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ABSTRACT

The introduction of new technologies has been adopted as a
strategy in the search for better energy efficiency, better
environmental quality for wusers and reduction of
environmental impacts. Such examples of this strategy are the
installation of automation systems and/or their integration
with existing systems in buildings. Regarding the
environmental quality, studies related to the thermal comfort
show that temperatures outside a comfort zone can affect the
productivity and well-being of the users. Knowing that, in
most cases, the temperature control of the environment is
performed through types of equipment that have a significant
share in the energy consumption of buildings, the motivation
to develop researches that contribute to proposals and
discussions of solutions for better energy efficiency while
maintaining the thermal comfort of users. In this regard, this
paper describes the use of ambient intelligence as a solution to
model and control the behavior of a system involved in
building automation and contributing to a significant
optimization in terms of comfort and energy saving.
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1. INTRODUCTION

An intelligent building (or environment) can be defined as the
one that uses computer technology to automatically control its
operation, in such a way as to optimize the users’ comfort, the
resources consumption (for example energy), safety and work
efficiency” [1].

In fact, the increasing interest in building automation is not a
coincidence. Today, there is a wide variety of low-cost
devices allowing the interconnection of electrical devices,
sensors and computers within a building. The idea thus
emerged to make more appropriate use of these resources, in
such a way to reduce the costs of operation and maintenance
of the building and improving the comfort and safety of its
occupants. However, the rational use of these resources often
requires that the computer software involved have a degree of
flexibility and autonomy that can hardly be achieved through
classical design and programming techniques. In this case, it
refers to systems that should be intelligent enough to act
appropriately in changing, unpredictable and complex
situations.

The problems with these characteristics have usually been
addressed through the intelligent systems, including both Soft
Computing systems and classical approaches of artificial
intelligence based on representations and methods of high-
level reasoning [2]. Besides the significant differences
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between these approaches, there is a unifying concept known
as intelligent agents that has allowed the use of the most
appropriate technique in each case and perform various forms
of hybridization in cases where necessary [3], [4].

In general, an intelligent agent is an autonomous entity
(software or hardware), directly connected to the problem
environment, which is capable of exhibiting flexible behavior
(reactive, proactive and social) tending to meet its design
objectives. If there is more than one agent interacting in a
shared environment, the resulting multi-agent system has
considerable added value since agents can share their
knowledge and skills, being able to perform activities that go
beyond their individual capabilities.

The problematic associated to the smart buildings’
management, has many characteristics that are appropriate to
be approached with a multi-agent approach, as it has been
reflected in several works related to the analysis,
development, and implementation of systems for the
autonomous and intelligent management of buildings for
residential use, offices and industrial ones. From this
tendency, a considerable number of theoretical and practical
challenges have emerged to which the paradigm of multi-
agent systems should respond according to the particularities
of this application area. Thus, aspects such as planning,
optimization of the use of resources, scheduling, machine
learning, communication and coordination of agents begin to
be reconsidered from the perspective of intelligent
management of a building.

In this context, this paper describes in section 2 some general
aspects of intelligent buildings. Section 3 introduces
elementary concepts of multi-agent systems and their
applicability in smart buildings. Section 4 presents the related
works, then section 5 portrays our contribution. Finally,
section 6 presents conclusions.

2. SMART BUILDING: A
MULTIDISCIPLINARY ENTITY

In the last century, the percentage of the world's population
living in the cities has jumped from 10% to more than 50%,
and it is expected that by 2050, 75% of this population will be
living in cities. Throughout the early 21st century, big cities
have brought to the fore the enormous challenge of
sustainable development, which has been defined as the need
to guarantee the current requirements, without compromising
the ability of future generations to meet their own needs [5].
As a consequence of the need to guarantee comfort and
resources to a world urban population, buildings are today the
largest energy consumers in the world, accounting for 40% of
world energy consumption and consuming 50% of the final
electricity available in the world [6].

The urban environment is the main platform for the
introduction of technologies and policies that can contribute to



reducing energy consumption and increasing the energy
efficiency of available services. However, buildings are the
main consumer of energy in cities, being the focus of several
researches and applications developed to ensure the comfort
of users in a more efficient way.

As was pointed out in [7], the “Smart Buildings” (SB) term
has been used for more than two decades. During the second
half of the 1970s, the term referred to buildings that were built
based on the concepts of energy efficiency; in 1980, it started
to be used to refer to buildings that could be controlled
through a computer. In this regard, technological advances
have made it possible to build buildings capable of managing
their infrastructure and services - such as lighting or air
conditioning systems - in a more efficient and autonomous
way, using some pre-defined configurations via software as a
basis for decision making.

Besides, a new concept of applications arises due to advances
in the fields of electronics and communication systems. Over
the last decade, the development of devices and equipment
has sought new forms of interconnection between the physical
and digital worlds.

Indeed, the combination of computational power and
communication networks has made it possible to develop
applications capable of perceiving and interpreting the real
world. Through sensors, analog signals present in the real
world are converted into digital data in order to be processed
locally or transmitted to any computational source of
processing. The analysis of these data allows taking actions in
the real world by means of actuators, characterizing a
feedback control able to manage the dynamics of several
systems. The advancement of Information and Computer
Technology (ICT) and the emergence of concepts such as the
Internet of Things (1oT) enabled to add intelligence to digital
systems solutions.
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Fig 1: Smart Building Components [8].

As described in [9], the definition of a smart building
encompasses the set of dynamic and intelligent systems
installed in a building, capable of storing, producing, sharing,
analyzing and acting based on the collected data. The installed
system is capable of increasing the energy efficiency of its
actions over time through learning from the actions that
produced the best results. In addition, the system is capable of
optimizing performance in different aspects: safety, energy
efficiency, productivity, efficient operation, efficient
consumption, among others.

In addition to the benefits delivered to direct users, smart
buildings will intensify the existing relationships between
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buildings and the city. The bilateral exchange of energy
between building and city will be a consequence of the
technological advancement of smart electricity grids, known
as Smart Grid. As analyzed by [10], smart grids integrate
information and communication technologies with the current
power grid, enabling new ways of communication between
users and distribution utilities.

In addition, with the emergence and use of smart electricity
meters, new sources of electricity will be introduced through
distributed generation. Once connected to the city's
infrastructure, buildings take on the role of consumer-
generator, contributing to increased power quality and
accelerating the response time of the electricity system at peak
times. Based on the positive aspects of each of the definitions
found in the literature, in this context, we may define a smart
building as a building that provides comfort, safety and the
necessary resources to users through dynamic systems that are
responsive, intercommunicable with each other and integrated
into the city. Its systems interact with users, anticipating their
needs and providing information about the use of their
utilities.

3. MULTI-AGENT SYSTEMS AND
SMART BUILDINGS

An intelligent agent is an autonomous entity (software or
hardware), directly connected to the problem environment,
which is capable of exhibiting flexible behavior tending to
meet its design objectives. The flexible behavior refers to the
fact that it should be able to react in time to changes in the
environment (reactivity), take the initiative when necessary
(pro-activity) and communicate and interact with other human
or artificial agents (sociability). If several agents interact in a
shared environment, it is then a multi-agent system [11].

A multi-agent system (MAS) is a tightly coupled network of
components (agents) working together to solve problems
beyond their individual capabilities and/or knowledge. Some
of the features characterizing MAS are:

e Agents are autonomous, distributed, possibly
heterogeneous and can be individual or cooperative;

e  Each agent has incomplete information, or limited
capabilities to solve the problem, so each agent has
a limited point of view;

e A MAS is usually open and there is no centralized
design;

e There is no global control of the system and the data
is decentralized;

e  Asynchronous computation;

e There is some infrastructure that specifies
communication and interaction protocols.

There are several reasons that enhance the growing use of
Multi-Agent Systems, such as:

e  Robustness;
e  Efficiency;

e  Ability to allow the interoperation of existing legacy
systems;

e Ability to solve problems in which the data or
control skills are distributed;

e Ability to solve problems that require sophisticated
patterns of interaction between system components.



In this regard, multi-agent systems are the most available
approach to undertaking complex systems. Their
decentralized nature makes them particularly suitable for such
systems. Then Multi-Agent Systems allow working on the
overall operation of a system by focusing on the entities
comprising it and their interactions. Hence, it is actually
possible to visualize more clearly the relationships existing
between the intelligent building management and MAS. In
this case, we can have agents that represent different devices,
Sensors or actuators, building’s occupants, rooms, and even
the entire building. It will also be possible to design the agents
considering a functional vision and have agents of personal
comfort, security, individualization, and site of people, etc.

Agents may be distributed on different computers and
devices, collecting the information required to perform their
tasks and communicating when necessary. Each agent shall be
as autonomous as possible, requiring the minimum human
intervention for its operation. Some agents will perform
continuously, such as those associated with rooms or other
parts of the building. Others, on the other hand, will have a
shorter life cycle according to needs. This will be the case of
the agents representing the people occupying the building,
which may be created/destroyed each time the associated
person enters/leaves the building.

The characteristics and properties of multi-agent systems can
play a fundamental role in achieving those attributes that we
previously considered desirable for a system that controls an
intelligent  building (flexibility, scalability, robustness,
conviviality and reactivity).

An intelligent agent must, by definition, be able to exhibit a
flexible behavior. The flexibility that an agent can provide in
this context is not limited to the facilities for defining new
policies and devices. In this case, the meaning is broader and
may include behaviors and interactions of agents with a
significant degree of complexity. The scalability is
guaranteed, since the incorporation of new components only
involves the definition and creation of the agents representing
them. The robustness is implicit in the distributed
characteristics of the MAS. If a computer fails, the affected
agents may be replaced by other agents who adopt their roles,
thus reducing the problems associated with the critical failure
points. On the other hand, an agent will be able to anticipate
the needs of a user, take the initiative and execute a task
autonomously without the active requirement of a person. In
the ideal case of autonomy, this agent will be able to learn the
person's particular preferences and perform his actions
according to his observations of his behavior. Also, it will be
able to respond urgently when the situation requires using a
suitable agent architecture for these cases. These
characteristics can positively influence all aspects of
conviviality.

Regarding the communication between the agents controlling
an intelligent building is also a fundamental factor to consider.
In some cases, it has been based on traditional Distributed
Artificial Intelligence approaches such as blackboard systems.
It is also possible to modify the environment as a reactive
form of communication. The current trend is to use agent
communication languages based on the “speech acts” theory,

such as KQML" and FIPAZ ACL®,

The coordination of agents, as in other domains, is an
important aspect to achieve a consistent behavior of the MAS
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that manages an intelligent building. The distribution of data
and control among several autonomous agents often leads to
conflicts due to the existence of different points of view,
access to scarce resources or incompatibility of objectives.
Another crucial aspect to consider is the way in which the
agents will represent and reason about the functioning of the
devices, rooms, the building, the capacities of the other agents
and the building occupants. In some cases, reactive schemes
will be adequate to respond quickly to urgent demands. In
others (e.g., if there is interaction with the building through
natural language) deliberative agents with high level
representation and reasoning capacities will be necessary.

4. RELATED WORKS

4.1 Smart Building Optimization

Works on intelligent buildings and home automation reporting
the use of the multi-agent systems for intelligent energy/
comfort management has been appearing in the literature for
many years. For example, in [12], they presented an energy
management system, its control and simulation using MAS.
The purpose of this work is to improve the management of
energy and comfort in a commercial building. In the
residential sector, new systems have been proposed to meet
various challenges, such as implementing intelligent
residential monitoring [13], providing customers with real-
time feedback for better managing their consumption [14] and
developing home automation [15]. For example, Abras et al.
[16] proposed a multi-agent home automation system that
controls appliances and energy sources in buildings.

Moreover, in Klein et al. [17] presented an agent-based
system for comfort and energy management (MACES: Multi-
Agent Comfort and Energy System) by coordinating the
building appliances and the occupants and using a multi-
objective optimization MDP (Markov Decision Problems).
Also, in [18]-[20] they adopted hierarchical MAS architecture
to deal with comfort and energy efficiency management. The
proposed agent-controllers are optimized by integrating PSO
(Particle Swarm optimization) and MOGA (Multi-Objective
Genetic Algorithm).

In addition, in [11] and [21] the authors proposed a technique
based on a MAS for the control and real-time learning of
elements of a smart home. Minar et al. [21] addressed,
through their work, a wider vision on the construction of a
distributed architecture for ubiquitous computing agents. A
similar architecture is proposed in [11], although this latter
approach focuses on the implementation details of the agents
that mainly meet the needs of compactness since, in the first
approach, these concepts are not taken into account. The MAS
based on the oriented approach interactions were developed in
[22] by coordinating a human machine interface (HMI) and
agent-based communities, to optimize the comfort
management as well as the heating, ventilation and air
conditioning (HVAC) processes.
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Fig 2: Class diagram of the Intelligent Monitoring System

4.2 Human Behavior/Occupancy

In residential context, various works have been performed on
modeling and estimating buildings occupancy. In the context
of the American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE), Claridge et al. [23] of the
American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE), Claridge et al. [23]
proposed using daily profiles to simulate different categories
of buildings for professional use. With this objective, Liao
and Barooah [24] developed an agent-based model to simulate
occupant behavior in an office building. The proposed model
has been validated with sensor data for a particular case of a
room and an occupant. Based on statistical data over eight
years of measurements, Haldi [25] developed an agent-based
predictive model of the actions of office buildings occupants

on windows. Variables include indoor and outdoor
temperatures, the presence of rain, and occupant
absences/presences. The model reflected individual

characteristics such as air quality, thermal and visual comfort.

4.3 Occupants’ Modeling

the user activity to optimize the energy performance. Such
example in [26], in which a probabilistic model proposed,
based on Markov processes representing time schedules in
residential building, proposed an easy-to-access MAS for non-
specialist experts. However, it takes into account only one
dimension (the activity), ignoring the thermal issues of the
building, the individual comfort, the collective organization of
the home, etc. In contrast, other studies focus on thermal
comfort [27], occupant actions on the building [28].

In this regard, the work presented by Kashif [29] on the
design of a detailed human behavior model for energy
management. Based on the analysis of daily activities, the
author proposed a behavioral model of the inhabitants based
on BDI (Belief Desire Intention) agents that also takes into
account the thermal properties of the building and the
appliances consumption. In this model, the behavior of the
inhabitants is represented through a reactive and deliberative
decision-making process, based on Brahms architecture [30].
Such approach is interesting as it is based on real activity data
obtained in real-life situations.

5. CASE STUDY: AGENT-BASED
COMFORT CONTROL IN SMART
BUILDINGS

The objective of studying the people behavior in certain
environmental and personal conditions is to predict the degree
of satisfaction/dissatisfaction with the thermal environment.
In this context, we are interested in the thermal comfort within

office buildings. Indeed, we have implemented an agent-based
prototype acting as an expert system that assists in the
management of the building to improve the quality of services
for the occupants. The scenario took place in a lab at the
College of Technology at the University of Houston. In order
to be able to build a profile of temperature, thermal perception
for certain people, we shall first discover the ideal comfort
temperature standard for the user based on its preference and
sensations.

5.1 The proposed Multi-Agent System

The proposed system allows improving the social
environments where the users take part to improve their
thermal comfort. An additional feature is to record user
preferences for statistical purposes to improve the conditions
of the environments. The prototype implemented in this work
is composed of the following agents provided by JADE (Java
Agent Development) framework [31]:

e AMS (Agent Management System): It is the agent in
charge of the supervision and control over access
and use of the platform. In addition, it provides the
white pages’ service, that is, it is responsible for the
authentication of the agents and the control of
records, ensuring that each agent in the platform has
a unique name.

e DF (Directory Facilitator): It is the agent that
provides the service of yellow pages. This is where
every system agent can log the services it offers.
Through the DF agent, an agent can find other
agents in the system who provide the services
needed to achieve their goals.

e RMA (Remote Monitoring Agent): It is the agent
that allows to control the rest of agents in a
platform. It provides a graphical interface that
facilitates monitoring and control functions.

In addition to the agents provided by JADE, the prototype has
its own agents (Fig 1):

e User Agent, it has the task of representing a user
seeking to satisfy its preferences. Its mission is to
observe the environment through the proposed model
and compare the measured values with the target values
that satisfy the user. In case the measured values vary
more than a certain value (threshold) the agent has the
obligation to make the requests to the coordinating
agent to alter the environment seeking to favor the
preferences of its user.

10



e Thermal Agent, it is the agent that communicates
directly with the environment and builds a
representation of the environment. The role of this
agent is to have knowledge of the temperature to
inform other agents in the system.

e Corresponding Agent, this agent behaves as
moderator or jury during negotiations between User
Agents. It receives requests from user agents and
calculates the comfort temperature based on the
Equation (1) in order to accommodate each user.

5.2 Validation

This subsection describes the development of an algorithm
capable of controlling the operation of air conditioning (AC)
units in order to minimize use discomfort through interaction
with a control platform. The operation of the algorithm is
logically based on the feedback (positive or negative) from
the air conditioning control decision depending on whether
there is a negative/positive feedback from the user.

The current AC temperature is read and the AC status is
checked (whether it has been changed by the user or remains
unchanged). Based on Comfort; 4., Which is described in
Equation (1) and used to set the comfort temperature for each
user:

Comfortmgey = current_temp - preferred_temp (1)

This index should be very close to the preferred temperature,
which is entered by the user.

When Comfort,qer = 0, then set:
Comfortrempy = Preferredremy

The operating scheme of the algorithm is shown is Figure 3.

Initialize t

Y

Read current temperature

Y

Calculate Comfortysdex

<
<

Comfort_Index =0 Initialize t+1

No T
Yes

A 4

Set: Comfort_Temp = Preffered_Temp
Finalize t

Fig 3: Operation scheme of the proposed algorithm

On the other hand, Fig 4 shows the sequence diagram
provided by the JADE sniffer agent that describes the main
sequence of the system, where the user agent has request to
change the environment to the Coordinating Agent. Once the
coordinating agent receives the request, it sends in response a
proposal to change the environment to which the agents
accept and proceed to execute the action requested and reports
the success or failure of the action to the involved user agent.
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Inform: Measure
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Accept proposal:
Execute actuator
Request: Execute actuator

Inform: Execute actuator

Inform: Execute actuator

Fig 4: Sequence Diagram — Negotiation between agents

6. CONCLUSION

The artificial intelligence techniques have been used in many
decisions, controls and automation systems over last decades.
Systems for automating buildings have been no exception. In
this direction, the control system architecture proposed in this
paper contributes to the field of the optimization of intelligent
buildings, transforming them into a dynamic space,
considering standards of comfort and satisfaction for its
occupants.

The performed tests allowed us to conclude that, at the very
close comfort level of the occupant, the system obtained good
performances by stabilizing the room temperature very close
to the comfort temperature chosen by the user, taking into
account the comfort level, minimum and maximum
discomfort temperatures.

In this sense, the inherent skills of intelligent systems that
their environment plays a very important role in achieving
high system optimization. This is because the rules-based
agents’ system adequately captures the dependencies and
interactions between components located in different sectors,
thus facilitating the management of the process of automation.
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