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SISTEMAS DE INFORMACIÓN UBICUOS BASADOS EN
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hablas de la producción de hidrógeno o del nuevo microcontrolador es una fuente de
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Caṕıtulo 1

Resumen

1.1 Motivación y Objetivos

El paradigma de la Inteligencia Ambiental (AmI) [1, 3, 10, 31] persigue como
objetivo proporcionar entornos dotados de interfaces inteligentes e intuitivas que están
integradas transparentemente en los objetos que nos rodean, y son capaces de detectar,
responder y adaptarse a nuestras necesidades, hábitos y deseos.

Desde esta definición podemos detectar las tecnoloǵıas de las que deriva la AmI.
En primer lugar, la capacidad de que el entorno esté dotado de interfaces inteligentes
integradas transparentemente proviene de la Computación Ubicua [36, 38, 39]. El
paradigma de la computación ubicua apuesta por la tecnoloǵıa que desaparece, es decir,
entornos donde las capacidades de computación están incluidas en objetos cotidianos
de forma que son imperceptibles para sus usuarios. Decimos aśı que estos entornos son
ubicuos, debido a la disponibilidad de tecnoloǵıa en cualquier parte, y no intrusivos,
ya que no alteran el entorno habitual de sus usuarios.

Por otra parte, decimos que el entorno está dotado de interfaces inteligentes e
intuitivos. El paradigma de las Interfaces de Usuario Inteligentes [25,33] defiende
el desarrollo de dispositivos e interfaces que interactúan con las personas sin interferir
en su comportamiento cotidiano. Siguiendo la definición de AmI, un entorno AmI es
capaz de detectar usuarios e información relativa a ellos. Esta capacidad nos ofrece
la información que deseamos sobre el usuario y su hábitat en el momento adecuado y
de la forma apropiada. Esto es lo que llamamos sensibilidad al contexto y se refiere al
paradigma del Context-Awareness [2, 7].

Por último y parte clave en AmI, los entornos son capaces de responder y adaptarse
a las necesidades, hábitos y deseos de las personas. En AmI, los servicios y aplicaciones
usan la información de contexto para ofrecer beneficios a los usuarios en una forma
proactiva. Aśı, la Inteligencia y la Adaptación se convierten aqúı en cualidades
clave. Estas caracteŕısticas permiten que aplicaciones y servicios sean personalizados
y se adapten a las condiciones cambiantes del usuario y el entorno, y actúen con
proactividad tomando decisiones autónomamente para anticiparse al usuario cuando
la situación lo requiera.

xiii



xiv Motivación y Objetivos

El campo de la Inteligencia Ambiental ha crecido mucho en los últimos años y se han
aportado diversas propuestas y soluciones orientadas a la consecución e integración de
sus beneficios en nuestras vidas. Sin embargo, actualmente ninguna de estas propuestas
es capaz de ofrecer una solución que proporcione la capacidad de adaptación inherente a
los sistemas AmI de una forma genérica, i.e., adaptable a diferentes tipos de escenarios
y situaciones, y global, i.e. que aborde todas las caracteŕısticas y restricciones de este
tipo de sistemas desde una fase inicial de diseño hasta el desarrollo final.

Derivado de esta necesidad surge la motivación global y principal objetivo de esta
tesis: la definición de un marco genérico para proporcionar capacidades de
adaptación en sistemas software complejos como los basados en Inteligencia
Ambiental. Aśı, en el ámbito de esta tesis, lo que pretend́ıamos era preguntarnos sobre
la naturaleza de la adaptación en sistemas AmI (i.e. altamente cambiantes, ubicuos,
no intrusivos, centrados en el usuario, con alto número de entidades en el sistema
y funcionamiento a largo plazo). El principal resultado de esta actividad pretend́ıa
generar un modelo formal y de desarrollo en el cual, en cualquier tipo de despliegue de
un sistema computacional, la capacidad de adaptación se ofreciera de manera ortogonal
a servicios y aplicaciones para ofrecer beneficios a los usuarios.

Como vemos, en este tipo de sistemas, el usuario es la principal entidad actora.
De hecho, no sólo es entidad del sistema, si no que es el beneficiario último de la
adaptación. Para integrarlo de manera natural en nuestro modelo necesitábamos un
modelo del usuario que considerase tanto sus caracteŕısticas f́ısicas (edad, altura, etc.)
como sus intereses, preferencias y comportamientos. Por tanto, gran parte del esfuerzo
de esta tesis ha sido dirigido hacia el modelado de usuarios en este tipo de entornos.
Esta actividad de modelado nos llevó al uso de técnicas de inteligencia computacional.
Estas técnicas nos permiten por una lado, el modelado de conocimiento complejo de
los usuarios, y por otro, dotar a la infraestructura que pretend́ıamos desarrollar de una
capacidad de adaptación que le permitiera interactuar de una manera cada vez más
cómoda y natural con las aplicaciones y con otros usuarios del sistema.

Otra caracteŕıstica fundamental para proveer adaptación en AmI es la información
de contexto. Era necesario ser capaces de ofrecer una caracterización del contexto de
cada entidad del sistema suficientemente detallada, actualizada y funcional. Además,
especialmente la información sobre la localización de los usuarios en AmI es primordial.
Surǵıa, de este modo, la necesidad de localizar usuarios en entornos altamente cam-
biantes, aprendiendo y adaptándose a estos cambios de forma efectiva y perdurable
en el tiempo. De hecho, mucho del trabajo de esta tesis ha estado orientado en esta
dirección.

Derivado de las necesidades descritas y de las propias caracteŕısticas de los sistemas
AmI, era necesario enfocar la tesis tanto a mecanismos y técnicas de aprendizaje,
como al completo desarrollo y despliegue de estas en escenarios reales, respetando las
restricciones impuestas por los entornos AmI y ofreciendo una integración real y natural
en ellos. Por esta razón, una de las actividades más importantes dentro de esta tesis
consistió en proveer al marco general de adaptación de la posibilidad de coexistencia
de elementos reales y simulados para acercar los modelos teóricos a la realidad.

Con esto, podemos resumir los objetivos espećıficos perseguidos para la consecución
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del objetivo global de esta tesis doctoral en:

1. Identificar y analizar los requisitos y necesidades de sistemas de información
ubicuos basados en Inteligencia Ambiental.

2. Analizar el estado del arte actual en este tipo de sistemas, identificando aque-
llas deficiencias que imposibilitan el avance hacia una verdadera, sostenible y
perdurable adaptación en AmI.

3. Establecer las bases y requisitos que garantizan la capacidad de adaptación en
sistemas AmI y que permiten al sistema adecuarse eficientemente a cambios y
nuevas situaciones que se produzcan en el entorno y sus usuarios.

4. Definir formalmente y modelar aquellas entidades necesarias en sistemas AmI
considerando el alto dinamismo y heterogeneidad de usuarios, fuentes de infor-
mación y escenarios.

5. Ofrecer una manera de diseñar, evaluar y desarrollar este tipo de sistemas que
permita su posterior aplicación al mundo real.

6. Como parte inherente de la adaptación en sistemas AmI, proporcionar mecanis-
mos capaces de localizar a los usuarios, que respeten las restricciones de estos
entornos y provean una solución efectiva.

7. Validar estas propuestas de forma que se demuestre la viabilidad de su integración
en diferentes escenarios reales.

1.2 Resultados

El trabajo realizado durante esta tesis ha dado lugar a valiosos resultados, de los
cuales, gran parte se encuentran descritos en los art́ıculos que la componen. Dados
los requisitos de esta modalidad de presentación de tesis doctoral, no todo art́ıculo
fruto de esta tesis ha sido incluido en el compendio de publicaciones (la lista completa
puede verse en la sección 8.2). Durante el transcurso de esta tesis la doctoranda ha
participado en diferentes proyectos y colaboraciones que han dado lugar a resultados
que, pese a no ser incluidos en esta tesis, han enriquecido el trabajo llevado a cabo
dentro de la ĺınea de investigación del doctorado [42,48]. A pesar de esto, los resultados
más relevantes respecto al trabajo de tesis realizado, śı se encuentran descritos en los
art́ıculos presentados.

Aśı, y derivado del objetivo espećıfico 1) descrito en la sección anterior, hemos ana-
lizado y definido las caracteŕısticas propias y deseables de los sistemas AmI. Asimismo,
hemos caracterizado la problemática subyacente a los sistemas de información ubicuos
basados en AmI.

Tras este análisis, y planteado como objetivo 2) de esta tesis, llevamos a cabo una
profunda revisión de la literatura existente en este tipo de sistemas. Esta revisión
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dio como resultado un estudio sobre las diferentes aportaciones, propuestas previas y
trabajos realizados en adaptación en sistemas AmI.

Este resultado junto con la caracterización y problemática asociada a entornos
AmI reveló la necesidad de una arquitectura capaz de considerar todas las entidades
integradas y requisitos en AmI. Además, permitió detectar y establecer aquellas
entidades y elementos que deben ser susceptibles de consideración en este tipo de
sistemas para proveer mecanismos adaptativos eficaces y perdurables en el tiempo.
Esto dio lugar a la consecución del objetivo espećıfico 3) planteado en esta tesis.

Como parte del objetivo 4), analizamos las entidades detectadas en el objetivo
3). Para ello, definimos formalmente y modelamos estas entidades, haciendo especial
hincapié en el modelado de la entidad usuario, entidad clave de un sistema AmI. De
hecho, realizamos un análisis y aplicamos algoritmos de aprendizaje al modelado del
comportamiento de personas reales viviendo en entornos AmI gracias a la integración
de la doctoranda en varios proyectos con escenarios reales (casas particulares, hospital,
residencia, oficinas) [57]. El análisis de estos patrones de comportamiento reales
permitió la abstracción y desarrollo de un modelo completo de usuario que es capaz
describir un usuario real en diferentes entornos [50].

Otra entidad clave en computación ubicua y AmI es el contexto. En esta tesis
hemos propuesto gestionar el contexto asociado a las diferentes entidades mediante el
middleware OCP (Open Context Platform). OCP es una herramienta desarrollada en
la Universidad de Murcia. Dada la importancia del contexto en un entorno ubicuo, la
doctorando participó en la mejora de este middleware, añadiéndole las caracteŕısticas
necesarias para su integración en un marco capaz de ofrecer adaptación: histórico de
datos, razonamiento contextual y mejora del rendimiento para su ejecución online
[44–46].

Finalmente, integramos los modelos de las entidades obtenidas en el objetivo 4) en
el framework AmISim presentado en esta tesis [41,58]. AmISim permite reproducir los
modelos teóricos de las entidades desarrolladas sobre diferentes entornos [49]. Aśı, es
posible validar diferentes técnicas de aprendizaje y observar su capacidad de adaptación
en entornos relativamente complejos (edificios de oficinas, sistemas de evacuación de
incendios, casas particulares, etc.), que suelen ser imposibles de validar en la realidad.
AmISim ofrece además la posibilidad de que elementos reales y simulados coexistan,
incrementando aśı el realismo obtenido [59,60].

AmISim cumple el objetivo 5) de esta tesis, ofreciendo una manera de diseñar,
evaluar y desarrollar sistemas AmI que, por un lado, reduce errores y esfuerzo invertido
en desarrollos, y por otro, ampĺıa la variedad de escenarios que pueden ser validados.
La efectividad de AmISim ha sido probada sobre varios escenarios y de hecho, ha sido
muy bien acogido por la comunidad cient́ıfica de este campo, dando lugar a varias
publicaciones y ponencias en congresos [43, 47].

Como hemos descrito, uno de los requisitos más importantes para los servicios en
entornos AmI es que sean conscientes de la presencia del usuario y de su contexto
y, por tanto, tengan la capacidad de localizarlos para satisfacer sus necesidades.
En este sentido, el objetivo 6) de esta tesis estaba orientado a ofrecer servicios de
localización capaces de ofrecer consciencia de la localización del usuario en entornos
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AmI. Sin embargo, los servicios en un entorno AmI deben ser no intrusivos, proteger la
privacidad del usuario y no requerir un despliegue muy costoso. Debido a esto, hemos
afrontado el problema de la localización en AmI en entornos controlados: entornos
donde las restricciones permiten una mı́nima capacidad de control sobre el despliegue
e información del escenario, y en entornos no-controlados: entornos en los cuales tanto
infraestructura, usuarios, cómo dispositivos son completamente desconocidos.

En ambos casos, el objetivo 7) que nos hab́ıamos planteado respecto la validación
de la viabilidad de las propuestas en escenarios reales ha podido ser realizado gracias al
framework de AmISim, que nos ha permitido diseñar, testear y validar estar propuestas
para su posterior integración en escenarios reales.

Para entornos controlados, hemos diseñado y desarrollado un servicio basado en
localización para edificios inteligentes sobre los que se dispone alguna información y
control. Aśı, el servicio de localización propuesto es capaz de predecir la localización
en interiores mediante diversas técnicas de aprendizaje automático [51, 52]. El uso de
AmISim junto con el servicio de localización han sido utilizados para incluir un servicio
adaptativo capaz de optimizar el despliegue de la infraestructura en un entorno AmI
de forma automática.

En los experimentos realizados el servicio consigue mantener y garantizar una alta
precisión mientras que el coste y despliegue de la infraestructura es reducido hasta en
un 50 %. Si consideramos el uso de tecnoloǵıa RFID (por ejemplo, Speedway Revolution
RFID Reader R© con un coste por unidad de 1300 e) en un edificio con 26 habitaciones,
la solución obtenida por nuestro servicio no sólo es un 50 % menos intrusiva, sino que
además supone un ahorro de casi 17.000 e en el presupuesto [53,54].

Para el caso de entornos no-controlados, hemos desarrollado un sistema difuso de
localización en interiores para entornos AmI. Este sistema no utiliza conocimiento
a priori del entorno. Por tanto, cualquier entorno puede disponer de la solución de
forma no intrusiva y con bajo coste, caracteŕısticas esenciales en AmI. Este servicio
es capaz de aprender automáticamente de los cambios y variaciones del entorno y
adaptarse de forma online a las diferentes condiciones para proveer la localización de
usuarios. Esto se realiza mediante un aprendizaje incremental a largo plazo que ajusta
su comportamiento a las variaciones y cambios de las señales, entorno y usuarios. Hemos
validamos el servicio sobre escenarios simulados y reales. En los experimentos sobre
escenarios reales, el sistema consiguió hasta un 77 % de precisión. Los experimentos
han mostrado que el servicio ofrece una solución efectiva y con coste cero, ya que no
necesita despliegue de nuevo hardware [55,56].

La tabla 1.1 resume los resultados presentados de acuerdo al objetivo planteado y
la categoŕıa ingenieril a la que pertenecen.

Desde los resultados, se observa que los objetivos planteados en la planificación
de esta tesis han sido alcanzados con éxito, proporcionando resultados valiosos que
ofrecen un acercamiento real hacia la integración de sistemas de Inteligencia Ambiental
en nuestra vida diaria.
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Objetivo Resultado Índole
Objetivo 1: Identificar y analizar
los requisitos y necesidades de sis-
temas de información ubicuos ba-
sados en AmI

Análisis de los sistemas AmI y
tecnoloǵıas de las que deriva:
Computación Ubicua, Context-
Aware, Interfaces de Usuario In-
teligentes, Inteligencia y Adapta-
ción

Estudio

Objetivo 2: Analizar el estado del
arte actual en sistemas AmI e
identificar deficiencias para do-
tarlos de adaptación

Estado del arte de las propuestas
para dotar de adaptación a los
sistemas AmI

Estudio

Objetivo 3: Establecer las bases y
requisitos que garantizan la capa-
cidad de adaptación en sistemas
AmI

Detección de los requisitos y enti-
dades necesarias para la adapta-
ción en AmI

Análisis

Objetivo 4: Definir formalmente y
modelar las entidades necesarias
en sistemas AmI

Modelado del entorno, usuarios,
contexto y adaptación

Diseño y Mode-
lado

Objetivo 5: Ofrecer una manera
de diseñar, evaluar y desarrollar
sistemas AmI para su aplicación
al mundo real

Framework AmISim Implementación

Objetivo 6: Proporcionar meca-
nismos capaces de localizar usua-
rios

Algoritmos de localización y des-
pliegue de infraestructura

Implementación

Objetivo 7: Validar las propues-
tas de forma que se demuestre la
viabilidad de su integración en di-
ferentes escenarios reales

Validación de la viabilidad de las
propuestas presentadas

Validación

Cuadro 1.1: Objetivos y resultados
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1.3 Conclusiones y Trabajos futuros

El desarrollo de sistemas complejos como los basados Inteligencia Ambiental supone
un gran reto. Esto es debido a la naturaleza intŕınseca de este tipo de entornos, en
los cuales caracteŕısticas como la ubicuidad, transparencia al usuario y no intrusión
son requisitos fundamentales. Además, el usuario, como entidad central en este tipo
de sistemas, manifiesta comportamientos complejos que pueden cambiar a lo largo
del tiempo y situaciones. En este complejo contexto, los servicios en AmI deben ser
capaces de aprender y adaptarse a los usuarios y sus necesidades de forma que ofrezcan
un comportamiento proactivo tanto a corto como a largo plazo.

Las propuestas planteadas hasta ahora en la literatura, ofrecen soluciones para
situaciones espećıficas y bajo determinadas condiciones; donde la mayoŕıa no son
capaces de adaptarse a las condiciones cambiantes de usuarios y entorno de una forma
efectiva y duradera.

En este sentido, los resultados obtenidos en esta tesis proporcionan un acercamiento
hacia una verdadera realización de entornos ubicuos, adaptativos e inteligentes en
diversas situaciones. De hecho, las contribuciones de esta tesis no están sólo enfocadas
hacia metodoloǵıas o algoritmos para AmI, si no que intentan proveer una solución
genérica que aborde desde el diseño y desarrollo de este tipo de sistemas en su
planteamiento inicial hasta el despliegue final sobre entornos reales.

Los resultados presentados proveen una solución innovadora no sólo desde una
perspectiva cient́ıfica, sino que además ofrecen una solución práctica que aporta
beneficios desde una perspectiva industrial respetando las condiciones de los entornos
AmI, de forma que puedan ser integrados en nuestra vida diaria para ofrecernos
beneficios como usuarios, sin suponer grandes y costosos despliegues.

El trabajo realizado durante esta tesis puede ser continuado en diversas formas. En
primer lugar, actualmente, se está trabajando en asegurar la robustez de las propuestas
presentadas sobre diferentes dispositivos móviles, como PDAs, smartphones, etc. Al
mismo tiempo, estamos trabajando sobre mecanismos que permitan la inclusión en
AmISim de algunos elementos complejos no incluidos en este momento, por ejemplo
condiciones ambientales o entornos exteriores. En tercer lugar, hemos abierto una nueva
ĺınea de trabajo para la integración de diferentes tecnoloǵıas para la localización (RFID,
WiFi, Bluetooth, etc.) que permitan la coexistencia de diferentes señales como una
unidad.

Estas tres ĺıneas están orientadas a ofrecer robustez y flexibilidad en la instalación
y desarrollo sobre entornos reales. El objetivo es que la implantación industrial de
nuestros resultados sea facilitada y alcance un mayor número de ámbitos.

Otra ĺınea de investigación muy prometedora en la que se está trabajando es en la
aplicación de los modelos de usuario en entornos donde no sólo hay muchos usuarios sino
que además, estos comparten recursos y cooperan entre ellos, provocando tal situación
la aparición de comportamientos emergentes y grupales. Una revisión de la literatura
sobre este tipo de escenarios revela que en esta dirección hay pocos avances, a pesar de
ser un escenario muy frecuente. Algunos de nuestros resultados ya han sido aplicados
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en proyectos con este tipo de escenarios (por ejemplo, el proyecto CARONTE1 en
geriátricos o CADUCEO2 en hospitales). Aunque los resultados preliminares están
siendo satisfactorios, todav́ıa es necesario mucho trabajo y esfuerzo en esta dirección.

Por último, otra ĺınea de investigación derivada de esta tesis es el desarrollo de sis-
temas que, usando los modelos y técnicas de localización desarrolladas, puedan apro-
vechar su capacidad adaptativa en escenarios que presentan restricciones especiales,
por ejemplo, aquellos en los que existen dispositivos de capacidades muy limitadas,
escenarios con requisitos de ahorro energético, con consideraciones sociales o poĺıticas
especiales (museos, edificios históricos, etc.) o con fuertes restricciones de privacidad.

1http://innovacion.grupogesfor.com/web/caronte/inicio
2http://innovacion.grupogesfor.com/web/caduceo/inicio

http://innovacion.grupogesfor.com/web/caronte/inicio
http://innovacion.grupogesfor.com/web/caduceo/inicio


Chapter 2

Abstract

2.1 Motivation and Goals

The Ambient Intelligence (AmI) [1,3,10,31] paradigm pursues the building of environ-
ments in which embedded intelligent interfaces surround us, are integrated in everyday
objects in a transparent way and are able to sense, response and adapt to our needs,
habits and desires.

This definition presents the technologies that lead and support AmI. Firstly, the
capability of building environments in which embedded intelligent interfaces surround us
and are integrated in everyday objects in a transparent way stems from the Ubiquitous
Computing [36, 38, 39]. Ubiquitous Computing paradigm states the concept of the
disappearing computing, where the technology is integrated in our daily lives in an
undetectable manner. It provides environments with the features of ubiquity, i.e.
computing is everywhere, and non-intrusion, i.e. computing is indistinguishable for
users.

Secondly, the AmI definition states environments with embedded intelligent inter-
faces. The Intelligent User Interfaces [25, 33] paradigm proposes the use of those
devices and interfaces that are able to interact with users without hindering other daily
activities of the users. Thirdly, according to the AmI definition the environment is able
to sense our needs, habits and desires. This ability provides us with the information
about users and environment in the appropriated moment and manner. That refers to
the awareness of the context, the Context-Awareness paradigm [2,7].

Finally, environments are able to response and adapt to our needs, habits and
desires. This is essential part in AmI. AmI services and applications use contextual
information to offer benefits to users. In fact, Intelligence and Adaptation are key
in AmI. Services and applications with these features are able to personalise and adapt
to the users and the changing conditions of the environments. They act proactively
making decisions autonomously to anticipate to the users according to the situation.

The Ambient Intelligence field has grown considerably in the last years and several
initiatives have been proposed in order to achieve the integration of its benefits in our
lives. Nevertheless, no approach is able to offer the capability of adaptation of the AmI

xxi
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systems as a generic solution, i.e. a solution for different scenarios and situations, and
complete, i.e. a solution that covers all the features and requirements of this kind of
systems and accomplishes its development from the design in an initial phase to the
final deployment.

Under these circumstances, the main motivation and objective in this thesis is
raised: definition of a formal framework of the capacity of adaptation on
information ubiquitous systems based on Ambient Intelligence. Thus, in
this thesis, we pursued to analyse the nature of the adaptation in AmI systems (i.e.
highly dynamic, ubiquitous, non-intrusive environments, user-centered, with several
heterogeneous entities and working in a long term). The main result from this activity
involved to generate a formal model able to offer the capacity of adaptation to services
and applications in any kind of computing system to benefit users.

As described above, users are the main entity in this kind of systems. What is more,
they are the final beneficiary of the adaptation. With the aim of integrating users in
our model in a natural way, we needed a user model which covers all the features
related to users, like physical features (e.g. age, height, etc.), interests, preferences
and behaviours. Therefore, a big part of the effort of this thesis has been focused on
the user model. This activity led to the use of artificial intelligence techniques. These
techniques support the complex model of knowledge of the users and are able to deal
with the capacities of adaptation required to interact with users in an easy and natural
way.

In order to provide systems with these capacities of adaptation, contextual infor-
mation is essential. There is a need of a complete characterisation of the context of
each entity in the system, which must be detailed, updated and functional. In that
sense, it becomes especially important in AmI the location information of the users.
It involves the ability to localise the whereabouts of the user in AmI environments to
learn and adapt to its changing conditions and face unknown situations in a long term.
A large amount of the work done in this thesis has been focused on this direction.

According to these premises and the features of AmI systems, we found the need
to focus this thesis on mechanisms and techniques of learning, as well as on the
development and deployment of these systems over real environments; preserving the
AmI requirements and supporting a real and natural integration. In that context,
one of the most important activities accomplished was to make possible in the general
framework the coexistence of real and simulated elements in order to bring closer the
theoretical and the real world.

Thus, the specific goals that we pursue in this thesis can be summarised as follows:

1. Identify and analyse the requirements and needs of the information ubiquitous
systems based on Ambient Intelligence.

2. Analyse the current state of the art of this kind of systems and identify possible
deficiencies in the studied proposals which prevent a progress towards a real,
sustainable and long term adaptation in AmI.



Abstract xxiii

3. Define the keys and requirements that enable the capacity of adaptation in AmI
and allow the system to fit in with the changes and unknown situations of the
environment and users.

4. Define and model formally those entities which are needed in AmI systems with
high dynamism and heterogeneity of users, information sources and scenarios.

5. Suggest a method able to design, validate and develop this kind of systems to
integrate them in the real world.

6. As essential part of the adaptation in AmI, develop mechanisms that are able to
localise users effectively, preserving the AmI requirements.

7. Validate our proposals in order to show its suitability to be integrated in different
real scenarios.

2.2 Results

The work done in this PhD thesis has obtained valuable results. Most of them are
described in the articles that compose it. Nonetheless, due to the requirements of this
kind of thesis presentation, not every article or work that derives from this thesis has
been included in the publications compilation (the full list can be found in section 8.2).
The PhD candidate has participated in different projects and collaborations during this
thesis period. This work has obtained also meaningful results, which, despite not being
included as part of the publications compilation, have enriched the PhD thesis [42,48].
In spite of that, the most relevant results of this work are included in the presented
publications as part of this thesis.

Thus, as consequence of the specific goal 1), described in the previous section, we
have analysed and defined the basic and desirable features of AmI systems. Likewise,
we have characterised the problems related to the information ubiquitous systems based
on AmI.

Then, as we proposed in goal 2), we accomplished a deep analysis of the current lit-
erature in this field. This revision resulted in a study about the different contributions,
approaches and works about adaptation in AmI systems.

This study and the characterisation and the problems related to AmI environments
showed the need of an architecture able to consider all the entities and requirements of
AmI. Furthermore, it allowed us to detect the entities and elements which are needed
in this kind of systems in order to provide efficient long term adaptive mechanisms. It
satisfied the specific goal 3) proposed in this thesis.

According to goal 4), we analysed the detected entities from goal 3). We formally
defined and modelled these entities. A special effort was focused on the model of the
entity user because it is a fundamental part in AmI. In this sense, we have done an
analysis and learning of the knowledge of real people living in AmI environments. That
was possible thanks to the participation of the PhD candidate in projects with real
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scenarios (homes, hospital, old people’s home, office buildings) [57]. With the analysis
over real pattern behaviours, the abstraction and deployment of a complete user model
was possible. This model is able to describe a real user over different scenarios [50].

Another important key in ubiquitous computing and AmI is context. In this thesis,
the OCP (Open Context Platform) middleware has been proposed to manage the
contextual information of the AmI entities. OCP is a tool developed at the University
of Murcia. Because of the importance of the contextual information in ubiquitous
computing, the PhD candidate worked in the improvement of this middleware in order
to provide it with the required features for its integration in a general framework
able to offer adaptation: historical data, contextual reasoning and online performance
improvement [44–46].

Finally, we integrated these models of the entities in the framework AmISim
presented in this thesis [41,58]. AmISim is able to reproduce theoretical models of the
defined entities over different environments [49]. AmISim allows us to validate learning
techniques and to observe their capacities of adaptation over complex environments
(office buildings, emergency systems, homes, etc.), which are usually impossible to
validate in the reality. AmISim also offers the possibility of real and simulated elements
coexist, increasing the obtained realism [59,60].

AmISim accomplished the goal 5) of this thesis. It suggests a method to design,
validate and develop AmI systems. AmISim minimizes the errors and risks in the
final deployments and enables the validation over more scenarios. The effectiveness of
AmISim has been shown over different scenarios. In fact, it has received considerable
attention by the researches of this field and have led several publications [43, 47].

As described above, one of the most important requirements in AmI is being aware
of the context and presence of the user. Thus, there is a need to localise users in order
to provide them with the nearest features of interest. Consequently, goal 6) defined in
this thesis was focused on localisation services to offer location-awareness to the AmI
systems. These services should protect the privacy of the users, be non-intrusive and
not require a costly deployment. With these premises, we faced the problem of the
localisation in AmI controlled and uncontrolled environments. Controlled environments
are those where we have some control of the deployment and some available information
about the scenario. Uncontrolled environments are those where the information about
the infrastructure, the users o the devices is completely unknown.

In the two kinds of environments, the defined goal of validating the suitability of
our proposals, goal 7), was achieved by the use of the AmISim framework. AmISim
allowed us to design, test and validate our approaches before the final integration in
real scenarios.

In the case of controlled environments, we have designed and developed a location
based service for intelligent buildings where some information and control are available.
The service can predict the location of user in indoor environments by automatic
learning techniques [51, 52]. This service and AmISim have been used to include an
adaptive service able to automatically optimise the deployment of the infrastructure
of an AmI environment.

Our experiments have shown that the service gets a high accuracy while reduces
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the cost and the size of the infrastructure up to a 50%. In fact, if we consider RFID
technology (e.g. Speedway Revolution RFID Reader R©, with a cost per unit of 1300
e) and a building with 26 rooms, the solution obtained for our proposal is a 50% less
intrusive, and saves almost 17000 e [53, 54].

In the case of uncontrolled environments, we have developed a fuzzy logic based
system of indoor localisation in AmI environments. This system does not need prior
information of the environment. Therefore, it can be used in any environment in a non-
intrusion and low-cost way, as the AmI paradigm pursues. Additionally, the service
is able to automatically learn and adapt to the changing and unknown situations of
the environment in order to localise users. This is possible by an incremental lifelong
learning which adapts its behaviour according to the changes of signals, environment
and users. The service has been validated over simulated and real experiments. Our
experiments show that the service can achieve up to 77% of accuracy over real scenarios.
The experiments have probed that this service offers an effective zero-cost solution,
since no new hardware is required [55,56].

Table 2.1 summarises the presented results linked to the goal that accomplish and
their engineering classification.

From the results, it is clear that the goals pursued in this thesis have been
successfully achieved. Our contributions offer valuable results which make closer a
real integration of Ambient Intelligence systems to our daily lives.

2.3 Conclusions and Future work

The development of complex systems based on Ambient Intelligence is a hard task. This
is caused by the own nature of these systems, where features like ubiquity, transparency
and non-intrusion should be assured. Furthermore, the user, as main entity in AmI
systems, shows complex behaviours that can change according to the moment and the
situation. Under such complex context, AmI services need to learn and adapt to users
and their needs in order to response proactively to them in a short and long term.

The existing approaches in the literature offer solutions for specific situations and
under certain conditions. Thus, the majority of them are not able to adapt to changing
conditions of users and environments in an effective and lifelong manner. In this sense,
the results presented in this PhD thesis achieve an approachment towards a truly
realization of ubiquitous, adaptive, intelligent environments over different situations.
In fact, our contributions can be integrated over different scenarios in an easy way and
preserving the desirable conditions of the AmI environments.

The presented results offer novel solutions for the integration of AmI in our daily
lives in order to offer users benefits without annoying or costly deployments. We think
that they are suitable to be put into practice and will have a considerable impact even
from an industrial perspective.

The work done in this thesis can be continued in several directions. Firstly, we are
currently working in order to guarantee the reliability of the proposals over different
devices, like PDAS, smartphones, etc. At the same time, we are studying mechanisms
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Goal Result Classification
Goal 1: Identify and analyse the
requirements and needs of the
information ubiquitous systems
based on Ambient Intelligence

Study of the AmI systems and the
technologies that lead and sup-
port it: Ubiquitous Computing,
Context-Aware, Intelligent User
Interfaces, Intelligence and Adap-
tation

Study

Goal 2: Analyse the current state
of the art of AmI systems and
identify possible deficiencies to
provide them with capacities of
adaptation

State of art of the current propo-
sals to enable adaptation in AmI
systems

Study

Goal 3: Define the keys and re-
quirements that enable the capa-
city of adaptation in AmI

Identification of the requirements
and entities in adaptive AmI sys-
tems

Analysis

Goal 4: Formally define and
model those entities which are
needed in AmI systems

Models of the environment, users,
context and adaptation

Design and mo-
delling

Goal 5: Suggest a method able to
design, validate and develop this
kind of systems to integrate them
in the real world

AmISim framework Implementation

Goal 6: Develop mechanisms that
are able to localise users

Algorithms of localisation and de-
ployment of the infrastructure

Implementation

Goal 7: Validate our proposals
in order to show its suitability
to be integrated in different real
scenarios

Validation of the suitability of the
presented approaches

Validation

Table 2.1: Goals and results
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that allow us to include some complex elements not considered yet in AmISim, for
example, weather conditions or outdoor environments. Thirdly, we are interested in a
new direction focused on the integration of different localisation technologies (RFID,
WiFi, Bluetooth, etc.) working as a unity.

Consequently, these three lines of work are oriented towards increasing the reliability
and flexibility of our proposals in the development and deployment over real scenarios.
The aim is to facilitate the industrial establishment of our results and to reach more
variety of scenarios.

Another new line of promising research, in which we are involved, is the extension
of the user model for environments with lots of users, where these users cooperate and
share resources, causing emergent group behaviours. Despite this kind of scenarios
is quite common, a review of the existing literature in this field shows that little
consideration has been given to them. Some of our results have been applied to projects
which imply such scenarios (e.g. the CARONTE project1 in old people’s home or the
CADUCEO project2 in hospitals). Our first results are promising, but a lot of work is
still needed in this direction.

Finally, another line that arises from this thesis consists in the development of sys-
tems that, using the proposed techniques and models, will be able to adapt in scenarios
with special constraints, for example, scenarios with resource-limited devices, energy
saving impositions, ethical or political considerations (museums, cultural heritage, etc.)
or with strong privacy protection needs.

1http://innovacion.grupogesfor.com/web/caronte/inicio
2http://innovacion.grupogesfor.com/web/caduceo/inicio

http://innovacion.grupogesfor.com/web/caronte/inicio
http://innovacion.grupogesfor.com/web/caduceo/inicio




Chapter 3

Readers’ Guide

This chapter pretends to be a guide for helping readers to easily find the right material
or content in this PhD thesis and to understand some aspects of the structure of this
text. Note that this chapter is not an introduction, a summary or a presentation of
the articles included as part of the thesis. There are sections specifically intended for
that aim.

This thesis is presented under the scheme of publications compilation and, therefore,
some requirements have been taken into account in order to accomplish with the
regulation of this kind of presentation. In consequence, in chapters 1 and 2 a brief
summary of the presented PhD thesis is included in Spanish and English respectively.
Both languages are tackled because this thesis is written in English and, according
to the regulation, a thesis written in a language different from Spanish and with
the international PhD mention request must contain the summary in both languages.
Likewise, the regulation requires that the summary involves a brief description of the
goals of the PhD and the final conclusions, in which, the results of the papers presented
are unified.

According to these criterions, we have included in the summary the following sec-
tions 1) Motivation and Goals (section 1.1), 2) Results (section 1.2) and 3) Conclusions
and Future work (section 1.3). The first two sections match the requirements of the
regulation. The last one is included because we consider that a description of the
conclusions obtained is an essential part in a PhD thesis. Similarly, we found that the
lines in which the work can be continued are also interesting for any reader of this text.

Following the regulation, chapter 4 describes an introduction to this thesis. In
accordance with the regulation, the introduction has to present the articles included
as part of the thesis and justify the unity of the works. Under these premises,
the introduction presents some fundamental principles and definitions of Ambient
Intelligence and the technologies which compound it. Then, the contributions of the
thesis are presented explaining the context and the goal that they try to solve as part
of the global goal of this thesis. Additionally, the relevance and feasibility of the results
are presented, for the individual target of the specific work and for the global goal of
the thesis.

The complete contributions can be found in chapter 5. This chapter includes

1
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the articles that conform this thesis presented under the scheme of publications
compilation. Moreover, as the regulation requires, a full reference of each article,
the personal details of the authors and the journals, in which the articles have been
published, are included in the section.

Specifically, in the work included in section 5.1, “Combining the real world with
simulations for a robust testing of Ambient Intelligence services”, is proposed a general
architecture for testing, validating and verifying AmI environments: AmISim. This
architecture is the first one that is able to cover all the features involved in AmI,
i.e. environment model, user model, context model and adaptation model. The work
shows that AmISim is a framework to test AmI services and applications in scenarios
that would be impossible to enable in real environments with an easier and less costly
deployment. This work takes into consideration the goals 1-5 of this thesis (see table
2.1).

According to the focus of this thesis, the adaptation in AmI, our main contributions
are given in the fields of the modelled of user and the intelligent and adaptive services
to provide users with benefits. These fields are covered under the user and adaptation
models in AmISim. Therefore, the rest of the articles presented as part of this thesis
contribute to these models.

Thus, given the importance of the user in AmI, the user model of AmISim is tackled
in the article presented in section 5.2, entitled “Simulation of Human Behaviours for
the Validation of Ambient Intelligence Services: a Methodological Approach”. In this
work the problem about how to simulate humans with realistic behaviours is faced.
A proposal to achieve realistic behaviours based on social simulation is shown. As
the realistic modelling of users as its validation are key elements in this work. A real
application example which shows the level of reality reached in the users’ models and
the benefits of the proposed techniques is presented. This paper accomplishes with
part of the goal 4 of this thesis (see table 2.1).

As essential part of the adaptation in AmI, and specifically as part of the adaptation
model of AmISim, we proposed the goal 6 of this thesis (table 2.1). This goal was
focused on the development of mechanisms able to localise users in controlled and
uncontrolled smart environments in order to adapt to users according to their nearest
features of interest. Controlled and uncontrolled environments are faced in this PhD
thesis. Note that, although different technologies are used in each article, the proposals
are general for any kind of technology based on RSSI. In both kinds of environments,
the validation of the suitability of our proposals, goal 7 of this thesis (see table 2.1),
was achieved by the use of AmISim.

Thus, for controlled environments, the work “Improving RFID’s Location Based
Services by means of Hidden Markov Models”, included in section 5.3, builds a Location
Based Service (LBS), using Hidden Markov Models (HMMs), that is able to locate
users in an intelligent building. The work shows that, by the use of AmISim, the
infrastructure of location can be significantly optimized regarding the number and
location of the antennas of the infrastructure.

This work leads us to a multiobjective optimization problem, in which, the best con-
figuration of antennas that minimizes the set of antennas but maximizes the precision
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of the prediction should be found. With this premise in the article entitled “Automatic
Design of an Indoor User Location Infrastructure using a Memetic Multiobjective Ap-
proach”, in section 5.4, we present a Memetic approach for the multiobjective problem.
The presented memetic algorithm uses a combination between metaheuristics and do-
main knowledge to deal with this problem. The work shows that our proposal is able
to improve the LBS in AmI systems while reduces the cost of the infrastructure.

Finally, in order to accomplish the location over uncontrolled environments, the
section 5.5, includes the work “An Adaptive Learning Fuzzy Logic System for Indoor
Localisation using Wi-Fi in Ambient Intelligent Environments”. In this work a fuzzy
logic based indoor localisation system is proposed at zero-cost deployment with high
accuracy. The proposed system is able to adapt online incrementally in a lifelong
learning mode to deal with the uncertainties and changing conditions facing unknown
indoor structures and without prior knowledge. The system was tested in simulated
and real environments and it gave high accuracy to locate users in the different AmI
scenarios. In addition, it was able to adapt its behaviour to changes in the environment.

After the articles which compound this thesis, the acceptance letters of the described
articles are included in chapter 6. This section is also compulsory according to the
regulation. It should contain the acceptance letters of the articles that have been
accepted but they are not published yet. We have also introduced the full reference of
those articles already published because it can help to better understand the structure
of the text.

As part of the information of the journals required for the regulation, chapter 7
defines the publications relevance of the articles included in this thesis. With this aim,
we have included for each journal, in which an article has been published, its reference
in the ISI Web of Knowledge (http://www.accesowok.fecyt.es/). The ISI Web of
Knowledge is today’s premier academic citation indexing and search service. Here, for
each journal the relevance in its field and the impact factor are shown. In the case
of the conferences, their description and their raking in the ERA Conference Ranking
are provided. ERA Conference Ranking is a well-known ranking of conferences in
Computer Science.

Finally, chapter 8 includes the bibliography of this thesis where section 8.1 lists
works used for the introduction, and section 8.2 presents a full list of all the publications
obtained by the PhD candidate as result of this thesis. Note that not all work resulted
of this PhD is included as part of the publications compilation. For this reason, every
work obtained in the PhD thesis is explained and linked in section 1.2, where the results
of this thesis are presented. Thus, the reader can match each result in that section
with the corresponding reference in this part of the bibliography, although the article
is not part of the publications compilation.

http://www.accesowok.fecyt.es/




Chapter 4

Introduction

Ambient Intelligence (AmI) refers to a seamless and invisible computing environment
that is “aware” of our presence and context, and that is sensitive, adaptive and
responsive to our needs [10]. AmI aims to create digital environments through the
usage of embedded and non-intrusive devices which are particularly designed to interact
with people in an intelligent and smooth manner. Hence, users are the main entity in
AmI systems and every service is user-centered, i.e. services in AmI work for the users,
in a proactive and adaptive way.

AmI stems from the convergence of important paradigms: Ubiquitous Computing,
Context-Awareness and Intelligent User Interfaces. Ubiquitous Computing was intro-
duced by Mark Weiser in his work The Computer for the 21st Century [38]. Weiser
envisioned that “the most profound technologies are those that disappear”. Thus, ubi-
quitous computing defines environments where computational capabilities are included
into everyday objects in a non-intrusive and invisible way. These smart environments
support interaction between environment and users making possible to acquire context
knowledge from them, i.e. Context-Awareness. Intelligent User Interfaces are respon-
sible for this intelligent and smooth interaction in a natural way. This interaction
between environment and users makes the services become aware of the users’ context
with the aim to being able to personalise and adapt to them.

In the literature is usual that these concepts are wrongly used as the same con-
cept, this specially occurs with AmI and ubiquitous computing. As well as ubiquitous
computing, AmI also supports the idea of many non-intrusive and invisible devices
communicated and integrated into the environment. These devices generate informa-
tion about the environment, users and the changes in both of them. Nevertheless, in
AmI this information is always used to benefit users. In AmI, the human user is the
central element, always in control, playing multiple roles in society [31]. The other
important point in the definition of AmI is the need for a “sensible” system, and this
means a system with intelligence [3]. Correspondingly, an AmI environment is char-
acterised by its ubiquity, transparency and finally, its intelligence; i.e. an intelligent
environment.

From these requirements, the first step in this PhD thesis was to find all the features
which should be considered in an AmI system. With this aim, we considered, in order

5



6

Physical 
World

Context 
Awareness

Personalised 
and Adaptive 

Services

Contextual information is used 
to adapt and personalise 
services and applications

Environment and users 
generate contextual information

New contextual information 
can be generated by the 
application and services

Applications and services act 
over the environment to 

benefit users

Figure 4.1: Required elements in Ambient Intelligence

to design a complete AmI system, the following elements (see Figure 4.1):

• Environment. In an AmI system the environment is the physical world, every
object which surrounds the user and the communications between them. For
example, if the AmI system is built in an office building, the building, offices,
desks, even the temperature in the building could be part of the AmI environment.
Similarly, devices, sensors, actuators and so on are part of the AmI environment.
Sensors and actuators are especially important in AmI because they are in
charge of the interaction between the system and the physical world. Sensors
allow the AmI system to analyse and measure the information from the physical
environment, while actuators allow the AmI system to influence the physical
world.

• User. Users are the people who use the system and/or those that receive some
benefit from it. As described above, user is the main entity in an AmI system.
That is the most important characteristic of an AmI system. Every object that
exists in an AmI system exists because is useful for the user in some way. Users
generate information to the AmI system transparently with their behaviours
and interactions with the physical world. Users’ properties like age, role in an
organization, usual daily routines or the state of mind are considered for the AmI
system if they are useful for providing benefits to the user. In such a manner,
every service and application is user-centered, directly or indirectly.

• Context. Several definitions of “context” have been given in literature [2, 7].
Nevertheless, all of them point that context-awareness is key for AmI systems. We
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define context as every relevant information from the entities of the environment
which allow the system to adapt to the demands and changes of the user and
the environment. Context-Aware systems should gather and facilitate contextual
information. Note that the focus of this thesis is not how the context is modelled
because a lot of effort and proposals have been done in that field (in [19] and [35]
can be found detailed surveys of approaches about modelling of context). In
this thesis, we are interested in how this contextual information is gathered
and facilitated, i.e. in the context management. In that sense, some context-
aware systems support a middleware for context management. A middleware
for context-aware is an abstraction layer between an operating system and the
applications running in the environment. The middleware informs services and
applications about contextual information and, besides, gathers new contextual
information.

• Adaptation. The theory of adaptation has grown out from a variety of disci-
plines, including biology, psychology and artificial intelligence. Nonetheless, the
question about what adaptation means and what constitutes an adaptive system
have been widely debated throughout history. In living systems, adaptation is
linked to the learning and evolution of the species according to the Darwin’s the-
ory [8]. In that sense, adaptation is any alteration in the structure or function of
an organism or any of its parts that insure species survival [40]. From the point
of view of the social psychology, adaptation is the process in which the group
or the individual modifies his/her behavioural patterns to fit the rules of his/her
social environment based on his/her already existing social abilities [21].

The notion of adaptation in artificial systems emerged in the seventies. In this
context, adaptation is usually understood as a mean which generates better-
performing solutions through interaction with the environment [40]. Then, an
adaptive system is a system that is able to adapt its behaviour according to
changes in the environment or in its users.

In AmI, adaptation is based on the those adaptive control mechanisms which are
able to adapt, in a lifelong mode, the learnt behaviours to satisfy the different
users and system objectives [16]. Adaptation in AmI implies that services and
applications benefit users and adapt to their needs without prying into their
lives. With this aim, services and applications use the contextual information to
infer and learn about users and environment. But furthermore, they are able to
produce new contextual information from these inference and learning processes.
For example, a location service can use the GPS coordinates available in the
context to infer the street in which the user is located. The inferred street is
new information which should be available in the context for other services or
applications which need this kind of information. In such a way, services and
applications are always user-centered because in a direct or indirect way they
finally benefit users.

The four aforementioned elements cover the components of a complete AmI system.
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Despite that, to the best of our knowledge no architecture for AmI systems in the
literature was able to consider and cover all the components of this kind of systems
(see the related work of the article presented in section 5.1 [60]). Moreover, the high
variety of AmI scenarios, heterogeneous devices and sources of information, changing
contexts, the requirements of transparency, intelligent user interfaces and the rest of
constraints caused by AmI become the development of this kind of system in a hard
process.

One of the most usual solution for the problem of the difficult design and develop-
ment in AmI systems consists in the use of Living Labs, i.e. controlled imitations of
real environments which can be used to test, verify and validate systems [13]. The main
disadvantage of the use of Living Labs is their inability to be used in some situations,
like environments with lots of users, with privacy concerns or emergency systems. The
other common solution is the use of simulators. But, as described above, no solution
or simulator in the literature covers all the requirements and necessities of an AmI
system.

For this reason, we found that it was necessary a general framework which
was able to test, verify and validate AmI systems, and it was able to cover
all the features presented in AmI environments. According to this need, we
present an architecture for AmI systems, AmISim, that builds a model for each one
of the four described AmI elements: environment model, user model, context model
and adaptation model. The main strengths of this architecture can be summarised as
follows:

1. AmISim has a multi-layered structure which covers completely the four models
to accomplish with all the components and requirements of AmI systems and
abilities to change easily a model without interfering with the rest of the system.

2. AmISim enables developers to design and integrate real and simulated elements.
The integration of real and simulated elements gives more realistic models due
to the injection of real features in the simulation.

3. AmISim is based on a modular decoupled architecture. This kind of architecture
presents several advantages in the AmI context: modularity, portability, flexibil-
ity, easiness of deployment, heterogeneity among devices and online restarting of
services.

In the proposed architecture, models are encapsulated in different layers (see Figure
4.1). The lowest level of the architecture contains the environment and user models.
In the middle level, the context model is found. In this level, a context manager is
used to model and handle the contextual information. Finally, the upper level contains
services and applications which are able to use contextual information to adapt to the
environment and the users, i.e. the adaptation model. The environment and user
models generate contextual information which is gathered by the context model. At
that point, the information is available to be used by the adaptation model in order
to adapt and personalise applications and services that act over the environment for
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satisfying the needs and wishes of the users. Furthermore, applications and services
can generate new contextual information which will be managed by the context model.

Hence, AmISim becomes a general AmI framework in which all the AmI require-
ments and constraints are considered while an easy deployment is still possible. The
four models are designed according to the elements that cover. Since the focus of this
thesis is adaptation in AmI, the main contributions are given in the field of the mo-
delled of user and the personalised and adaptive services. These fields are covered in
the user model and the adaptation model. Nevertheless, the rest of the models are
needed in order to get a complete definition and correctness of a general AmI system.
Following subsections describe each model and the proposed solutions in each one.

4.1 Environment model

We introduced that the AmI environment involves the physical world. That means that
the environment model describes the real world which includes buildings, complex
objects, sensors, actuators, communications between devices, etc. Because of the
heterogeneity of AmI environments, this model needs to be flexible, configurable and
extensible.

The physical environment and the users constitute the real world. The use of real
environments and real users is sometimes unfeasible (emergency scenarios, large and
tedious testing, too big scenarios like a city, etc.). In such cases, the use of simulators
lets a way to validate AmI services or applications, i.e. to test and validate the system
under test (SUT). This PhD thesis rests on the hypothesis that it is possible to
test, verify and validate the SUT by simulating users and the physical
environment. In such a way, we use the presented architecture AmISim to integrate
the real SUT in a previous simulation process in order to help in its development and
minimize risks of errors in a final deployment phase.

Such hypothesis has been successfully validated over the real world in this thesis.
Note that the simulation is not an overall solution. When the final deployment has
been done, more tests would be needed over the real environment. Despite that, it is
possible to achieve more realistic simulations using injection of real elements on the
simulation, combining real and simulated elements. Reality injection means to inject
or connect real elements in the simulation in order to obtain more reliable simulations.
These real elements can refers to some parts of the environment, like all sensors, only
a subset of them, actuators, etc. or to the users, i.e. users interacting with a simulated
environment. The realism increases the reliability of the AmI services that are deployed
in simulated environments.

In this thesis, the simulation of the environment and users models is based on Multi-
Agent Based Simulation (MABS). MABS can build powerful models to represent real
world environments and complex users’ behaviours that have a degree of dynamics [24].

With this aim, AmISim uses UbikSim, a tool of the University of Murcia [34].
UbikSim is a MABS for multi-agent models of social systems. We utilise the UbikSim
simulator for practical experiments as a previous phase before the final deployment
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over the real world. Even though the design of tools for simulation is not the goal of
this thesis, we need a tool to test the experiments and UbikSim provides us with an
easy and low cost solution to test and validate AmI systems. UbikSim includes tools
to simulate the physical environment (building, sensors, actuators, furniture, etc.) and
humans able to interact with the environment. It allows AmISim to design flexible AmI
environments like complex systems. Finally, note that the context and the adaptation
models are not simulated because they are real. Therefore, they are not designed using
UbikSim.

A more detailed description about the environment model can be found in the
article presented in section 5.1. This article presents the four models of the AmISim
architecture and, specifically, it describes the environment model, their components,
requirements and the interactions with the rest of the models. Additionally, some
examples related to the construction of this model in different scenarios are shown.
More examples of environments models for AmI systems, built in this thesis, can be
found in the articles included in sections 5.2, 5.3 and 5.4.

4.2 User model

This model is in charge of describing the features related to the users of the system,
their interactions and their individual or group behaviours. Because of the importance
of the user in AmI systems, this model is one of the most important. Nevertheless, we
found that in the literature is usual to forget or simplify the user model. But AmI is
focused on users and, therefore, this model has to be an essential key in a system of
this kind. With this premise, the user modelling was a fundamental goal in this thesis
(see goal 4) in Table 2.1).

There is a need of designing and modelling users’ behaviours in order to 1)
understand the users and their actions and interactions, 2) being able to simulate
them to test services and applications and 3) having a computational model of the
users and their behaviours in the system. This last point is especially important in
this thesis focused on adaptation. With the aim to get services able to adapt to the
users, they need to know how the users are acting and how they will act to decide in
consequence. Under these circumstances, a model of the user in the system is needed
for AmI services even in the case where users are not simulated. Therefore, a big part
of the effort of this thesis has been made in that point.

As described above, in this model, we proposed MABS, which is a branch of the
social simulation area, to simulate the users of the system. The use of MABS technology
in AmISim results in a user model well defined, flexible and more reliable than previous
approaches in the literature. Using MABS, we introduced a probabilistical modelling
for the users’ behaviours. We use probabilistic models because a perfect prediction of
the behaviours and the reactions of users to different stimulus is not possible. Hence,
a probabilistic approach gives more realism to the model.

A hierarchical automaton is used as model. The states define the situations that the
user plays in each moment and the transitions between behaviours are probabilistic.
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The hierarchy defines a structure of behaviours where the highest level is a number of
complex behaviours and each state of the highest level has a subordinate automaton
with simpler behaviours. With this kind of structure, each behaviour can be treated
separately and the modeller is abstracted of unnecessary details. Moreover, the
complexity of the hierarchy of the automaton depends on the complexity of the specific
behaviour to be modelled and/or the information available of the behaviour in the
AmI system (e.g. if there is no information about users’ location in the system, users’
behaviour of their movements will not be modelled). Likewise, if the behaviour to be
modelled is a simple behaviour or the available information about the user is simple,
then the automaton will be a simple automaton without subordinated automata.

In this model, when the user is in a specific state, i.e. playing a behaviour,
a change of state can happen, i.e. a new behaviour is activated. That means a
transition between states. The transitions are modelled probabilistically according
to a probability distribution function (pdf). A pdf is a function that describes the
probability of a random variable to take a certain value. That means that can be used
to model the frequencies and probabilities of that an event occurs over the time. In
this case, a transition between two users’ behaviours.

This thesis proposes the use of different pdfs according to the kind of behaviour.
Three kinds of behaviours were found. The first one is monotonous behaviours. These
behaviours are manifested by the user approximately at specific hours or time intervals,
for example, having lunch or sleeping. This kind of behaviours is similar to a waiting
time model because the probability of their occurrence increases with the time.

The second type is non monotonous behaviours. This type of behaviour is mani-
fested by the user repeatedly, but it is not bounded to a specific time or interval, for
example, going to the toilet. Non monotonous behaviours are also like waiting time
models, but they are defined in specific periods (like for example, awake periods).

The last type of behaviours are the any time behaviours. These behaviours represent
the basic behaviour, the usual one, for example, working in an office environment or
resting in a home environment. This type of behaviours is continuously interrupted by
the others which causes that the behaviour is played at small times.

The proposed user model has been tested in order to show the reliable of the realism
achieved. Our works contrasted with empirical data from real environment and real
users by statistical tests that it is possible to use them to model the users’ behaviours.
Nevertheless, users are not completely predictable and more tests are need over the
real environment. In spite of that, user simulation is a tool able to minimize the error
in the final deployment and in some situations, as described above, is the only way to
test the system.

Moreover, one of the most important features of AmISim is the ability to merge
simulated and real components. This ability is possible thanks to the flexibility of the
architecture which enables the coexistence of real and simulated elements. In the user
and environment models this capability is essential. In AmISim is possible to achieve
more realistic simulations using injection of real elements within the simulated world,
for example, merging some real information from the users but keeping the simulated
user model or keeping the simulated environment but with real users.
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As a result, despite a completely predictable user model is not possible, it is still
needed. The more realistic the user model is, the higher the probability of success will
be in the deployment over the real world.

The described proposals and a whole description of the user model is presented
in the article included in section 5.2. Although a presentation of this model and its
interaction with the other models is shown in the article of the section 5.1, the work of
the section 5.2 includes a complete definition, design and validation of the proposals
for this model.

4.3 Context model

Contextual information is key for AmI systems in order to discover and take advantage
of meaningful information from the users and the environment. This information must
be represented in a specific model to be used. Therefore, we found that the context
model should be able to store, gather, merge, interpret and reason over all the relevant
information in the system.

In context-awareness the representation of the context is a fundamental factor. This
representation will determine other aspects such as the reasoning techniques to apply.
The need for reasoning in context aware systems derives from the basic characteristics
of context data: unknown, ambiguous, imprecise, and erroneous [17]. In fact, context-
sensitive processing is needed by AmI services to behave proactively.

Several platforms and middlewares for context representation with diverse ap-
proaches were studied in this thesis [4, 14, 22]. They are based on different principles,
like object-oriented models, ontology based models or key-valued models. We proposed
the use of semantic technologies to represent the context model. The usefulness of se-
mantic technologies in context-aware is widely known [15,37]. They ensure a common
framework for adding contextual information easily, reusing it, interpreting it, and
reasoning over contextual information [28]. The result is that a more entire flexible
context model is attained.

Furthermore, we found that the model of context needs some components of memory
and communication. Firstly, the memory component is needed to know the history
of context, i.e. the past information. Historical context reports on the necessary
knowledge for learning from the experience, reasoning about past and current facts,
predicting future behaviours, detecting abnormal situations, etc.

Secondly, context-aware systems should be able acquire and use the context infor-
mation from different heterogeneous sources and in some cases, devices with limited
resources which are not able to manage or process large sizes of data. In order to solve
this problem, we propose the use of a management middleware which is in charge of
managing and storing the context. This middleware should be able to make available
the context to services and applications and to gather new context from the environ-
ment. With this aim, we proposed the use of the Open Context Platform (OCP) [28] in
this model. However, since the flexibility of the architecture of AmISim, other context
management middlewares can be used.
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OCP is a middleware for management of contextual information. It has been
developed at the University of Murcia. This middleware represents the information in
an ontological model and offers automatic reasoning using ontologies, rules (defined by
the user with SWRL [20]) as well as higher order processing using the so-called Context
Information Processing Blocks (CIPBs) [44]. Besides, OCP was modified in this thesis
to add the necessities caused by the components of memory and communication. The
new version of OCP [44] facilitates an API with several temporal reasoning functions
as well as a query language (Sparql [29]) for semantic databases in order to cover
the requirements of the component of memory. Furthermore, its performance was
substantially improved for working online, feature needed for adaptation in AmI. The
information and details about this new version of OCP can be found in the co-authored
articles by the PhD candidate [44], [45] and [46].

The context model is presented in the general architecture AmISim, which is
presented in the article included in section 5.1. In this work, the context model is
defined, setting its requirements and constraints and the necessary components. The
interaction with the rest of the models is also explained, concretely, how the exchange
of contextual information is produced between the different layers of the architecture.
Finally, how OCP is integrated in the architecture is shown with examples to get a
better understanding.

4.4 Adaptation model

AmI services and applications should be intelligent, adaptive and responsive to users.
Therefore, this model needs to be able of supporting applications and services that,
using the contextual information, give an adaptive and personalised help or benefit to
the users. This model is the most flexible model in AmISim because is highly dependant
on the kind of scenario and their requirements.

In order to create really adaptive AmI services and applications, we found that
there is a need for the system to be aware of the user presence and context which
entails the need to localise the whereabouts of the user. With information about
location, systems can locate nearest features of interest of the users and adapt to their
requirements. As a consequence, location information is one of the most essential and
important requirements for AmI systems.

There are various localisation means available for outdoor spaces such as those
which rely on triangulation and decoding timing signals from the satellites. Nonethe-
less, these outdoor localisation means cannot be used in indoor environments where
their effectiveness is hindered by the obstruction of walls or objects or is limited by the
reflections. What is more, indoor localisation need a higher accuracy than outdoor lo-
calisation due to the relatively narrower spaces available in indoor environments where
few meters could make a difference and mean a different room or even a different floor
of the building.

There are a lot of projects focused on the development of adaptive control of
indoor environments based on location [1, 27, 32]. These projects are focused on home
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environments with usually one or a few inhabitants. Because of that, the models do
not fit well in a multi-inhabitant environment. Likewise, these approaches usually
need prior knowledge of the environment and users, which is not feasible in the most
of environments (especially private buildings).

Another typical problem in the existing works is that they are not able to work
in the long term. In AmI environments, where conditions and users are continuously
changing is needed that services and applications work in the long term. That means
that they should support a continuous adaptation to changes and learn and adapt to
novel situations that can happen in the future.

A final constraint should be considered from the AmI requirements. In order to
keep the transparency, invisibility, and non-intrusion that an AmI environment should
keep, the use of a big and visible infrastructure is not desirable. Hence, there is a need
to rely on non-intrusive and cheap sensors trying to keep a minimal infrastructure and
to avoid annoying users.

As described, most indoor localisation proposals in the literature have poor ability
to adapt to changes, involve high cost and usually require the installation and deploy-
ment of a big new hardware infrastructure, which cause them to be less ubiquitous.

Thus, every localisation proposal in AmI should respect the invisibility of the in-
frastructures and the non-intrusion. Regarding these constraints, two different types of
environments can be considered according to the available information and the possi-
bility of controlling them: 1) environments where a minimal infrastructure and a little
prior knowledge can be controlled preserving the AmI requirements, and 2) environ-
ments completely unknown, i.e. no information about users, infrastructures or similar
is available. We call them controlled and uncontrolled environments, respectively.

Controlled environments are those in where we have some information about
the infrastructure of the building or map and the users. Usually, in this kind of
environments we are able to deploy new hardware and devices (preserving the AmI
constraints). Examples of these scenarios are outdoor environments with GPS [11]
or the Galileo Positioning system [5], where the knowledge about the satellites is
available. For indoor environments, good examples of controlled environments are
hospitals or office buildings. In these scenarios, users (or their roles) are known (e.g.
doctors, nurses or workers) and also the structure of the building. This reports on
some information about their daily routines. In this kind of environments is usual that
the effort and budget invested in new location infrastructure compensates the acquired
benefits. Imagine for example a hospital, where some services, like the localisation of a
doctor in an emergency situation, requires more precision than for example a marketing
service based on localisation in a shopping center.

On the contrary, uncontrolled environments are those in which we can not suppose
information about the map or buildings, users or infrastructure. Good examples
of these environments are scenarios where the quantity and identity of the users
is unknown, like a highway where vehicles are pretended to be tracking or a big
shopping center where users are continuously changing and no information about them
is available. Systems in these environments need to be more flexible than in controlled
environment since no prior knowledge can be used.
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Figure 4.2: Localisation in AmI

Both kinds of environments keep the features of AmI. From the AmI paradigm point
of view, uncontrolled environments have stricter restrictions because no control can be
assumed. Figure 4.2 summarizes the kinds of localisation in AmI environments ac-
cording to the type of environment (controlled or uncontrolled) and its outdoor/indoor
nature.

In this thesis the problem of localisation in AmI indoor environments is faced, as
for controlled as for uncontrolled environments. As described, we are focused on indoor
environments, which is the doctoral line of this thesis. The white squares of Figure
4.2 represent the problems faced in this thesis. The following subsections present the
works performed to deal with the presented problem.

4.4.1 Localisation in controlled environments

A Location Based Service (LBS) delivers personalised services based on users’ locations.
In this context, the system can locate nearest features of interest of the users and adapt
to their requirements using the LBS and, optionally, other contextual information about
them.

Localisation in AmI environments implies dealing with two groups of requirements
which are often contradictory. On the one hand, AmI requires non-intrusive and
transparent environments. Consequently, a minimal infrastructure and interaction with
the user should be maintained. On the other hand, in order to accomplish with high
quality of location, the system must obey the following requirements: high accuracy
on location information, complete coverage of the zone, availability of the service and
moderate cost [6].

Note that a LBS requires special hardware to detect user location. Usually, the
hardware is bought specifically for the location service, only in a few cases is already
available before the development of the service, for example, if Wi-Fi is used as the
wireless infrastructure (like in the second approach presented in this thesis). Whether
the hardware is available or not, the people in charge of deploying the service have to
decide the number of devices to be installed and their allocations. Here, getting the
highest coverage and accuracy implies, most of the times, a considerable deployment of
antennas, which is expensive. In addition, this kind of infrastructures usually does not
go unnoticed, being more intrusive. High cost and intrusion are undesired properties
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in AmI.
For these reasons, a trade-off between coverage/accuracy and intrusion/cost is

needed. Providing a configuration (number and position of the location antennas)
which guarantees the maximum coverage and accuracy is a difficult task. The best
configuration depends on the physical space in which the service is deployed. For
example, in a small room, it is possible for a device to cover all the room, but in the
case of a bigger room, like a showroom, only one device could be insufficient.

With such premises, in this thesis, a probabilistic framework based on Hidden
Markov Models (HMM) [30] was used to predict user location, at the same time that
an appropriated deployment of the whole infrastructure was designed. The use of
location prediction makes possible that the building is not fully covered because the
system can predict the uncovered areas (i.e. without antenna and out of reception
coverage).

Our process for engineering the LBS uses UbikSim in order to simulate the
environment and user models. An intelligent office building and their workers are
artificially reproduced in simulations. The LBS is a real implementation integrated in
the simulation. Because of this process is previous to the deployment over the real
world, only a little location information about the environment and users is available.

Using the simulated environment and user models, expensive and annoying tests
with users can be avoided at a first phase. Then, when the LBS has been completely
tested and an appropriated configuration of the infrastructure has been achieved, it can
be deployed over a real scenario. This process attains an easy and low-cost solution to
configure and deploy LBS in AmI.

Some experiments were made over a simulated office building with different config-
urations of the number and position of the antennas. The experiments showed that the
coverage is not the most important issue in a location service. In fact, a good predic-
tion accuracy of the used technique resulted more important than the coverage. This
is due to the fact that a system with high accuracy can predict the uncovered areas
and remove noisy. In this sense, the system based on HMMs got better precision rates
and a better adaptation to changes in users’ behaviours than other studied techniques.
In that context was also discovered that it is possible to remove antennas representing
usual starting points for data traces from users. Another important discovery from the
experiments was that antennas in corridors are more important for prediction than in
other places. Under these considerations, a reduction of the 23% in number of antennas
was made without a significant reduction in prediction quality.

In order to find such a good configuration of the number and the position of the
antennas, which reduces the number of antennas and keeps the prediction quality, these
experiments were based on trial and error. This particular search was handcrafted. As
a consequence of that, we established that there was a need of finding the optimal
configuration of antennas in the environment automatically. Additionally, we found
that the learnt knowledge about the structure of the building and the patterns of
behaviours could be useful in this search.

Accordingly, two features should be considered. Firstly, finding the best config-
uration of antennas implies obtaining the minimum number of antennas while high
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quality of the accuracy of the prediction is maintained. This problem can be stated
as a multiobjective optimization problem (MOP) with two subobjectives: maximizing
the accuracy of the prediction by the HMMs and minimizing the number of allocated
antennas. Secondly, from our previous experiments is clear that an optimization al-
gorithm could get profit from the adquired knowledge. The consideration of domain
knowledge in optimization processes has shown to improve the results.

In MOPS no solution causes an optimum in all objectives. Algorithms for MOPs
try to find a solution in which the objectives are satisfied in an acceptable factor.
This solution can not be improved on any objective without degrading the other.
Our first attempt to solve this problem was using Genetic Algorithms (GAs) [18].
GAs are usually a suitable technique in the resolution of MOP because they maintain
a population of solutions where finding solutions in parallel is possible [12]. This
mechanism improved the results accomplished by the handcrafted process.

Furthermore, since some knowledge from the domain was available, we designed a
improved solution which uses this advantage using Memetic Algorithms (MAs) [23,26].
Memetic algorithms are an optimization paradigm based on the concept of “meme”.
This concept was coined by Dawkins in 1976 and is analogous to the gen in genetic,
but the meme in cultural evolution. A meme can be defined as a unit of cultural
transmission or imitation [9]. Memetic algorithms describe an optimization paradigm
which combines domain knowledge with different metaheuristics. Several works have
shown that MAs are able to get better solutions than its precursor, the GAs, in NP-
hard optimization problems, like the presented one (see the related work of the article
presented in section 5.4 [53]).

Our experimentation showed that this proposal helps to find an optimal configu-
ration of the location infrastructure more effectively and efficiently than our previous
work, by the handcrafted process and a classic genetic algorithm, while the quality
of the location prediction is kept. This contribution gives an optimal infrastructure
which reduces cost and achieves a less intrusive environment, avoiding annoying or
costly tests over real environments and with only a bit of information available.

The proposals, techniques and results described in this subsection can be found in
the articles included in sections 5.3 and 5.4. The first article, in section 5.3, shows
that it is possible to use AmISim to design and test a LBS which predicts the users’
locations. In the same work, it is shown that AmISim can help in the deployment of a
LBS reducing costs and infrastructure, but keeping a good accuracy of the prediction.
As a continuation of this work, the article presented in section 5.4 proposes the use
of a memetic approach to optimize the configuration of the LBS. This approach uses
some available information to optimize the configuration and improve the accuracy of
the prediction.

4.4.2 Localisation in uncontrolled environments

The previous subsection describes our proposal in AmI environments where a minimum
control of the environment and the infrastructure is available. Such approach leads to
a complete solution of the problem of localisation in controlled AmI environments.
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The solution covers the deployment of the infrastructure and the mechanisms for the
prediction of location of the users.

Nevertheless, this part of the thesis is focused on those environments where no
information is available. We assume that no information about users, structure of
the buildings or the antennas of the infrastructure is available. In such a way, our
solution for this problem does not require the installation of new hardware, preserving,
in this manner, the requirements of AmI environments, the privacy of the users and at
zero-cost easy deployment of the infrastructure.

From these assumptions, an adaptive fuzzy logic based system for indoor local-
isation in AmI environments was presented. The system uses the Received Signal
Strength Indicator (RSSI). RSSI measures the power present in a received radio signal.
In the article included as part of this thesis, WiFi is used as signal because almost
every modern building has installed or accessible nearby WiFi Access Points (APs).
Accordingly, almost every building can use this solution without the need of deploying
new hardware and at zero-cost. Nonetheless, any radio signal, like Bluetooth or RFID
(or even a combination of them), can be used in our approach because the solution
only requires signals with RSSI.

In an environment as the described one, where no prior information is available, the
conditions can change continuously and the signals often present noise and uncertainty,
a mechanism capable of learning online and adapt to the highly dynamic environment
is a must. To our knowledge no previous work in the literature is able to deal with these
conditions. Our system is the first able to operate online and adapt its behaviour in
an incremental and lifelong way in order to attain high success rates of users’ location.

The system is based on fuzzy logic in order to face the short and long term
uncertainties and noises from the environment in an understandable way by users.
Additionally, some improvements have been included to allow the system to work if
the conditions change or even if a new situation is observed. We have also designed a
mechanism which is able to learn and adapt itself unobtrusively and incrementally, in
order to extend the basic mechanism with a lifelong localisation solution.

Thanks to the flexibility of AmISim, the system was tested in a first phase over
two simulated scenarios. The system was probed over three real environments. Note
that in the work presented as part of this thesis only one scenario is shown. The other
two scenarios are currently under publication process [56]. The experiments showed
that presented solution obtains high accuracy, low cost and easy deployment in very
different AmI scenarios with only a few days of training and no prior knowledge or new
hardware. In addition, our solution outperforms other studied techniques, being the
only one which is able to operate and adapt online in a long term mode.

This proposal, their experiments and results are described in detail in the article
presented in section 5.5. This work presents the problem, the approaches in the
literature to solve it and a description of the reasons which caused the necessity of
improving the existing works. Then, the techniques applied to solve the problem are
described deeply and the experiments that show the suitability of the proposal are
presented.

As described in this introduction, the contributions of this thesis are not only
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focused on the methodologies or algorithms for AmI, but we have tried to provide
developers with a whole solution for the deployment of this kind of systems preserving
their features and requirements. These contributions can be easily integrated over real
current environments as part of our lives for the realization of truly ubiquitous and
intelligent environments. In fact, we think that our results are not only interesting in
an academic or scientific domain, they are suitable and useful in our daily lives.
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Abstract This paper proposes a general architecture for testing, validating and
verifying Ambient Intelligence (AmI) environments: AmISim. The development of
AmI is a very complex task because this technology must often adapt to contextual
information as well as unpredictable behaviours and environmental features. The
architecture presented deals with AmI applications in order to cover the different
components of these kinds of systems: environment, users, context and adaptation.
This architecture is the first one that is able to cover all these features, which are
needed in a full AmI system. The paper shows that AmISim is able to cover a
complete AmI system and to provide a framework which can test scenarios that
would be impossible to test in real environments or even with previous simulation
approaches. Simulated and real elements coexist in AmISim for a robust testing,
validation and verification of the AmI systems, which provide an easier and less
costly deployment.

Keywords Ambient Intelligence · Multi-agent based simulations · Testing ·
Ubiquitous Computing

1 Introduction

Mark Weiser envisioned in his work The Computer for the 21st Century (Weiser,
1995) that “the most profound technologies are those that disappear”. He based
on these arguments to introduce his vision of Ubiquitous Computing. The last
years have seen substantial progress in Computing systems. Some of their previous
constraints (like memory capacity, processor speed, communication bandwidth or
even the cost) have been noticeably improved (Garlan et al, 2002). This has caused
that computer systems are now widely spread. Furthermore, there have been great
advances in some technologies such as wearable computers and devices, wireless
networks, sensors devices and control appliances. The improvements regarding
to their connectivity, battery life, weight and size make it feasible to integrate
computer systems in our daily lives, making ubiquitous environments a reality.
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The Ubiquitous Computing provides a smart environment, where a set of soft-
ware and hardware elements supports an invisible and nonintrusive interaction
between environment and users. This interaction makes it possible to acquire con-
text knowledge from the environment, i.e. Context-Aware, and to provide services
that support daily user tasks in a smooth and adaptive way. The convergence of
these points is called Ambient Intelligence (AmI). AmI refers to a seamless and
invisible computing environment, which is able to provide users with proactive
and adaptative services.

AmI aims to create digital environments that are aware of our presence and
context through the usage of embedded and nonintrusive devices. These devices
generate information about the environment, users and the changes in both of
them. This information allows services and applications in AmI systems to adapt
to changes. Therefore, key features of AmI systems are embedded, context-aware,
personalized, adaptive and anticipatory (Aarts, 2004).

In AmI, access information, communication and services must be ubiquitous,
wireless and transparent to users. Furthermore, the interaction between the sys-
tem and the user must be unobtrusive and natural. Hence, embedded devices to
access to the information in a natural and ubiquitous way are needed in an AmI
environment. These devices are able to recognize users, the environment and the
contextual information. This meaningful information about users and their envi-
ronments can be used by the applications to adapt to them. In a nutshell, the
system is context-aware. Contextual information allows applications to personal-
ize, adapt and anticipate to the environment and to the users’ necessities, desires
and behaviours.

Considering all the described requirements (embedded, context-aware, person-
alized, adaptive and anticipatory), it is found that the following models must be
considered in AmI:

– Environment model. A model that describes the physical world, i.e., buildings,
complex objects, sensors, actuators, communications between devices, etc. This
model must be flexible and configurable.

– User model. A complex multi-agent model that simulates physical and human
features, interactions between them, and individual and group behaviours.

– Context model. This model gathers, merges, interprets, reasons and stores the
contextual information, i.e., all relevant information that surrounds the envi-
ronment and the users.

– Adaptation model. A model capable of supporting applications and services
that use contextual information. This contextual information is used to adapt,
personalize and anticipate to the environment and users in a reactive or proac-
tive way.

There are a large number of developments and projects that apply the issues
of AmI over different contexts. Specifically, most of them are focused on indoor
environments. Popular examples of these projects are: Project Aura (Garlan et al,
2002), Oxygen Project (Rudolph, 2001), House n (Intille et al, 2000) or Aware
Home (Kidd et al, 1999a). These proposals include controlled imitation of real
environments (called Living Labs (Gabel et al, 2005)) to test, validate and verify
AmI systems.

Testing an AmI system includes detecting, locating and repairing errors on
the system. Verification includes checking that the initial requirements have been
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achieved correctly. Validation checks that the functionality is achieved as expected.
Testing, verifying and validating an AmI system by real environments is rather
difficult. Moreover, the application of these labs is impractical in several situations,
like an environment with thousands of individuals or an emergency scenario.

In order to address these problems, this paper proposes a general architecture
for testing, validating and verifying AmI environments: AmISim. AmISim is a
layered architecture which considers and covers the four aforementioned models
of an AmI system. To the best of our knowledge, AmISim is the first architecture
that is able to do this. Furthermore, AmISim enables developers to integrate real
and simulated elements from these four models. AmISim provides a user model
(essential in AmI system) without the need of interaction with the user. Therefore
the number of individuals is not limited. This facilitates to test, validate and verify
applications for hundreds of users or more. Finally, the contextual information in
AmISim is formally represented using semantic technologies in an easy way.

The paper setup is presented as follows. Section 2 describes other works related
with simulation in AmI or specific parts of AmI. Section 3 presents AmISim and the
proposed architecture, which covers the requirements for the four models explained
above. Section 4 illustrates the use of the AmISim architecture for an advanced
AmI service into a scenario of an office building. Finally, Section 5 presents the
conclusions and future work.

2 Related works

Most of the approaches for the testing, validation and verification of AmI systems
are only focused on one or some parts of an AmI system. Nevertheless, to our
knowledge no work covers all the requirements and necessities of an AmI system,
i.e., the four models explained in the introduction. Therefore, the related works
presented here about testing, validation and verification of AmI systems have been
separated into four different topics according to their topics. (1) The first topic is
Living Labs, which allow us to perform feasibility and usability studies by real life
environments. The following three categories involve simulators, which deal with a
specific part of an AmI system or emphasize such part. Thus, (2) the second topic
is simulators that are focused on the use and analysis of the environment model
of AmI systems. (3) The third category describes simulators that explicitly use a
context-aware model. (4) Finally, the fourth topic presents the use of multi-agent
approaches to simulate AmI systems. These last works usually emphasize the user
model.

2.1 Living Labs

The most intuitive approach for the testing, validation and verification of an AmI
environment is the use of real users receiving feedback from them. A Living Lab
is a laboratory that consists of real life environments where users and researchers
look together for new AmI services. The first serious works to build laboratories
that could be used to conduct feasibility and usability studies in AmI started in
2000 (Friedewald et al, 2005). As a result, the HomeLab of Philips was opened on
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April 24, 2002. Another well-known living lab was developed within the Aware-
Home Project (Kidd et al, 1999b). This living lab has been used to research on
context awareness and ubiquitous sensing, individual interaction with the home,
person identification and location, and finding lost objects. Another example is
the Essex intelligent apartment (iSpace), a test bed for ubiquitous-computing en-
vironments developed by Hagras et al. (Hagras et al, 2004). The iSpace is fitted
with several sensors (temperature, occupancy, humidity, etc.) and actuators (such
as door actuators, heaters and blinds). The target is to response to user’s neces-
sities. The European Network of Living Labs is a grown up initiative coming from
the own European Living Lab and sponsored by the European Community. The
Open Living Labs web1 shows contact information for Living Labs in about 30
countries.

Developers in a Living Lab can make a compilation of relevant data about
the execution of the application interacting with users. Then, these data can be
analyzed to evaluate batteries of tests executed over the AmI application. This
approach of real-world testing in laboratories has proliferated since the results are
very reliable because the application is tested with the final users. However, the
main disadvantage of the use of Living Labs is that it is not feasible in applications
with hundreds or thousands of users. For example, the study of AmI services in
office buildings, such as the location service used as case study in this paper, would
be impractical with this approach. Furthermore, a huge economic investment would
be needed. In such cases alternative approaches like simulations are useful even
when the use of Living Labs is feasible. This is because simulations enable us to
test services before their deployment, therefore, the cost of the faults is lower than
if they appear in the development.

2.2 Simulators of environments

Building a Living Lab can be slow and costly. Furthermore, it can not be used
with large-scale problems. Software developers should be able to develop AmI
applications even if they do not have all hardware available yet. With the aim of
solving this problem, AmI simulators have appeared in the last years. There are
very few simulators designed specifically for this domain (Reynolds et al, 2006).
They allow researchers to investigate AmI usability aspects and also functionality
issues without physical limitations imposed from using real settings. This section
deals with simulators modelling mainly the AmI environment.

Several 3D first-person-shooter (FPS) games, which have appeared for PCs
since the late 1990’s, have released software development kits (SDKs) allowing pro-
grammers to modify these games. Examples of these games are Half-Life, Quake
III, and Unreal Tournament (O’Neill et al, 2005). Several proposals for simulating
AmI system components try to exploit the 3D graphics engine of these games to
model a realistic environment. For example, Quake III Arena is a FPS that mod-
els the physical environment in a 3D view. TATUS (O’Neill et al, 2005) is also an
example of simulator with this philosophy. It also uses a 3D FPS network game,
Half-Life (Coporation, 1998), that allows up to 32 players competing in a single
game. TATUS introduces an interesting feature; it supports research and develop-

1 Open Living Labs website: http://www.openlivinglabs.eu/
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ment of adaptive software. The features of sensors and actuators are modelled by
a SDK for Half-Life. This SDK includes map objects. A map contains information
about objects, their names, types and coordinates on the environment. Defining
physical objects, invisible and intangible entities like sound or lights, and trig-
gers for modelling events is also possible with this SDK. An additional message
XML-based definition tool is used to allow the information to pass between the
simulator and the SUT, i.e. the system under test, during the experiment. Other
popular cases of AmI environment simulations employing FPS games are UbiWise
(Barton and Vijayaraghavan, 2002) and QuakeSim (Bylund and Espinoza, 2002).
They are explained in next section under the topic of simulators that include a
context-aware model since this model is their main focus.

The main advantage of these proposals is obtained by working with simulations.
This is, quick and cheap prototyping without hardware or environment limitations.
The major problem using these simulators is that they do not simulate the user.
In these cases, the user is a player of the game (i.e. a person). Consequently,
running a suite of experiments is slow and costly because the simulator requires
interaction with the user (a player of the game) in every simulation. Therefore,
these games limit the number of individuals in the environment, their relations
and behaviours. Moreover, these proposals do not utilize a context-aware model.
AmISim, presented in this paper, employs an environment modelling tool based
on SweetHome3D2, a free indoor design application, in order to model realistic
environments.

2.3 Simulators with a context-aware model

There are many definitions in the literature about context. Several authors had
tried to characterize the term context-awareness since the first time that appeared,
about 1994. Brown (Brown, 1996) defines context as those elements of the user’s
environment that are known by the computer. Other authors like Abowd et al.
(Abowd et al, 1999), define context as any relevant information for the applications
about the entities in the environment. Nevertheless, all definitions concur in stating
that the use of context-awareness is key for AmI systems in order to adapt to the
demands of the users and their environments.

There are several works that explicitly use a context-aware model. An example
of simulator with this philosophy is UbiWise (Ubiquitous Wireless Infrastructure
Simulation Environment)(Barton and Vijayaraghavan, 2002), which uses Quake
III Arena. UbiWise is focused on the simulation of computing and communication
devices. This simulator emerged from two existing simulators, UbiSim and WISE.
UbiSim generates contextual information from raw simulated data in Quake III
Arena and this information is processed in the Context Toolkit (Salber et al, 1999),
which produces meaningful context to applications. The second simulator, WISE,
offers a 2D view for simulating and setting devices, their connectivity, protocols,
scenarios and the interaction between users and the environment.

Another example is QuakeSim (Bylund and Espinoza, 2002), this simulator is
a tool that interactively manages context information in real time. A 3D world
and different kinds of context information are simulated in this tool. QuakeSim

2 Sweet Home 3D: http://www.sweethome3d.eu/es/index.jsp
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modifies Quake III Arena, like UbiSim does, to add simulation of sensors and
actuators and the Context Toolkit manages all this information.

Morla et. al (Morla and Davies, 2004) present another approach with a context-
aware model. The approach deals with testing and evaluation of network related is-
sues on location-based applications. This proposal includes an environment model
and uses the NS network simulator3. The authors illustrate their approach em-
ploying it to a mobile remote heart and to a lung health monitoring application.

Context-aware software is an emerging kind of application. These applications
operate in a highly dynamic environment, where the testing is more complicated.
These systems register parts of their context-aware logic in a middleware. However,
most of the conventional testing techniques, such as unit tests, do not consider this
logic (Lu H. and Tse, 2006). Consequently, some approaches to test context-aware
applications have been proposed in recent years. Tse et al. (Tse et al, 2004) use
case generation based on metamorphic testing, a property-based testing strategy.
Given multiple executions of the software under test, a metamorphic relation is an
expected relation over a set of input data and their corresponding output values.
The metamorphic testing is based on checking if a group of test cases satisfy these
metamorphic relations. In the same group, Lu et al. (Lu H. and Tse, 2006) have
proposed a novel family of testing criteria that considers some contextual events
and their associated actions. Starting from a context-aware data flow, the evolution
of contexts is studied in order to obtain context-aware data flow associations and
testing criteria. The authors illustrate their approach with the construction of
adequate test sets and the evaluation of test results for an RFID-based location-
sensing system.

These approaches, as the ones presented in the previous section, do not provide
a user model, which is essential for testing AmI systems. AmISim, presented in
this paper, utilizes semantic technologies to represent the context model. This
ensures a common framework for: adding contextual information easily, reusing it,
interpreting it, and reasoning over the context in order to integrate entities with a
low level of information into other more abstract entities (Nieto et al, 2006). The
result is that a more entire flexible context model is provided.

2.4 Simulators based on multi-agent technologies

One reason that justifies the necessity of new solutions for the testing, validation
and verification of AmI systems is that one of the most complex parts of simulating
these systems is the simulation of users. Despite this, there are few simulators
that really manage complex behaviours of users and their relations, the contextual
information and its use to adapt to the users. The use of social simulation in general
and Multi-Agent Based Simulation (MABS) in particular provide the possibility
of easily integrating sociological studies about user behaviours in the simulations.
This is because many studies of this nature are carried out through MABS (Qiu
and Hu, 2010).

There are some works that have followed multi-agent based approaches for
some components of AmI environments although they do not cover complete AmI
systems. For example, Reynolds et. al (Reynolds et al, 2006) simulate sensors,

3 NS network simulator website: http://www.isi.edu/nsnam/ns/
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actuators, and the environment, but without simulation of context or adaptative
services facilities. The work of Liu et. al (Liu et al, 2006) proposes a scalable
framework for prototyping and testing mobile context-aware applications. They
use a distributed intelligent multi-agent system to model complex and dynamic
user behaviours. For example, the user movement may be simulated based on
policies specified by the software tester such as speed or fine grained trajectories.
Another ubiquitous computing simulator in which agents are used to model users
is presented in the work of Martin and Nurmi (Martin and Nurmi, 2006). They
simulate separately agents, environment and context. The context model is defined
with variables of the context and maps. AmISim, presented in this paper, claims to
be more complete than the approaches mentioned because it covers environment,
context-aware, users and adaptation models.

The field of Multi-Agent Systems (MAS) is complementary in several aspects
to MABS (Drogoul et al, 2002) and its borders are increasingly blurred. The MAS
paradigm has been used widely for the development of AmI applications. This
is demonstrated by numerous papers about what has become known as Agent-
based Ubiquitous Computing (Mangina et al, 2009). The approach presented in
this paper is not developing AmI using MAS, but using MABS to model some of
the main parts in AmI systems, such as environment and users, where real tests
are too costly or impractical.

3 The AmISim architecture

AmISim is a generic multi-layered architecture that enables to simulate complete
AmI systems. On the one hand, the generic architecture enables developers to test,
validate and deploy any kind of AmI systems. On the other hand, the different
layers cover the four presented models of an AmI system: environment model,
user model, context model and adaptation model. The layered architecture allows
developers to change easily a model without interfering with the rest of the system.

The AmISim architecture is showed in Fig. 1. The multi-layered architecture is
based on the Open Services Gateway initiative (OSGi)(Marples and Kriens, 2001).
OSGi is a framework for Java that supports the development and deployment
of modular applications, called bundles. It manages the life-cycle of bundles and
provides tools for the discovery, publishing and cooperation of devices and services.
Thus, OSGi presents a large amount of advantages according to the features of the
AmI systems, like easiness of deployment, portability, heterogeneity among devices
and other specific features from the requirements of the Ubiquitous Computing,
like the possibility of restarting a service without stopping the system, which
supports the non intrusion requirement of a ubiquitous system.

In the proposed architecture, every component from the different layers is en-
capsulated in the form of a bundle within the OSGi environment. The lowest level
of the architecture contains the bundles that configure the environment and user
models. Both models are based on MABS. In the middle level, the bundles of the
context model are found. In this level, a context manager bundle and a domain
specific ontology are used to model the contextual information. Finally, the up-
per level contains located bundles which are able to use contextual information to
adapt to the environment and the users.
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Fig. 1 AmISim architecture

OSGi enables the inter-bundle communication among all the bundles. Never-
theless, AmISim architecture divides the bundles into levels according to the model
they define. This division makes a natural separation between applications or ser-
vices, their contexts and the technical details about the physical devices (i.e., each
model that composes an AmI system). Therefore, the adaptation model knows the
context model, but it does not need to know the features of the physical devices,
their locations and the rest of low level details.

The use of independent bundles provides AmISim with an important feature:
mixing simulated bundles with real bundles. Thus, it is possible, for example,
using a real context middleware in the context model to test real services (i.e.
real SUTs) whereas a simulated environment and user model are used. Another
interesting example of this feature is the possibility of simulating some sensors over
a simulated environment but using one or more real sensors in order to test their
performance. Merging simulated and real components is one of the most important
features in AmISim, since the final deployment over the real world will be easier.

The flow of inter-bundle information is performed by levels. In the environ-
ment model, there are simulated sensors and actuators that perceive the changes
of the environment and users. These sensors and actuators are defined by bundles.
When a change in the environment or user is produced, these bundles send these
data to the context manager bundle, i.e., they produce context. The context man-
ager bundle, using these data, generates contextual information and stores it in
the historical context information database. Hence, the contextual information is
available for the bundles in the adaptation model, i.e., the consumers of context.
Using this meaningful information, these bundles can offer services adapted to the
environment and the users.

This is the ascending flow of information in the system. In a similar way, there
is a descending flow of information. The bundles in the adaptation model can gen-
erate new contextual information (for example, a service of machine learning that
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infers new information from the contextual information) or send to the actuators
commands to order them some actions (for example, turn on the lights). In the
first case, the context manager bundle stores properly the new contextual infor-
mation. In the second case, it sends the orders to the actuators abstracting to the
applications from the low level.

The next sections describe deeply each model that composes the system in
depth. For each model, this work presents a proposal to cover it according its
requirements and components. Therefore, the environment and user models are
instantiated by Ubik (Serrano et al, 2009) , the context model by the Open Con-
text Platform (OCP) (Nieto et al, 2006) and the adaptation model by intelligent
services and external tools. Nevertheless, as described above, the architecture of
AmISim allows the developer to change one or more of these instantiations without
changes in the others.

3.1 Environment model and user model

MABS can build powerful models to represent real world environments that have
a degree of complexity and dynamic (Luck et al, 2005). In this work, the use of
MABS for the environment and user models is proposed. Both models represent the
real world, i.e., the scenario and the people regarding to this scenario. Therefore,
they are suitable for representing with MASB. On the contrary, the other two
models can not be represented using this technology because they do not simulate
parts of the real world.

The environment model can be simulated in a large number of scenarios thanks
to the flexibility of MABS. The simulated physical scenario can also be configurable
in order to generate different case studies. Each physical space has particular
properties derived from its own nature, for example, a person can walk in a room,
but not in a window.

Another important factor in a simulator for AmI environments, as mentioned
above, is the model of sensors and actuators since they enable sensing context
and acting on it. In AmISim, sensors and actuators can be simulated. Thus, it is
possible to simulate a sensor or an actuator and its behaviour, i.e., how the sensor
receives the information from the environment, what information it receives, how
the actuator sends the information to the environment and what information it
sends.

With this aim, sensors and actuators in AmISim can have a wide range of
features and properties. In this work, the approach for modelling these devices only
describes their most fundamental features. A set of features is defined for setting
several different behaviours of sensors and actuators. However, other features can
be easily added thanks to the design philosophy of MABS.

Both sensors and actuators can be wearable or static, and they can generate
data in periodical intervals or just only sporadically. All these features can be
configured for the simulation setting. More examples of the features that can be
configured for sensors and actuators are: their usual range of data, the probability
or frequency of their occurrences, the probability that unusual data are produced
(noise) or the range of data of these unusual occurrences.

Finally, other interesting properties can be defined for the simulation, such as
the scope of the sensors and actuators. Out of this scope, sensors and actuators
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have no influence, i.e., sensors can not capture any data and actuators can not act
in the environment. In AmISim, actuators are considered in a similar way that
sensors, but they have some particular properties, for example, the effect of an
action in the environment.

Regarding the user model, as described in section 2, simulators of AmI or
similar environments usually forget or simplify the user model. Nevertheless, AmI
is focused on users, their experiences and interactions. Thus, the user model is a
fundamental goal in a simulator of this kind. The MABS technology, which is a
branch of the social simulation, allows us to integrate sociological studies about the
users’ behaviours into the user model of AmISim. The result is a user model well
defined, flexible and more reliable than previous approaches in simulation. Note
that a simulated user model is not an overall solution because users’ behaviours
are not completely predictable. Thus, more tests would be conducted after the
deployment. However, it offers a tool to minimize the error before the deployment.
Therefore, the more realistic the user model is, the higher the probability of success
will be in the deployment over the real world.

Thus, the behaviour of simulated people is modelled probabilistically in this
work. Behaviours are defined as situations that the agent should play in each mo-
ment and transitions between behaviours are probabilistic. The underlying model
is a hierarchical automaton (i.e. in the highest level there is a number of complex
behaviours that the agent may play and, when it is in a specific state, there is sub-
ordinate automaton with simpler behaviours that defines that state). Hence, the
modelling of each behaviour is treated separately and the modeller is abstracted
of unnecessary details. In the lowest level (basic actions), each state is atomic. An
agent never carries out two behaviours of the same level simultaneously.

In this approach, the behaviours of a user are divided into three types:

– Monotonous behaviours: the kind of behaviour that a person manifests always
approximately in the same time slot, and on a daily basis (e.g. meeting or
having coffee).

– Non monotonous behaviours: the kind of behaviour that a person usually man-
ifests, not bounded to a concrete time slot, and repeated within a non constant
period (e.g. going to the toilet).

– Any time behaviours: such behaviours are the usual behaviours and they are of-
ten interrupted by the others (e.g. working if the simulated person is a worker).

When the user is in a state, a change of state can happen, i.e., a new behaviour
is arisen. As described above, these transitions between behaviours are modelled
probabilistically. Then, probability distribution functions (pdf) are used according
to the described type of behaviours. For example, the behaviour going to the toilet,
is a kind of non monotonous behaviour and it can be fitted with an exponential
distribution, which represents waiting time models (Garcia-Valverde et al, 2010).

As described above, one of the most important features of AmISim is the abil-
ity to merge simulated and real components. This ability is possible thanks to the
flexibility of the architecture which enables the coexistence of real and simulated
bundles. In the user and environment models this capability is a fundamental key.
Recall that simulation is not an overall and final solution. Therefore, the possibility
of having simulations composed of real and simulated elements increases the reli-
ability of validating AmI services which are deployed by simulated environments.
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Thus, in AmISim is possible to achieve more realistic simulations using injection
of real elements within the simulated world.

On the one hand, it is possible to simulate some sensors over a simulated
environment but using one or more real sensors in order to test their performance
as described at the beginning of this section. On the other hand, having real sensors
also enables to gather information from real users. In that sense, merging real users
with simulated users makes more realistic the behaviour of the user model. Thus,
using AmISim is possible to have real users or some real users’ features over real
environments coexisting with simulated users. This ability is caused by the real
context middleware.

The sensors installed in the real environment capture raw data regarding the
real users, their movements, their habits and so on. This information is sent to the
context middleware bundle which generates contextual information and stores it in
the historical context information database. Therefore, as in the case of simulated
users, the information of the users is available for the bundles in the adaptation
model.

In the previous case, the user model is not simulated, but real like in the
final deployment. Note that this case is not the final deployment since some sen-
sors/actuators can be still simulated. Nevertheless, as the introduction described,
having real users is unfeasible in several situations (remember the case of an emer-
gency scenario or a scenario with thousands of users) or it is not possible due to
some budget requirements, ethical problems, etc. or just because the development
is in an initial phase which does not require real users yet.

Even in these cases, AmISim offers some possibilities to merging some real
and simulated information, i.e., merging some real information from the users but
keeping the simulated user model. As described, according to the type of behaviour
a pdf is used. However, the parameters of theses pdfs can be slightly different for
each person. For example, the real workers in an office use to have coffee at 9 a.m.
while the simulated workers have it at 11 a.m. In both cases the pdf used is the
same but the time slot is different.

This information is detected by the sensors and sent to the context middleware.
Then, the adaptation model can use it to modify the parameters of the pdf in the
user model. In a similar way, it is also possible to modify other parameters of the
user model such as the common destinations, schedules, paths followed across the
building (for example, a worker who avoids his boss’ office), etc.

In both situations, the use of a full real user model or only some real features
from it, merging simulated and real components, reduces the distance between the
simulated models and the real world. This makes user model more realistic and
facilitates the final deployment over the real world.

3.1.1 Ubik

This paper proposes a specific MABS called Ubik to simulate the environment
and user models in AmISim. Ubik is developed in MASON4. There are numerous
frameworks for the development of MABS and stands out from them MASON.
MASON was chosen rather than other platforms because it is open source (very
useful to understand deeply the implemented models), is fast (speed is necessary

4 MASON website: http://cs.gmu.edu/eclab/projects/mason/
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for models involving thousands of agents), replicable (quality needed to repeat
exactly experiments of interest), and especially for being self-contained (Luke et al,
2004). Being self-contained is important because allows MASON to be easily a sub
element of another software. In this case, the simulations developed in MASON are
a component of the AmISim architecture. Another good option to develop MABS
is Repast5, which has a large community of users and, according to some opinions
(Railsback et al, 2006), is the most complete platform for social simulations in
Java. The web of the Open Agent Based Modelling Consortium6 nowadays lists
21 of these frameworks and comparatives among them.

Using Ubik is possible to simulate different buildings. These buildings, as en-
vironment model of an AmI system, can be configured with different number of
rooms, several kind of these, windows, doors, stairs, etc.

Each user of an AmI service is simulated in Ubik as an agent. Agents in Ubik
have several features, both physical and related to the behaviours. For example, it
is possible to define the age, role in the organization, speed of movement, its duties,
its leadership skills, its happiness, etc. Furthermore, Ubik enables to configure the
different agent’s states, for example, working or running, and the actions that can
be performed on the environment. All these features compose the behaviour of an
agent in Ubik.

Like in the model of sensors and actuators, other behavioural features can
be added to provide a wide set of configurations. In this case, this is possible
thanks to the design philosophy of MABS in general and MASON in particular.
This simulation platform was designed to allow a JAVA programmer to add new
features easily (Luke et al, 2004).

Ubik uses a graphical 3D tool, Ubik3D, a Java3D editor to model the physical
elements and the people that composes the environment and the user models in an
easy way. As mentioned above, different structures of building with rooms, stairs,
corridors, several floors, etc. can be simulated. The editor also contains a wide
range of objects available to be incorporated to the simulated model, like different
domotic devices, diverse furniture or different people. Any indoor space can be
modelled using Ubik in an intuitive way without previous experience.

When the environment and user models are modelled, Ubik reads their confi-
guration from Ubik3D and registers the elements into the context model bundle.
Furthermore, Ubik defines the behaviour of each element and sets the step for each
behaviour in the simulation using MASON.

Ubik is included in the AmISim architecture as a bundle of OSGi. When the el-
ements from the environment and user models are registered in the context model,
a bundle for each element is created for updating the changes of this element. This
bundle will be a context producer or consumer bundle registered in OSGi (the
following section gives further details).

Fig. 2 shows two figures of a floor in an office building modelled by Ubik. Both
figures show the same floor with different views. There are several rooms connected
by corridors. The rooms have one or more desks, chairs and some special rooms
have a specific furniture. Finally, different users are simulated in this scenario.

5 Repast website: http://repast.sourceforge.net/
6 OpenABM Consortium website: http://www.openabm.org/
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a) b)

Fig. 2 a) Office floor in 2D. b) Office floor in 3D

3.2 Context model

Context-awareness is key for AmI systems in order to discover and take advantage
of meaningful information from the users and the environment, e.g. user location,
weather, devices, user activity, etc. Contextual information must be represented in
a specific model to be used. In this work, the context model is built by a context
manager (real or simulated). This context manager must model the contextual
information for classifying situations of interest and triggering off the relevant
actions at each moment.

The context manager represents the contextual information in an ontological
model. Ontologies are essential for building AmI systems because they provide
a common framework to share knowledge, interoperating between users and de-
vices and reasoning about contextual information. The usefulness of ontologies in
context-aware is widely known (Gu et al, 2004; Wang et al, 2004).

Thus, the context manager is a middleware in which the applications can con-
sume or produce information. It captures the raw information from the devices in
the environment model and provides contextual information thanks to the ontol-
ogy. Furthermore, it obtains new information by inference and merging context.
Finally, the applications in the adaptation model can also generate new contex-
tual information (for example, using rule-based inference or machine learning) and
send it to the context manager.

Another important component in the context model is the set of context ad-
vanced services (CAS). These services are specialized services, which offer elab-
orated information from the contextual information in the ontology or from the
historic of the ontology using the context manager. A more efficient and scalable
access to applications and external services is enabled by these services. An ex-
ample of these services could be offering the number of individuals in a specific
place.

There is a special CAS, the ContextHistory Context Advance Service (see
Fig.1). This CAS gives a visual interface between the users and the contextual
information. Thus, the users can navigate and search visually the historic contex-
tual information.

As well as the other context advanced services, this CAS has the semantic
advantages of the semantic web technology given by the context manager. Then,
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SWRL rules or query languages for semantic data (like SPARQL (Pérez et al,
2009)) can be used in order to search specific contextual information. Thus, the
developers are able to do complex queries over the contextual information (e.g. the
produced information by the sensor with ID=7 in the last two days at intervals
of 30 minutes). Finally, they can extract the required information to files in the
desired format, e.g. plain text or Weka (Hall et al, 2009) format (arff). The pro-
cessed contextual information is ready to be used for external services like Weka,
R (Team, 2008) or external services defined by developers.

The context manager and the context advanced services are integrated into
AmISim by OSGi bundles. Therefore, the context manager is a bundle that offers
context management. Other bundles (in any model) use the context information
as producer or consumer bundles of this context manager bundle. The ability
of activate/deactivate bundles, adding or removing the context advance services
according to the necessities of the system, is enabled by OSGi.

The OSGi framework maintains a central Service Registry. The Service Re-
gistry makes use of the WhiteBoard pattern. With this pattern multiple data
sources as well as multiple viewers are allowed. It also has the effect of completely
decoupling producers and consumers of context. Therefore, the services can be
dynamically added and removed from the registry in an easy and unobtrusive
way.

3.2.1 OCP

This work integrates the use of OCP (Open Context Platform) as an instantiation
of the context model. OCP is a middleware that provides support for manage-
ment of contextual information. This middleware represents the information in an
ontological model and interprets it using SWRL rules (Horrocks et al, 2004).

OCP is integrated into the system as a bundle. Therefore, the integration and
use of OCP is immediate. A context producer needs to implement: the interface
ContextProducer to send contextual information to OCP, the interface BundleAc-
tivator to initialize the bundle, and the methods activate/deactivate to indicate to
the producer that the service ContextService is active. Finally, the producer has
to register the service in OSGi following the WhiteBoard pattern:

# Access to other methods: the bundle can interact with OSGi
private BundleContext bc;
...

#Register the service context producer
bc.registerService(ContextProducer.class.getName(), this , idService);

When the context producer is registered in OSGi, it is able to send contextual
information to OCP as follows:

private ContextService cs;
...

#Send context information: the new location
cs.setContextItemRelation("Person", idPerson, "located", "Room", idRoom);
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As described in the example above, the context producer sends to OCP the
new location (idRoom) of the person idPerson. In the same way, when a context
consumer is registered in OSGi (in this case, it needs to implement the interface
ContextConsumer), it can receive contextual information. The context consumer
registers the entities in which it has interest. The interfaces to access as a context
consumer are:

private ContextService cs;
...

#Register for listening the changes of Person
cs.register("Person", idPerson, this);
...

Then, the consumer is registered to receive the changes of context of the entity
Person. When there is a change in the context of this entity, OCP notifies it to
the consumer calling to the method notifyContextChange, which is implemented
in the consumer:

public void notifyContextChange(ContextEntityItems cs){

#Send context information: the new location
idRoom = cs.getContextItemString( "Person" , "412", "Room");

}

Therefore, the context consumer obtains the ID of the room where the person
412 is located.

In OCP there is a generic predefined OWL-based ontology. This ontology
should be refined with the domain specific ontology. The ontology contains a his-
toric of contextual information (e.g. it may contain the values of a temperature
sensor for the last three days). Some applications or services require this history
of the context, for example: temporal reasoning, predicting future actions or loca-
tions, learning behaviour of the users, etc. Nevertheless, there are applications that
can not store this information (e.g., a mobile device with memory constraints). In
such cases, the middleware provides them with this service. The generic OWL-
based ontology can be accessed from: http://darwin.inf.um.es/ocp

The use of OCP as a context manager in the context model has an important
advantage for the final deployment in the real world: it can be used directly as a
real context manager of the AmI system. This means that no change is needed in
the context model for the deployment over the real world .

3.3 Adaptation model

The adaptation model is the most flexible model in AmISim. It consists of all
applications and services that are offered to the environment and the users. Both
services and applications use contextual information from the context model to
adapt to the environment and offer personalized and proactive services to the
environment and users.
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Fig. 3 Overall process

Services and applications in the adaptation model are packaged into OSGi
bundles. Then, on the one hand, the service has a public API that can be accessed
by the other services in the adaptation model. On the other hand, it is possible to
activate and deactivate the service according to the requirements of the system.

The interaction among services and applications is implemented by OSGi.
Hence, they can be discovered and used by other bundles. Furthermore, the ser-
vices and applications of the adaptation model can access to the context model
as context producers or consumers (as described the previous section). Thus, a
service can extract the needed contextual information (from the context model)
and convert it to its own format. In the same way, the service can introduce the
contextual information that has been generated.

OSGi provides AmISim with a great flexibility making possible to introduce
any adaptation mechanism into the bundles. Hence, it is feasible to design the
adaptation logic by semantic SWRL rules, neural networks, reinforcement learning
techniques, mining data stream techniques, machine learning methods using the
historical contextual information, etc.

This design in the adaptation model supports other interesting features, for
example, the services and applications of AmISim can be remotely controlled,
managed and diagnosed without stopping the system. This characteristic is really
useful for services that need some kind of offline learning. For example: obtaining
offline data from the ContextHistory CAS, using this data for learning tasks,
updating the information, and finally, activating the updated service.

3.4 Overall process

This section describes the overall process to test, verify and validate a SUT in an
AmI system using the architecture presented.

In the first step, the environment model is defined. This process involves defin-
ing the physical world and the domotic devices (sensors and actuators), which
compose the real world where the SUT is deployed. As described in section 3.1.1,
Ubik is used in this work for this process. Ubik contains a Java3D editor to model
the environment and users easily. Therefore, different structures of building can
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be simulated. Furthermore, the editor contains a wide range of objects available
to incorporate to the simulated model.

The next step, step 2, includes the definition of typical user features and be-
haviours according to the real world. Therefore, if the real world is an office build-
ing, users will be workers of the office. However, if the real world is a hospital,
the users will be patients, doctors or nurses. Again, for this process, this work
uses Ubik. Ubik defines some default behaviours, which can be used; for example,
movements in a building, answering a call, having a coffee, etc.

After the environment and user models are simulated, the context is defined
in the step 3. This step depends on the context manager employed. Using OCP,
the developer has to define the domain ontology and which components in the
system are producers and consumer of context. This step is straightforward in
OCP because only a few instructions are needed (see section 3.2.1).

In step 4, the adaptation model is defined. This step is highly dependent on
the kind of scenario and the requirements of the SUT. Therefore, according to the
SUT to be tested, some services will be needed or not. For example, if the SUT
is a system to control the air conditioning depending on the location of users, an
intelligent service of location will be needed in this model. Finally, when the four
models are defined, in the step 5 is defined the SUT and their initial conditions.

The step 6 starts the simulation. In this step, the simulator uses the confi-
guration defined in the previous steps to obtain the simulations. This simulation
provides the needed data and views to test, verify and validate the system. Then,
the suitability of the SUT can be analyzed and compared with other alternatives
in the step 7. If the results obtained from the simulation find faults in the SUT,
the developer ought to go back to the step 5 in order to modify the SUT and
repeat the next steps. Finally, in the step 8, the obtained SUT, free of faults in its
interaction with the four models, can be deployed in a real-world scenario.

4 Example of AmI service in indoor environments: location service

In order to illustrate the effectiveness of the approach presented, an example of an
indoor location service is built with AmISim. Location information is one of the
most essential and used contextual information in context-aware systems (Weiser,
1993). With information about location, systems can provide users with near-
est features of interest and adapt to their requirements, i.e., Location-Based Ser-
vices(LBSs). Users usually have some degree of regularity in their motion. There-
fore, the system can predict their destination and acts proactively (Garcia-Valverde
et al, 2009).

The LBS presented here can predict the location of workers in an intelligent
office building. AmISim is able to simulate the building and sensors and actuators.
Furthermore, the behaviour and movement of the workers in the building are also
modelled and simulated. These components represent the complete environment
and user models of this scenario to simulate and test the LBS.

Nevertheless, note that the context and the adaptation models are real. The
context model stores the information about workers’ positions and this informa-
tion is used in the adaptation model to learn behaviours about users’ motion and
location prediction. Different algorithms and strategies can be built from the sim-
ulation to validate the service. When the LBS is tested, it can be deployed directly
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over the real-world environment. Hence, the use of AmISim reduces errors, prob-
lems, effort and, finally, because of that, it reduces costs in the final deployment.

The following sections describe this process and the four models of AmISim in
the location service example.

4.1 Environment model

The environment and user models are simulated in this indoor location approach.
Ubik bundle is used to simulate these models, as described in section 3.1.1.

The environment model provides an office building that consists of a configu-
rable number of floors, stairs, rooms, corridors, offices, etc. In each office, several
workers agents have their desks with their own phones. Furthermore, there are
some special rooms: a room to relax with a coffee maker, a warehouse and a meet-
ing room.

There are plenty of technologies which are able to automatically identify and
inform about the location of people and objects. One of the most widespread is
RFID (Radio Frequency Identification). A RFID system consists of tags, which are
usually passive wireless elements, attached to persons or objects. Then, fixed wire-
less readers, collocated within the environment, retrieve information from those
tags, identifying people and objects as they are perceptible by them. Thus, when
a person or an object passes near a RFID antenna, the location of this person or
object is associated with that antenna.

RFID is used in this scenario to build a location service. Nevertheless, not all
places in a building are usually sensorized (for reasons of budget, privacy, etc.).
In such situations, the information generated by the RFID antennas can be used
to perform machine learning and predict user location more effectively. With this
aim, this service predicts the location of the workers in an indoor environment.
Each worker wears a RFID tag, which identifies him, and the building is equipped
with RFID antennas in some places where locating people is interesting. When
a worker passes near an antenna, a message is generated reporting her current
position to the context model. Therefore, a list of the antennas that the worker
traverses is generated, i.e., a trace.

The office building and their elements are designed using the graphical tool of
Ubik, Ubik3D. The figure 4 shows some views of the environment model. Figure
4 a) shows a 2D view and figure 4 b) displays the same view but in 3D. The
RFID antennas are represented in blue. The building is divided into three zones
{Z1, Z2, Z3}. This division is made in order to show the fact that, in a real envi-
ronment, the workers of the zone Zi usually will go to destinations in this zone,
the nearest destinations. For instance, if the user has a desk in zone 1, she usually
will go to the relaxation room located in zone 1.

A destination is every location where a worker needs to be located in the build-
ing and there is not any antenna. In this example, the destinations, {D1,D2,
D3, D4,D5, D6}, are the special rooms and they are spread out over the three
zones. D1, D4 y D5 are the relaxation rooms of the zones 1, 2 and 3, respectively
(the relaxation rooms are areas with coffee-maker, rest-room and a terrace for
smokers). In the destination D2, there is a meeting room and the other destina-
tions, D3 and D6, are warehouses.
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Fig. 4 a) Office floor in 2D. b) Office floor in 3D. c) Graph of the floor

When the Ubik bundle is registered in OSGi, the elements of the environment
model are registered in the context model. Then, the context model builds an ab-
stract schema of the building as a graph (the construction of the graph is described
below). The abstract schema represents the static context about the environment.
This static contextual information is used to know the structure of the building
and to calculate paths through the building. The figure 4 c) shows the graph of
the building. The three zones of the building are represented in the graph. Z1 is
the green zone, Z2 the blue zone and Z3 the yellow zone.

4.2 User model

As described above, the user model is a fundamental goal in this kind of simulator
(focussed on users). We propose MABS, by Ubik, to achieve this goal. With the
use of Ubik, the behaviours of the users are modelled and simulated by using
probabilistic automata.

Since users are workers is possible to assume a basic state go to work. The
worker remains in the basic state most of the time. This kind of behaviour is
an Any time behaviours. The action of this basic state can be interrupted in
order to go to other states and change the behaviour. These behaviours are of
two types: Monotonous behaviours and Non monotonous behaviours. Monotonous
behaviours, like having a coffee are usually in the same time slot, whereas Non
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Monotonous are not bounded to a concrete time slot, for example, answering a
phone call or going to the bathroom.

Monotonous behaviours must be activated at specific time hours or within
specific time intervals. For example, in the case of having a coffee, a new necessity
of changing to such state will be generated at the moment of having coffee. In
the case of answering a phone call or going to the bathroom, the necessity is not
bounded to a specific time interval. The distribution that models these transitions
is bounded in this time slot.

In order to generate transitions in real time, pdfs are used according to the
type of the behaviour and its features. These distributions are member of the
exponential family. It has been shown that these distributions are suitable to
model these behaviours (Garcia-Valverde et al, 2010).

Each agent always starts its behaviour in the same point (its desk) and moves
to different places in the building: relaxation room, meeting room and warehouse.
These behaviours are made in a specific proportion and they depend on the zone
where the agent has its desk. Users usually go to nearest destinations to their
desks.

These behaviours imply movement through the office building. In order to
solve the simulated movement of the users, the agents have between their beliefs
the abstract schema of the map of the building (see Fig. 4 c)). Then, agents can
access to the structure of the building and use it to calculate the best path for
their movements using the Dijkstra algorithm (Dijkstra, 1959). When the agent
knows the best path to a particular destination, this path is added to its beliefs,
in a similar way as in a real scenario. This service of paths is provided from the
context model by two context advanced services (see following section).

As described below, thanks to the flexibility of the architecture of AmISim,
changing the strategy of the calculation of the paths using other algorithms is
simple and intuitive. However, note that these behaviours can not be completely
realistic because it is impossible to predict entirely the real users’ behaviours.
Despite that, simulations help to test and reduce risks of errors in the final de-
ployment.

4.3 Context model

The context model is managed by the OCP bundle, as described in section 3.2.1.
Moreover, in this example, OCP includes two context advanced services, the special
ContextHistoryCAS and a domain specific ontology. The context advances services
are integrated by OSGi bundles and can communicate with the OCP bundle as
context consumer/producer. The generic OWL-based ontology is refined with a
domain specific ontology, which includes information about the building, the RFID
devices and the workers. The ontology defines all the information regarding the
environment and user model. Thus, it defines the elements of the building, the
RFID antennas, their ranges and their locations, the workers and the RFID tags
that identifies them.

As described above, the ontology defines the whole structure of the building.
When the Ubik bundle is registered in OSGi, the elements of the building are
registered in OCP and stored in the ontology. This includes the information about
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the floors, rooms, doors, the location of the RFID antennas, and the rest of the
elements of the building (desks, phones, etc.).

There is a context advanced service bundle in the context model, which uses
this contextual information to build the abstract schema of the building (see Fig.
4 c)). The abstract schema of the map of the building defines the structure of
the building with areas big enough, as room, corridor, etc., but smaller areas like
a cell of a grid are not considered because this would be very inefficient. This
bundle builds the schema by an undirected graph with weights that models the
structure of the building. Hence, the topology of the building is based on a graph
G = (V,E), where V is the set of rooms, corridors and stairs, E is the set of doors
and crossings and v, v′ ∈ V are connected by the edge e ∈ E if they are connected
spaces in the building. Each edge has a weightX that defines the distance between
the nodes that connects.

When the bundle has built the graph, the ontology is updated for setting
the connections between the areas. For example, if there is an edge between
Room1 and Room2 connected by Door1, the bundle will create a new concept
ConnectionAmongDwellings with the following properties: ConnectionWith1 =
Room1, ConnectionWith2 = Room2, WayOfLink = Door1. Thus, the graph is
stored in the ontology of OCP.

The other CAS bundle in the context model uses the stored graph to calculate
the possible paths between all the rooms (nodes of the graph). The paths are
calculated according to the shortest path between an origin and a destination
using the Dijkstra algorithm. Hence, as described in the user model, the agents
know the structure of the building and they are able to move from their desks to
other destinations.

The construction of the abstract schema and the paths is divided in two bundles
in order to provide flexibility to the system. Thus, it is possible to define other
algorithms to calculate the paths in the building. For example, instead of the use
of the shortest path, it is possible to define other strategies: the shortest path
avoiding the Room3 (boss’ desk), the path that never uses the stairs and so on.
The modeller only needs to integrate a bundle with the desired strategy and this
bundle will use the abstract schema for building the paths according to its strategy.

Finally, the ContextHistory CAS gives sets of data for learning tasks from the
contextual information. When the environment and user models are simulated,
the workers move in order to do their daily routines. Meanwhile, the activated
antennas in the paths of the workers register their positions, i.e., the traces of the
users in the building. Thus, the ContextHistory CAS is able to provide the set
of traces of workers in order to train and validate offline techniques for location
prediction in the adaptation model.

4.4 Adaptation model

In the adaptation model, three external services are proposed to location predic-
tion: Hidden Markov Models (HMM) (Rabiner, 1989), PART (Frank and Witten,
1998) and C4.5 (Quinlan, 2003) algorithms. The three methods model the users’
movement patterns. Ubik is used to generate the synthetic data set that allows
the model to be trained and validated. For this reason, the three external services
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need to use the ContextHistory CAS bundle in order to obtain the synthetic data
from the historical context information, as described in the previous section.

Here, Ubik simulates workers at work. Thus, it simulates also movements of
workers at the building. By using a priori knowledge about the location of their
offices, appropriate trajectories between their offices and other places can be gen-
erated and transformed them into traces. This simulation of the movements is
made according to the described user model (see section 4.2). The frequency of
the behaviour patterns for a user in a month are described in table 1. Finally, users
are uniformly spread between the zones.

����������Zones
Destinations

D1 D2 D3 D4 D5 D6

Z1 20 10 5 1 1 1
Z2 1 10 5 1 20 1
Z3 1 10 1 20 1 5

Table 1 Behaviour patterns of the users

As described in the environment model, there are special rooms: D1, D4 and
D5 are relaxation rooms of the zones Z1, Z2 and Z3, respectively; D2 is a meeting
room in zone Z1; and finally, D3 and D6 are warehouses of the zones Z1 and Z2.
Therefore, according to the table 1, the relaxation room D1 is visited 20 times by
the users in the zone 1, the meeting room D2 is visited 10 times by these users and
the warehouse D3 is visited 5 times. They visit only once the other destinations.
In a similar way, the relaxation room of the zone 2 (D5) is visited 20 times by the
users of the zone 2 and they goes to the warehouse D3 5 times, to the meeting
room 10 times and to remaining destinations once. Finally, the behaviour in the
zone 3 is similar: the users of zone 3 go to the meeting room 10 times, to the
relaxation room (D4) 20 times, to the warehouse D6 5 times and once to other
destinations.

Note that all places are not sensorized and, therefore, it can not be assured
at any precise moment t the location of an user. In these lack of information
situations, the only available data are the ones generated by the antennas when
the workers go past near them. Data are compounded by traces. Traces are a list
of antenna locations that the agent passes through until its final destination is
reached. Each time the worker leaves the desk, she is supposed to go somewhere.
The list of antennas that the worker traverses, generates a trace. Then, the set of
traces of a simulation is represented as

{ 〈(t1,0, a1,0), (t1,1, a1,1), . . . , (t1,n, a1,n, l1)〉,
〈(t2,0, a2,0), (t2,1, a2,1), . . . , (t2,m, a1,m−1, l2)〉,
. . . },

where (ti,j , ai,j) indicates that a user passed near ai,j antenna, at time ti,j .
Furthermore, lk will be a concrete final location (e.g. a warehouse or a meeting
room) if tk,r < τ , where τ is the threshold for a given location and tk,r the time
that the user spends in a specific location. Such traces of antennas are analyzed
to detect the most frequent destinations of users.

The ContextHistory CAS bundle classifies groups of traces to learn models
according to the most frequent destination. The set of all users’ traces in a month
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according to the above pattern makes the set of synthetic data. 2/3 of the set is
used for training and the other 1/3 of data is used for validation. The ContextHis-
tory CAS bundle is in charge of providing the data files with the 2/3 of the set for
training services.

The implementation of the HMM is carried out with JAHMM(Francois, 2006),
a Java implementation of HMMs related algorithms. An HMM is a doubly stochas-
tic process with an underlying stochastic process that is not observable (it is hid-
den). The basic idea is to define a set of hidden states, where each state has an
associate probability distribution over a set of observables states. In each hidden
state, observable information is shown according to these probability distributions.
The hidden states are interconnected by probabilistic transitions between them.
The HMM parameters are estimated by using the Baum-Welch algorithm. Thus,
learning the HMMs consists on finding the maximum-likelihood estimator of the
parameters of the HMM given a set of observed feature vectors (group of training
samples for a single destination).

The other two external services to predict location use the C4.5 and the PART
algorithms by the Weka data mining tool. C4.5 algorithm has been implemented
using the J48 implementation in Weka. C4.5 builds decision trees using the infor-
mation entropy. Decision trees are a classic way to represent information and offer
a fast and powerful way to express structures in data. The trees are built using
the synthetic training sequences classified by the destination. C4.5 determines in
each node the attribute that best divides the data set according to the information
gain.

As well as the service that uses C4.5, the service that uses PART also is built
using the implementation of PART in Weka. The PART algorithm is a mixing be-
tween the C4.5 and the RIPPER algorithms. PART builds a rule and removes the
instances that this rule covers. Then, the algorithm continues recursively adding
rules until there are not any instance.

For the three techniques, the models of users’ movements are learnt by using
the data set provided by the ContextHistory CAS bundle, i.e., the preprocessed
groups of traces ordered by their destinations. The final learnt models by the
different techniques are built in bundles in order to offer the models of the users’
behaviours to the rest of the system.

A last bundle is built in the adaptation model in order to predict the desti-
nations. This bundle uses the learnt models and the validation data set (1/3 of
data set described above) to predict the destination in each trace and validate
such prediction. Besides, in the context model, the bundles that model the users’
behaviours are separated from this bundle for flexibility reasons. Therefore, it is
possible the use of the users’ models for other purposes, not only for location
prediction.

Finally, in order to show the effectiveness of the proposed framework, the three
learnt models are evaluated over the synthetic validation data set. The error rate
and precision are shown in tables 2 and 3. The error rate is the number of false
negatives divided by true positives plus false negatives. The precision is measured
as true positives divided by the sum of true positives and false positives.

Note that the HMM approach is robust with respect to an unbalanced train-
ing data distribution. For example, the HMM for D3 has a small training set in
comparison with the others. However, the learning process is not affected by this
fact. Actually, comparing HMMs approach with the other machine learning ap-
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Table 2 Error rates

Destinations
Error rate D1 D2 D3 D4 D5 D6 Global
HMMs 20.09 65.664 47.26 1.58 25.17 24.84 30.77
PART 5.5 36.9 100 7.14 8.219 30.13 27.25
C4.5 6.78 27.45 100 0 7.30 28.76 23.65

Table 3 Precision

Destinations
Precision D1 D2 D3 D4 D5 D6 Global
HMMs 0.565 0.573 0.318 0.997 0.926 0.756 0.689
PART 0.585 0.697 0 0.97 0.744 0.81 0.634
C4.5 0.604 0.683 0 1 0.906 0.765 0.659

proaches, this particular issue can be observed. For example, when PART and
C4.5 algorithms are used, the prediction of D3 and D6 gets worse. Nevertheless,
other destinations clearly benefit from this (better error rates are obtained for
them) because they never predict D3 as destination. Such destinations, D1 and
D2, directly compete against D3.

Additional tests were performed with all destinations equally probable. In such
case, error rates were similar for the three techniques. Nevertheless, the technique
based on HMMs still gets a better precision. This gives to the system based on
the models from HMMs a better adaptation to changes in the workers’ pattern
behaviours, which is common in a dynamic scenario such as the proposed here.
Thus, the example presented illustrates the flexibility and effectiveness of this
approach since using the architecture is easy to choose the algorithm most suitable
according to the requirements of the specific system.

5 Conclusions and future work

This work presents the AmISim architecture. AmISim integrates the basic ele-
ments of AmI systems in order to provide a framework for testing, verifying and
validating this kind of systems. Four models are basic in AmI systems: environ-
ment, user, context and adaptation model. The environment includes the physical
surroundings of people interacting with the AmI system. This model also includes
sensors and actuators. The user model represents the user in the simulation. In
AmI systems, users are the key element and all the system is designed around
them. The context model is needed to provide users with services that adapt to
them in the adaptation model.

The general approach proposed in this work integrates simulation and real
models to test, validate and verify services under development. The proposal at-
tempts, on the one hand, to reduce the errors and effort usually involved in the
final AmI deployments over the real world. Therefore, the cost of the deployment
is also reduced. On the other hand, AmISim makes feasible to test scenarios whose
testing would be impossible in real environments, like an environment with thou-
sands of individuals or an emergency scenario. We have illustrated the use and
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advantages of the approach by its application to a predictive Location Based Ser-
vice, which is able to predict the user locations to provide them nearest features
and services adapted to their requirements.

Future work will focus on improving the simulated features in order to in-
clude more complex elements, like weather conditions, advanced devices and more
complex user behaviours. Another promising future work is to adapt AmISim to
implement an infrastructure for mobile environments. In this line, we are trying
to integrate real mobiles devices in the simulation. This inclusion will offer more
realistic models due to the injection of real features from the environment and the
users. The flexibility of the AmISim architecture will allow us to carry out this
future work to reduce the distance between the simulated and real worlds.
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Abstract. An Ambient Intelligence (AmI) system is a pervasive system in which services have some intelligence in
order to smoothly interact with users immersed in the environment. Users are the main entity in AmI systems.
Thus, the services are user-centred with an adaptive interaction that provides users with more personalized facilities
in a non-intrusive way. The deployment of AmI services is a hard task, especially when the system includes complex
users' behaviours or complex deployments in terms of the devices and software participating at the system. Since
one of the intrinsic requirements in these services is smooth interaction with users, the user, or at least a model of
the user, should be incorporated in the development process. This makes the process of veri�cation and validation
of such services quite di�cult. This paper proposes the use of Agent Based Social Simulation for a quick and
feasible validation of AmI systems. Simulation in the �rst stages enables easy validation of the services before real
environment deployment. The main challenge in this approach is how to simulate humans with realistic behaviours.
In this paper, Social Simulation (SS) is used to tackle this problem. Speci�cally, this paper presents a methodology
for the validation of AmI systems by SS. The realistic modelling of users and its validation are key elements of this
process and involve challenges that the techniques proposed here are able to deal with. A real application example
which shows the level of reality reached in the users' models and the bene�ts of the methodology is presented in
this paper.

Keywords: Ambient Intelligent, Ambient Assisted Living, Behaviour Simulation, User Modelling

1. Introduction

An Ambient Intelligence [2] system is a set of ap-
pliances, services and applications which silently
surrounds and interacts with the user in an in-
telligent manner. Some of the commonest exam-
ples of these projects are: MavHome [14], iSpace
[19], Aware Home [31] or the House_n [29]. In
these projects the environment has intelligence

*Corresponding author. E-mail: juanbot@um.es.

and makes decisions regarding the current context
and interactions with users.
The last years have seen substantial progress

in AmI [1]. There have been lots of developments
and projects which apply the issues of ambient in-
telligence in di�erent contexts: smart homes [51],
health monitoring and assistance [11], hospitals
[38], transportation [48], emergency services [16],
education [55], workplaces [24], etc. A state-of-the-
art in-depth view of AmI applications in di�erent
�elds can be found in [13]. In such scenarios, the
user is the central entity. Services and applications
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are built using the user as the central element of
product creation.
One of the central issues of AmI services de-

velopment is veri�cation and validation of such
services by testing. Testing software is the pro-
cess of executing a program in order to �nd errors
in the code [41]. Such errors must then be de-
bugged. According to the IEEE Standard Glossary
of Software Engineering Terminology [46]: �Valida-
tion is the process of evaluating a system or com-
ponent during or at the end of the development
process to determine whether it satis�es speci�ed
requirements�. Software validation is, accordingly,
the process of checking that what it does it what it
is supposed to do. A failure is found when it is de-
tected that the software does something di�erent
to what it should do by its design. Testing and
validation are concepts that are tightly related to
software quality [3].
Considering an AmI service or application as the

system under test (SUT), some of the errors may
be found by using a Unit approach (e.g. out-of-
range variable values, shoddy checking of return
values from methods and so on). Robustness of
the code is crucial here. However, in this particu-
lar kind of SUT, and provided that robustness is
already guaranteed (e.g. by previous Unit testing
and debugging), the correct functionality of the
SUT must be veri�ed.
There is a variety of AmI based ubiquitous com-

puting systems. In terms of the number of devices
and software subsystems implied, a simple exam-
ple is a continuous monitoring system for elderly
people who live independently in their own houses.
A more complex system would be an intelligent
building in charge of controlling the whole build-
ing. All of them have elements in common: they
include users and devices, mainly sensors and ac-
tuators. How do we design and perform a valida-
tion process of the SUT when users and devices are
central elements, without real users and devices?
To put the question in another words, how can we
attain su�cient SUT quality in a stage prior to
deployment of the real system, and so minimize
the risk of �nding errors when the real system is
installed?
This work rests on the following hypothesis: it

is possible to validate the SUT by recreating users
and devices in a simulated physical environment
(e.g. a house or a building). This statement will be
validated below. It is important to note that simu-

lation is not an overall solution. Probably, more
validation tests would be needed after deploying
it in a real environment. But integrating the real
SUT in a previous simulation process may help to
validate the SUT, or at least minimize the risks
of �nding errors when the AmI system is deployed
in production mode (i.e. as a product). Moreover,
it is possible to achieve more realistic simulations
using injection of real elements within the simu-
lated world. Thus, simulations are composed of
both real and simulated elements. This realism in-
creases the reliability of validating AmI services
which are deployed in simulated environments.
Our particular approach for simulation is based

on social simulation (SS). SS is a cross disci-
plinary research and application �eld which com-
bines computer simulation and social science [18].
Human societies are often complex adaptive sys-
tems with a high number of complex interactions
between their members. SS allows us to deal with
these complex social processes since traditional
computational and mathematical models have dif-
�culties doing it [35]. To that end, SS uses an ex-
tremely simple version of the agent metaphor to
specify single components and interactions among
them. But using SS models in simulations implies
that such models should also be validated. Valida-
ting the SUT with guarantees of success requires
that simulation models re�ect reality. So, such
models can be seen as social models under test
(SMUT) and some validation process should be
applied to them before they are used for validating
the SUT. The process of validating SMUTs and
use them to validate SUTs is not trivial because
it implies a lot of complex components. Thus, the
paper shows a methodology intended to guide the
developer in the process. Note that, although the
methodology copes with both validation of SMUTs
and SUTs, the paper only illustrates the applica-
tion of the methodology for the validation of a
SMUT. This illustration is based on a real domain.
The application domain is AAL (Ambient Assis-
ted Living). An AAL system is an ICT (Informa-
tion Communication and Technology) based solu-
tion which is devoted to augmenting the quality of
life for elderly people. In this case, the interest is
focused on a system called Necesity [10]. The pa-
per shows how the methodology is applied to vali-
date models for the elderly. These models can then
be used to validate any AmI service to be built for

54
Simulation of Human Behaviours for the Validation of

Ambient Intelligence Services: a Methodological Approach



such domain by following an approach based on
simulation.
The paper is structured as follows. Section 2 in-

troduces the methodology. Section 3 details the
AmI system used to illustrate the proposal. Sec-
tion 4 introduces the computational models em-
ployed to arti�cially reproduce the behaviour of
the user. Section 5 presents the application of the
methodology to validate such computational mo-
dels. Section 6 discusses some related works. Fi-
nally, the conclusions and future works are pre-
sented.

2. Proposal of the Methodology

Suppose an AAL system capable of monitoring
elderly people who live alone at home [10]. It conti-
nuously monitors the elderly person and takes de-
cisions about their state by a �xed mechanism (i.e.
it behaves in the same manner with any elderly
person and uses no adaptation). Such mechanism
detects when something is wrong, by using data
coming mainly from activity sensors deployed at
the house. Suppose that the requirements of the
problem slightly change so that a new service is
needed. New adaptive capabilities are needed: i.e.
the mechanism in charge of detecting abnormal
situations should now adapt to the elderly people's
patterns of behaviour in order to produce a more
e�ective response (i.e. adaption to particular users
implies that the system can manifest a quicker re-
action). How can such a new service be develo-
ped? Moreover, how do we assess the e�ectiveness
of such a service and demonstrate that it behaves
better than the earlier, rigid version? A �rst engi-
neering choice would be to program a new service
in the lab, make a controlled test of its adaptive
capabilities and then test it during some weeks
with real users. Some drawbacks are in the way:
what if we do not have such real users available
for test purposes? What if real users are available
but no abnormal situations are produced during
the test phase? An approach based on simulation
would be equally e�ective to validate the adaptive
service, provided that the house, the sensors and
appropriate elderly people can be simulated. Rea-
lity should be preferred to simulation, but when a
real set up is not a�ordable, simulation may help.
Moreover, simulation models can be reused when

new AmI services are needed within the same or
similar domains.
This section proposes a methodology to address

this problem: veri�cation and validation of AmI
services by using simulation. Thus, the methodo-
logy also addresses the development of simulation
models (including their validation as SMUTs) as
they are needed to validate the SUT. It is an exten-
sion of the methodology promulgated by Gilbert
and Troitzsch [27] for the development and use of
SS models.
Gilbert and Troitzsch's methodology [27] is in-

teresting in this context for a number of reasons.
The �rst is that it pays the necessary attention
to model building (not only is a good design of
a model important, but also a good implementa-
tion). Other similar methodologies, such as the one
proposed by Fishwick [22,23], do not do this. The
second is that it is the most popular methodology
for developing social simulations [20].
We have extended Gilbert and Troitzsch's me-

thodology with two new and necessary elements:
(1) the existence of a step to generate simpler si-
mulation models to cope with high complexity and
(2) the consideration of including real elements in
the simulation to get a more e�ective validation of
SUTs. The methodology is expressed as a �owchart
in Figure 11. It is called AVA, which stands for
Ambient intelligence services VAlidation.
Gilbert and Troitzsch [27] de�ne the target of a

social simulation as some real world phenomenon
in which the researcher is interested. In this case,
the whole phenomenon refers to an ambient intelli-
gence system deployed at a physical space in which
users evolve. Thus, the phenomenon includes a
physical environment, persons acting within the
environment and the devices and software of the
AmI system. Let us suppose that the AmI soft-
ware is made up by services, applications and a
middleware in charge of supporting services and
applications. Let us also suppose that the middle-
ware and some services and applications have been
validated previously (i.e. they all are already ma-
ture). Then, the methodology is proposed to vali-

1The �owchart uses standard elements of the classic
�owcharts [28] as �ow of control (represented as arrows),
processes (represented as rectangles), decisions (rhombu-
ses), input/output (parallelograms), start and end symbols
(ovals) and prede�ned processes (rectangles with vertical
lines at the sides).
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Fig. 1. Proposal of a methodology for the validation of AmI
services

date those services and applications which are al-
ready developed but not totally mature (i.e. the
SUTs) by means of creating, validating and using
SS models (i.e. the SMUTs) for physical environ-
ment, users and devices.
The application of the methodology is based on

the concept of cycle and iteration. A cycle compre-
hends the application of the methodology to va-
lidate a single SUT (e.g. a location service based
on Bluetooth for an intelligent building) and it is
compound of a number of iterations. An iteration
inside a cycle refers to the application of the �ow
diagram process of Figure 1 in the context of vali-
dating the SUT. Within a cycle, a number of ite-
rations will be executed until the SMUTs are va-
lidated and, after that, the SUT is validated also.
Thus, given n SUTs to validate, the methodology
should be applied by means of n cycles, one for
each SUT.
Step 1 of the methodology, labelled with Iden-

tify main elements includes the identi�cation and
accounting of physical devices (element 2.1), kind
and number of users (element 2.2), a description
of the physical environment (element 2.3), the
middleware (element 2.4) and the separation of

services and applications into two subsets: those
which are already mature (element 2.5) and those
which are chosen to be validated (element 2.6). A
third subset is left out and includes these services
which need be validated but will not be in this
application cycle of the methodology. This iden-
ti�cation of an accounting task is a necessary fa-
miliarization with the domain required by the si-
mulation models developer. Now, the developer of
the models is ready to design the models [27].
Step 3 of the methodology refers to the design

of the SS models for elements in 2.1, 2.2 and 2.3
(physical devices, users and physical environment)
and how they are integrated in the simulation with
the real software (i.e. middleware (2.4), mature
software (2.5) and SUT (2.6)). Note that an e�ec-
tive validation of the SUT needs realistic models
for users, mainly.
Step 4 deals with the necessary activities of im-

plementation. On the one, the model design out-
come must be coded into the language of the spe-
ci�c simulation platform used. On the other hand,
elements 2.4, 2.5 and 2.6 (middleware, mature
software and SUT) must be integrated with the
speci�cations of the simulation models. The out-
come from step 4 should be something ready for si-
mulation. To pass from a simulation model design
to a model implementation ready for simulation in
a concrete SS platform is not a trivial task [20].
A general programming language is not a feasi-
ble option because some elements physical devices
(2.1), users (2.2) and physical environment (2.3)
usually have considerable complexity. Furthermore
SS platforms can help to alleviate the complexity
of coding the design of models (i.e. tools for seve-
ral of the typical tasks in the construction of SS
have been included in this kind of software pack-
ages [27]). The web of the Open Agent Based Mo-
delling Consortium2 nowadays lists over twenty of
these SS platforms.
Step 5 is in charge of simulation. The �rst itera-

tions within a methodology application cycle are
devoted to validating the SMUTs. In subsequent
iterations within the same cycle, once the SMUTs
have been validated, the focus of the simulations is
put on validating the SUT. SS platforms will o�er
the possibility of easily performing di�erent expe-
riments of interest and generate simulation data

2OpenABM Consortium website:
http://www.openabm.org/
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for analysis in a convenient way. It is up to the de-
veloper how to design the experiments, depending
on the particular scenario and also if the target is
a SMUT or a SUT. Note that these simulation ex-
periments are actually software tests. Simulation
models are used to make tests on the SUT.
Once simulations are run, it is time to analyze

data. Forensic analysis (Step 6) is an o�ine si-
mulation data analysis to be conducted on the
data generated in the previous step. The analy-
sis should consider three important questions that
should guide the process. The �rst has to do with
the complexity of SMUTs. If they are a�ordable,
the second one addresses whether the SMUT of
the corresponding methodology iteration is correct
in order to validate it. Finally, the third question,
once all the SMUTs have been validated, is about
the correctness of the SUT in the corresponding
methodology cycle.
One of the innovative points in the methodology

is covered in Step 7. It consists of including the
possibility of dividing complex simulation models
into simpler ones, i.e. creating and validating a set
of SMUT1, . . . , SMUTm from a complex SMUT
(Step 8). Hence, an iteration of the methodology
is applied to each SMUT1, . . . , SMUTm (Step 9).
Once all the SMUT1, . . . , SMUTm are validated,
it is easier to validate the SMUT. Note that a
SMUT is considered as too complex when it is
di�cult to assess whether the behaviour of that
SMUT is the expected one. For example, some be-
haviours of users can be so complex that they need
to be evaluated in isolation. An example of this
type of behaviour would be the resolution of colli-
sions on the motion of a large number of dynamic
entities. This behaviour is a problem to be studied
by itself and its validation as a SMUT would be
much more complicated with additional elements
in the simulation (additional users' behaviours, an
environment model, the SUT and the rest of the
software).
Step 10 is a branch which indicates that if the

SMUT of the corresponding iteration is not ma-
ture, the model design must be revised. Only when
all the SMUTs have been validated, is it time to
try validate the SUT (Step 11). In other words,
when the simulation models are validated, then
the whole simulation is ready and the focus of
attention can be directed to the SUT validation.
Step 12 is another innovative aspect of the me-

thodology: the integration of the simulation with

real elements. Think, for example, of a very sim-
ple simulation in which a real activity sensor is
connected with the simulation through the simu-
lation platform. This sensor is associated to a con-
crete room in the simulated environment of the
methodology's element 2.3. In the rest of rooms,
the corresponding activity sensors are simulated.
This kind of set up would be useful for validating
aspects like the integration of real sensors with the
middleware in charge of reading, storing and redis-
tributing sensor data to others by comparing rea-
dings generated by the real sensor with those gene-
rated by simulated ones. Thus, the bene�t of this
innovation is that the simulation gains in realism,
in some sense, when real devices interact with si-
mulated elements (i.e., injection of real elements).
If no injection is necessary in this methodology cy-
cle, and the SUT is still not ready, then debug-
ging the SUT code (Step 13) is necessary (i.e. it is
supposed that in Step 5, the SUT was tested and
Step 6 generated evidences about possible errors).
As debugging is locating and �xing errors in the
SUT, it does not imply changing the simulation
model produced in Step 4. Thus, from Step 13, the
process goes again to simulation, Step 5. A cycle
on the methodology, i.e. the validation of a con-
crete SUT, ends when its behaviour is correctly
veri�ed.

2.1. Model Design

The design of a simulation model is performed
in Step 3 of the methodology depicted in Figure
1. This step is in charge of producing designs for
simulation models of physical devices (2.1), users
(2.2) and physical environment (2.3). Such ele-
ments, in the form of simulation models, are the
so called SMUTs. Step 3 can be further re�ned as
a �ow chart. It appears in Figure 2.
The �rst point at the design of a SS model is

the de�nition of classes [27]. Recall from the last
section that models have to be designed for physi-
cal devices (2.1), users (2.2) and physical environ-
ments (2.3). Thus, classes referring to such cate-
gories are needed. Additional classes can be spe-
cializations of these, depending on the domain and
scenario. Such classes must be separated into two
main categories: agent-based classes and the rest.
A class must be modelled as an agent if objects of
that class must evolve over time. A typical com-
plex element which evolves over time is a user. But
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Fig. 2. Flowchart for the model design process of the me-
thodology

simple elements could also be modelled as agents.
For example, regarding classes for the physical en-
vironment, a wall in a building does not change, it
is �xed over time. However, a door can be opened
or closed, but there is no evolution over time if the
change is caused exclusively by a user opening or
closing it. Nevertheless, if a door must react au-
tonomously according to external events (e.g., be
closed in some periods or after some alarms), it
could be modelled as an agent.
For each concept modelled as a class, the co-

rresponding attributes describing their properties
must be speci�ed. The next step is to describe the
behaviour of those elements modelled as agents.
These behaviours must include interactions bet-
ween elements (i.e. interactions between indivi-
dual agents and the environment or among agents
themselves, when appropriate [27]). Model dyna-
mics may be modelled with any abstract machine,
e.g. �nite and deterministic automata, petri nets,
etc.
It is important to stop modelling at the right

level of complexity (i.e. the level of complexity re-
quired for a correct validation of the SUT). For
example, if the SUT is a location service which de-
pends on the user's trajectory in a house, the user
behaviour should perform interesting trajectories
in order to generate the necessary tests to evaluate
the location service's accuracy. If the SUT is an
adaptive service which depends on the particular
user habits at home, the behaviour should be able
to arti�cially reproduce such habits. Moreover, it
should be customizable so as to reproduce di�e-
rent users. For all of this, it is necessary to clearly

identify to what extent behaviours are realistic. In
other words, when does the developer stop mode-
lling? (�nish condition in Figure 2).
The condition that must be checked to decide

when to stop is whether the model is minimalist
(i.e. it includes only the relevant elements for the
problem at hand) in order to simplify the ana-
lysis phase as much as possible [40,27]. But at
the same time, the model must describe reality
in some sense. This trade o� introduces the con-
frontation between the KISS approach (�Keep it
Simple Stupid�) [7] and the KIDS approach (�Keep
it Descriptive Stupid�) [21] for social simulation
based modelling. The KIDS approach leads to as
descriptive as possible design models, but often
these models are quite complex. Later, the model
can be simpli�ed if it is su�ciently justi�ed. On
the other hand, the KISS approach aims to make
models as simple as possible. These models only
become more complex if they are unable to re-
produce possible and interesting phenomena that
may occur in reality. The KISS approach proposed
by Axelrod [7] is the mainstream approach in so-
cial simulation. The goals of KISS and KIDS ap-
proaches are di�erent. KISS simulations study the
macro-micro links in the arti�cial society while
KIDS simulations are used to produce realistic si-
mulations [30]. To correctly validate a SUT, whose
correct behaviour depends on users, realistic simu-
lations rather than simple simulations are better,
in principle. Thus, the proposed methodology fo-
cuses on KIDS models.

2.2. Forensic Analysis

The forensic analysis step (Step 6 in Figure 1)
refers to the study of the results from the simula-
tion runs. Such study covers data selection, data
transformation and data representation and ana-
lysis tasks. However, no conclusions are drawn at
this stage. They are generated afterwards, in steps
7, 10 or 11 depending whether the SMUT is too
complex, or when it is ready to be validated or
when the SUT is ready to be validated, respec-
tively. Note that conclusions drawn in steps 7, 10
and 11, are used to decide if the object under
evaluation should be validated. But, when a pilot
study follows the application of the methodology,
such conclusions should again be checked with the
testbed [20].
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Steps 10 and 11 work similarly: they both ad-
dress veri�cation �rst and then validation. In ve-
ri�cation, bugs are searched for in the simulation
data analysis results. When no bugs are detected,
the object (either a SMUT or a SUT) is veri�ed.
Then comes validation. Validation checks, again
by using simulation data analysis results, that the
behaviour of the object is the desired one by pro-
ving that requirements are accomplished. One of
the most popular ways for verifying SS models is
the Unit approach. It can detect implementation
bugs such as values of variables out of range or
incorrect return values from methods. It works by
writing tests, simultaneously with the coding ac-
tivity, and performing these tests automatically
each time the code is modi�ed. Note that, if the si-
mulation engine incorporates displays of some in-
teresting aspects of the simulation, such displays
can play a relevant role in the veri�cation pro-
cess. Through them, a developer can quickly de-
tect bugs in the simulation. In this sense, displays
are equivalent to monitoring the evolution of a
large number of variables. SS models validation is
a more abstract task. Most authors perform the
validation by using numerical evidence tests [40].
For example, SMUT simulation results may be

compared with real data obtained from the real
phenomenon. This data can be obtained from the
sensors in particular, the context in general and
information external to the system, such as the
users' pro�les. Naturally, to have real data availa-
ble is not always possible. In the experiments of
this paper, this type of approach is used (see sec-
tion 5). Another e�ective but costly option for va-
lidation of simulation models is to implement the
model twice by using two di�erent target simula-
tion platforms and two di�erent programmers [27].
Then, the behaviour of the two simulations are
compared. Note that, the veri�cation of a SUT is
similar to that applied to a SMUT. The Unit ap-
proach is usually addressed. In fact, veri�cation of
the SMUT is by the application of the methodo-
logy. It uses the Unit approach as each simulation
run implies that the SMUT is used many times
with di�erent input values. Such input values are
usually conditioned by sensor data, which at the
same time, are conditioned by the evolution of the
user is the environment and how sensors perceive
it. The same discussion on validation of the SMUT
may be applied to the SUT.

Step 7 detects if the SMUT is too complex when
the simulation data analysis results give evidences
indicating that the SMUT can not be validated.
Note that when there is no possible validation, it
can be due for two reasons. The �rst one is that
there are bugs in the model design. In this case, the
�ow of control should return to Step 3. The second
one is that requirements are not accomplished but
not for a bug. This is due to handling a extremely
complex model.

2.3. Software Tools for Application of the
Methodology

The methodology presented above depends on
the availability of software tools for a success-
ful application when a real problem is faced. For
example, in order to validate a concrete SUT (e.g.
a location service), and following the methodology,
a simulation engine and the corresponding simula-
tion models for elements 2.1 (physical devices), 2.2
(users) and 2.3 (physical environment) are needed.
Besides, the necessary middleware and additional
services needed by the SUT to correctly run must
also be available. Furthermore, additional tools to
perform forensic analysis should be also available
in order to avoid performing simulation data ana-
lysis from scratch. For this purpose, the UbikSim3

tool [26] has been created together with the me-
thodology described. It has the following main fea-
tures:

� It is based on the MASON social simulation
engine; thus, implementation of the models
must adjust to this engine.

� Basic SS models for physical environments
(e.g. o�ces building �oors, hospital �oors,
etc.) are already developed and validated.

� Basic SS models for humans are already in-
cluded in the framework and validated for
speci�c environments like, for example pro-
fessors in universities, caregivers in hospitals,
etc. They were created to be used in former
projects and can be reused and/or tailored in
similar situations.

� The same goes for simple SS models for sen-
sors (e.g. presence, pressure, open door sen-

3UbikSim website: http://ubiksim.sourceforge.net.
The website o�ers several videos to view the operation and
evolution of UbikSim.
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sors and Bluetooth and RFID tags and an-
tennas).

� All the releases of UbikSim at the moment are
integrated with a speci�c ubiquitous compu-
ting middleware (i.e. the 2.4 element in Figure
1).

� Basic ubiquitous computing and AmI services
(i.e. 2.5 element in Figure 1) have been deve-
loped, veri�ed and tested as SUTs and can be
used as mature software.

The architecture of UbikSim is structured in
software components. It is based on an OSGi
service oriented architecture [4]. OSGi brings a
very important bene�t to the UbikSim architec-
ture: �exibility and capacity of evolving through
time. For example, UbikSim's current con�gura-
tion is based on MASON but this could be easily
changed by integrating any simulation platform
(e.g. Repast or Netlogo) into a bundle with the
same API (Application Program Interface). OSGi
is responsible for coordinating components during
runtime. Figure 3 shows the interrelations among
components by means of a collaboration diagram.
OSGi and MASON are 100% Java. Therefore,

SMUTs (which are simulated by MASON) and
SUTs (which must be integrated into an OSGi
bundle) should also be based in Java. OSGi com-
ponents are called bundles. Bundles in Figure 3
are labelled with Bn, where n is the index of the
bundle. For example, B1 is an environment mo-
delling tool based on Java3D for modelling peo-
ple and their environment. It is possible to create
buildings on a 2D plane and it also o�ers a 3D
navigable view (Figure 4). B2 is a 3D viewer that
shows how the simulation evolves while it is run-
ning. The use of this display is also very useful for
veri�cation (see section 5.1).
B3 is the MASON simulator engine of UbikSim.

MASON is the platform of choice because it is one
of the most popular and powerful opensource SS
platforms. B4 is a middleware for context informa-
tion management. Recall that to deploy an ubiqui-
tous computing system, a middleware is necessary
to allow deploying context-awareness and �exible
management of entities. The middleware used in
UbikSim is Open Context Platform (OCP), deve-
loped in our lab [43]. OCP was OSGi based before
UbikSim existed, so integrating it was extremely
easy. As the bundle has a clear API, other middle-
wares (e.g. JCAF or the Context Toolkit to name

Fig. 3. Collaboration diagram for the UbikSim simulator
framework

a few) might be alternatives to OCP. Note from
the Figure that OCP works by using ontologies
for the representation and storage of context. This
means any other bundle can use past sensor lec-
tures or other user context for its own purposes.
B5 is the SUT. Note that the SUT interacts mainly
with B4. It could use user context (e.g. location
information) or user's past history to develop an
adaptive service by machine learning.

3. Introducing the Running Example

This section is the �rst part of three devoted
to giving an example of how to apply the me-
thodology. This �rst part introduces the Necesity
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system, veri�ed and validated by using the me-
thodology and how the physical environment and
devices were created using UbikSim. The second
part, in section 4, explains the kind of model we
use to simulate the user of this example. The third
part, in section 5, explains how to verify and vali-
date such model. Thus, a concrete iteration of the
methodology is illustrated, with the user simula-
tion model as a SMUT.
Necesity4 is an Ambient Assisted Living (AAL)

system. An AAL system is any ICT system which
contributes to enlarge the amount of time that
elderly people living independently can maintain
such independent living. The Necesity system is
designed to detect falls or other domestic incidents
involving elderly people who live alone in their own
houses. The system aims to reduce the long wai-
ting times before a person is �nally attended after
su�ering a fall or a faint. Additionally, it avoids
this incident passing unnoticed. It is able to de-
tect automatically and non-intrusively the situa-
tions while preserving subject's privacy.
The Necesity system is in charge of continuously

monitoring elderly people who live alone and
healthy in their own houses. Such monitoring is
based on a wireless sensor network deployed at
home. Sensors connected to the network capture
presence, pressure in armchairs and open door
events. All the events are sent to a miniPC (i.e. the
size of a small laptop) which takes decisions about
the state of the subject (i.e. the elderly person be-
ing monitored). When a problem is detected (e.g.
long periods of inactivity in a context in which
this should not happen according to patterns of
behaviour learnt from the subject) an emergency
actuation protocol is raised (usually an alarm is
sent to an emergency response team through 3G
communication). Such patterns of behaviour are
key here. One of the most important elements of
Necesity is the adaptation algorithm used to learn
from user habits. This algorithm is used in a ser-
vice in charge of quickly detecting when an un-
expected situation is happening at the same time
that false positives (i.e. false alarms) are mini-
mized and false negatives (i.e. the algorithm does
not detect an undesired situation which is occu-
rring) are avoided. This service is the SUT consi-
dered in this paper. In order to test this algorithm

4Necesity website: http://www.necesity.net/

Fig. 4. A plane model in UbikSim's editor and its 3D rep-
resentation

over the long term, some mechanism to generate
arti�cial sensor data is needed (i.e. real data is
scarce and it usually takes a long time to get a
data series which is long enough). Thus, the idea
is to create a SS model for general subjects. A
model which could be tailored to manifest di�erent
habits to di�erentiate between subjects. This SS
model is the SMUT that will be validated in the
running example by applying the methodology.
Let us start illustrating the application of the

methodology by explaining how to create SS mo-
dels for elements 2.1 and 2.3 of the methodo-
logy. After the creation and validation of these ele-
ments, they are incorporated as validated SMUTs
that are used, in subsequent iterations of the me-
thodology, to validate the SMUT regarding sub-
ject's behaviour. The creation of such models is
based on using the UbikSim editor (see bundle B1
in Figure 3) [53]. A snapshot of the editor, with
a simple apartment already created appears in Fi-
gure 4 (it is based on SweetHome3D editor and
adapted for the particular domain of ubiquitous
computing and AmI).
The editor includes basic furniture (i.e. passive

objects) and active objects (i.e. sensors in this
case, which include presence, open door and pres-
sure among others). The Figure shows the physi-
cal model of a simple house with a kitchen, a bath-
room, a bedroom and a living room. A 2D view
edited by the user appears in the upper part, and
the corresponding 3D view, which is created on the
�y, in the lower part. In the model, presence sen-
sors are included in every room of the house. Fur-
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thermore, a sensor for open door (it is necessary
to know when the elderly person leaves the home)
is also included in the front door. Pressure sensors
are installed in the bed and the subject's favourite
armchair. They allow the system to know when the
subject is resting. Simulated sensors are connected
to the middleware (i.e. see bundle B4 of the ar-
chitecture of UbikSim) by actually using the bun-
dle's API. Thus, the process of sending events from
sensors, in simulation time, is exactly the same as
when the system actually runs in a real house.

4. Realistic Users' Behaviour Modelling

The kind of monitored subject under the Nece-
sity system is a typical aged person, who lives in-
dependently and alone in his own house. In this
scenario, a probable situation is that the person
su�ers some sudden health problem and stays im-
mobilized on the �oor, as a consequence, for a long
time before anybody comes and notices that some-
thing is wrong. Detecting such situations and ac-
ting in consequence is the main task of the Nece-
sity system. Moreover, this section introduces the
application of the methodology to validate a SS
model of the subject. This SMUT is used after-
wards to validate, among other things, the me-
chanism in charge of detecting that something is
wrong in the house by using the UbikSim tool.
Basic assumptions for the subjects are: (1) the

simulated elderly person should be necessarily si-
mulated 24 hours a day, repeatedly for a deter-
mined number of weeks; (2) the day is divided
into time slots (i.e. morning, noon, afternoon and
night); (3) the simulated subject behaves depen-
ding on the time slot the simulation is in.
The development of this SMUT follows the pro-

cess de�ned in Figure 2. The MonitoredSubject
class is created and added to the model's class hi-
erarchy. The MonitoredSubject class must be de-
clared as an agent: it represents an object that is
going to evolve along the simulation. Let us des-
cribe the SMUT's dynamics. In the approach follo-
wed in this work, the SMUT for a subject is mode-
lled probabilistically. The basic idea is to identify
simple behaviours (e.g. sleeping, eating, having a
shower, cleaning hands, and so on). The simula-
tion model should then decide, depending on the
time of the day, what is the basic behaviour dis-
played by the subject at any time. Simple beha-

viours can be aggregated into higher abstraction
level ones (e.g. having a shower and cleaning hands
could be aggregated into a having a wash). Thus,
a hierarchical automaton is a natural solution to
represent possible transitions from one behaviour
to others and hiding the unnecessary complexity
depending on the granularity level needed. Figure
5 represents the highest abstraction level automa-
ton in (a) with the corresponding Q set of states
and transitions represented as arrows at the graph.
At the (b) part, all the automata which are encap-
sulated into states in Q are represented. For exam-
ple, when at state a2 ∈ Q, the subject is having
a meal. So Q2 and the corresponding automaton
represent that while eating, the subject can go to
the toilet and come back to �nish eating. A fur-
ther re�nement of the a20 state is represented by
the automaton in (c). It represents a sequence of
activities done to prepare meal before eating (this
granularity level is not used in this paper as ex-
plained above).
Depending on how they occur, there are three

di�erent types of behaviours:

� Monotonous behaviours: the kind of behaviour
the subject manifest always approximately in
the same time slot, and on a daily basis (e.g.
sleeping, having meals, medication and so on).

� Non monotonous behaviours: the kind of be-
haviour the subject usually manifests, not
bounded by a concrete time slot, and repeated
within a non constant period (e.g. going to
the toilet, having a shower, cleaning the house
and so on).

� Anytime behaviours: these behaviours are in-
terrupted by others and represent the state of
the subject when she is not doing anything of
interest for the system. The subject displays
this behaviour when not displaying any other,
either monotonous or non monotonous (i.e.
anytime behaviours represent spare time).

We have just introduced the interrelation of
the subject's behaviours in terms of the swit-
ching between them. Such switching has the form
of a hierarchical automaton. But a mechanism is
needed to simulate when to switch and to what be-
haviour. For this purpose, a combination of an in-
terpreter and probability distribution (pdf) func-
tions is used. These pdfs are members of the ex-
ponential family [15,33].
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Q = {a0 = SpareT ime, a1 = MedicationTime,
a2 = MealT ime, a3 = SleepTime,

a4 = Anomalous}
(a)

Q0 = {a00 = SpareT ime, a01 = ToiletT ime,
a02 = ShowerTime, a03 = CleanTime}

Q1 = {a10 = MedicationTime,
a11 = ToiletT ime}

Q2 = {a20 = MealT ime, a21 = ToiletT ime}
Q3 = {a30 = SleepT ime, a31 = ToiletT ime}

(b)

Q20 = {a200 = GoingToFridge, a201 = GoingToCooker,
a202 = Cooking, a203 = GoingToTable, a204 = Eating}

(c)

Fig. 5. (a) Level 0 automaton, (b) Level 1 automata, (c)
Level 2 automaton for state a20

Monotonous behaviours must be activated at
speci�c time hours or within speci�c time inter-
vals. For example, in the case of MedicationTime
(see Figure 5(a)), a transition to this state will be
generated exactly at the time of taking medicines.
In the case of MealTime and SleepTime, the acti-
vation is generated within a time interval. Hence,
the pdf which models these transitions is bounded
to this time slot. Also, it must be assured that
the simulated subject eats and sleeps every day.
Because of that, if no transition is probabilistica-

lly generated within the time slot, it is necessarily
generated at the end of the slot. Such time slots
are similar for all subjects (i.e. a person usually
goes to sleep or has dinner at the same hours).
The gamma pdf is usually used as a probability
model for waiting times, in this case, the time the
interpreter has to wait to launch the behaviour.
Thus, a gamma distribution may be used for mo-
delling when monotonous behaviours occur. With
the same reasoning, non monotonous behaviour's
occurrence is simulated with an exponential pdf.
Non monotonous behaviours are also waiting time
models, but they are de�ned in awake periods. Ac-
tually, this is a special case of the gamma distribu-
tion. Finally, the group of anytime behaviours are
behaviours which will be often interrupted by the
other kind of behaviours. The time that it takes for
such a behaviour to be displayed is small, due to
interruptions. This causes a characteristic heavy-
tailed pdf. A well known example of a pdf showing
this appearance is the Pareto II or Lomax pdf.
All these assumptions will be empirically demon-
strated in section 5.
The relation between behaviours and the basic

mechanisms used to simulate when to make the
transition to a new behaviour are explained above.
Now, the interpreter, which simulates the subject's
dynamics, is introduced. Figure 6 presents a pseu-
docode for it. For this SMUT, only levels 0 and 1
of the automaton introduced in Figure 5 are used.
Only such granularity of reality level is needed.
First of all, behaviours of level 0 and 1 are initia-
lized. For example, line number 15 initializes, for
all anytime behaviour, the instants of time, from
when the simulation starts until it ends, when they
should be activated. The same goes for monoto-
nous and non monotonous behaviours at lines 20
and 22, respectively. The case of monotonous be-
haviour, as mentioned above, is special: the pdf
used to generate times for activation is bounded to
the interval in which the behaviour should occur.
At line 35, the automaton starts to execute. At
each iteration, simulation time advances (line 61)
and when it is equal to the time the active be-
haviour must end, the automaton returns to the
initial behaviour (lines 37-39). At each iteration
the priority of the �rst behaviour in the pt list (i.e.
list of pending tasks ordered by priority) is com-
pared with the priority of the active behaviour (i.e.
currentState). If the priority is higher for that
behaviour on the list, the active behaviour is in-
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terrupted and is put at the pt list. The behaviour
with higher priority is then activated (lines 43-50).
The next lines, from 51 to 64 are devoted to main-
taining pt, adding new behaviours that should be
activated now.
The interpreter can be customized using some

con�guration parameters. The �rst is the time
limit in each room before entering an anomalous
state (tmax), i.e. if the subject stays more than
two hours in the bath, an alarm should be raised,
thus, the automata should go to Anomalous. The
second parameter is, obviously, the pdf used for
each kind of behaviour. The third and last one is
the set of time slots of monotonous behaviours.

5. Forensic Analysis of Users' Behaviour

At this point, the SMUT is designed and im-
plemented. Following the methodology, the model
is already designed in Step 3, and implemented in
Step 4. This section is devoted to veri�cation and
subsequent validation of the SMUT.

5.1. Veri�cation

The veri�cation of SMUT ensures that the
implementation of these models is correct. The
SMUT has been veri�ed by using the unit test
package JUnit5. JUnit is open source and inten-
sively used in the open-source community. This
package allows developers to create unit tests
which, once written, are performed automatically,
giving an error report in response.
An example of unit test is the veri�cation of the

transitions in the automata. Figure 7 shows the
JUnit code for the automaton of level 2 shown in
Figure 5.
Furthermore, UbikSim contributes to veri�ca-

tion by means of the displays. The simulation dis-
plays are very useful to build the model and ob-
serve that the arti�cial society behaviour is appro-
priate and realistic. At the same time, it can help
to detect some simple simulation errors. UbikSim
works on MASON and can use its features, for
example inspectors. They are a means of graph-
ically visualizing the evolution of variables of in-
terest for the simulation. A large number of ins-
pectors for various simulation variables can be

5JUnit website: http://www.junit.org/

used and monitored dynamically as the simulation
evolves. They can be used to check that such vari-
ables always take reasonable values. Additionally,
UbikSim shows a 3D display of the physical en-
vironment, devices installed, furniture and other
physical elements and simulated humans. This vi-
sualization allows designers to evaluate some sim-
ple features of the system. Examples of such fea-
tures are the coherence of the environment (a door
must be in a wall) or some behaviour of the users
(a user only can move through free areas, i.e. with-
out obstacles).

5.2. Validation

The SMUT in the running example is a model of
the elderly person. This model refers to a realistic
behaviour in terms of where the user is now, to-
wards where he will move and when he will move.
Eventually, he can sit or lie down on the bed. Why
this level of abstraction? Why not model the sub-
ject cooking or reading a book? The reason is sim-
ple: the Necesity system can not perceive such gra-
nularity of activities. It only perceives presence,
pressure on beds or armchairs and open or closed
doors. As a consequence we can say that the gra-
nularity of behaviours to simulate will be given by
the activities the system can perceive. Thus, the
SMUT should be validated at the same granularity
level.
There are many techniques for validating simu-

lations [34,58] and more speci�cally, for valida-
ting simulated models based on agents [50]. In this
work, we start with fragments of real data ob-
tained from Necesity logs, thanks to a pilot ex-
periment with an early release of the Necesity
system. This pilot experience involved about 25
elderly people living independently in their own
houses. The basic idea consists of comparing real
behaviour data with synthetic data generated by
simulations of the SMUT. The rest of the section
explains how this idea was enabled by two phases.
The �rst is in charge of processing real data to
make it ready for SMUT validation. The second
phase, model diagnosis, assesses whether that the
proposed SMUT resembles real data.

5.2.1. Data Preprocessing
For validation of the SMUT, we selected data

from three subjects of the pilot experiment men-
tioned above. These data refer to monitoring the
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1 Let pt be a list of pending tasks ordered by priority
2 Let states be a list with all posible automata's states
3 Let times be a list of time instants when transitions
4 are going to be generated
5 Distribution Functions to model the ocurrence
6 of monotonous behaviours:
7 Let mb be the function to model monotonous behaviours
8 Let nb be the function to model non monotonous behaviours
9 Let ab be the function to model anytime behaviours
10
11 //Instants of time initialization
12
13 for all s in states do
14 if isAnytime(s) then
15 times(s)<-ab()
16 else if isMonotonous(s) then
17 //Initial and final instants of bounded time slot
18 i <- ini(s)
19 e <- end(s)
20 times(s)<-mb(i, e)
21 else if isNonMonotonous(s) then
22 times(s)<-nb()
23 endif
24 endfor
25
26 currentTime <- 0
27 //current state is defined by 3 numbers, one per level
28 level0 <- 0
29 level1 <- 0
30 level2 <- 0
31 currentState<-newState(level0,level1,level2)

32 //Automata begin to move when the times are initialized
33
34 //If an anomalous state is reached, the execution stops
35 while(level0(currentState)<>4)
36 //If current task ends, initial state is activated
37 if timeLeft(currentState)=0 then
38 currentState <- newState(0,0,0)
39 endif
40 //If next state has higher priority than current state,
41 //current state becomes a pending task and it is stored
42 //in pt
43 if (size(pt))>0
44 nextState <- first(pt)
45 if priority(nextState)>priority(currentState) then
46 add(pt,currentState)
47 currentState<-nextState
48 remove(pt,nextState)
49 endif
50 endif
51 for all s in states do
52 time <- first(times(s))
53 //If current time matches first time instant in
54 //times, the task associated with this time instant
55 //is added to pending tasks
56 if currentTime=time then
57 remove(times(s),time)
58 add(pt,s,priority(s))
59 endif
60 endfor
61 currentTime <- currentTime + 1
62 //Decrement remaining time for finishing current task
63 time <- timeLeft(currentState) - 1
64 setTimeLeft(currentState, time)
65 endwhile

Fig. 6. Pseudocode for the abstract machine interpreter which simulates subject's behaviour

1 @Test
2 public void mealTimeLevel2Transitions() {
3 actualState <- newState(2,0,0); //first state of meal time in level 2
4 for(int i=1;i<=4;i++){
5 currentState.nexState();//generating transition
6 //for a201 the index in level 0 is 2, index in level 1 is 0, and so on.
7 int j = currentState.getStateIndexForLevel(2);
8 String alertMessage="The transition from" + currentState.toString() + "should be to state a20" + i;
9 assertEquals(alertMessage,i,j); //check if transition is right
10 }
11 }

Fig. 7. JUnit code for the automaton of level 2

elderly people over two months. Source data is in

the form of a log �le. This log shows in which room

of the house the subject is located (including also

if the subject is leaving the house, seated or sleep-

ing).

In this approach, validating the SMUT means

assuring that the right probability distribution

function is used to reproduce the transition bet-

ween the di�erent states of the automation (i.e.

behaviours). Thus, preprocessing log data is trans-

forming it into a data series which consists of

the instants of time in which transition between

behaviours take place. This data series is then

compared with a similar data series obtained by

means of SMUT simulations in the same condi-

tions. Comparison is made by a goodness of �t

statistical test.

In the case of the non monotonous behaviours

and anytime behaviours, preprocessing the log

data involves the extraction of the time series of

the moments in which each event is produced.

These time series only include values within the

typical awake period of the corresponding user.

Obviously, while the user is sleeping, his daytime

routines change. The log treatment for monoto-

nous behaviours is slightly di�erent. This kind of

behaviour is usually produced in a bounded time

slots. For example, having dinner, having lunch or
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sleeping are behaviours which occur during spe-
ci�c daily time periods. So, the preprocessing task
involves extracting behaviour events inside such
time slots. Note that time slots can be slightly
di�erent for each elderly person, but it is possi-
ble to de�ne an approximation of them which will
be valid for all (section 4 shows the con�guration
parameters). Finally, time intervals between each
event are measured. The extracted time series are
composed of these time intervals.

5.2.2. Model Diagnosis
SS models which describe social processes, like

the model proposed here, are generally hard to va-
lidate. In this approach, the behaviour is probabi-
listically modelled. A good approach to assess that
the model explains real data with a reasonable ac-
curacy is to use a statistical test. This process is
called model diagnosis. This section explains the
model diagnosis made on the SMUT. In this con-
text, the most serious problem we can �nd is the
lack of real data [32]. Fortunately, as explained
above, data is available from three real subjects.
From these preprocessed data, some histograms

for di�erent behaviours and people are shown in
Figure 8. The sample pdf is shown with a solid
line. The dashed line shows the pdf of the theo-
retical distribution (see section 4) which best �ts
that behaviour.
Graphs (a) and (b) in Figure 8 show two mo-

notonous behaviours: sleeping and having dinner
(having lunch is roughly similar). This kind of be-
haviour is modelled with a gamma distribution in
this approach because it is a suitable distribution
as a probability model for waiting times. Figure
8 (c) shows a non monotonous behaviour; going
to the toilet. This behaviour is �tted with an ex-
ponential distribution in this work, as a special
case of the gamma distribution. Finally, Figure
8 (d) shows an anytime behaviour; spare time.
This behaviour is often interrupted by other be-
haviours (e.g. going to the toilet). These interrup-
tions make the probability density function of the
sample heavy-tailed and �tted by the Lomax dis-
tribution. At this point, it is already possible to
visually check that the sample density is similar to
a theoretical density for all the four graphs. Howe-
ver, more statistical evidence supporting the use of
gamma, exponential and Lomax distributions for
monotonous, non monotonous and anytime beha-
viours respectively is given now.

Table 1

P-values for each subject used in the study and the corres-
ponding behaviours.

Behaviour

Person Sleep Dinner Eat Toilet Spare time

A 0.404 0.311 0.361 0.111 0.086

B 0.488 0.467 0.542 0.079 0.108

C 0.337 0.489 0.575 0.137 0.103

It is possible to estimate the distance between a
time series generated by a sample (i.e. real data)
and over generated by simulation of theoretical
distributions (i.e. theoretical distributions which
are used in the SMUTs). One of the most well-
known statistical tests to be applied in this case
is the Kolmogorov-Smirnov (K-S) test [42]. The
K-S test is a nonparametric and distribution-free
goodness-of-�t test. It does not rely on parameter
estimation or precise distributional assumptions
[54]. Considering that the SMUT, as designed,
does not assume any concrete probability distri-
bution and does not require parameter estimation,
then the K-S test is suitable here. Note that, al-
though both K-S and the χ2 tests are the most
commonly used and for large size sample both
tests have the same power, the χ2 test requires a
su�cient sample size to obtain a valid chi-square
approximation [39,17]. The K-S is a goodness-of-
�t test to indicate whether it is reasonable or not
to assume that a random sample comes from a spe-
ci�c distribution. It is a form of hypothesis testing
where the null hypothesis says that sample data
follow the stated distribution. The hypothesis re-
garding the distributional form is rejected if the
test statistic, Dn, is greater than the critical value
(i.e. if the p-value is lower than the signi�cance
level). The signi�cance level is �xed in this work at
0.05, which is the value usually given in statistical
literature.
Table 1 shows the p-values obtained from the K-

S test for each validated behaviour with the ade-
quate distribution. The null hypothesis is that the
behaviour sample data come from the stated dis-
tribution and it is rejected if p-value is lower than
the signi�cance level. From these results, none of
the stated null hypothesis can be rejected. There-
fore behaviour of the three considered subjects (i.e.
A, B and C) can be �tted by the speci�ed pdfs, as
described above.
From the table, all simulated behaviours sta-

tistically occur in a similar manner to real beha-
viours from the three subjects. Thus, the SMUT
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(a) (b)

(c) (d)

Fig. 8. (a) Minutes between 21:00 hours and the instant subject C goes to bed, (b) Time between dinners for subject B, (c)
Time between uses of the toilet for subject A, (d) Time between spare time for subject A

is validated. By validating this SMUT, the Ubik-
Sim tool is ready to work on the validation of
SUTs which need such subject behaviour to com-
ply with the functionality required. Speci�c exam-
ples of SUT development may be found in other
papers [24,25,52].

6. Related Works

A number of approaches dealing with testing,
validation and veri�cation of AmI systems can be
found in the literature. All of them are based on
using support tools. A well-known tool is Ubiwise
[8]. Ubiwise focuses on the use and analysis of en-
vironment models for ubiquitous computing sys-
tems. For this purpose, sensors and its communi-
cations can be de�ned. People are considered indi-
vidually on a simulation engine based on Quake II,
where real people, acting as players in a game, ge-

nerate information about their own context, which
is captured through simulated sensors. Multiple
users can link up to the same server to create in-
teractive ubiquitous computing scenarios. Howe-
ver, the virtual subjects are not autonomous, since
they must be controlled by the users. The subjects
interact with the environment in order to validate
its deployed services.
TATUS [47] is another tool which allows experi-

mentation of adaptive ubiquitous computing sys-
tems. It is based on a graphic engine called Half-
life. In this case, the main novelty is that mul-
tiple SUT may be connected to the engine. The
SUT is adaptive so it makes decisions about chan-
ging its behaviour in reaction to user's movements
and behaviour. Other environmental factors such
as network conditions, ambient noise or social set-
ting can also be considered. In this case, some vir-
tual subjects could behave autonomously due to
simple AI scripts, although the tool is mainly fo-
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cused on user-controlled characters and their in-
teractions with the SUT.
Another interesting tool is UbiREAL [44]. It lets

the users intuitively grasp how devices are con-
trolled, depending on temporal variation of con-
texts in a virtual space. The main contribution
of UbiREAL is that it simulates physical quanti-
ties (e.g. temperature or humidity) and includes a
network simulator. This network simulator allows
communication between virtual devices and real
devices. This is a very important aspect since it is
possible to inject reality into the simulations. The
behaviour of the virtual subjects must be precon-
�gured (it is possible to de�ne a route and some ac-
tions to perform). Those existing simulators only
simulate behaviours manually or based on simple
automaton. UbikSim contributes to the area with
the introduction of autonomous virtual humans to
the simulations.
Regarding engineering realistic human beha-

viours, various approaches have been proposed
to create autonomous characters. The approach
to behavioural autonomy presented in section 4
is based on the proposal presented by Garcia-
Valverde et al. [25], where behaviours are de�ned
as states in a hierarchical automata and transi-
tions between behaviours are probabilistic. The
proposed environment was an o�ce building where
the workers did usual routines in a day of work.
The simulations obtained allow them to build AmI
advanced services which are able to adapt to the
movements of the agents within a building.
In approaches [57] and [9], the behavioural mo-

dels described also use a hierarchical structure
of �nite state automata similar to the model de-
scribed in [25]. In these cases, each behaviour of
a behaviour sequence is called a behaviour cell.
There is a behaviour entity with a �nite state au-
tomaton composed of at least one behaviour cell
at the top of the structure. An elementary be-
haviour is situated at the bottom of the hierarchi-
cal decomposition and encapsulates a specialized
behaviour which directly controls one or more ac-
tions. The lack of both approaches is the absence of
probability. In the work of Chittaro et al. [12], the
behaviour sequences are modelled through proba-
bilistic automata (Probabilistic Finite-State Ma-
chine, PFSMs). Probabilistic personality in�uence
implies that one cannot fully predict how a cha-
racter will react to a stimulus. Because of that, a
probabilistic approach gives more realism to simu-

lated behaviours. The work of Garcia-Valverde et
al. [25] includes both ideas. They de�ne a proba-
bilistic hierarchical automaton to achieve realistic
and complex behaviours.
An important feature added to our model is the

idea of a list of prioritized events. This idea is
based on Temime et al. [56], where human agents
have a pending task list. At each time tick, agents
of the users check their task list in order to out-
standing tasks. Following this approach, the more
important tasks must be done before the lower
ones, as the list is ordered by priorities. In the pa-
per presented, the same idea is applied to tran-
sitions in the automata. They are weighted with
a constant priority value. Then, if a transition to
a new state is generated but its priority is lower
than the current state, this transition is stored in a
pending task list. These processes which are based
on priorities give more realism to human beha-
viours.
Other related approaches have been reviewed.

For example, Arthur [6] develops agents that act
and choose in the way actual humans do. The
agents are represented using parameterised deci-
sion algorithms, and choose and calibrate these al-
gorithms so that the agents' behaviour matches
real human behaviour observed in the same deci-
sion context. For this purpose, they use a parame-
terised learning automaton with a vector of asso-
ciated actions that can be weighted to choose ac-
tions over time the way humans would. The struc-
ture of the automata is similar to the one presented
in [25] but this work is more focused on machine
learning. The virtual humans take decisions and
learn from them. For this purpose, a detailed study
about reactions to di�erent stimulus of real sub-
jects must be done and this is not within the scope
of this paper. Anastassakis et al. [5] present an ap-
proach where every character is provided with a
small KBS (Knowledge-Based System) for intelli-
gent reasoning. A reasoning system is also used by
Noser et al. [45]. Such methods are very �exible,
but de�ning the knowledge base is a complex and
time-consuming task.
SS models have already been used for enginee-

ring AmI systems in the literature. Reynolds et al.
[49] simulate sensors, actuators, and the environ-
ment in an initial work on the design of a generic
simulation tool. Liu et al. [36] propose a scalable
framework for testing mobile context-aware appli-
cations based on the use of a multi-agent sys-
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tem which models complex and dynamic user's be-
haviour. Martin et al. [37] propose a simulation
which separates agents, environment and a context
de�ned by variables and maps. UbikSim is more
complete than the aforementioned approaches be-
cause (1) it covers environment, context-aware,
users and adaptation models and not a subset of
these parts of an AmI service; (2) the users model
can easily be extended by adding levels or states
to the hierarchical automaton; (3) it provides a
methodological proposal which guides the process
of validating an AmI service.

7. Conclusion and Future Works

This work proposes a general methodology for
the validation of AmI services and applications.
It is a contribution to the engineering process of
ubiquitous systems in general and AmI systems in
particular. It is based on the simulation paradigm.
When a new AmI system is going to be built, the
typical physical environment, the devices (i.e. sen-
sors and actuators) to be used, kind of users, ser-
vices and applications must be identi�ed. Then,
the environment, devices and users are modelled
in the form of SMUTs and validated. This valida-
tion must be combined, by applying the methodo-
logy, with the validation of the corresponding ser-
vices and applications (i.e. the SUTs). Validation
is based on simulation. Simulation runs generate
data, which must be analyzed by means of forensic
analysis. This forensic analysis gives clues about
the maturity of the software component being va-
lidated. Also it is interesting to note that, if the
SMUT is too complex as a model, a divide-and-
conquer strategy is used to divide it into simple
SMUTs in which the methodology is applied again.
We have shown the support tools which come

with the methodology. UbikSim is a realistic en-
vironments simulator which can be used to test
SMUTs and SUTs, to verify and validate them
under the application of the methodology. The
application of the methodology has been shown by
means of a running example. This example was fo-
cused on the Necesity product and how to validate
a particular SMUT. This validation can be used
afterwards to validate SUTs (e.g. an adaptive al-
gorithm to detect abnormal situations at the el-
derly people's home). The approach used to gene-
rate realistic user behaviour is shown in the pa-

per along with how the corresponding simulation
model of subjects is validated using a statistical
test based on goodness of �t (i.e. the Kolmogorov-
Smirno� test).
The methodology and UbikSim tool are curren-

tly being applied in a number of projects related
to ambient intelligence. Obviously, Necesity is a
clear example. But other projects also use our pro-
posal. For example, in CARONTE6, the methodo-
logy is being used to provide assistance in emer-
gency situations which may occur in geriatrics.
CARDINEA7 develops AmI services for caregivers
in hospitals. The approach of this paper is be-
ing used for veri�cation and validation of services.
Note that in these projects the scenarios are geri-
atrics or hospitals, i.e. multi-user environments. In
fact, we are working on the model of users in these
kinds of environments where the methodology and
users' model are still suitable, taking into account
the relations and interactions between the agents
of the simulation. This is possible thanks to the use
of social simulations. Although more experiments
are still needed, preliminary tests have shown that
our approach is able to model the behaviour of the
users in multi-inhabitant environments.
Future works also include a deep study of source

data. Incorporating data from all the available
subjects into a deeper study would help to create a
taxonomy of elderly people's behaviours (i.e. kind
of mobility, habits and so on). Such a taxonomy
would be useful for an automatic parameter tu-
ning of the models of elderly people. The user of
the simulator, instead of con�guring parameters
by hand, would simply choose between a catalogue
of elderly people's patterns of behaviour.
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Improving RFID’s Location Based Services
by means of Hidden Markov Models

Teresa Garcia-Valverde and Alberto Garcia-Sola and Juan A. Botia1

Abstract.
Services in Ambient Intelligence systems must adapt to context in-

formation and users. So, the development of these services become in
a complex task. In this context, we present AmISim: a methodology
for the engineering of AmI services. Using AmISim, a LBS based on
RFID technology is built. Engineering the service is based on Hidden
Markov Models (HMMs) for locations within an intelligent building.
The results show that the resolution of a RFID based LBS can be sig-
nificantly improved and allows by means of the simulator optimally
configure the number and location of RFID antennas.

1 Introduction
Ambient Intelligence (AmI) services acquire context knowledge
from the environment allowing us personalize and adapt to different
users and situations. Besides, to predict contexts allows us to provide
proactive services and improve the accuracy of the system. So, the
development of AmI systems is a difficult task. To resolve that prob-
lem, the approach proposed here is based on AmISim [4], a MABS
(Multi-Agent Based Social Simulation) [1] simulator.

Specifically, in this work, the engineering of an RFID (Radio Fre-
quency Identification) Location-Based Service (LBS) is presented
for an intelligent building. The work rest on the assumption that
users usually have some degree of regularity in their movements
through the environment. Under such basis, the system may predict
their motion and offer such prediction by a LBS which adapt to par-
ticular users. With such approach, a probabilistic framework based
on HMMs to location prediction and appropriately deploying all the
RFID apparatus are proposed. So, we may improve the system in
two ways: 1) obtaining the best location and to trying to optimize the
number of antennas and 2) it could be possible, probabilistically, to
augment the resolution of the location system.

The rest of the paper is structured as follows. Section 2 describes
the methodology for model learning and service building based
on AmISim. Section 3 presents the predictive location model with
HMMs. Section 4 gives empirical results. Finally, in section 5 some
conclusions and future works are given.

2 Model learning and service building
In this approach, we use AmISim, a simulator of entire AmI environ-
ment which uses Ubik. Ubik is the simulated part of AmISim. Ubik
is a MABS which has capabilities to simulate and to obtain a set of
simulated data according to the real environment. The Ubik simula-
tor is integrated with the real part of AmISim, an entire framework

1 University of Murcia, Spain, email: {mtgarcia, agarciasola, juan-
bot}@um.es

which is able to use semantic technologies for modelling the context
model and uses it to provide adaptive and intelligent services.

AmISim is used here in a scenario in which a service can predict
workers’ locations in an office building. So, we can built the pre-
diction framework based on HMMs and use the set of obtained data
from Ubik for training and validating our model. When the HMMs
are checked, we can deploy the services over a real environment.

An abstract model of the space in the building is used here. In the
abstract model, an undirected graph is compound from the building,
where the edges of the graph are doors and crosses, and the nodes
are rooms, corridors and stairs. This way, the RFID antennas are sit-
uated in the nodes of the graph and each user wears an identification
card with a RFID label which identifies his location in a node. In the
simulation environment the user’s location is known at each moment
of time, however this assumption is not true in a real environment.

3 Predictive location model: HMMs

The above section leads us to deduce that an approximation for each
not sensorized area is needed. So, a probabilistic framework based
on HMMs to built predictive location models is proposed. A HMM
for each possible not sensorized destination is modelled and imple-
mented using JAHMM [3], a Java implementation of HMMs.

In these location prediction models, the hidden states model the
different possible locations according to the followed path by a
worker since the origin to the destination. It is not necessary a direct
correspondence between hidden states of the HMMs and nodes of
the graph. The observable states are defined by the set the sensorized
nodes and they compound sequences of active RFID antennas in sen-
sorized nodes through the worker’s trajectory.

Ubik is used to generate the movements of the workers that allow
us training and validating the models. Training sets for the HMMs
are built by using sequences of active RFID antennas as generated
through worker following some path, called traces τ . τ ends when
the worker reaches his destination. A node is a destination when the
worker spends there more than a threshold for such location. Note
that each τ is built from the worker’s path starting from his desk
(worker’s basic location). The traces are classified by their destina-
tion and each set of them is a training set of a HMM.

HMM parameters are estimated by using the Baum-Welch
algorithm[2]. Thus, learning the HMMs consists on finding the
maximum-likelihood estimate of the parameters of the HMM given a
group of training samples for a single destination. When the models
have been trained, the probability of an observation sequence can be
estimated by the forward-backward algorithm[5]. Given a trace, the
HMM with the higher probability for such trace allows us to predict
the worker’s location.
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4 Experiments
The scenario of the experiments is showed in figure 1 a). Figure 1 a)
represents a floor of a building and figure 1 b) is the graph built from
the building, where the nodes are numbered and the edges, doors and
crossings, are represented in red and lined, respectively.

a) b)

Figure 1. a) Floor of the building b) Graph of the floor

Destinations are represented by labelDi in Fig. 1 b). In the experi-
ments the building is divided into zones: Z1, Z2 and Z3. The division
into zones shows the fact that in a real environment the workers of the
zone Zi usually will go to destinations in this zone, the nearest desti-
nations. D1, D4 and D5 are relaxation rooms of the zones 1, 2 and 3
respectively. D2 is a meeting room and, D3 and D6 are warehouses.
Each destination is modelled with a HMM.

In order to determine how the decrease of antennas affects the pre-
diction capabilities of the system, in each test, the number of anten-
nas is decreased. Firstly, the antennas of the rooms from each zone
are removed. Then, the antennas of the corridors are taken because,
as it will be seen in the results, the corridors give more information
to the prediction.

The generated HMMs are able to describe all observation se-
quences of the training set (despite their lengths) and are robust with
respect to an unbalanced training data distribution. This feature al-
lows the system a better adaptation to changes in the workers’ pattern
behaviours, which often occurs in dynamic scenarios like this.

How the number of antennas decreasing influences the precision
of the technique allows to decide the minimum number of antennas in
order to have an acceptable quality. The results are showed in figure
2: a) represents error rate evolution segregated by destination (y axis)
when the number of antennas decreases (x axis) and b) represents
averaged error rate (left scale) and averaged precision (right scale).

It is clear from the results that there are dependent destinations.
For example, D1, D2, D3 are dependent because they share an im-
portant part of the graph structure. So, when the service does not
predictD1 when it should, is that it predicts eitherD2 orD3 (see the
corresponding error rates in Fig.2 a)).

The decreasing the number of antennas does not affect until ap-
proximately a reduction of 23% because the removed antennas have
little presence in traces. The same evolution, but inverse, is showed
for the precision. As a conclusion, it can be said that removing an-
tennas representing starting points of traces is affordable. However,
corridors (i.e. connecting paths of the graph) should not be removed.

5 Conclusions
This work shows how a LBS based on RFID technology is engi-
neered without using any real set up. An AmI simulator is used to

a)

b)

Figure 2. a) Error rates by destination. b) Averaged error rate/precision.

help in the initial engineering of such AmI system. It is illustrated
how the simulator is used to generate training data. Such data is used
to estimate HMM for any location uncovered by RFID antennas. Ex-
perimentation shows that this approach may help on deciding the
number and the position of RFID antennas while maintaining an ac-
ceptable location power for workers in a building. From this work,
one future goal is modelling working activities in order to construct
a more detailed context of workers.
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Automatic Design of an Indoor User Location
Infrastructure using a Memetic Multiobjective Approach

T. Garcia-Valverde, A. Garcia-Sola, J.A. Botia and A.
Gomez-Skarmeta

Abstract—Services in Ambient Intelligence environments should adapt
to contextual information (Context-aware), of users and environment in
a non-intrusive and natural way. Location-aware, i.e. the user location,
is one of the most important pieces in context-aware. According to
this premise, a Location Based Service (LBS) using Radio Frequency
Identification (RFID) technology is presented. The service is based on
Hidden Markov Models for location within an intelligent building. This
problem leads to a multiobjective optimization problem, in which, the
best configuration of antennas that minimizes the set of antennas but
maximizes the precision of the prediction should be found. Specifically,
this work presents a Memetic approach for multiobjective improvement
of LBS in AmI environments. The Memetic Algorithm provides in this
problem the exploitation of domain knowledge and the combination of
metaheuristics. Experimental results show that the approach obtains a
configuration of antennas which optimally configures the number and
position of the antennas while keeping a high quality of the precision of
the location prediction.

Index Terms—Ambient Intelligence (AmI), Hidden Markov Models
(HMM), Location Based Services (LBS), Memetic algorithm, Multiob-
jective Optimization.

I. INTRODUCTION

Context-aware is one of the key factors in Ambient Intelligence
(AmI) environments [1]. An AmI environment needs to know the
context in order to provide the ability to personalize and adapt to the
users and their behaviours in different situations. According to this
requirement, location information is one of the most essential con-
textual information in context-aware systems [2]. Location-awareness
can provide nearest features of interest to users and adapt to them.

This work arises as needed from our previous work [3], in which
a probabilistic framework based on Hidden Markov Models (HMMs)
to predict location and appropriately deploy all the RFID (Radio
Frequency Identification) apparatus is proposed. Then, the system
can offer users’ motion prediction by a RFID LBS which adapts to
particular users. The work uses an AmI simulator, AmISim [4], in
order to reproduce the whole AmI environment. The simulated data
is used to estimate the HMM for each location uncovered in order
to predict the users’ destination.

Experimentation showed that this approach may help to optimally
configure the number and the position of the RFID antennas while
maintaining an acceptable location prediction for workers in a build-
ing. In fact, a reduction of the 23% of the antennas was made without
a significant reduction in the quality of the prediction. However,
the removal of antennas in corridors caused a significant reduction
in the precision. From these results, it is clear, that the number
of antennas used and their respective locations are deciding factors
for the location prediction. Notice that the order of removal among
rooms and among corridors was made intuitively. Because of that,
emerges the necessity of finding the best configuration of antennas
in the building, in which the set of antennas is minimized, but the
precision of the prediction is maximized. Then, this problem implies
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two subproblems: the optimization of the set of antennas and the
prediction using HMMs.

In this respect, evolutive algorithms have been used extensively
to effectively address a wide range of this kind of problems [5].
There are several approaches regarding the use of genetic algorithms
(GA) to solve optimization problems in ubiquitous computing en-
vironments, specially, in ubiquitous networks [6], [7], [8]. These
works are focused on ubiquitous computing and they do not take
in to account the user as main actor in the system, which is the
main issue in AmI. On the other hand, an AmI environment is
provided of knowledge from context. It is generally accepted that
the incorporation or embedding of knowledge of the problem domain
improves the performance of an optimization algorithm [9]. In such
way, in this work, a memetic multiobjective algorithm is proposed to
solve the presented problem.

Memetic algorithms (MAs) define an optimization paradigm based
on the exploitation of problem knowledge and the combination of
different metaheuristics [10], [11]. They use the notion of a meme
defined as a unit of cultural evolution that is capable of local
refinements [12]. MAs have shown remarkable success for solving
optimization problems in NP-hard combinatorial problems and multi-
objective memetic search [9]. Examples of MAs applied to real
world problems can be found in the recent literature: network design
problems [13], flow shop problems [14], robot control [15] or VLSI
floorplanning [16].

In such sense, some hybrids or memetic algorithms have been
proposed to resolve problems in ubiquitous networks [17], [18].
However, as it is described above, they do not take into account
the requirements of the AmI environments.

The multi-objective memetic algorithm presented here is able to
optimize the configuration of antennas in a building while maximizing
the precision of the users’ location prediction using HMMs. The algo-
rithm takes domain information to successfully solve both objectives
in an AmI environment.

The rest of the paper is structured as follows. Section II defines the
problem in the appropriate context. The next section sets the proposed
memetic multiobjective algorithm. Section IV gives empirical results
of the approach. Finally, some conclusions and future work are given
in Section V.

II. MULTIOBJECTIVE OPTIMIZATION FOR THE ANTENNAS

LOCATION

As described above, finding the best configuration of antennas
implies obtaining the minimum number of antennas maintaining a
high precision of the prediction. So, this problem is stated as a
multiobjective optimization problem (MOP) with two subobjectives:
maximizing the precision of the prediction by the HMMs and min-
imizing the number of allocated antennas. A general MOP can be
defined as follows:

Maximize f(x) = (f1(x), f2(x), ..., fk(x)), x ∈ X (1)

where f(x) is the objective vector, fi(x) is the i-th objective to
be maximized, x is the decision vector, and X is the feasible region
in the decision space. In most of the MOPs there is no solution
which causes an optimum in all objectives. A solution can not be
improved on one objective without degrading other. Then, the concept
of optimum is changed and a solution in which the objectives are
satisfied in an acceptable factor is searched. In order to solve the
problem of the conflicts among the objectives in MOPS, several
techniques have been proposed, like the weighted-sum approach, ε-
constraint method or evolutionary approaches [19], [20].

78
Automatic Design of an Indoor User Location

Infrastructure using a Memetic Multiobjective Approach



JOURNAL OF IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS, PART C: APPLICATIONS AND REVIEWS 2

One of the classical and simplest approaches to solve a MOP is
to translate the problem into a single objective problem by using the
weighted-sum approach. According to this approach, in this work, a
weight wi is assigned to each normalized objective function. Given
that, one objective in this problem must be minimized and the other
must be maximized. For simplicity, the objective of minimizing the
number of antennas is turned into one of maximizing. So, the objec-
tive function is defined by two maximizing objective functions, f1(x),
maximizing precision of HMMs, and f2(x), minimizing number of
antennas, as:

f(x) = w1f
′
1(x) + w2(1 − f ′

2(x)) (2)

where f ′
1(x) and f ′

2(x) are the normalized objective functions
and w1, w2 are weights subject to the following conditions: 0 ≤
w1, w2 ≤ 1 and w1 + w2 = 1.

In this work, the main goal is developing a location service using
RFID technology. But, in this particular problem, there are areas
uncovered by RFID antennas (less antennas means a considerably
cheaper deployment). Thus, when the user is in one of such areas,
the service must predict which one is most probable. HMMs are used
for this prediction.

A HMM is a doubly stochastic process with an underlying
stochastic process that is not observable (it is hidden) [21]. In this
problem, a HMM for each possible destination is built, where a
destination is a non sensorized place which is interesting to predict.
The hidden states represent the different possible locations according
to the possible locations where any user might be located at (e.g.
its office). The observable states are the active RFID antennas in
the workers’ trajectory (across the set of sensorized places). In each
hidden state, observable information from the worker’s trajectory is
shown according to probability distributions.

In previous works, the problem of how a worker moves through
an office building was addressed [3]. The main result of such works
was a computational model of such displacements. This computation
model was integrated in the AmISim simulator to reproduce the
movements of the workers across their paths. The simulated paths
allow the simulator to obtain sequences of active antennas (traces).
So, it is possible to obtain a data set for training and validating the
HMMs.

HMM parameters are estimated by using the classical Baum-Welch
algorithm [22] and the probability of an observation sequence is
estimated by the forward-backward algorithm [21]. Then, given a
trace, the HMM with the highest probability for such trace predicts
the worker’s location. Finally, for the validation of the HMM, the
validation set (1/3 randomly selected from the complete set) is used
in order to calculate the precision of each HMM.

Precision depends on the number of antennas and their locations.
Our previous work shown that reducing the number of antennas
without getting worse the prediction is possible. But this reduction
is only possible until a certain point and then, the precision starts to
get worse. Furthermore, different configurations of the position of the
antennas over the scenario obtain different precision values. In such
way, the first objective for this problem is finding the configuration
(number and position) of antennas which maximizes the precision of
the HMMs. It is formulated as follows:

Maximize f1(x) =

∑n
i=1(pdi )

n
(3)

where D = {d1, d2, . . . , dn} is the set of uncovered destinations
which should be predicted and pdi is the obtained precision by the
HMM for the destination di.

Precision of the HMMs is determined by the number and location
of these RFID antennas. This result implies two problems. On the
one hand, getting the best configuration implies having a priori
knowledge of the environment and its users in order to find the
fittest configuration. On the other hand, it is not possible, in a real
situation, to test different configurations over a real building with
people who are working. Notice, besides, that the number of possible
configurations is given by the factorial number of places where an
antenna can be placed. As a matter of fact, this optimization problem
is NP-complete.

In location based on RFID each worker carries a RFID tag and
the building is equipped with RFID antennas in strategic places.
When the worker passes near of an antenna, the antenna detects and
identifies the worker. So, the worker’s location is updated with the
room in which the antenna is placed. An abstract model based on an
undirected graph is used for the building model. Thus, each room,
corridor or stair is a node of the graph and each door or crossing is
an edge. Using this model, the movements of workers are simulated
by the use of the best path between an origin and a destination using
Dijkstra algorithm [23]. The RFID antennas can be situated in the
nodes of the graph. An antenna in an edge is not useful because is
a space of transition.

In such situation the workers’ location is only known when they are
inside a node with an antenna. Provided that it is not affordable yet
unnecessary to place RFID arcs in every place, the location system
lacks of the necessary information in non sensorized places.

This problem is defined as: given the total number of nodes where
an antenna can be placed, select the minimal subset the antennas
which allows us to obtain a quality of prediction as high as possible.
In such way, in this problem R = {r1, r2, . . . , rt} is the set of
nodes in the building, i.e. all rooms, stairs and corridors and U ⊂ R
is the subset of these nodes where it is not allowed to placed an
antenna, for example, a destination or a restricted area due to privacy
reasons. In this work, it is considered that the only places which are
not allowed to place an antenna are the destinations, i.e. U = D =
{d1, d2, . . . , dn}.

In order to simplify the model, it is assumed that only one antenna
can be placed in each node. So, the maximum number of antennas
in a configuration is the size, (t − n), of the set of nodes where an
antenna can be placed. Whereas, the minimum number of antennas
is 2. This restriction is set from the requirements of the HMMs, in
which a configuration with less than two antennas does not allow the
HMMs to be trained.

Then, let ri to be a node ∈ R and sri the number of antennas in
such node. In such way, the second objective, minimizing the number
of antennas, can be formulated as follows:

Min. f2(x) =

t−n∑

i=0

sri , subject to

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

2 ≤
t−n∑

i=0

sri ≤ (t − n)

ri /∈ D
sri = 0|1.

(4)

III. MEMETIC MULTIOBJECTIVE ALGORITHM

In an AmI system the interaction between users and environment
is made in a non-intrusive and natural way, being aware of context.
That is, the specific knowledge of the context is essential to provide
intelligence and proactivity. So, it is clear that, an optimization
algorithm could benefit from this knowledge. On the other hand,
according to the no free lunch theorem [24], optimization and search
algorithms are dependents of the quantity and quality of the problem
knowledge that they incorporate. Thus, this is another reason to
consider domain knowledge in the optimization process.
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According to these premises, in this work, a multiobjective
memetic algorithm is used to resolve the presented problem. MAs
have been used in a variety of classical NP-hard optimization
problems [25]. These works have shown that the use of MAs is
often better than that obtained by the GA alone, especially when
prior knowledge on suitable problem-specific memes is available [9].
The following sections describe the proposed algorithm to solve the
presented problem presented.

A. Encoding of individuals and Population initialization

A solution or a chromosome of the population must be defined in
terms of how their genes are encoded (using GA terminology). Here,
a chromosome is represented as C = {c1, c2, . . . , cn}, where C
defines a solution in the population, i.e., a configuration of antennas
of the building. Each gene ci represents the presence (ci = 1) or lack
(ci = 0) of an antenna in the node i of the graph.

From equation 4, a number of antennas within the range of the
maximum and the minimum must be preserved. Then, if the operators
cause unfeasible solutions, a repairing process is applied: randomly
remove or add antennas until the number is in the allowed range.
Finally, the initial population is generated randomly preserving the
allowed number of antennas.

B. Fitness Function

The quality of a configuration of antennas is measured by the
fitness function. This quality is set according to the objectives of
the problem by the equation 2. Notice that calculating the fitness for
an individual (or agent) of the population implies to recalculate the
HMMs for this configuration of antennas.

This approach uses a weighted sum of the two objectives as a
fitness function. In this approach the main difficulty is selecting
the weight vector. The weights set the relative importance for each
objective. As described above, previous experiments have shown
that reduction on the number of antennas is possible until a criti-
cal amount, where the precision starts to get worse. Progressively
reducing the number of antennas means, in this context, to reach
the prediction error that the user can afford. This is the reason why
the weighted-sum approach is the most suitable in this problem.
Nevertheless, a deeply analysis of the weight is shown in Section
IV-B.

C. Mutation, Respectful crossover and Reproduction

Two mutation operators which change the individual are defined.
By using the first mutation operator, the number of antennas is mod-
ified. A number among the allowed range of antennas is randomly
selected. Following the same procedure as in the repairing process,
antennas are removed and added until reaching the randomly selected
number of antennas.

The second mutation modifies the position of antennas. This
mutation is made using a classical mutation process. Two different
indexes of the chromosome between 1 and the maximum number
possible of antennas are randomly selected. The values (presence
or lack of antenna) are exchanged and the number of antennas is
updated. If the mutated individual is unfeasible, the repairing process
will be applied. This operator can also cause a reduction or increment
of one antenna. However, the first mutation is still needed in order
to achieve a better covering of the search space.

The crossover operator is a classical crossover technique. Two
chromosomes C1 and C2 and two different indexes inf and sup
are randomly selected. Then, all genes between inf and sup of the
chromosome C1 are changed by the genes of the chromosome C2.

This operator is based on the feature of respectful. A recombination
operator is respectful when the descendents inherit the common
features of their parents. The property of respect refers in this case
to the transmission of all antennas shared by parents to descendents.
The repairing will be applied if an unfeasible solution is generated.
Finally, in the reproduction phase, the classical roulette wheel ap-
proach is used to generate the offspring.

D. Heuristic selection

Traditional selection is based on the fitness function which provides
a measure of the quality of the solution. However, some domain
knowledge is available and the use of such heuristic knowledge can
be addressed. This statement is based on the fact that when the meme
is considered valuable enough, it should be passed on the offspring.

According to this fact, the concept of nodes more visited (NMV)
is defined. Then, a node is a place where an antenna is placed. A
NMV is calculated according to the number of times that a worker
crosses this node. The basic idea is to consider that those nodes
which are most visited by the workers provide more information to
the HMMs. In this selection operator two individuals are randomly
pre-selected. Then, the selection operator evaluates the quality of
their configurations according to the NMV. So, the individuals with
highest values of NMV are selected to the offspring. This operator
is compared with the classical binary tournament selection to check
how the domain knowledge can improve the results.

E. Local search

Using Local Search (LS) in a MA is usual, but not a must within
the MA paradigm. However, LS uses to be one of the components that
most contribute to good results [26]. Here, a LS technique is proposed
in order to guide the evolution of the population to solutions which
are known to improve.

The proposed LS exploits the following fact learnt from previous
experiments: antennas in corridors are more critical than in rooms.
Corridors are space of crossing, because of that they are usually
visited for going to other places, i.e., they give more information to
the prediction. Thus, the corridors are treated as special nodes. In
each individual, iteratively each corridor from all corridors is added
or exchanged by other antenna (randomly selected index of antenna).
The decision of adding or exchanging corridors is taken by a random
boolean process. After adding or exchanging the new antenna of the
corridor, the fitness function is evaluated. If the fitness is higher the
change is maintained, otherwise, the change will be reverted. The
technique is simple, but it can improve considerably the results (see
Section IV-A).

IV. COMPUTATIONAL EXPERIMENTS

In this section the most important results of the approach are
shown, but first the scenario and parameters for the experiments are
presented. To properly compare and check the improvement of this
approach the same scenario, see Fig.1, from our previous work is used
[3]. In Fig. 1 a), a plan of the floor is presented. Rooms are in blue,
corridors in white and stairs in green. Doors are in red and crossings
are lined. Fig. 1 b), shows a graph based on the representation of the
scenario.

Destinations (orange) are labelled in the graph as Di. Destinations
D1, D4 and D5 are relaxation rooms, D2 is a meeting room and D3
and D6 are warehouses. They are spread among three zones (green,
blue and yellow) in order to obtain a more realistic simulation, i.e.,
workers have a higher rate of visits in those destinations within their
zones. In the graph of Fig. 1 b) the nodes are numbered. The number
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Fig. 1. a) Floor of the building b) Graph of the floor

of these elements will define the specific gen in the chromosome (0
if it does not have an antenna and 1 if otherwise).

A prediction model based on HMM is created for each destination.
Since the HMMs are probabilistic, the creation of the HMMs is
performed 3 times and the precision is averaged. The algorithm
runs on a quad-core 2.66GHz with 4GB of RAM. The MA is also
probabilistic. Thus, the execution of the memetic, for each different
combination of configuration parameters, is performed 10 times, and
the obtained results are averaged. The size of the initial population
is 50 and it is maintained in each generation. Finally, the stopping
criterion is the following: it stops when no significant improvement
is obtained over 15 generations.

The following sections show the obtained results of the experi-
ments in order to analyze the benefit of the different operators and
the use of LS (Section IV-A), other multiobjective approaches and
how the weights affect to the solution (Section IV-B), and, finally, the
achieved improvements with respect to the previous results (Section
IV-C).

A. Different configurations

Different experiments are performed in order to check the suit-
ability of each configuration. Each normalized objective f′1(x) and
f ′
2(x) from equation 2 is weighted, where the weights w1 and w2 are

set to 0.9 and 0.1. From our previous work, it is known that setting
the relative importance of the precision to 0.9 reduces the number of
antennas keeping the precision nearly unaffected.

Table I shows the four combinations tested: Binary Tournament
(BT), Nodes More Visited (NMV), algorithm without Local Search

(noLS) and with it (LS). In the table is shown the average fitness,
f(x). The results for the two objectives functions are also shown,
f1(x) is the obtained average precision and f2(x) is the average
number of antennas. Besides, the best, fB(x) and the worst, fW (x),
individuals fitness are shown as well. Finally, the table includes the
average number of generations in each experiment, “Ng”, the HMM
calculations, “HMMs”, and the average time spent per generation,
“Tg”.

From the results, it is clear that the BT obtains worse results
without LS than with it. In the case without LS, the use of the NMV
operator improves a 7% with respect to the use of BT. But in the
case with LS, the improvement is higher, up to 10% of improvement
is obtained by the use of NMV operator. In fact, in this case the
number of antennas is much higher for BT (18) than for NMV (13).
The worst and the best cases also obtain better fitness when they
include the use of NMV.

As observed, the use of BT causes a higher convergence of the
algorithm and, therefore, it finishes with fewer generations than NMV.
BT uses as guide function the fitness of the individuals, while NMV
uses knowledge of the domain. So, NMV manages to escape from
the local optimum and it improves the solutions. Besides, according
to the time spent per generation, it is observed that the increment of
time caused by the NMV is insignificant respect to the BT.

Regarding LS the results are clear. Usually, when a MA includes
LS, it improves its results. This search usually increments the con-
vergence of the algorithm while guiding the solutions to the optimal.
In these experiments, the results are similar. On the one hand, LS
improves the results for both selection operators. On the other hand,
LS also produces a convergence of the algorithm which causes a
much lower number of generations. Besides, the LS approach needs
to calculate more HMMs in order to evaluate if the introduction of a
corridor in an individual improves the precision and this implies an
increment of the spent time per generation. However, this increment
of time is offset by the lower number of generations, and then, the
global execution time is affordable. The experiments show how the
use of the MA obtains the best solutions, whereas the use of a basic
GA (BT-noLS) obtains an average result 1.1% worse and 1.6% worse
in the best case.

B. Multiobjective approaches and Weight evolution

In this section the weighted-sum approach is compared with other
well-known state-of-the-art multiobjective evolutionary algorithms
(MOEAs): NSGA-II [19] and MOEA/D [20]. Finally, how the
variability of the weights affects the weighted-sum approach in this
problem is shown.

NSGA-II is a fast non dominated sorting and crowded distance
estimation procedure for ranking qualities of solutions. The majority
of existing MOEAs (this includes NSGA-II) are based on Pareto
dominance. Therefore, in order to evaluate a different approach,
MOEA/D is also used. It decomposes the problem into a number
of subproblems and optimizes them simultaneously. Two of the
most used decomposition approaches have been used in this pa-
per: Weighted Sum (W-MOEA/D) and Tchebycheff approach (T-
MOEA/D) [27] (in principle, any decomposition approach can serve
[28]).

Table II shows most relevant results from MA (NMV LS), NSGA-
II and MOEA/D algorithms. Same configuration and parameters as
in Section IV-A are used. The table shows the best and the worst
individuals’ fitness, f(x), and their results on each objective, f1(x)
and f2(x). In NSGA-II the fitness is obtained by weighting the first
and second objective of the solutions of the Pareto-optimal front
obtained. Again, the weights are 0.9 and 0.1 in order to obtain a
fair comparison.
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Algorithm f(x) f1(x) f2(x) fB(x) fW (x) Ng HMMs Tg

BT noLS 0,6828 0,7283 18 0,6917 0,6627 39 831 02’18”
NMV noLS 0,6895 0,7195 15 0,6977 0,6771 44 1111 02’28”
BT LS 0,6843 0,7266 18 0,6993 0,6733 32 949 03’00”
NMV LS 0,6945 0,7178 13 0,7079 0,6790 35 1230 03’05”

TABLE I
RESULTS FROM DIFFERENT CONFIGURATIONS

Algorithm fB(x) f1B (x) f2B (x) fW (x) f1W (x) f2W (x)

NMV LS 0,70794 0,73105 13 0,67904 0,72030 18
NGA-II 0,696156 0,71795 13 0.671824 0,70801 17
W-MOEA/D 0,92312 0,32309 2 0,15563 0,68234 24
T-MOEA/D 0,87463 0,38517 3 0,20082 0.68494 23

TABLE II
MEMETIC ALGORITHM, NSGA-II AND MOEA/D

From the results, it is clear that the MA reaches better results than
NSGA-II. This is because the MA uses domain knowledge which
improves the solutions. In the case of MOEA/D, the best individual
for W-MOEA/D was reached when the weights were 0 for the first
objective and 1 for the second one and the worst when the weights
were (0.13, 0.87). In the case of T-MOEA/D, the weights for the
best and the worst individuals were (0.02, 0.98) and (0.15, 0.85)
respectively.

Notice that when the antennas’ weight is the highest, the value of
fitness reaches the best value. This is caused by the disparately scaled
objectives. Although the objectives are normalized, the minimum
number of antennas is 2 and this is the theoretical minimum too.
However, the maximum value for the prediction is 1 and this value
can not be reached because a perfect prediction is not realistic. It
is well-known that the uniformness of the objectives influences on
the performance of MOEA/D[20]. Despite good fitness values are
reached, none of the solutions are suitable because a precision lower
than 0.5 is not acceptable.

In fact, the setting of weights is analyzed in our proposal in order
to evaluate how each weight affects to the problem. Fig. 2 shows the
performed experiments obtained, using the MA, by varying the value
of the weights of the objectives between 0 and 1, at intervals of 0.1.
The X-axis defines the weight for the precision of the HMM, wi. The
value of the weight for the antennas is (1− wi). The Y-axis shows
the value of the fitness, the precision of the HMMs or the number of
antennas.

According to Fig. 2, incrementing the antennas’ weight implies
a decrement in the precision of HMMs. Therefore, the minimum
precision which can be accepted is a parameter of this problem. The
relative importance of the weights will depend on the budget and
how important is a mistake in the location service.

C. Improvement by Memetic algorithm

In this section, the proposed MA is compared with the obtained
results from our previous work [3]. In the previous work was shown
the possibility to reduce the number of antennas from 26 to 17 (23%)
without affecting the prediction. Thus, in this section is compared the
obtained precision by the best solution using MA (precision of HMM
0,7311 and 13 antennas) and the precision of two interesting solutions
from our previous work. The first one is a configuration with the same
number of antennas: 13, it obtains a 0,6226 of precision. The second
one is the best solution from our previous work: with 17 antennas
and 0,6735 of precision.

Fig. 2. Weight evolution

The MA obtains a solution with higher precision than the previous
work with the same number of antennas. In fact, the improvement of
the MA is over 10.8%. If the best solution from the MA is compared
with the best solution from our previous work (with 17 antennas), the
precision will be better again. In that case the reached improvement
is only a 5.7% better. However it has been reduced the number of
antennas to 50% with respect to the maximum number of antennas
and to 27% with respect to the best individual from previous work.

These results show that the use of a MA in this problem can
obtain better solutions. These solutions improve the precision of the
prediction while the number of antennas can be reduced more than
the best solutions of our previous work.

V. CONCLUSIONS AND FUTURE WORK

This paper has presented how the process of deploying a LBS based
on RFID technology can be assisted by a multiobjective memetic
algorithm. This algorithm introduces problem domain knowledge
combined with local search. Experimentation shows that this ap-
proach helps on finding the best configuration of RFID antennas
more effectively and efficiently than our previous work or other
multiobjectives approaches. In the memetic algorithm, the combined
use of the selection operator NMV and the LS using problem domain
knowledge, obtains the best solutions. In fact, the best configuration
achieves a minimum number of antennas while keeping an acceptable
indoor location prediction using HMMs
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This work may advance in a number of directions. One future
goal is the introduction of additional constraints regarding the places
where an antenna can be placed in an AmI environment. For instance,
antennas should be invisible to the user in order to obtain a non-
intrusive interaction. Future work also includes experimentation over
the real world. Although they are still under development, some very
preliminary proofs of concept have been performed in a specific real
world scenario using WiFi antennas instead RFID and the results
support the ideas showed in this paper.
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Position Professor of the Department of Information and Communica-

tions Engineering
University/
Organization

University of Murcia



86
An Adaptive Learning Fuzzy Logic System

for Indoor Localisation using Wi-Fi in Ambient Intelligent Environments

Contribution of the PhD student
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Abstract—One of the important requirements for Ambient 
Intelligent Environments (AIEs) is the ability to localise the 
whereabouts of the user in the AIE to address her/his needs. The 
outdoor localisation means (like GPS systems) cannot be used in 
indoor environments. The majority of non intrusive and non 
camera based indoor localisation systems require the installation 
of extra hardware such as ultra sound emitters/antennas, RFID 
antennas, etc. In this paper, we will propose a novel fuzzy logic 
based indoor localisation system which is based on the WiFi 
signals which are free to receive and they are available in 
abundance in the majority of domestic spaces. The proposed 
system receives WiFi signals from a big number of existing WiFi 
Access Points (up to 170 Access Points) with no prior knowledge 
of the access points locations and the environment. The proposed 
system is able to adapt online incrementally in a lifelong learning 
mode to deal with the uncertainties and changing conditions 
facing unknown indoor structures with a few days of calibration 
at zero-cost deployment with high accuracy. The proposed system 
was tested in simulated and real environments where the system 
has given high accuracy (that outperformed the existing 
techniques) to detect the user in the given AIE and the system 
was able also to adapt its behaviour to changes in the AIE or the 
WiFi signals. 

I. INTRODUCTION 
An Ambient Intelligent Environment (AIE) aims to provide 

us with seamless, invisible and proactive services which adapt 
to our preferences and needs [1]. These services are performed 
by acquiring the contextual information of users and the 
environment in a nonintrusive and natural way. Hence, there is 
a need to localise the user accurately to be able to infer the user 
context and hence provide the needed services to the user(s).  

There are various localisation systems available for the 
outdoor environments like GSM/UMTS or GPS [12]. 
However, these outdoor localisation means cannot be used for 
indoor environments.  

In the recent years, there has been a good progress in indoor 
localisation systems, but most of them present problems like 
requiring time consuming calibration process, poor robustness 
or high cost of installation of new hardware equipment [19]. In 
addition, to protect the user privacy, cameras are not desired in 

AIEs. These problems cause such indoor localisation systems 
to be unsuitable to be used in AIEs where it is needed to have 
non intrusive, ubiquitous and cheap systems which do not 
necessitate the installation of expensive hardware equipment. 
In that sense, nowadays some indoor localisation systems use 
WiFi Access Points (APs) to localise the user. This alternative 
is truly ubiquitous and inexpensive since almost every modern 
dwelling has several WiFi APs installed or accessible nearby. 
WiFi is suitable to infer the location by analyzing and 
measuring the signal properties, for example using RSSI 
(Received Signal Strength Indicator). There have been several 
efforts (both commercial and academic) that used the properties 
of wireless signals for localisation (RADAR [5], Nibble [8] or 
Active Campus [15]). It was also shown by previous works [5] 
that the RSSI is usually more indicative of location than other 
properties of the signal.  

The RSSI is a measure of the power present in a received 
signal. However, the use of WiFi RSSI is subject to noise and 
uncertainty due to some problems like weather condition 
variations, artificial variations and interferences (like building 
materials or walls) or interferences with other signals like 
microwaves or Bluetooth devices [13]. Therefore, there is a 
need to have a system which is able to handle the encountered 
uncertainty, noise and imprecision. 

When using RSSI, most of the existing techniques use 
stochastic approaches to infer location [24].  However, none of 
these stochastic techniques are easily understandable by human 
beings and, in some cases, they are not able to deal with inexact 
and uncertain information. Because of that, some works such as 
[9] or [3] used fuzzy logic in order to handle the encountered 
uncertainties and provide systems whose behaviour could be 
easily understood by the users.  However, these works need to 
know the APs and their location which is not practical in most 
domestic environments where APs come and go and it is very 
difficult to know their exact locations. Without the need of 
prior knowledge of the APs, the work of Alonso et al. [4] uses 
a Fuzzy Decision Tree to obtain the position of a robot. 
Nevertheless, this system is not able to learn online and adapt 
to the highly dynamic intelligent environments.  
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As described above, the existing works are not able to work 
in the long term within real environments where the WiFi 
signals and their strengths are continuously changing and thus 
there is a need for continuous adaptation of the localisation 
systems. With this aim, we present a novel fuzzy logic system 
which is able to localise the users in an indoor environment 
using WiFi signals from a set of APs of unknown location and 
whose quantity, existence and signal strength changes 
continuously. Only a few days of training are needed to learn 
different scenarios, while no prior knowledge, new equipment 
or extra cost are required. Furthermore, the technique is able to 
automatically learn offline and online to adapt in order to deal 
with the environmental changes.   

We have compared our proposed technique with current 
techniques in the literature and we will show that our system 
outperforms the other techniques in the offline comparison. 
The system is the first system to be able to operate online and 
adapt its behaviour in an incremental and lifelong approach 
with no prior knowledge. We will show the evaluation of our 
system in a real world space where we will show the results 
achieved by our system which has produced a very good 
performance with high accuracy.  

In the following section, we will present our online lifelong 
learning fuzzy logic based system for indoor localisation using 
WiFi signals. Section 3 will presents the experiments and 
results in both simulated and real scenarios. Finally, Section 4 
presents the conclusions and future work. 

II. INCREMENTAL AND ADAPTATIVE ONLINE LIFE LONG 
LEARNING FUZZY SYSTEM 

In this work we present a novel online lifelong learning 
fuzzy logic system for indoor localisation using WiFi signals 
which provides the ability of fuzzy rules to approximate 
independent local models for mapping a set of inputs to a set of 
outputs to provide transparent and flexible representations that 
are easily adaptable and interpretable [11]. 

With the aim of being able to handle the described changes 
and problems in the WiFi signals, APs and the environment, 
the proposed system includes an offline and online lifelong 
learning process which adapts to the changes of the highly 
dynamic intelligent environments. Both fuzzy learning 
processes are described in the following subsections. 

A. The Fuzzy Offline Learning 
1) Capturing Input/Output Data: The offline approach 

initially monitors the physical location of the user in the AIE 
(room, corridor, etc.) and collects the RSSI readings from all 
the accessible WiFi APs of unknown location.  In such way, 
the system accumulates during a short period of time (less than 
a minute in each location is enough) 'snapshots' of the current 
inputs WiFi RSSI ሺݔሺ௧ሻሻ and the associated physical location in 
the AIE ܥሺ௧ሻ. Using this accumulated data, the offline approach 
learns a descriptive model for the user localisation. Therefore 
given a set of data pairs: ൫ݔሺ௧ሻ, ,ሺ௧ሻ൯ܥ ൌ ݐ  1, 2, . . . , ܰ   (1) 

where N is the number of data instances, ݔሺ௧ሻ א ܴ and  ܥሺ௧ሻ א ܴ, the offline system extracts rules which describe how 
the k output locations are related to the n input RSSI variables ݔ ൌ ሺݔଵ, … , ሻ்ݔ א  ܴ. 

2) Fuzzy Membership Functions Generation: The 
accumulated data need to be categorized into a set of fuzzy 
membership functions in order to quantify the raw crisp values 
of the RSSI of the APs into linguistic labels: “Close”, 
“Medium”, “Far” and “No Detected”. The fuzzy sets “Close” 
and “Far” are described by left and right shoulder membership 
functions, respectively. The fuzzy set “Medium” is described 
by a triangular membership. 

We have used the Fuzzy c-means clustering algorithm 
(FCM) [6] to generate the fuzzy membership functions. The 
FCM defines a set of p clustered regions over the sampled data. 
Hence, there are p centres ܿଵഥ , ܿଶഥ , … , ܿഥ defined for these 
clustered regions. The number of clusters p is predefined and, 
in our case, p was set to 3 corresponding to “Close”, “Medium” 
and “Far”. Then, the distances of each instance from each 
cluster centre is calculated and used to assign each instance 
with a degree of membership to each cluster. These fuzzy sets 
provide an appropriate granularity of the fuzzy partition when 
the APs have been detected.  

In the case of the fuzzy set "No Detected", it is described by 
a zero-one membership function, where ߤಿ ವሺݔሻ ൌ 0 ݂݅ א ݔ  ܷ  and ߤಿ ವሺݔሻ ൌ ב ݔ ݂݅ 1  ܷ and the 
interval U defines the range where the RSSI of the AP can be 
detected. Finally, another fuzzy set is needed to deal with the 
variability of the number of APs over time: “Don´t Care”. This 
variability can cause incomplete IF rules. Note that “No 
Detected” is used when the AP was not detected in a specific 
place, but it had been detected previously, whereas “Don´t 
Care” is used when no information about the AP is obtained 
that day. The "Don´t Care" membership function, ߤವ´ ೌೝሺݔሻ , is the same as the unit interval, where ߤವ´ ೌೝሺݔሻ ൌ א ݔ ݎ݂ 1 ܷ. 

3) Fuzzy Rule Extraction: The defined set of membership 
functions are combined with the existing input/output data to 
extract the rules defining the user localisation behaviour based 
on the WiFi RSSI. The fuzzy sets for the antecedents and 
consequents of the rules divide the input and output space into 
fuzzy regions. In such way, the used fuzzy rules are defined for 
the n-dimensional pattern classification problem as follows: ܴ: ݔ ܨܫଵ ݅ܣ  ݏଵሺሻ ܽ݊݀ …   ܨܥ ݄ݐ݅ݓ ܥ ݏݏ݈ܽܥ ݄݊݁ݐ ሺሻܣ ݏ݅ ݔ ݀݊ܽ

      (2) 

where ݍ ൌ ሺ1, 2, … ,  ሻ, M is the number of rules and q isܯ
the index of the rules and ݔ ൌ ሺݔଵ, … ,  ሻ் is a n-dimensionalݔ
pattern vector (the n-dimension of the problem is defined by 
the number of APs in the scenario) representing the RSSI from 
the WiFi APs.  ܣሺሻ, ݅ ൌ 1, … , ݊ is an antecedent fuzzy set for 
the i-th WiFi attribute (the i-th attribute of the rule ܴ  is the 
RSSI of the i-th AP in the scenario), ܥ  is a consequent 
location class (the possible locations in the scenario, like 
kitchen or office1). In such way, a room level granularity of 
location is used to infer the location of the user. A room level 
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granularity has been shown to provide sufficient location 
information for many AIEs applications [16]. The consequent 
classes are updated automatically from the training set and if a 
new location is added after the training phase, the online 
learning algorithm is able to update this information in the 
system. Therefore, no prior information about the structure or 
map of the building is required in this approach.  Finally, ܨܥ is 
rule confidence [18] which is explained in Step 2) below.  

The different steps involved in the offline approach are as 
follows:  

Step 1) For an input-output pair ൫ݔሺ௧ሻ, ,ሺ௧ሻ൯ܥ ,ൌ 1 ݐ 2, . . . , ܰ , compute the membership values ߤೖሺݔ ሺ௧ሻሻ  for 
each membership function ݇ ൌ 1, … , ܸ and for each input 
variable i ሺ݅ ൌ 1, … , ݊ሻ find ݇כ א ሼ1, . . . , ܸሽ, such that  ߤೖכ ൫ݔሺ௧ሻ ൯   ሺ௧ሻሻ   (3)ݔೖሺߤ 

for all ݇ ൌ 1, … , ܸ. Let the following rule be called the rule 
generated by ሺݔሺ௧ሻ, ݀݊ܽ כଵܣ ݏ݅ ଵ௧ݔ ܨܫ :ሺ௧ሻሻ: ܴܥ … ௧ݔ ݀݊ܽ  ሺ௧ሻ  (4)ܥ ݏݏ݈ܽܥ ݄݊݁ݐ כܣ ݏ݅ 

For each input variable ݔ  there are V fuzzy sets ܣ, ݇ ൌ1, … ܸ , to characterise it; so that the maximum number of 
possible rules that can be generated is ܸ. However given the 
dataset only those rules among the ܸ  possibilities whose 
dominant region contains at least one data point will be 
generated. In Step 1) one rule is generated for each input–class 
pair, where for each input the fuzzy set that achieves the 
maximum membership value at the data point is selected as the 
one in the “IF” part of the rule, as explained in (3). The firing 
strength of the generated rule is calculated as follows:  ݓሺ௧ሻ ൌ  ∏ ሻሻୀଵݐ ሺݔሺߤ   (5) 

The firing strength of a rule ݓሺ௧ሻ  is a measure of the 
strength of the points ݔሺ௧ሻ  belonging to the fuzzy region 
covered by the rule.  

Step 2) Step 1) is repeated for all the t data points from 1 to 
N to obtain the N data rules in the form of (2). Due to the fact 
that the size of the training set can be quite large consisting of 
many similar instances, the rule base can also be quite large 
and it can have many rules which are conflicting. That is, rules 
with the same antecedent fuzzy sets but different consequent 
values. In this work, a confidence grade of a rule, ܨܥ, is used 
to resolve these conflicts. The confidence grade of a rule can be 
thought as the degree of belief for that rule or a measure of the 
validity of the rule [20]. In such way, in this step each rule ܴ 
is weighted with a confidence grade ܨܥ. Then, if a new input 
causes several rules to be fired with different consequent 
classes, the confidence of the rule will be used to determine 
which rule is the most reliable to classify this input.  

The N rules are divided into groups, with rules in each 
group sharing the same “IF” part. If we assume that there are H 
such groups, let group l have ܰ  rules. Then, each group l is 
divided into groups, with rules in each group sharing the same 
consequent ܥ. If we assume that there are G such groups, let 
group b have ܰ rules. Thus, each rule in a group b shares same 

“IF” part and same consequent. In such way, the confidence of 
the fuzzy rule ܣ ֜ ܨܥ : is defined as [18]ܥ ൌ ܿ ൫ܣ  ֜ ൯ܥ  ൌ  ∑ ௪ሺ್ሻಿ್సభ∑ ௪ሺೠ ሻಿೠసభ    (6) 

where the consequent of the group b is ܥ , ݁ ൌ 1, … , ܰ , 
and ݐ  is the index for the data points in the group b. And ݑ ൌ 1, … , ܰ , and ݐ௨  is the index for the data points in the 
group l.   

Step 3) The rule base is created in the previous step and, 
therefore, the system is able to use it to classify a new input ሺݔଵ, … , ሻ்ݔ  to map it to a specific location. In this step, when 
a new input ݔሺ௧ሻ  arrives, the system computes its compatibility 
grade with each rule ܴ  in the rule base by the firing of the 
rule, ݓሺ௧ሻ. If ݓሺ௧ሻ  0 the rule q will be fired. Then, the single 
winner method is used for classifying the new input as it is 
described in [18]. Therefore, for each new input ݔሺ௧ሻ, ,ൌ 1 ݐ 2, . . . , ܰ, the system measures its compatibility grade ݓሺ௧ሻ  
with each rule ݍ ൌ 1, … , כݍ and finds ܯ א ሼ1, . . . , ሺ௧ሻכݓ  ሽ, such thatܯ · כܨܥ  ሺ௧ሻݓ  · ݍ        for allܨܥ ൌ 1, … ,  (7)  ܯ

Finally, the consequent of the class of the winner rule ܴכ 
will be the classification of the input ݔሺ௧ሻ. Note that if no rule is 
fired, the input will be rejected and no classification will be 
made. 

Step 4) In the previous step, if none of the existing rules is 
fired for an input, it will be rejected. Considering that even a 
small scenario can have a high number of APs (around 50) and 
this problem is 4  for an n-dimensional pattern classification 
scenario with n APs, it is unfeasible to have all the fuzzy rules 
corresponding to all the combinations of the antecedent fuzzy 
sets. Therefore, it is possible that in Step 3) there are a lot of 
misclassifications, i.e., rejected inputs. In order to solve this 
problem, a new approach based on similarity of fuzzy rules is 
proposed in this work.  It is based on a function distance 
measured between the incoming inputs and the existing rules, 
where no prior information is needed.  

Hence, if a new input  ݔሺ௧ሻ is misclassified, the similarity 
process is initiated. In this process the compatibility grade of 
the input  ݔሺ௧ሻ with each rule ܴ  is measured using similarity. 
The most similar rule is chosen to classify the input.  For each 
misclassified input  ݔሺ௧ሻ in Step 3), its membership values are 
computed according to (3), where the fuzzy set that achieves 
the maximum membership value at the data point is selected: ܣכሺݔ ሺݐሻሻ , where ݇ ൌ 1, … , ܸ  and ݅ ൌ 1, … , ݊ . Hence, we 
obtain a rule for the input ݔሺ௧ሻ  where its antecedent part is 
written as follows: ݔ ܨܫଵ௧ ݅ܣ ݏଵכ ܽ݊݀ … ௧ݔ ݀݊ܽ  (8)  כܣ ݏ݅ 

The similarity between the antecedents of the generated 
rule by the input ݔሺ௧ሻ  and each rule ܴ  is measured as a 
function distance ु ሺܣכ, ሺሻሻܣ  which measures the distance 
between each ܣכሺݔ ሺݐሻሻ and the i-th antecedent of the “IF” 
part of that rule using the difference between the linguistic 
labels which are coded. For example, the difference between 
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the linguistic labels “Close” and “Medium” is ु ሺ"Close", "Medium"ሻ ൌ 1 , and in the same way for ु ሺ"Medium", "Far"ሻ ൌ 1, ु ሺ"Far", "No Detected"ሻ ൌ 1 and ु ሺ"No Detected", "Don´t Care"ሻ ൌ 1. In the case of “Close” 
and “Far” is ु ሺ"Close", "Far"ሻ ൌ 2 and so on. 

When the distances are measured, the similarity between 
the rule created by the input ݔሺ௧ሻ with each rule ܴ is calculated 
as: 

࣭൫ݔሺ௧ሻ, ܴ൯ ൌ ∑ ቌଵି  ु ൬ಲሺሻ,ಲሺሻ൰ೇషభ ቍసభ    (9) 

where ࣭൫ݔሺ௧ሻ, ܴ൯ א  ሾ0,1ሿ, V is the number of fuzzy sets 
and ݅ ൌ 1, … , ݊, where n is the number of RSSI values of the 
inputs which is the number of antecedents of the rule, i.e. n-
dimensional problem. 

Therefore, in this step, when a misclassification is produced 
by the input ݔሺ௧ሻ , the system computes the similarity ࣭൫ݔሺ௧ሻ, ܴ൯ for each rule ܴ, ݍ ൌ 1, … , ,כand finds ܴ ܯ כݍ ,ሼ1א  . . . , ,ሺ௧ሻݔሽ, such that  ࣭൫ܯ ܴכ൯   ࣭൫ݔሺ௧ሻ, ܴ൯  for all ݍ ൌ 1, … ,  (10) ܯ

Finally, the consequent of the rule ܴכ  will be the 
classification of the input ݔሺ௧ሻ. 
B. Incremental Online Learning 

The offline algorithm is able to use the RSSI to predict 
locations with no prior information and to handle noise and 
uncertainties in the short term. However, over a long period of 
time, some changes can occur like discovering new APs 
different from the APs learnt or changes in the environment 
(change in the structure, APs, interferences, etc). The offline 
algorithm is not able to handle them. Because of that, the 
algorithm needs to be modified to provide adaptation of the 
system over time. In order to solve these problems, an online 
incremental lifelong learning is proposed in this work.  

From the offline learning a fuzzy rule base ܵ ൌሼܴଵ, … , ܴெሽ is available to classify the location. Then, when a 
new day starts, the conditions may have changed and the 
system is adapted by triggering the online learning.  In such 
way, when a new input is received its set of APs could have 
changed. Then, for an input data ݔ ൌ ൫ݔଵ, … , ൯ݔ א  ܴ , g 
input WiFi RSSI variables are received based on the new input. 
Therefore, now a g-dimensional pattern vector is received and 
the rule base is n-dimensional. Hence, some changes are 
needed to classify using the process described in Step 3) of the 
offline learning. 

Firstly, a new fuzzy rule base S' is created to represent the 
current information in the environment. This rule base is 
created as a copy of the original rule base S. Each rule ܴ௭ א  ܵ, 
where ݖ ൌ ሺ1, 2, … , ܻሻ, Y is the number of rules in S' and z the 
index of the rules, is changed to reflect the new conditions. Let א ܣ  ܴ  be the set of AP identifiers in the rule base S' and א ܤ  ܴ is the set of AP identifiers in the input. Then, for each 
AP identifier in B not included in A, a new antecedent is added 
to each rule with the value “Don´t Care” (i.e. the rule was 

incomplete regarding the new APs). When all the rules have 
been updated, the confidence of the rules in S' is calculated 
following (6). 

Secondly, the new input ݔ ൌ ൫ݔଵ, … ,  ൯ also needs to beݔ
adapted. In such way, the membership values of the input are 
computed according to (3) and then, for each AP identifier in A 
not included in B, a new fuzzy set is added to the input with the 
value “Don´t Care”. 

After both updates, the rule base S' and the new input have 
the same dimension, let call this a f-dimension, where f is given 
by the new number of APs. Therefore, the system is able to 
classify using the same process than in the offline learning, but 
using the rule base S'.  

However, note that new information in the scenario is 
available from the new APs and, hence, this information can be 
learnt by the system and used to improve the classification. In 
this work two kinds of learning are introduced to learn the new 
information: non-automatic learning (if there is intervention of 
the user) and automatic learning (if the user does not interact 
with the system).  

Three new structures are used in these learning processes: 
two temporal fuzzy rule bases (fuzzy rule base of fails ܵி௦ ൌ൛ܴி௦భ , … , ܴி௦ೌൟ, a = 1,..., Q, Q is the number of rules in ܵி௦  and fuzzy rule base of success 
( ௌܵ௨௦௦ ൌ ൛ܴௌ௨௦௦భ , … , ܴௌ௨௦௦ൟ, ݀ ൌ 1, . . , ܧ , E is the 
number of rules is ௌܵ௨௦௦ and d is the index of the rules) and a 
sliding window (W).   

1) Non-automatic learning: This learning is raised when the 
user interacts with the system. That means that the user notifies 
a wrong classification to the system. A wrong classification in 
the system can be caused by an error in the fuzzy rule based 
system or by an error in the process of similarity caused by a 
misclassification. Both cases are different and, therefore, they 
are handled in different ways. 

If an input ݔሺ௧ሻ is classified by the similarity process and 
the user notifies an error in this classification, that means that 
there was not enough information and because of that, no rule 
was fired and the similarity process was applied. In such case, 
the similarity process classified the input ݔሺ௧ሻ  by the most 
similar rule to the input. Let such rule be called ܴ௭ , where ܴ௭ א  ܵԢ . Furthermore, the user is notified about the wrong 
classification and that the right class should be ܥ . Then the 
system creates a new rule in the rule base ܵி௦ to reflect this 
new information. Following Step 1) of the offline learning for 
rule regeneration, a new rule is generated by ሺݔሺ௧ሻ, ݀݊ܽ כଵܣ ݏ݅ ଵݔ ܨܫ :ሻ: ܴܥ …   ܨܥ ݄ݐ݅ݓ ܥ ݏݏ݈ܽܥ ݄݊݁ݐ כܣ ݏ݅  ݔ ݀݊ܽ

(11) 

where ܽ ൌ ሺ1, 2, … , ܳሻ, Q is the number of rules in ܵி௦, a 
is the index of the rules. Furthermore, ܴ א  ܵி௦  ሻ൯ is the maximum membership value achieved at theݐ ሺݔ൫כܣ ,
data point, ݇ ൌ 1, … , ܸ  and ݄ ൌ ሺ1, … , ݂ሻ , where f is the 
dimension of the pattern vector which represents the RSSI from 
the WiFi APs. The consequent of the rule is the class which 
was notified by the user as right for this input, ܥ. Finally, the 
confidence of the rules in ܵி௦  is recalculated as in (6) for 
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each rule in ܵி௦ . Notice that ܥ  can be one of the existing 
locations, where ܥ א   ܴ , or a new one defined by the user 
(e.g. a change in the structure of the building) and, then, the 
new location will be included in ܴ. 

Then, when another new input arrives, the system uses the 
rule base ܵி௦ to classify and if no rule is fired, the rule base 
S’ will be used as usual. This process enables the system to 
correct immediately the error and use the new information for 
the following classifications.  

On the other hand, if an input ݔሺ௧ሻ is classified by a fired 
rule ܴ௭ in the rule base S’ and the user notifies an error in this 
classification, a non-automatic learning is also produced. 
However, in this case, the fired rule ܴ௭  is introduced in the 
sliding window W. We take a sliding window of Մ fired rules. 
Each rule in the window is recorded as a triple ሼܴ௭, ,ܥ आሽ, 
where ܴ௭ א  ܵԢ, ܥ is the right consequent notified by the user 
and आ is the number of times that the rule has produced this 
error. In such way, if the user notifies an error with the right 
consequent ܥ  and the error was produced by a fired rule ܴ௭ א  ܵԢ, the system will check if the pair ሺܴ௭,  ሻ was alreadyܥ
in W. If this is the case, आ will be incremented by one unit. 
Otherwise, the triple ሺܴ௭, ,ܥ 1ሻ will be introduced in W.  

Each time that a new triple is introduced in W, a process of 
window updating is performed. The oldest triple ሼܴ௭, ,ܥ आሽכ in 
W is checked. If its आ value is higher than ऀ, the consequent of ܴ௭ is updated for ܥ in S'. Otherwise, if the आ value is lower, 
no updating will be performed and the error will be forgotten. 
This process, called “learning inertia” [11], prevents the system 
from adapting its rules in response to “one off” user actions 
that do not reflect a marked change. Here, we consider that ऀ ൌ 3 means a real change. 

2) Automatic learning: In this kind of learning, it is 
considered that the classification was right because the user 
does not notify an error. However, if the classification was 
made by the similarity process, new information can be 
obtained (the similarity process is used if there is not enough 
information). The system learns new information as follows.    

Let the rule which was used to classify the input ݔ ൌ൫ݔଵ, … , ൯ݔ  by the similarity process be called ܴ௭  (the most 
similar rule to the input), where ܴ௭ א  ܵԢ  and ܥ௭  is the 
consequent class of the rule ܴ௭  which was used to classify. If 
the user does not notify an error, a right classification is 
considered and the system will create a new rule in the rule 
base ௌܵ௨௦௦.  Then, following Step 1) of the offline learning 
for rule regeneration, the new rule is generated by ሺݔሺ௧ሻ, ݀݊ܽ כଵܣ ݏ݅ ଵݔ ܨܫ :௭ሻ: ܴௗܥ … ,כܣ ݏ݅  ݔ ݀݊ܽ  ௗܨܥ ݄ݐ݅ݓ ௭ܥ ݏݏ݈ܽܥ ݄݊݁ݐ

(12) 

where ݀ ൌ ሺ1, 2, … ,  ሻ, E is the number of rules in ௌܵ௨௦௦ܧ
and d is the index of the rules. Furthermore, ܴௗ א  ௌܵ௨௦௦ כܣ , ቀݔ ሺݐሻቁ is the maximum membership value achieved at the 
data point, ݇ ൌ 1, … , ܸ, ݆ ൌ ሺ1, … , ݃ሻ and the consequent ܥ௭   
of the rule is the consequent of ܴ௭. Finally, the confidence of 
the rules in ௌܵ௨௦௦  is recalculated as in (6) for each rule in ௌܵ௨௦௦. This process enables the system to learn situations not 

captured by the existing rules and create new rules that reflect 
these conditions to be used in the following classifications.  

Both non-automatic and automatic learning add rules to the 
rule base of fails, ܵி௦ , or to the rule base of successes, ௌܵ௨௦௦. Besides, it could have modified the rule base S’ by the 
sliding window W and the discovery of new APs. Hence, at the 
end of the day, this new information is updated in the original 
rule base S. All the rules in S’, ܵி௦ and ௌܵ௨௦௦ are combined 
into S and the temporal structures ܵி௦ , ௌܵ௨௦௦  and S’ are 
cleaned.  

With the incremental online learning described, the system 
is able to change both existing rules as adding new rules. This 
allows rules to continue operating even if there are changes in 
the APs or in the environment conditions. Furthermore, even if 
there is a situation in the environment which is not captured by 
the existing rules, the system will automatically create new 
rules that satisfy the new conditions. Hence, the system adopts 
life-long learning, where it adapts to the environmental changes 
while a zero cost and easy deployment is kept. 

III.  EXPERIMENTS AND RESULTS 
This section presents the experiments and results performed 

to validate our proposal. The experiments are made, firstly, 
using a simulator of intelligent and ubiquitous environment, 
UbikSim [7], and then, we report our experiments in real world 
settings. In the following subsections, we will describe these 
experiments and show the feasibility of the proposal. 

A.  Simulation Experiments  
The use of the UbikSim simulator (shown in Fig. 1) as a 

first phase provides an easy and low cost solution to test and 
validate the system after its deployment on the real world. 
UbikSim includes tools to simulate the physical environment 
(building, sensors, WiFi APs, etc.) and humans able to move 
through the environment [14]. 

a) b) 

Figure 1.  a) Home b) Office block 

Two different scenarios have been simulated using 
UbikSim: one small to test the system and its ability of learning 
and a second one more complex. The first scenario represents a 
typical house (see Fig. 1a)) where an AP is located in each 
room and the corridor does not have any AP. The second 
scenario (see Fig. 1b)) is an office block which contains 73 
places (rooms, offices and facility rooms) where 41 APs are 
placed in 41 of these places. 

Finally, a simple model of the WiFi signal is set to simulate 
the signal propagation. The strength of the signal of the AP 
decreases by a factor randomly selected from an interval which 
depends on the distance between the AP and the receiver. 
Therefore, the RSSI is smaller when the distance between the 
AP and receiver is bigger. In order to achieve a more realistic 
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model, a Gaussian noise is added to the signal to simulate the 
variability of the RSSI and some values randomly are removed 
to simulate signal-loss.  

In this stage of the experiments, only the offline learning is 
used since the simulated environment does not change, 
nevertheless a 6% of noise was introduced. Our proposal is 
compared with two decision tree algorithms (J48 [21] and 
REPTree [23]) and with two decision rule algorithms (JRIP 
[10] and PART [22]), which use crisp values in the rules. These 
algorithms are chosen because they are classical techniques 
which have been proven to show good results in this kind of 
problems. Furthermore, these algorithms share similar features 
with our approach, like the use of rules and a higher 
understandability than other kind of techniques. Other 
techniques were tested (such IBk [2], Naïve Bayes, Bayesian 
Network or OneR [17]). However, the techniques we will 
compare against obtained better results and hence we will 
compare only with these techniques in the paper due to the 
space constraints.  

Table 1 and Table 2 summarize the results for the simulated 
home and the building block respectively.  Both tables describe 
the percentages of success, errors, not classified instances, size 
of the model (number of rules in the rule algorithms and 
number of nodes in the decision tree algorithms) and finally, 
the time taken to build the model. Note that in the experiments 
an error in the classification means a fail in the prediction 
location. Other measures which take into account the distances 
between rooms could be considered. Nevertheless, it will 
depend on the level of granularity required for the AIE. As 
described above, a room level granularity is considered 
sufficient in most AIEs systems [16]. 

TABLE I.  RESULTS OF SIMULATED HOME 

Algorithm Success Errors No 
classifies Size Time 

(ms) 
Fuzzy Based 
System  81,21% 18,79% 0% 665 1,05 

Fuzzy Based 
System without 
Similarity 

79,9% 15,04% 5 % 665 1,03 

J48 80,86% 19,14% 0 % 53 0.13 

REPTree 79,71% 20,29% 0 % 43 0.15 

JRIP 80,30% 19,70% 0 % 12 2.24 

PART 80,60% 19,44% 0 % 27 2.04 

TABLE II.  RESULTS OF SIMULATED BUILDING 

Algorithm Success Errors No 
classifies Size Time 

(ms) 
Fuzzy Based 
System  82,06% 17,94% 0 % 1065 3.55 

Fuzzy Based 
System without 
Similarity 

77,30% 15,92% 6,78 % 1065 3.51 

J48 81,71% 18,29% 0 % 661 1.33 

REPTree 78,51% 21,49% 0 % 215 70.4 

JRIP 77,07% 22,93% 0 % 419 37.99 

PART 81,38% 18,62% 0 % 9185 23.98 

From the results, the best performances are obtained by our 
system (using the idea of similarity described), J48 and PART, 
while the other techniques show worse results and longer times 
to build their models. A longer time to build the model is also 
taken by PART algorithm which makes impossible to use it in 
real environments. Among the best three algorithms, our 
system obtains the best results. However, although J48 and 
PART algorithms have as good performance as our approach, 
they are less understandable. Furthermore, unlike our proposal 
both J48 and PART are not able to learn and adapt online to 
changes of the environment, which is needed in real 
environments. Therefore, the results show that our technique is 
able to classify the location and obtain as good results as the 
other techniques while being build in a relatively fast time and 
maintaining the understandability of the system. 

B.  Real World Experiments 
The simulation assumes behaviours that are not always true 

in the real world. Therefore, real world experiments were 
needed to validate the technique thoroughly.  

In the real experiments, the collected data is defined as 
follows. Every time the system is launched, a new set A to 
contain the different APs and their RSSIs is created and 
initialised. Every time new information is retrieved from the 
system, a ‘snapshot’ of all the APs with their RSSI seen so far 
is recorded. Note that due to the features of RSSI, it is not 
possible to differentiate between a lost AP and an AP which is 
running but the signal is too low to be discovered. Because of 
that we record it but with RSSI equivalent to zero. Therefore, 
to the system, APs can disappear only when the application is 
re-launched, which is done once a day. 

The real world experiments were performed in the iSpace in 
the University of Essex, UK. The iSpace is an intelligent 
apartment acting as a test bed for AIEs [11] (see Fig. 2). The 
rooms are small and very close to each other, which leave little 
distance between each room. Furthermore, there are a lot of 
interferences due to the big number of APs (from 70 to 90 
APs), other localisation systems and some metallic walls which 
cause signal reflection. 

Figure 2.  iSpace 
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Figure 3.  Desktop predictor software 

Fig. 3 shows the software program used to capture input 
data, which allows the system to perform the offline and online 
training. It also shows the output data which permits the user to 
interact with the system (in the right part the user can notify the 
right location if there was an error, or even introduce new 
locations). Finally, the output is used to validate the system.  

1) Offline Experiments: Firstly, the offline technique was 
tested over the real scenario in order to determine if it is able to 
handle the features of the real world without the online 
learning. In such way, the collected data for the experiments 
were collected in the same day where 2/3 of the data were used 
for training and the rest 1/3 for testing. Table 3 describes the 
obtained results. Like the simulated experiments, our proposal 
was compared with other traditional techniques, however J48 is 
the only technique which obtained good results in a reasonable 
time. 

TABLE III.  OFFLINE RESULTS 

Technique %Success 

J48 75,57 % 

Fuzzy Based System 76,40 % 

The results show that our technique outperforms the 
J48.These experiments are performed using data from one day. 
However, experiments using a different data set from different 
days to train and test the system show that the results get worse 
down to 10%. This worsening happens because the offline 
technique is not able to handle new APs and environmental 
changes. Hence, online learning is needed in order to provide a 
good performance over a long period. 

2) Online Experiments: This subsection describes the 
experiments over the real world to validate if the whole 
technique was able to learn over time and adapt to the changes. 
The experiments were carried out using different data sets from 
different days obtained over a period of one month. In the 
iSpace, after 8 days the system gets stable and no more training 
data is needed. 

The experiments are performed as follows. A fixed offline 
learning data set, ܵܦ , is used for all the tests (the data set 
obtained the first day). After this first day, a period of 19 days 
is given without taking data to check the performance after a 
period without learning. Then, different data sets in the 
following days are collected to test the online learning: 

ሼܵܦଵ, ,ଶܵܦ . . . ఈܵܦ ధିଵሽ, where eachܵܦ  is the data set collected 
the α-th day and is taken a day after the data set ܵܦఈାଵ, and ߙ ൌ  1, . . . ߸ , where ߸  is the day in which the system gets 
stable. Hence, data sets are collected until the system gets 
stable. Finally, the data set of the day in which the system gets 
stable, ܵܦధ , is used to validate the system each day. Using 
these data sets different tests are performed. In all tests the data 
set ܵܦ is used for the offline learning and the last collected 
data set  ܵܦధ is used to validate the system. 

In such way, in the first test (Test 1) only offline learning is 
made using ܵܦ and then, the system is validated using the data 
set ܵܦధ. In the second test (Test 2) the offline learning is made 
using ܵܦ  and then, an online learning is made using ܦ ଵܵ , 
finally, the validation is made using ܵܦధ. In the third test (Test 
3), the offline learning and the validation are made in the same 
way than the previous tests, but two online learning are made 
using ሼܦ ଵܵ,  ଶሽ. Therefore, each test incrementally adds oneܵܦ
more online learning data set as follows: 

ఉݐݏ݁ܶ    ൌ ሻܵܦሺ݃݊݅݊ݎ݈ܽ݁ ݈݂݂ܱ݁݊݅    ܱ݈݊݅݊݁ ݈݁ܽ݃݊݅݊ݎ ൛ܵܦଵ, … , ܦ ఉܵିଵൟ    ధሻ     (13)ܵܦሺ ݊݅ݐ݈ܸܽ݀݅ܽ 

where ߚ ൏  ߸ . Finally, a last test is made to check the 
performance of the system after a long period without any 
update, i.e. since the stabilization of the system. Then, a new 
data set is taken two weeks after the day in which the last data 
set, ܵܦధ, was taken. The new data set is used to validate the 
system. Results of these tests are shown in Fig. 4. 

 
Figure 4.  Online learning 

From the results, it is clear that in Test 1 a low success rate 
is obtained. As we described above, Test 1 is performed using 
only the offline learning and then, it is validated with the data 
set ܵܦధ. Therefore, the system has not been updated for more 
than a month. In the following tests, the system continues 
learning using the online learning. In fact, the system improves 
until it gets 76.47% in the iSpace. 

Finally, two weeks after these experiments, the last test was 
made in order to check the performance after a long period of 
time without updating the system. The system reached 77.22% 
in the iSpace. In fact, the system is able to stabilize with a very 
good accuracy.  

It is clear that the system has learnt and adapted to medium-
term changes over time and is able to provide a good 
performance in a long-term when abrupt changes occur using 
online-learning. Despite the real world presents some 
difficulties such as noise or changes in APs, the obtained 
results are very promising, obtaining a good success rate. 
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IV.  CONCLUSIONS AND FUTURE WORK 
This paper has presented a novel fuzzy online learning and 

adaptation localisation system for indoor environments using 
WiFi RSSI.  The system provides a zero cost solution which 
uses the deployed WiFi APs with a short training period and 
with no knowledge about the APs and its location. The system 
is able to adapt and handle short and long term uncertainties 
and environmental changes in a lifelong learning mode.  

A novel similarity process is presented here to deal with the 
problem of having a high number of APs. This process allows 
the system to continue classifying when the environmental 
conditions change, even if there are no rules corresponding to 
this new situation.  Furthermore, in order to provide a lifelong 
localisation solution a novel online learning is also presented. 
Online learning is able to extend the rule base to adapt 
unobtrusively the system to new environment conditions. The 
overall solution provides high accuracy at zero cost in real 
world living spaces. 

With the aim to show the feasibility of our proposal, we 
have performed different experiments in simulated 
environments as in real AIEs like the iSpace in the University 
of Essex. The performance of our system is compared with 
other approaches and we have shown that our proposal 
outperforms the other techniques while being able to operate 
online in a long term mode to learn and adapt to changes of the 
environmental conditions.  

The system provides a truly ubiquitous solution with high 
accuracy, good resilience to changes and a low cost and easy 
deployment which can be used in very different scenarios of 
ambient intelligence. Among our future works more 
experiments in different scenarios are included. In fact, we are 
currently testing the system over a domestic apartment in the 
town centre and in an office block. Both scenarios cover two 
very different environments regarding location and number of 
APs. Preliminary results show a very good performance with a 
high accuracy. Other future works include extending the 
current system, which is based on a type-1 fuzzy system to a 
type-2 fuzzy system. This extension provides a more 
appropriate framework for modelling and handling the short 
and long uncertainties arising in WiFi environments. 
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