive
electronic wall), “CommChairs” (mobile and
networked chairs), and “InteracTable” (an
interactive table), creates a collaborative work
environment that supports office workers and their
activities. In the case of the Intelligent Room
(Coen, 1998), computer vision and speech
recognition systems with built-in Artificial
Intelligence are used to minimize the number of
embedded devices and to identify ordinary human
activities, creating natural human-computer
interactions. Computer devices in this kind of
intelligent environments are mainly used for
controlling other connected devices to access, store
and display information similar to conventional
personal computers. Thus, the environment itself
is treated as a container, a backdrop for users’
information-processing activities.
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The Building Operation/Environmental Control
approach, on the other hand, places more emphasis
on indoor environmental quality (e.g.,
temperature, illumination, etc.), energy saving, and
building operation. Such building automation
shares the concept of ubiquitous computing with
the approach described above, but aims at
maximizing operational efficiency and thermal
comfort by various embedded sensors and
controllers, rather than the effectiveness of the
users themselves. The iDorm project (Holmes et
al, 2002) uses various networked devices that
monitor the current state of a dorm room and adjust
environmental conditions to meet user’s
preferences. A set of distributed sensors collects
various data about the room’s condition and sends
them to the iDorm main control unit. The system
adjusts the connected effectors (e.g., heater, cooler,
door lock, blind, window, etc.) based on the
received data. Similarly, the ACHE (Adaptive
Control of Home Environment) project (Mozer,
1998) is a house equipped with an intelligent
control system. It uses neural network-based
predictors that control basic residential comfort
systems including lighting, air heating, water
heating, and ventilation. The system can learn the
users’ preferences conveyed through their manual
adjustment of lights or thermostats and strives to
balance their comfort with energy savings.
Two fundamental drawbacks of the conventional
approaches to developing intelligent environments
are the absence of an overall methodology for
environment-wide behavior control, and the lack
of attention to the environmental impacts on
human behavior.
In a broad sense, a setting modification by an
intelligent environment can be viewed as a design
activity that transforms a present situation into a
desirable one (Kalay, 2004; Rittel, 1973; Simon,
1984): a (human) designer, in the course of solving
a design problem, identifies a design problem and
the goals a design solution should achieve,
generates possible solutions by gathering relevant
(external) information and using her/his (internal)
knowledge-base (e.g., past experiences, reasoning
rules, etc.), and evaluates the candidate solutions
by testing and verifying them compared to the
goals and constraints.
This design-oriented view can provide the
theoretical foundations for the development of
intelligent environments. The task an intelligent
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environment deals with at a given point in time
can be considered a dynamic design problem. The
intelligent environment perceives users’ activities
and the current state of the environment (problem
identification), determines the goal state and
constraints that reflects users’ needs (goal
formulation), finds potential environmental
settings that can achieve the goal state and abide
by the constraints (solution synthesis), and
evaluate the settings and select the best-fitting one
among them (evaluation).
The conventional approaches to intelligent
environments that were discussed above have
more or less disregarded such design-oriented
view. Thus, design-based models and
methodologies for intelligent environments have
not yet been proposed. As a result, a design
solution (i.e., setting modification) generated by
an intelligent environment, based on assumptions
made at an earlier time, may conflict with the
actual needs of the user(s), and therefore might
be overruled (by manually adjusting such
parameters as windows, lights, and thermostats),
or lead to dissatisfaction of the users (Arens et al,
1997).
Hence, although intelligent environments have
been developed to improve human-environment
interaction in one way or another by utilizing
computing technologies, they remain largely static
and passive entities. They have paid virtually no
attention to the environmental impacts on human
behavior, especially of the differing needs of
multiple simultaneous users of the same
environment. The drawbacks of conventional
approaches can be summarized as follow:
·

Lack of design-oriented view and theoretical models for controlling the environment.

·

Prone to conflicts between users and environments.

·

Less attention to the effects of spatial
quality of the built environment on human behavior.

·

No ability to deal with differing, even
conflicting needs of multiple simultaneous users.
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A Collaborative Design Approach to Intelligent
Environments
Most design problems in the real world are too
complex to be solved by a single designer. Rather,
design is a collaborative activity, involving
multiple specialist participants. Since each
participant has limited knowledge and abilities,
the design project can only be accomplished by
the combined efforts of the participants who have
particular tasks to complete based on their
specialty. In other words, while each individual
participant maintains autonomy to deal with her/
his individual tasks, coordination (e.g., task
allocation, scheduling, conflict resolution, etc.) is
required to accomplish shared organizational
goals. Therefore, collaboration can be defined as
the “agreement among specialists to share their
abilities in a particular process, to achieve the
larger objectives of the project as a whole” (Hobbs,
1996).
We posit that an intelligent environment can be
built with compositional objects (e.g., walls, doors,
windows, furniture, lights, etc.) as an ensemble
of autonomous intelligent objects, each of which
knows how to interact with context-specific user
activities. Thus, an intelligent environment can be
viewed as a team-like organization of multiple
independent agents. Moreover, a setting
modification performed by the intelligent
environment can be viewed as a dynamic
collaborative design activity, in which design
problems are distributed to multiple participants
(i.e., intelligent objects) and solutions are
synthesized through collaboration and negotiation
among them. This approach can overcome the
limits of the knowledge possessed by individual
intelligent agents, while the division of labor
makes the system overall simpler and more
responsive to unexpected needs of the users. Since
each intelligent object comprising the environment
is functionally, spatially, temporally, and
informationally bounded (i.e., has limited
knowledge and effect), a shared organizational
goal (i.e., environment-wide modification) can
only be accomplished by combining modifications
applied to many individual objects. The division
of labor and individual autonomy, on the other
hand, can improve the efficiency of the overall
performance of the intelligent environment by
reducing the cost of information processing.
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In general, when the uncertainty of the task
increases, the amount of information that needs
to be processed among decision-makers tends to
increase. In the case of an organization built
according to a mechanistic model, where tasks are
centrally preplanned and executed with strong
hierarchical authority, the increased uncertainty
of the task may reduce the degree of organizational
performance due to the limits of capacity in
handling exceptions and processing information
(Galbraith, 1977) — a phenomenon that was welldemonstrated by the I-CAAD system (Pohl et al,
1994). In order for the organization to cope with
growing uncertainty, the organization needs to
either increase its capacity of information
processing or decrease amount of information
passed among the members to accomplish the task.
A team-type organization is a case in point:
individual members have more or less selfcontained tasks. Hence, the amount of information
transmitted between members is reduced,
compared to a hierarchically structured
organization with rigid rules.
Although collaboration can overcome individual
limits to accomplish shared goals, it might also
induce inter-personal conflicts due to differences
in perspectives, goals, or knowledge among the
participants. In a collaborative design process
where each participant has her/his own tasks to
do, satisfying the goals of one individual may
interfere with satisfying the goals of another
individual (Kalay, 2004), and this may prevent
satisfying the overall organizational goals.
Similarly, when objects are constructed as
intelligent entities that know how to behave
according to built-in reasoning capabilities, each
one of them may perceive the same situation
differently from other intelligent objects, due to
their spatial and temporal boundedness. This may
lead to behavior conflicts between objects. In an
intelligent environment in which multiple objects,
users, and activities interact with one another,
conflicts between various entities need to be
efficiently resolved to properly modify the setting
of the environment as a whole, much like partial
design solutions proposed by the multiple
participants are tested and verified for consistency
and ability to meet the goals and abide by the
constraints. When approaching an intelligent
environment as an organization of multiple
intelligent objects, coordination and
communication among the objects are major
concerns.
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Implementation with a Multi-Agent System
Multi-Agent Systems
Considering the difficulties in constructing
intelligent environments and the drawbacks of the
conventional approaches, a method is needed that
can be responsive to users and user activities, and
that can efficiently handle the conflicts that arise
in the course of its solution generation. We have
found that a multi-agent approach can be a
promising method for developing intelligent
environments.
An agent can be defined as any entity that can
perceive its environment through sensors and act
on that environment based on its own reasoning
capability (e.g., a human agent, a robotic agent, a
software agent, etc.) (Russell et al, 2003). Thus,
autonomy, interactability, and adaptability are the
essential attributes that an agent should have. This
concept of autonomous agent has been a core
research subject in Artificial Intelligence and
widely used in many industries including robotics,
process control systems, email clients, and search
engines, for the purpose of developing intelligent
applications.
Agent-based computing has the potential for
conceptualizing, designing, and implementing
complex multi-user distributed systems (Jennings,
1999). In general, agents can be built in any
imaginable environment. Their behaviors are
strongly dependant on the nature of a task
environment. In theory, for any task environment,
either single or multi-agent systems (MAS) are
possible. A single-agent may work well when a
task environment is simple, small, and/or static,
whereas multi-agent systems are more appropriate
for complex, large, and/or dynamic environments
(Russell et al, 2003). The power of MAS lies in
the division of labor and the cooperation of agents
like human organizations. Whether organizational,
physical, or computational, the most basic
technique for tackling any large and/or complex
problem is to “divide it into smaller, more
manageable chunks” (e.g., individuals, mechanical
components, software modules, etc.) (Booch,
1994). As such, multiple agents can represent the
decentralized nature of the problem, multiple loci
of control, multiple perspectives, or competing
interests. Within an agent organization, the agents
need to interact and negotiate with one another to
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achieve their individual as well as common goals
(Jennings, 1999).
Such MAS-based approach has recently been
applied to building intelligent environments. In
these environments, multiple computational agents
communicate with one another to control various
building components. A system developed by
Xerox PARC (Huberman et al, 1995) utilized a
market-based MAS for managing the thermal
conditions of an office building. In this system,
individual temperature controllers (i.e., multiple
agents) of the offices bid to ‘buy’ or ‘sell’ cool or
warm air by participating in an auction that is
moderated by a central computer auctioneer, a
specialized agent. Similar MAS approaches are
found in other applications for the development
of intelligent environments (Boman et al, 1998;
Coen, 1998; Colley et al, 2001). The primary
concern of these MAS-based intelligent
environments has been the interaction of the agents
themselves and, as a result, the aspects of human
behavior and their relationship to the built
environment have largely been neglected.
In our proposed model of intelligent environment,
each building component is represented as an
intelligent or smart agent that knows how to
behave given any activity of any user, and has the
ability to perceive contextual changes of the
environment and adjust its behavior in accordance
with its immediate context to better support users’
context-specific activities. A layered multi-agent
approach can efficiently endow an environment
with intelligence by organizing agents and
controlling their behaviors. Built-in conflict
resolution mechanisms will minimize conflicts and
ensure environment-wide behavioral consistency.
Object, User, and Activity Profiles
The first step in designing an intelligent
environment is to embed processors and
mechanisms within objects to allow them to sense
and respond to user activities. For example, the
door of a room can open itself when a user
approaches. This behavior must be programmed
into the object (i.e., when and how to respond).
Such object behavior description can be stored in
the form of a profile, Object Profile. In addition
to an object profile, each object requires a control
interface that actually generates actions based on
external stimuli and the object’s profile. Thus, with
an object profile and a control interface, every
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object can be made to ‘know’ when and how to
invoke its behavior. Such programmed objects can
be viewed as intelligent (object) agents.
In a multi-user environment (e.g., an office), each
user has her/his own preferences for
environmental settings. These preferences can also
be programmed and collected in a User Profile,
which stores user preference including user ID,
object IDs, property variables, and their values
(e.g., the kind of music she likes, the lighting level,
heat/humidity levels, height of the chair/desk, etc.).
A user profile can be encoded in a card key or a
badge that can be read by objects through wireless
communication (e.g., Bluetooth, RFID, etc.).
Similar approaches have been used in designing
intelligent environments (Sharples et al, 1999;
Colley et al, 2001). Objects will need a mechanism
that can identify the user’s profile, and combine it
with their ability to sense the environment to
invoke the appropriate action.

Figure 1. User Profile + Activity Profiles + Object Profiles
= Setting Modification

In addition to object profiles and user profiles, a
third kind of a profile, Activity Profile that
describes the activity of the users is needed,
because the same users may perform different
activities at different times and have different
setting preferences for their activities. With object,
user, and activity profiles, the environment can
identify users and their activities, and thus modify
the settings of the environment accordingly
(Figure. 1).
Design Activity of Object Agents
Problem Identification and Goal Formulation
The design activity of individual object agents of
intelligent environments is initiated by perceiving
a user or users. When an object agent detects a
user in the environment, the agent retrieves a part
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of the user’s profiles (i.e., user and activity profile),
which is related to the object that the agent
controls, and loads it in the memory of the agent.
Each user profile contains a set of requirements
that describe her/his preferred configurations of
the environment. User requirements may include
functional (on/off, open/close, etc.), spatial
(position, size, etc.), environmental (color,
temperature, lighting, etc.), or informational
(music style, etc.) properties of objects themselves
as well as interrelationship(s) with other object(s)
(in-between distance, etc.). Each property (or
variable) of an object has a value or a range of
values that a particular user prefers. Once it is
processed, it becomes a part of knowledge-base
for the setting modification of the object agent.
An object agent formulates a set of goal states and
their constraints by processing the user and activity
profile of the detected user.
Since the initial problem space of each object agent
contains all the possible states (i.e., all the
properties and their possible values) of the object,
the process of goal formulation can significantly
reduce the search space of the object agent (i.e.,
individual users tend to have a limited number of
activities and preferred environmental conditions).
For example, when the object agent of ‘Chair-A’
detects ‘User-A,’ it loads the portion of Chair-A
from the user and activity profile of User-A on its
working memory. The loaded profile contains a
set of properties and their values (or ranges of
values) that represent User-A’s preferred state(s)
(i.e., the goal state(s)) of Chair-A. It may also
include relationship(s) with other object(s) (e.g.,
distance between the chair and a desk, etc.). When
the agent perceives an activity of the user, the
search process for a setting the activity will follow
thereafter.
Solution Search and Synthesis
The design method that object agents use for their
solution search and generation is means-ends
analysis. In the above example, when the user
(User-A) initiates an action on the chair (ChairA), the first step for the setting modification of
the object agent is to identify the type of the user’s
current activity. If the user’s current activity is
‘Office Work,’ the agent looks up the activity
profile loaded on the working memory and
retrieves the goal state, the user’s desired
configuration (ends) of the chair for the given user
activity. This process further reduces the problem
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space of the object agent into the goal space. The
next step is to determine the solution state within
the goal space and select an action or a set of
actions (means) from the object profile, which can
transform the current state of the chair to the
solution state (e.g., change the height of the chair
from ‘x’ to ‘y,’ etc.). Before an actual modification,
the chair agent needs to test and verify the selected
action(s), which is the next phase of the design
activity.
Evaluation and Confirmation
The evaluation phase of the object agents is not
much different from that of human designers. The
solution state sought from the previous phase,
which is represented as a set of actions, is
evaluated by the object agent.
In intelligent environments, the design decision
of the object agent should be made within the
current context of the environment. In other words,
the object agent has to test the fitness of the
proposed solution to the goal state in relation to
other objects in the same environment before
making any modification to the object. This is
because the objectives of the individual object
agents are not totally independent of each other.
When they are combined to modify the setting of
the intelligent environment as a whole, design
decisions of an object agent to achieve its own
goal may interfere with the goal of another object
agent. Again in the previous example, the position
and height of the chair object may be constrained
by those of a desk object in the same environment,
which may lead to a conflicting situation between
the two. Thus, the object agents must verify (or
check) the side-effects of their actions, before
confirming them. If any conflict happens, an
appropriate modification should be made to
resolve the conflict.
Uncertainty of the Design Problem
The ill-structuredness of design problems (Simon,
1984; Rowe, 1987) can also be found in the task
with which the object agent deals in intelligent
environments. As ill-structuredness comes from
the uncertain nature of a design problem, in an
intelligent environment, uncertainty is mostly
induced by the dynamic nature of users and their
activities. To cope with this uncertainty, the object
agent requires more capabilities, in addition to the
problem-solving skills.
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First, since users and user activities are not static
elements (i.e., a new user can enter or a new
activity can be initiated), the goal state (i.e., the
needs of particular users and activities) that the
intelligent environment needs to satisfy is not
fixed. In other words, the intelligent environment
must continuously gather information about the
present state of the environment for its setting
modification by monitoring users and user
activities. Second, such newly acquired
information (e.g., new user and activity, etc.) may
keep modifying the goals and constraints, which
in turn may require changes to the solution (i.e.,
changes of the setting) (Figure. 2), much like a
human designer keeps updating design solutions
in relation to the goals and constraints that s/he
discovers through the design process. Thus each
object agent has to be able to update its knowledge
and behavior accordingly as the state of the
environment changes. Third, different users may
have different needs, which require different
environmental settings. These may conflict with
the settings needed by other users of the same
environment, at the same time, thus requiring
negotiation and compromise between different
object agents. In order to handle this uncertainty,
collaboration and conflict resolution mechanisms
should be established in the intelligent
environment for environment-wide modification
and its consistency.

Figure 2. Design Process of an Object Agent

Design
Collaboration
of
Agents:
Communication and Knowledge Exchange
Knowledge sharing through communication
channels is one of the fundamentals of multi-agent
systems. As computational systems become more
complex, dynamic, and larger, the traditional
Artificial Intelligence approach with a single locus
of internal reasoning and control has shown
limitations in building computational intelligence.
Hence, as an alternative, the multi-agent systems
approach with distributed reasoning and control
has been widely applied. Because of the nature of
multi-agent systems in which multiple autonomous
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agents exist as a form of an organization or a
society, social interaction through communication
networks is inevitable for agents to achieve their
own goals and the goals of their organization or
society. Therefore, agents do not need to know
everything, rather rely on other agents to know
things required for their action generation
(Jennings, 1999). Communication protocols in an
organization of agents enable agents to exchange
and understand messages and to coordinate their
behavior, resulting in systems that are more
coherent.
An intelligent environment is composed of a group
of objects of which each has particular role and
behavior controlled by an embedded agent.
Although each object agent can generates its action
by monitoring the environment, information that
is required for the successful action generation
may not always be available to the agent. This is
because each object agent may perceive only a
part of the environment. For example, a lighting
device in an office may require information about
the current state of user activity from other
object(s) that the user activity is directly associated
with (e.g., chair). Moreover, some agent actions
may also be constrained by the state(s) or action(s)
of other agent(s) (e.g., height constraint between
a table and a chair: IF the height of Chair-A is ‘a,’
THEN the height of Table-A is ‘b’). Thus a
communication network that contains
communication channels and protocols between
object agents has to be provided for object agents
to efficiently collaborate with other object agents.
Languages that are included in the communication
protocols are major means of communication
between object agents. They are used for encoding
and decoding information to be transmitted from
one object agent to other agent(s). In the proposed
model of intelligent environments, the set of
profiles can also be regarded as a standardized
language that facilitates agent collaboration. For
example, when a user sits on a chair to switch from
work to rest , the change of user activity (i.e., from
‘Work’ to ‘Rest’) detected by the chair agent will
cause the behavior modification of the chair agent.
Thereafter, this change of user activity, as a
message, will be transmitted to the lighting agent
through the communication channel, which in turn
will modify the setting of the lighting object (e.g.,
change illumination). This communication process
is described in Figure 3.
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Figure 3. Topology of Agent Communication

Conflict Resolution of Intelligent Environments

Object Profile Conflict

An environment is a combination of actors, their
activities, and the physical (or object) settings,
which interact in various ways. In our model of
intelligent environments, these interactions can be
represented as interactions among the respective
profiles (Figure. 4). Although it is possible to
observe six different types of conflict in the
environment, in this paper we will discuss only
the three most prominent types of conflict: ‘Object
Profile Conflict,’ ‘User Profile Conflict,’ ‘Activity
Profile conflict,’ and their resolving mechanisms.

This type of conflict generally results from
perception or goal difference between object
agents (OAs). An object agent (OA), as a spatiotemporally and rationally bounded entity, can only
perceive a (small) part of the environment, about
which the agent thus has subjective knowledge as
well as limited reasoning capacity. As a result,
different OAs may interpret a same user activity
differently. Furthermore, each OA has its own goal
which may be different from that of other OAs.
These perception and goal difference are a major
source of Object (Profile) Conflict. In order to
resolve conflicts between OAs, another type of
agent, the Behavior Manager Agent (BMA) —
which is similar to a human coordinator in a
teamwork — has been introduced. The main task
of a BMA is managing, mediating, and
coordinating the behavior of the OAs assigned to
it, by resolving conflicts among them.
User Profile and Activity Profile Conflicts

Figure 4. Three System Profiles and Types of Conflict
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When two or more users are in a same zone (or
room) at a same time, there might be differences
in their preference over the settings of the zone
(or room), which may result in a User Profile
Conflict in an intelligent environment. Similarly,
whereas a single user normally performs a single
activity for a certain time period, two or more users
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may perform different activities in a same zone
(or room) at a same time, which may lead to an
Activity Profile Conflict. For instance, in an office,
the lighting and sound preference for the resting
activity of one user may be conflicted with the
preference for the working activity of another user.
Theses types of conflict arise due to the goal
difference between users and may not be easily
predicted in advance. Although these conflicts may
simply be resolved by referring them to the users
involved, this may be burdensome for the users.
Therefore, an effort to resolve user and activity
conflict should be made by the agents of an
intelligent environment.
Layered-Agent Structure
In order to efficiently resolve possible conflicts
and maintain the consistency of environment-wide
modification, we introduce a layered-agent
structure. Briefly, the primary task of upper level
agents is to coordinate the behavior of lower level
agents and resolve conflicts arise between lower
level agents. The layered structure includes only
three levels of agents, arranged in a hierarchical
structure (Figure. 5). Conflicts are resolved by
referring them to the agent next level up. The
function of each level of agents can be described
as follow:
OA (Object Agent): A set of OAs control the
behaviors of objects in a zone (or room) of the
environment. When a user forwards an action to
an object, the OA of the object identifies the action
and responds to it based on the behavior criteria
of the object, which are described in its object
profile, in conjunction with the user and user
activity profile. The OA passes the data of its
current state to its BMA, which is a higher level
agent as well as an intermediate agent which
summarizes the current state of the assigned zone
and uses it to coordinate the behavior of the lower
level OAs. OAs are the lowest level agents that
directly manipulate the environment.
BMA (Behavior Management Agent): Each BMA
controls the behavior of an assigned zone (e.g., a
room, a lobby, etc.) that includes a number of OAs.
A BMA keeps track of the states of users, user
activities, and objects within a zone that is under
its coordination. A BMA summarizes users and
user activities at a given point of time based on
the state data received from the OAs associated
with the current user activities. Thus, a BMA can
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coordinate the behavior of its OAs based on the
data about users, user activities, and objects in its
assigned zone. By doing so, it can handle conflicts
between OAs (i.e., object-level conflicts).
EMA (Environment Monitoring Agent): The
primary role of the EMA is to control the behavior
of a whole environment by monitoring the context
of each zone. The EMA can identify the context
of each zone through the data received from an
associated BMA (i.e., current state of a zone).
Based on the context of the zone and its relation
to the contexts of other zones, the EMA
coordinates the behavior of BMAs, when the
modification may further change setting(s) of other
zone(s). Thus it can deal with zone-level conflicts
(i.e., conflicts between BMAs). The EMA is the
top level agent that controls the overall behavior
of the environment.
In general, organizations are expected to improve
their performance if their organizational structure
matches their task structure (i.e., structural
alignment) (Carley, 1999). In this respect, the
layered-agent structure in the proposed model of
an intelligent environment is well aligned with the
structure of the task environment, which is
hierarchical in its composition (i.e., Building Level
– Zone Level – Object Level) (Figure 6).
Conflict Resolution
Resolution of Object Profile Conflict
To accommodate changes in user activities (e.g.,
switching from work to rest), objects must detect
the change, retrieve the stored data from the
activity profile, and apply it in a timely fashion.
However, the user’s change of activity is normally
only evident through one or more objects that are
associated with that activity. Other, non-associated
objects, may not know what the current user
activity is, nor that it is different from an earlier
activity, because each agent is physically and
rationally bounded and can only perceive some
part of the environment.
Thus, as discussed in the earlier section, in order
to overcome such limitations of individual agents,
communication channels between agents are
required. Through communication channels with
other object agents (OAs), an OA that is not
directly associated with a user’s activity can still
be informed about it. For example, when a user
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Figure 5. Agent Structure and Communication of Intelligent Environment

Figure 6. Structural Alignment of an Intelligent Environment

starts her/his break, the change of activity may be
triggered by the chair on which s/he sits (leaning
back vs. sitting straight up). The chair could then
communicate this activity through communication
channels to other agents, which will change their
settings for the ‘rest’ activity of the user. But during
the break, the user may grasp a magazine that s/
he bought that morning and start reading it. At
this point, the “table” (agent) on which s/he puts
the magazine will detect this activity and reason
that the user stopped her/his break and returned
to work. It will inform other objects of this change
of activity, and they will change their settings from
the ‘rest’ profile to the ‘work’ profile. However,
the “chair” agent may still think that the user is
resting. This means that the activity detected by
the table does not match the activity detected by
the chair, generating a conflict between OAs.
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Resolution of an Object Profile Conflict can be
done by a Behavior Management Agent (BMA)that
determines the user’s current activity by
summarizing the current state of the room based
on information gathered from OAs (e.g., which
objects are currently involved in which user
activity, the user’s location in the room, etc.) and
other resources (e.g., time of day, user’s previous
activity patterns, etc.). Thus, a BMA can be
considered a coordinator who acts at a level above
the object agents.
Resolution of User Profile and Activity Profile
Conflict
When there are two or more users at the same time
in the same environment, two or more different
user profiles are active simultaneously, which may
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lead to a User Profile or Activity Profile Conflict,
because one user’s preferences for the office
setting may be different from another user’s
preferences (e.g., difference of music style,
lighting illumination level, temperature, etc.). This
type of conflict may simply be resolved by
referring it to the users. However, this puts the
burden of controlling the setting of an environment
on the human actor, which is precisely what an
intelligent environment is intended to avoid.
Hence, an attempt to resolve a user or activity
profile conflict should be made by the agents
themselves. When such a profile conflict is
detected, a mechanism of conflict resolution is
invoked within the BMA at the zone level. In short,
the BMA may select one of the two profiles,
combine the two, or create new profile as an
alternative (Figure 7). As the result of this process,
a Group Profile is generated for a group of users.
Summary and Conclusions
Current approaches to developing intelligent
environments are based on the systems approach,
where the entire environment is considered a
‘machine’ whose output (i.e., the environmental
setting) must be adjusted to conform to some predefined schema. We contend that such a
mechanistic approach is inadequate, because it
fails to recognize the changing behaviors and
activities of the users, and fails to respond to
conflicting needs of multiple users. A more flexible
approach, based on design collaboration, is
proposed. It comprises of a hierarchical structure
of largely independent agents, which can
communicate with one another and resolve
conflicts much like a (human) team-type
organization does. The fundamentals of the
proposed model can be summarized as follows:

1. The model is built with a hierarchical
organization of multiple agents that generate
actions through message transmission.
2. The agents have both individual goals and
shared organizational goals. The individual goals
are typically action-oriented (e.g., lighting agents
- keeping illumination level according to user
activity), whereas the organizational goals are
more abstract (e.g., zone-level modification) and
can only be accomplished by the combined result
of agents interaction through the communication
network.
3. Bi-directional interaction between layered
agents about a task environment and generating
actions on the environment, augmented by a
coordination and conflict-resolving mechanisms,
completes the organization of the system.
The propose approach also provides a much
needed overall organizational methodology to
developing intelligent environments. It is easily
scalable, and is expected to be more responsive to
its occupants needs than mechanistic approaches.

Figure 7. Conflict Resolution: User-Activity Profile Conflict
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