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INFORMAN: 
 
Que los artículos [1], [2], [3] y [4] incluídos en la tesis doctoral titulada: “Wireless Sensor 

Networks for Ambient Intelligence: Contributions in  the Sensing and Computing 

Layers ”, presentada  por D. Francisco J. Fernández Luque , bajo la dirección de los 

Doctores D. Juan Zapata Pérez y D. Ginés Doménech Asensi engloban 

satisfactoriamente el trabajo de investigación relacionado con la mencionada tesis.  

El objetivo general es lograr avances significativos, en eficiencia y prestaciones, en las 

tecnologías aplicadas para la captación sensorial en sistemas de inteligencia ambiental, y 

en particular, en sistemas de asistencia a la vida en el hogar (o Ambient Assisted Living, 

AAL). Para alcanzar este objetivo general se han debido de alcanzar una serie sub-

objetivos, que se enumeran a continuación: 

a. Refuerzo de la información de contexto mediante el uso de sensores inalámbricos 

portátiles. 

b. Compresión de la información sensorial a nivel de nodo sensor.  

c. Detección de presencia en cama o sillón: Mejora de la fiabilidad.  

d. Detección de actividad: Identificación de parámetros de interés. 

e.  Mejora de prestaciones mediante integración microelectrónica. 

 

El artículo “A system for ubiquitous fall monitoring at home via  a wireless sensor 

network and a wearable mote ” [4], recoge aquellos resultados y conclusiones 

fundamentales concernientes al sub-objetivo a. El artículo “An energy efficient 

middleware for an ad-hoc AAL wireless sensor networ k” [1], recoge en su totalidad 

las conclusiones y resultados concernientes al subjetivo b. Los artículos “Ambient 

Assisted Living System with Capacitive Occupancy Se nsor ” [2] y “EMFi-based low-

power occupancy sensor ” [3], recogen los resultados y  principales aportaciones del 

objetivo c.  Los resultados y principales aportaciones a los objetivos d y e son recogidos 
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tan claro dónde está la ĺınea entre la cŕıtica constructiva y el capricho de estilo.
Gracias por todos tus consejos y por hacer que todo me parezca más acome-
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Fuera del ámbito profesional, agradezco, sin duda, a mi familia. Mis padres
y hermana, que me han querido, cuidado y ayudado durante lo que llevo de
vida; gracias a los cuales, en gran medida, soy la persona que soy. Carmen, mi
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Abstract

This thesis deals with the field of Ambient Assisted Living (AAL), a branch of
Ambient Intelligence (AmI) which aims to offer assistance to home life through
artificial intelligence techniques. The overall objective of this thesis is to achieve
significant advances in efficiency and performance in technologies that are ap-
plied for sensing in this field. These technological advances affect to several
aspects and levels within the sensory layer of AAL systems, resulting in a set
of specific objectives: (1) Reduction of the event transmissions by means of
sensory signal pre-processing and data fusion. (2) Occupancy detection in bed
or seat: improving the performance and reliability. (3) Context information
reinforcement by means of wearable sensors. (4) Motion detection: pattern
recognition and signal classification. (5) Performance enhancement through mi-
croelectronic integration. The work carried out during the research time has
resulted in several contributions related to the specific objectives of this thesis.

Regarding objective (1), a new middleware has been designed which incor-
porates a state machine that introduces a new level of abstraction, generating
more elaborated information. By means of the new level of abstraction, a
large number of transmissions associated with irrelevant events, generated dur-
ing transients in the ambient context, are eliminated. An AAL-specific ACK
mechanism has also been proposed.

In order to reach objective (2), AAL system features have been improved
by means of a new occupancy sensor. This new design has been enabled by the
characterisation of a new model for the EMFi transducer. Besides, an adaptive
thresholding method has been proposed for load transducer-based occupancy
sensors. This method has been demonstrated to get better classification hit
rate and error margin than the fixed threshold method.

A new method has been proposed which uses a mixed (fix and wearable)
set of sensors, in order to meet objective (3), by incorporating an optional
accelerometer-based wearable sensor. Moreover, a prototype of this wearable
sensor has been designed, implemented and tested.

Objective (4) has been approached by developing a method for classification
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of PIR sensor signals, regarding speed and distance between the subject and
a sensor array. This method allows to get compact devices that perform local
computation and are able to efficiently transmit context information from a
middle abstraction level.

Finally, regarding objective (5), a low power CMOS 4th order bandpass filter
for PIR sensors has been developed. Results were obtained from schematic level
simulation, achieving very low power consumption and a value of integrated
noise which is acceptable for the pointed application.



Resumen

La presente tesis se enmarca en el campo de la asistencia a la vida en el ho-
gar (del inglés Ambient Assisted Living, AAL), una rama de la inteligencia
ambiental que trata de mejorar la vida en el hogar mediante técnicas de inte-
ligencia artificial. El objetivo global de la tesis es lograr avances sigificativos
en eficiencia y prestaciones en las tecnoloǵıas aplicadas para la sensorización
en este campo. Estos avances tecnológicos afectan a varios aspectos y niveles
dentro de la capa de captación sensorial de estos sistemas, resultando en una
serie de objetivos espećıficos: (1) Reducción del número de transmisiones me-
diante pre-procesamiento de la señal sensorial y fusión de datos. (2) Detección
de ocupación en cama o sillón: mejora de las prestaciones y la fiabilidad. (3)
Refuerzo de la información contextual mediante el uso de sensores portables.
(4) Detección de actividad: reconocimiento de patrones y clasificación de señal.
(5) Mejora de las prestaciones mediante integración microelectrónica. El traba-
jo llevado a cabo durante el periodo de investigación ha resultado en diversas
contribuciones sobre los objetivos de la tesis.

Con respecto al objetivo (1), se ha diseñado un nuevo middleware que in-
corpora una máquina de estados que introduce un nuevo nivel de abstración,
generando información más elaborada. De esta forma, se ha eliminado un gran
número de transmisiones asociadas a eventos irrelevantes, generados durante
transitorios en el contexto ambiental. Se ha propuesto, a su vez, un mecanismo
de asentimiento espećıfico para AAL.

Para alcanzar el objetivo (2), se han mejorado las prestaciones del siste-
ma AAL mediante un nuevo sensor de ocupación. Este nuevo diseño ha sido
posible gracias a la caracterización de un nuevo modelo para el transductor
basado en EMFi (ElectroMechanical Film). Por otro lado, se ha propopuesto
un método de umbralización adaptativo para los sensores de ocupación basados
en transductores de peso.

Se ha propuesto un método que emplea un conjunto mixto de sensores (fijos
y portables), en cumplimiento del objetivo (3), incorporando un sensor opcional
basado en acelerómetros. Además, se ha implementado y testado un prototipo
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del nodo sensor portable.
El cumplimiento del objetivo (4) ha sido aproximado mediante el diseño

de un método de clasificación de señales de sensores PIR (Passive InfraRed),
atendiendo a la velocidad y distancia entre el sujeto y un sensor múltiple. Este
método permite obtener dispositivos compactos que llevan a cabo computación
local y son capaces de transmitir información contextual de nivel de abstracción
medio de una forma eficiente.

Finalmente, atendiendo al objetivo (5), se ha desarrollado un filtro CMOS
(Complementary Metal-Oxide-Semiconductor) pasa-banda de 4º orden con bajo
consumo para sensores PIR. Los resultados de simulación obtenidos a nivel de
esquemático han presentado muy bajo consumo y un nivel de ruido integrado
aceptable para la aplicación señalada.
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Preface

To those who seek a fairer world:
‘First they laugh at you, then they
ignore you, then they attack you,
then you win.’

Mahatma Gandhi (1869–1948)

Motivation

There is a great demand, in both the public and the private sector, to take
the actions needed to expand the uses of electronic devices, assistance and
monitoring software, and home health communication technologies, in order
to provide assisted living and health care to those in need. Information and
communication technologies (ICT) can be used to assist and monitor elderly,
disabled, and chronically ill individuals in the home. In this way, their quality
of life could be improved, as well as the health care outcomes.

Assisted living technologies are useful for people needing assistance with
activities of daily living (ADLs) but wishing to live independently as long as
possible. Assisted living exists to bridge the gap between independent living
and nursing homes. Residents in assisted living centres are not able to live by
themselves but do not require constant care either. Assisted living facilities
offer help with ADLs such as eating, bathing, dressing, laundry, housekeeping,
and assistance with medications. Many facilities also have centres for medical
care; however, the care offered may not be as intensive or available to residents
as the care offered at a nursing home. Assisted living is not an alternative to a
nursing home, but an intermediate level of long-term care appropriate for many
seniors. Increasing health care costs and an ageing population are placing signif-
icant strains upon the health care system. Small pilot studies have shown that
meeting seniors needs for independence and autonomy, coupled with expanded
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use of home health technologies, mitigate against the previous circumstances,
and provide improved health outcomes. Difficulty with reimbursement policies,
governmental approval processes, and absence of efficient deployment strategies
has hampered adopting such technologies.

This dissertation deals with the field of ambient assisted living (AAL), a
branch of ambient intelligence (AmI), in which the doctoral candidate has
worked for the last few years, participating in several research projects. AAL
aims to offer assistance to home life through artificial intelligence techniques.
AAL projects seek to develop devices to detect themselves behaviour patterns
of users and use them to perform warning actions when there are significant
changes in these patterns or evident indications of domestic accident are de-
tected.

Background

Since year 2007, the Departamento de Electrónica, Arquitectura de Computa-
doras y Proyectos in the Universidad Politécnica de Cartagena (UPCT) works
in the development of AAL systems. These developments have been promoted
by the company Ambient Intelligence & Interaction SLL (Ami2), from Mur-
cia, and carried out in collaboration with both the UPCT and the Universidad
de Murcia (UMU). Developments have been articulated in a series of research
projects. The starting project, in 2007-2008, was called pro-DIA (DIA Pro-
totype, where DIA means alert intelligence device, from Spanish Dispositivo
Inteligente de Alerta). The aim of the project was to develop the necessary
infrastructure for monitoring activity in the home, based on the needs of an am-
bient intelligence application, and including warning mechanisms through basic
timing. This development served as a starting point for the DIA project [87]
(ref. 2009.03.ID+I.0015) which, in 2008-2010, improved the performance of
the system, by incorporating pattern recognition and learning. The latter was
followed by the DIA+ Project [88] (ref. 2010.03.ID+DI.0008), in 2010-2011,
aiming to improve the product features in both fields: sensory capability and
ambient intelligence.

By the time, other related projects got started in 2009 and 2010: AI-
SENIOR (ref. TIN2009-14372-C03) and MSI (ref. TSI-020302-2010-171), re-
spectively. AI-SENIOR project (ubiquitous intelligent environments for seniors
independent monitoring, from Spanish Entornos Ubicuos Inteligentes para la
Monitorización de Personas Mayores Independientes) proposes, defines and
develops models, techniques, tools and devices for the surveillance of elder peo-
ple needing home care. All aiming to enhance their quality of life, autonomy
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and to reduce costs of provided care. This project was carried out by the
UPCT, the UMU and the Universidade de Santiago de Compostela (USC).The
MSI project (intelligent sensory furniture from Spanish, Mobiliario Sensorial
Inteligente) aims to provide active capabilities to the furniture. In particular,
the developments are aimed at improving the safety of older people living in
nursing homes. Some new partners were joined, as the Centro Tecnológico
del Mueble (CETEM) and two nursing homes. Finally, CASIA project (ref.
IPT-2011-1416-020000) got started in year 2011. CASIA (accessible and secure
kitchen supported by ambient intelligence, from Spanish Cocina Accesible y Se-
gura por medio de Inteligencia Ambiental) proposes the integration of different
sensing and actuating technologies and within an ambient intelligence system
that controls the furniture of the kitchen in order to improve the comfort and
ease of use, accessibility and security.

Starting a career in this way allows involved companies to lay the foun-
dations of scientific and technological knowledge of a growing business line:
ICT-based solutions designed to meet the needs of older people.

The PhD candidate obtained his BSc degree from the Universidad de Sevilla
in 2007 and joined the company Ami2 in 2008 as electronic design engineer,
heavily participating in the development and improvement of sensory acquisi-
tion layer of the DIA system. In 2009, he obtained his MSc degree, making
the Master’s Thesis in the scope of the listed projects. The work carried out
during this time has generated some contributions which has been published,
as mentioned below. The work of the candidate in the DIA system has served
as a starting point for this thesis. Development work have allowed the PhD can-
didate to detect those points where conventional methods have shortcomings,
opening the way for the research work. Devices designed and manufactured in
those projects are an ideal development platform for the execution of the work
associated with the achievement of the objectives of the thesis. On the one
hand, the student reach in depth knowledge of the basic devices, on the other
hand, those devices are the source of observation for the problems to solve.

Research contributions

The work carried out during the research time has resulted in several contribu-
tions which have been articulated into published papers. Some of them have
been included as a part of this thesis by publications. Some others could not be
included as publications in the thesis but cover a part of the objectives. Finally,
some contributions do not belong to the main line of the thesis but are strongly
related to it.
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Chapter 1

Introduction

Increasing health care costs and an ageing population are placing significant
strains upon the health care system. Small pilot studies have shown that se-
niors’ needs for independence and autonomy can be satisfied with expanded
use of home health technologies, providing improved care outcomes. Difficulty
with reimbursement policies, governmental approval processes, and absence of
efficient deployment strategies has hampered adopting non-obtrusive intelligent
monitoring technologies.

This thesis deals with the field of ambient assisted living (AAL), a branch of
ambient intelligence (AmI) which aims to offer assistance to home life through
artificial intelligence techniques. Ambient assisted living (AAL) systems aim to
detect behaviour patterns from their users (elderly person living alone at home)
and use them to take warning actions when significant variations happen. This
chapter defines the objectives of this thesis and introduces the work presented
in it through the description of the DIA system, a prototype of AAL system
which served as starting point and experimental platform for the research work.

1.1 Thesis objectives

The overall objective of this thesis is to achieve significant advances in efficiency
and performance in technologies that are applied for sensing in ambient intel-
ligence systems, particularly in ambient assisted living. These technological
advances affect to several aspects and levels within the sensory layer of the
system, usually based on wireless sensor networks (WSN), resulting in a set of
specific objectives which are described below:

1. Sensory signal pre-processing and data fusion. Sensory information
dynamics is often faster than needed from the context extraction layer
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in AAL systems. Signal pre-processing and data fusion can be used to
reduce the number of events to be transmitted through the WSN to the
AmI station, without missing relevant context information and preserving
the system performance.

2. Occupancy detection in bed or seat: improving the performance
and reliability. The occupancy detection in bed or seat is very impor-
tant in AAL systems. Some weaknesses have been detected in commercial
solutions that could be fixed by means of novel transducers and embedded
signal processing.

3. Context information reinforcement by means of wearable sen-
sors. AAL systems aim to be as less intrusive as possible, so wearable
sensors are usually avoided. However, the context information provided
by a fixed sensory infrastructure can be complemented with an optional
wearable sensor. In this way, the performance of the system would not be
dependant on the use of this sensor but enhanced when the user wears it.

4. Motion detection: pattern recognition and signal classification.
Pasive infrared sensors (PIR sensors) are widely used as simple motion
detectors. This technology can be enhanced by means of appropriate
drive electronics and embedded signal processing to get additional context
information, beyond motion detection.

5. Performance enhancement through microelectronic integration.
Contributions to cover the previous objectives include electronic designs.
Some of these designs can be mapped to the field of microelectronics to
reduce fabrication costs and power consumption.

Wireless sensor networks can be decomposed into 3 conceptual layers: sens-
ing layer, computing layer and communication layers. The described objectives
regard aspects from the first two: sensing and computing layers.

1.2 Experimental platform: DIA system

A living-lab scenario was defined, in which a user has a home assistance system
that is able to monitor his or her activity in order to detect incidents and
uncommon activities. The prototype house or scenario has a bedroom, a hall,
a corridor, a toilet, a kitchen and a living room.

DIA, the developed intelligent warning system, consist of an Ambient Intel-
ligence (AmI) station, which is a Linux-supported minicomputer-based device,
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connected to a network of sensors deployed on walls, doors and furniture in
the house of the user [80, 8, 24]. Figure 1.1 shows a schematic overview of
the system. If the device detects excessive idle time, or an anomalous location
that may mean that the person has been dropped or fainting, then it generates
a warning which is received and managed at a service centre. DIA is framed
within a second generation of tele-care systems, it solves the long waiting time
which a person who is alone at home after suffering a fall or faint is often sub-
ject to. It eliminates the possibility that this incident goes unnoticed because
the system is able to detect it by itself. The created product allows ubiquitous
monitoring for home care of elder people living alone, in a non-intrusive way
and preserving their privacy. At the debugging and validation stage, this sys-
tem was deployed in dozens of real homes over the Región de Murcia territory,
during about 2 years.

The sensory abstraction layer conforms the lower level of the monitoring
system and is here where all the work in this thesis is focused. It consists of
a wireless sensor network and a driver that acts as an adapter between the
intelligent alert application and the network. The driver is programmed into
the high-level Java language, as well as the ambient intelligence application,
and both run on a Linux machine, the AmI station. The driver implements an
application programming interface (API) defined for this purpose whereby the
sensory abstraction layer provides service to the ambient intelligence applica-
tion.

The sensor network consists of a set of sensor nodes, to be distributed
ubiquitously at home, and a special node that acts as a base station to the
AmI station. The sensor nodes implement a minimum architecture to carry out
environmental monitoring activities, develop messages with information about
events that occurred and to form a wireless network with mesh topology over
which the messages are taken to the AmI Station. This minimum architecture
comprise a microcontroller and a radio transceiver, specifically designed for low-
power designs, as well as a set of commercial sensor devices, able to pick up the
activity at home in a non-intrusive and safe way. In the wireless sensor network
of DIA, passive pyroelectric infra-red (PIR) sensors are used to monitor the
location of the user, load-detecting sensors are used to determine the occupancy
in bed or couch, and magnetic contact sensors are used to signal the opening
of the front door of the house. As introduced, the base station is a node with
special characteristics. In this case, no sensors devices are integrated but an
USB-UART transceiver to provide the node connectivity to the driver via USB
virtual serial port.

The sensor node microcontroller is programmed with an application that
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Figure 1.1: Schematic overview of the system installed at a prototype home.

performs a dual function. On the one hand, the node monitors the activity and
pre-processes information captured by sensors to transform signals into context
events. On the other hand, the node acts as a focal point for the transmis-
sion of multi-hop messages, forming a whole network with mesh topology. A
multi-hop network protocol consists of wireless nodes (motes) that wirelessly
communicate to each other and are capable of hopping radio messages to a base
station where they are forwarded to a PC or other client. Hopping effectively
extends radio communication range and reduces the power required to trans-
mit messages. The base station does not perform environmental monitoring
but acts as a network coordinator node. The application was developed specifi-
cally for this system and is programmed in NesC (Network Embedded Systems
C) language to be compiled on TinyOS (Tiny Operating System), which facil-
itates the integration of software components. To solve the link and physical
layers of the stack model Open System Interconnection (OSI) it binds the hard-
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ware component that abstracts the radio transceiver implementing the IEEE
802.15.4 standard. To resolve the network layer, components developed by the
University of Berkeley are bonded, grouped under the module XMesh. Finally,
the transport and application layers have been developed entirely within the
DIA project, which provides them with greater specificity.





Chapter 2

Problem positioning and
literature review

The overall objective of this thesis is to achieve significant advances in efficiency
and performance in technologies that are applied for sensing in ambient intelli-
gence systems. This technological advance affects to several aspects and levels
within the sensory layer of the system, resulting in a set of specific objectives,
as mentioned in Chapter 1. In this chapter, every objective is developed by an
analysis of the problem to solve and a review of the related literature.

2.1 Sensory signal pre-processing and data fusion

Sensory information dynamics is often faster than needed from the context
extraction layer in AAL systems. Signal pre-processing and data fusion can be
used to reduce the number of events to be transmitted through the WSN to
the AmI station, without missing relevant context information and preserving
the system performance.

Passive infrared sensors (PIR sensors) are the most widely used sensors in
the AAL systems. A PIR sensor is an electronic device that measures infrared
(IR) light radiating from objects in its field of view. PIR sensors are often used
in the construction of PIR-based motion detectors. Apparent motion is detected
when an infrared source with one temperature, such as a human, passes in front
of an infrared source with another temperature, such as a wall. PIR sensors
suffer from two drawbacks in our DIA system. First, the dynamics of the sensor
is much faster than the dynamics of the human motion causing multiple pulses
of motion (events) when in fact there was one single event. Second, these PIR
sensors often suffer from spurious readings that prevent the correct location
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provided by DIA system. A case in point occurs when the attended person is
absent or sleeping and a PIR sensor detects motion due to noise. This digital
signal provided by the sensor indicates a location which is therefore false and
can bring the system into a state of false alarm due to abnormal activity (the
elder is sleeping and is moving in another room). Therefore, it is necessary to
filter these spurious events before they reach the top layer of reasoning, even
beyond energy considerations. The solution is to process the raw signal in order
to obtain events with significance, filtering spurious events but on the condition
of ensuring the notification of real events.

Various hardware, software and middleware techniques have been proposed
to reduce a wireless node power consumption during its operation [89]. Hardware-
level techniques are based on controlling the system power consumption by
developing special design techniques for implementing low power circuits [4].
Systems based on electronic techniques employed to reduce total energy con-
sumption are [84]: (1) Sub-threshold operation, by using a power supply under
than the threshold voltage, systems such as the Subliminal processor [106] from
the University of Michigan are able to trade off performance for reduced active
power consumption. (2) Asynchronous circuit processors, such as SNAP from
Cornell University [55], eliminate clock power by relying on asynchronous cir-
cuits. (3) Power supply gating, to address increasing leakage current, systems
from Harvard University and the University of California employ transistors
that switch the power supplies of unused blocks [76]. Each of these systems
take differing approaches to architecture support for applications. (1) Gen-
eral purpose computation off-the-shelf and custom designed systems employ
load-store or accumulator based processors as the core processing engine of the
system. (2) Event driven WSN applications respond to environmental events
and are event driven by nature. Consequently, systems from Cornell, Harvard,
and Michigan support native handling of events in hardware. (3) Application
acceleration systems from Harvard and University of California provide hard-
ware acceleration for common tasks to reduce active energy consumption and
increase system performance. As mentioned above, there are different advanced
AAL systems with shared features with the DIA system [47, 68, 85].

Most software-level techniques have concentrated in sophisticated dynamic
power management (DPM) schemes. At the heart of these schemes exist power-
efficient media access control (MAC)[81] and routing protocols [3, 82] designed
to meet the various throughput, latency, and lifetime requirements of different
applications. On the other hand, the role of any operating system (OS) is to pro-
mote the development of reliable application software by providing a convenient
and safe abstraction of hardware resources. In personal computers and servers,
the OS allocates application processing threads to processors, maps virtual
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addresses to locations in memory, and manipulates disks, networks, and periph-
erals on the application’s behalf. TinyOS was designed specifically for WSNs.
It introduces a structured event-driven execution model and a component-based
software design that supports a high degree of concurrency in a small footprint,
enhances robustness, and minimises power consumption while facilitating im-
plementation of sophisticated protocols and algorithms. The achievement of en-
ergy conservation when using WSNs and wireless multimedia sensor networks
(WMSNs) can also be feasible through the utilisation of advanced routing proto-
cols such as SHPER [50] and PEMuR[49] which perform energy efficient multi
hop routing and high data aggregation with high quality of service (QoS).

Middleware techniques are data-related functions (because WSN are data-
centric devices) therefore middleware would contain data management such as
data dissemination, data compression, and/or data storage. The approach pro-
posed in this work uses data compression which might increase computational
energy somewhat, but decrease the number of packet transmissions and there-
fore increase the quality of service and energy efficiency. Several features of
WSNs enable the implementation of effective data compression protocols: (1)
Normally, the data collected in sensor nodes are correlated between them, espe-
cially when the density of sensor nodes is quite high in the mesh; (2) due to the
topology in tree of most of WSNs, the correlation may become more apparent
on the path from the sensor nodes to the base station or sink; (3) the occurrence
of an event may be assimilated with a continuous-time but random process, and
sampling of the random processes helps extract information content from the
process; (4) the application semantic may enable data aggregation or data fu-
sion; and (5) the tolerance of applications for possible errors in data may make it
possible to reduce data reading and reporting frequencies. Several compression
techniques are been proposed for ad-hoc networks: information theoretic-based
techniques such as distributed source coding using syndromes (DISCUSS) [77],
which is a distributed compression scheme for a very dense network based on
Slepian-Wolf coding [86]. Data aggregation based compression schemes such,
as tiny aggregation service for ad-hoc sensor networks (TAG) [65]. TAG al-
lows users to express simple, declarative queries and have them distributed and
executed efficiently in networks of low-power, wireless sensors. They discuss
various generic properties of aggregates, and show how those properties affect
the performance of their in network approach. Another approach is based on
a small and efficient ‘middleware kernel’ which supports highly modularised
and customisable component-based middleware services that can be tailored
for specific embedded environments, and are runtime reconfigurable to support
adaptivity [13]. But this current approaches impose significant overhead upon
developers and tend to use inflexible binding models based on remote procedure
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calls. LooCI components use a novel event-based binding model that allows de-
velopers to model rich component interactions, while providing support for easy
interception, re-wiring and re-use [46]. Another research describes a sensor mid-
dleware that can be customised to suit different sensor application types, and
provides a reflective approach for co-ordinated network-wide dynamic reconfig-
uration of sensor behaviour [39]. MiLAN allows applications to specify a policy
for managing the network and sensors, but the actual implementation of this
policy is effected within MiLAN. The authors describe MiLAN and show its
effectiveness through the design of a sensor-based personal health monitor [45].

Hardware-level techniques are implemented by default in our hardware de-
sign of mote. The heart of any wireless sensor node is its microcontroller unit
(MCU), which provides the computational capability to the sensor. It differs
from standard central processing units (CPUs) in its focus on self-sufficiency,
power efficiency, and low cost. Software-level techniques are also implemented
by default in our mesh network. Our sensor node network is based on a full fea-
tured multi-hop, ad-hoc, mesh networking protocol driven for events [81, 3, 60].
In this sense, we have adapted and improved the old link, network and applica-
tion layers for our WSN using TinyOS-2.1.1 [78].

Middleware approach presented in this thesis is motivated by the following
two design premises. First, state-machines are especially suitable for a low
dense ad-hoc sensor network interaction and also a very simple data acknowl-
edgement protocol can get a very easy feedback on event delivery. It is shown
that this approach is possible through a practical example, DIA system. Other
techniques based on data aggregation or compression over space correlated in-
formation, such as the pointed TAG and DISCUS, are not effective in event
driven monitoring while they can be useful in timed data acquisition for envi-
ronmental condition mapping. A technique is proposed for data compression
over time correlated information, such as the signal from a PIR sensor in a
room. Besides, the declarative queries (TAG) need sophisticated catalog man-
agement, complicated query optimisation, and query processing techniques in
order to abstract the user from the physical details of contacting the relevant
sensors, processing the sensor data, and at last, sending the results to the user.
Another techniques are designed for very dense sensor networks (DISCUSS for
example), or they are designed for generic WSNs and applications (LoocI).

The second design premise is motivated by the importance of preserving
limited resources, such as energy and bandwidth in battery-powered wireless
sensor networks. In traditional middleware, data transmission back to a central
node for offline storage, querying, and data analysis is very expensive for sen-
sor networks of non-trivial size since communication using the wireless medium
consumes a lot of energy. Since sensor nodes have the ability to perform local
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computation, part of the computation can be pushed into the sensor network.
Compared to traditional centralised data extraction and analysis, in-network
processing can reduce energy consumption and reduce bandwidth usage by re-
placing more expensive communication operations with very cheaper computa-
tion operations (a state-machine), extending the lifetime of the sensor network
significantly. On the other hand, declarative queries techniques that have ex-
pensive query processing techniques may extend processing time and aggravate
energy consumption and result accuracy. The query layer of these techniques
is very laborious and complicated because it must generate elaborated query
plans with different trade-offs for different sensors and users. The proposed mid-
dleware includes a state machine that generates preprocessed information (the
translation between several sensor input patterns into sensor state outputs) by
adding only one level of abstraction [28]. Proposed modularised and customis-
able component-based middleware [13, 46, 39] can be very useful for the first
approach stage in a development or being used in a non static environment.
They will not be so effective as final platform in a static environment, where a
specific middleware can reach further resource optimisation.

Wireless sensor networks are deployed in environment often with little main-
tenance, therefore these networks usually have high data loss rate due to unre-
liability on the wireless channel. As many sensor networks have critical appli-
cations, reliability of data transmission is a main requirement. To achieve relia-
bility, several MAC standards (e.g., IEEE 802.11, IEEE 802.15.4 and S-MAC)
adopted the automatic repeat request (ARQ) technique that can recover bit-
errors occurred during one-hop transmission [104]. Automatic repeat request
(ARQ), also known as Automatic Repeat Query, is an error-control method
for data transmission that uses acknowledgements (i.e., messages sent by the
receiver showing that it has correctly received a data frame or packet) and time-
outs (i.e., specified periods of time allowed to elapse before an acknowledgement
is to be received) to achieve reliable data transmission over an unreliable ser-
vice. If the sender does not receive an acknowledgement before the time-out
event, it usually re-transmits the frame/packet until the sender receives an ac-
knowledgement or exceeds a predefined number of re-transmissions. However,
ARQ in MAC layer cannot handle packet loss over several hops due to conges-
tion or temporary sensor/link failure. Therefore, reliable transport protocol is
necessary [91]. In reliable data transmission protocols, retransmission based
on acknowledgement (ACK) or negative acknowledgement (NACK) is a basic
method for data recovery [66]. When the data rate is high, a sensor node usu-
ally sends consecutive frames to the data sink. In this case, NACK is preferred.
The data sink can detect data losses (e.g., by checking for missing sequence
numbers in data packets) and request retransmission using NACK. When the
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data rate is low, sensors may send one or a few packets to the data sink occa-
sionally. In this case, the data sink may not be able to detect data loss. Thus,
the data sink should send ACK when receiving data such that the source node
can detect data loss based on time-out of the ACK packets. In this thesis, the
work is focused on the second scenario, where the source node waits for ACK
from the data sink to ensure reliable data transmission.

In the literature, many approaches have been proposed to achieve reliability
in the transport layer. These approaches often achieve reliability in upstream
(i.e., from sensor nodes to data sink) or downstream (i.e., from data sink to
sensor nodes). This reliability is achieved by means of congestion control and
data recovery. A few representative approaches are described as follows. Event-
to-sink reliable transport (ESRT) decreases congestion near the data sink by
regulating the frequency of sensors reporting [2]. In ESRT, the data sink calcu-
lates and distributes a desired sensor reporting frequency, such that sensors can
reduce the reporting frequency when congestion occurs near the data sink. Reli-
able multi-segment transport (RMST) aims to guarantee upstream reliability by
means of direct diffusion [91]. The data sink detects data loss based on sequence
numbers and time-outs and sends NACK. The nodes receiving NACK look for
the missing packets, or forward NACK on the path toward the source if they
fail to find the missing packets. Pump slowly fetch quickly (PSFQ) achieves
downstream reliability by forwarding data at a relatively low speed and allow-
ing nodes to recovery missing packets fragments from immediate neighbours
quickly [102]. PSFQ also uses NACK to recover missing fragments. There are
also other reliable transport protocols, such as GARUDA [75], CODA [101],
ATP [92] and SenTCP [103]. They usually can detect data loss, adjust trans-
mission for congestion control, and recover lost packets. However, the energy
consumption in these schemes has not been fully considered, and this is one
of our main premises. Some approach can encounter high energy cost because
all nodes on the route are actively involved in data recovery. The approach
proposed in this thesis is a data recovery scheme that achieves upstream re-
liability [28]. It is simple, compatible with most congestion control schemes.
More importantly, it can significantly reduce the total energy spent for data
recovery as it is designed for event-based transmissions and takes into account
that context information can quickly get outdated. In this way, not all missed
messages are retransmitted, only those that can provide context information.
In addition, the basic idea of the proposed scheme can be applied in other
reliable transport schemes.
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2.2 Occupancy detection in bed or seat: Improving the performance
and reliability

The occupancy detection in bed or seat is very important in AAL systems [36].
Some weaknesses have been detected in commercial solutions that could be
fixed by means of novel transducers and embedded signal processing.

The main aim of this kind of sensor is to monitor the bedtime use of an old
person or a patient who is living all alone in a house. In this kind of situations,
the bed-monitoring sensor can act as a lifesaver. By using the historical data
points from its database, the system will decide whether to trigger an alarm
signal, which alerts the concerned person, who can be a close relative or a care-
giver, for an immediate medical assistance. Moreover, in ambient intelligence
systems based on wireless sensor network like DIA, one of the most precious
commodities is power. Sensor nodes can only operate as long as its battery
maintains power. Low-power electronic devices (mainly micro-controller and ra-
dio) are used in our node design. These electronic components allow the use of
small batteries for operation. The trend in ambient intelligence is towards more
communication-dependent activities, with sensor nodes using wireless commu-
nication. This trend makes imperative that a power-efficient occupancy sensor
node need to be designed.

The experimental platform in this work, the DIA system, incorporated an
implementation of these detectors based on contact mats deployed under the
mattress, in the case of bed, or under a cushion, in the case of the chair or
couch [24, 63]. These detectors have presented serious problems to solve since
their functionality is dependent on various environmental factors such as the
type of mattress, mattress position or weight of the user. Its operation is simple.
It consists of two foils separated by a layer of foam with cylindrical holes. Both
sensor foils conform a normally-open (NO) contact that gets closed under the
weight of the user. The main disadvantage of this device is that, once made, its
sensitivity is determined by the diameter of the holes. The sensitivity required
is dependent on the type of mattress, bed base and weight of the user. The use
of mats with different sensitivity to each individual is not feasible on a large
scale. For these reasons, finding adaptive systems to maintain bounded cost
and consumption is desirable.

Recent works in the same field have opted for the use of sensors based on
resistive transducers [35, 37]. An example of this type of sensor is based on
the FlexiForce® transducer from the manufacturer Tekscan [32]. This consists
of two layers of substrate composed of layers of polyester. The transducer is
modelled by a variable resistance depending on pressure on the sheet. Gaddam
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et al. from Massey University in New Zealand have developed a bed occupancy
sensor that generates a digital signal indicative of such presence by implement-
ing a manually configurable threshold [35, 37]. Another device developed by
the same researchers is a smart occupancy/weight sensor which lets to know
the weight distribution on the surface of the bed [37]. This type of sensor uses
a FlexiForce in each of the legs of the bed and generates a weight vector which
is subsequently processed. These devices may be suitable for supporting AAL
systems, except for their high energy consumption. In this sense, the previ-
ous authors do not address the energy consumption of the sensor. A quick
inspection of their proposed circuit indicates that the consumption will always
be greater than 12.5 mW (2.5 mA at 5 V). In Ambient Assisted Living systems
based on wireless sensor networks such as DIA, the energy consumption is a key
to success or failure. This sensor is unsuitable for a network of wireless sensors
powered by batteries, with average consumption of about 1 mW. The device
proposed in the above publication incorporates a power supply for connection
to the household power grid. This feature increases the cost of product and
involves difficulties in the installation, operation and acceptance of the device.
These difficulties are not present in battery powered devices.

A third alternative is proposed in this work: the use of occupancy/weight
sensor based on micro-electro-mechanical systems (MEMS) [27, 26]. Specifi-
cally, transducers based on EMFi [59] (Electro-Mechanical Film) are used to
implement flat capacitors whose capacitance is dependent of the force applied
to the surface. This type of piezoelectric film transducers have been used in
various sensing tasks. EMFi transducer has been used to detect heart rate and
breathing by Technical Research Centre of Finland (VTT) [67, 57], the Tampere
University of Technology [51, 52] and some commercial companies. Tazawa et
al. from Muroran Institute of Technology, Japan, researched avian embryos,
and used various technologies to measure the ballistocardiograms. They also
used piezoelectric film in one of their publications [94]. Recently, Choi and
Jiang, from Yamaguchi University describe a new wearable sensor probe with
a couple of conductive fabric sheets material and a polyvinylidene difluoride
(PVDF) film material is developed [12].

Moreover, solutions based on load transducers typically establish a prede-
fined threshold in order to determine the occupancy from a sensor reading
sample, some of them use a hardware comparator and some others make a
digital comparison. The predefined threshold is established during the sensor
installation and should be manually re-calibrated if the transducer response is
affected by degradation over the time, a small shift in the position of the sensor,
a change on the occupant position or any other variation. This fact has actu-
ally been a problem in real deployments of the cited sensors. The threshold is
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initially located in the centre of the operation range, in order to maximise the
error margin. When a change happens in the transducer response, the opera-
tion range is shifted and the threshold is no longer centred, which reduces the
error margin. The threshold can even been placed out of the operation range,
making the sensor completely inoperative.

In this work, an automatic shelf-calibration algorithm is proposed [29], to
get an adaptive threshold which makes the sensor robust regarding the trans-
ducer degradation, a small shift in the position of the sensor, or any other
variation that modify the characteristic response of the load sensor. Adaptive
thresholds are expected to be better fitted than the fixed ones, and error margin
should be maximised.

Thresholding is possibly the simplest method to segment a signal. From an
analog signal, thresholding may be used to create a binary signal (using a sin-
gle threshold value) or even discrete (using several threshold values). Normally,
this technique is very used in image processing in order to convert a grayscale
image in a binary image by means of a threshold [41]. Thresholding methods
can be categorised into the following six groups based on the information the al-
gorithm manipulates: (1) shape-based methods where signal features like peaks,
valleys and curvatures are analysed; (2) clustering-based methods, where the
signal samples are clustered in two parts (or more parts) as background and
foreground signal, or alternately are modelled as a mixture of two Gaussians;
(3) entropy-based methods result in algorithms that use the entropy of the fore-
ground and background clusters or the cross-entropy between the original and
segmented signal as feature to determine the threshold; (4) object attribute-
based methods search a measure of similarity between the original and the
segmented signals, such as fuzzy shape similarity or edge coincidence; (5) spa-
tial methods that use higher-order probability distribution and/or correlation
between samples; and (6) local methods that adapt the threshold value on each
sample according to the local signal characteristics.

Clustering is a division of data into groups of similar objects. Representing
the data by fewer clusters necessarily loses certain fine details, but achieves
simplification. The main complication for clustering is a very large dataset
with very many attributes of different types. This complication imposes unique
computational requirements on clustering algorithms. In this sense, a variety of
algorithms have recently emerged that meet these requirements and have been
successfully applied to classification problems. A categorisation of clustering
algorithms is not straightforward and is not in the scope of this work. Although,
a short analysis of the state of art of this field to distinguish between various
groups that may become overlapped. In Figure 2.1 a classification of clustering
methods is provided [7].
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The literature review will be focused on more traditional clustering tech-
niques, since the other techniques are not the scope of this work. Traditionally
clustering techniques have been broadly divided in hierarchical and partitioning
methods. Hierarchical clustering is a method of cluster analysis which seeks to
build a hierarchy of clusters. Hierarchical clustering is further subdivided into
agglomerative and divisive algorithms: agglomerative clustering is a bottom up
approach. This method implies each observation starts in its own cluster, and
pairs of clusters are merged as one moves up the hierarchy; divisive clustering is
a top down approach where all observations start in one cluster, and splits are
performed recursively as one moves down the hierarchy. Among the hierarchical
clustering methods can highlight: Lance-Williams combinatorial formula [58],
the now classic algorithms SLINK [83] and COBWEB [31], as well as relatively
newer algorithms CURE [40] and CHAMELEON [53].

While hierarchical algorithms build clusters gradually, partitioning algo-
rithms learn clusters directly. In this way, they either try to discover clusters
by iteratively relocating points between subsets (relocation algorithms), or try
to identify clusters as areas highly populated with data (probabilistic clustering
as Expectation-Maximization framework [16], algorithms SNOB [100], AUTO-
CLASS [10], MCLUST [33, 34]), or k-medoids methods (algorithms PAM [54],
CLARA [79], and CLARANS [70]), or k-means method [42, 43] and its exten-
sion (with different schemes as initialization, optimization, harmonic means,
extensions). Such k-methods concentrate on how well points fit into their clus-
ters and tend to build clusters of proper convex shapes.

2.3 Context information reinforcement by means of wearable sensors

AAL systems aim to be as less intrusive as possible, so wearable sensors are
usually avoided. However, the context information provided by a fixed sensory
infrastructure can be complemented with an optional wearable sensor. In this
way, the performance of the system would not be dependant on the use of this
sensor but enhanced when the user wears it.

The evaluation of an unintentional fall is complicated due to the subtle
and complex nature of body movement of the individual. Body movement
requires accurate and reliable measurement techniques. The location of fall
sensors is critical because the location site of the signal detector to measure
the phenomenon, such as the hip, trunk, wrist or head, will result in different
patterns of signal. This has allowed a plethora of research groups to perform
work related to falls detection. Many of these groups have proposed different
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sensor node mesh, where its primary purpose is to detect and alert about a fall
that results in an injury. For these applications, a fall detection system must
satisfy several properties: (1) the continuous monitoring should not be obtrusive
and uncomfortable for the user, (2) all fall events that cause damage must be
detected, (3) alerts should not be triggered during normal daily activities of the
elder person, (4) the system should not require regular maintenance or special
operating procedures.

Projects on home health monitoring and telecare have been performed for
two decades with a fixed wireless sensor network. In the papers of Figueredo
and Dias [30], Eklund et al. [19], or Virone et al. [98, 99] home care system
projects were described. These two main technologies have enabled ubiquitous
custodial care monitoring without patient’s awareness.

On the other hand, there are three phases associated with a fall event that
provide important cues for reliable detection of falls using wearable smart sen-
sors: (1) dynamic changes in gait preceding a fall, (2) free fall phase, (3) impact
of the body against the ground. The principle of operation of a fall detector
relies on detecting one or more of these three phases together with the ori-
entation of the detection device. Most approaches utilize acceleration spikes
generated by the fall impact together with changes in orientation [9, 11]. In-
clination has been independently used as the determining factor in detection
of falls [93], which simplifies computational requirements but suffers from false
alarms caused by normal daily activities. On the other hand, gait and postural
measurements have been primarily used to assess risk of falls rather than to
alert about an impending fall [69, 44].

The possibility of distinguishing the different types of falls is valuable in
clinical trials to determine the incidence of falls and the costs associated with
treatment of injuries they cause. Falls that do not require medical treatment
are often not reported, but still very important to implement appropriate guide-
lines for the prevention of falls. However, the fall detection is mostly used in
personal safety applications, where the main objective is to detect and warn
about a crash that involved an injury. For these applications, a fall detection
system must satisfy several properties: (1) continuous monitoring should not
be uncomfortable for the user, (2) all fall events that cause damage should be
detected, (3) should not be thrown alerts by normal daily activities of elder
people, (4) the system should not require from frequent maintenance or special
procedures.

In order to provide adequate medical care, a method has been proposed
which uses a mixed (fix and wearable) set of sensors [73]. This method is
based on a wireless sensor network consisting of accelerometers attached to the
wearer’s body, and a set of fixed motion and pressure sensors built into the
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environment. These sensors monitor the activity of the user and communicates
information to a central processing station where the data are analysed in order
to reliably detect various types of falls that may occur. Wireless communication
is used to provide continuous monitoring and user location.

An approach inlaid two accelerometers into a wrist watch to tell three di-
rections of falling. Due to the complexity of the arm movement, the success
rate only reached 65% [14]. Another approach used a triple-axial accelerome-
ter placed at the waist level to detect daily physical activities, but a quick sit
down or a lie down posture would be mistaken as a falling in this system [105].
An important research proposed a pilot study with two accelerometers into the
hearing aid housing and would be able to distinguish seven types of falling and
five kinds of daily activities [61]. It is a quite considerable design because the
sensors are placed at the head level and the sensitivity and accuracy of fall
recognition is raised more than that of previous studies. However, the integra-
tion period is set to in 1.5 seconds to calculate the velocity threshold. The
period setting is an empirical value that the authors considered as the duration
from the body’s initial contact on the ground to the body is at rest. This static
period is obviously not suitable in all kinds of falls and is possibly mistaken that
leads to an erroneous judgement. In order to deliver adequate medical support,
a method is proposed to confirm the rest condition more accurate and a novel
fall detection algorithm that provides a robust and precise falls detection.

2.4 Motion detection: Pattern recognition and signal classification

Passive infrared sensors (PIR sensors) are widely used as simple motion detec-
tors. This technology can be enhanced by means of appropriate drive electronics
and embedded signal processing to get additional context information, beyond
motion detection.

A PIR sensor is an electronic sensor that measures infrared (IR) light radi-
ating from objects in its field of view without generating any energy for this
purpose. The basic principle of operation is as follows: all objects emit energy
(if they are situated above 0 K, or absolute zero) in the form of infrared radia-
tion. Infrared radiation enters through the front of the electronic device which
conforms the sensor. The core of a PIR sensor is a solid state transducer in the
form of a thin film (or set of transducers), made from pyroelectric materials.
Pyroelectric material generates a temporary voltage when is exposed to heat.
The change in temperature modifies the positions of the atoms slightly within
the crystal structure of pyroelectric material causing the polarization of the ma-
terial changes. This polarization change gives rise to a voltage across the crystal.
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If the temperature remains constant at its new value, the pyroelectric voltage
gradually disappears due to leakage current. Materials commonly used in PIR
sensors include gallium nitride (GaN), caesium nitrate (CsNO3), polyvinyl flu-
orides, derivatives of phenylpyridine, and cobalt phthalocyanine. The sensor is
manufactured as an integrated circuit based on pyroelectric transducers.

In this way, PIR sensors are used as a motion sensor. A PIR sensor can
detect abrupt changes in temperature at a given point. When an object, such
as a human body, passes in front of the field of view background, then the
temperature at that point will change abruptly. When the object goes out from
the field of view, then the temperature change back again. Any quick change
can trigger the detection, although moving objects of identical temperature will
not trigger a detection.

The motion sensor can be enhanced by means of additional electronics.
Pairs of sensor elements may be employed as opposite inputs to a differential
amplifier. In such a configuration, the PIR measurements cancel each other so
that the average temperature of the background is removed from the electrical
signal. In this way, an increase of infrared energy across the entire sensor is
self-cancelled and will not trigger the device. This allows the device to resist
false indications of change in the event of being exposed to brief flashes of light
or field-wide illumination. At the same time, this differential arrangement min-
imizes common-mode interference, allowing the device to resist triggering due
to nearby electric fields.

Different mechanisms can be used to focus the distant infrared energy onto
the sensor surface. The most common mechanism have numerous Fresnel lenses
although some large PIR sensor are made with a single Fresnel lens.

The analysis of human motion has become a major application area in com-
puter vision. This development has been driven by many interesting applica-
tions that lie ahead in this area and the recent technological advances involving
the real-time acquisition, transfer, and processing of images on widely available
low-cost hardware platforms. A number of promising application scenarios have
appeared for this field: virtual reality, surveillance systems, advanced user inter-
faces and so on. However, the vast majority of applications require using video
cameras as main sensor for acquisition, analysis and detection of human motion.
But some applications are very sensitive to the acquisition of images of people
that may feel violated his right to privacy. Especially in ambient intelligence
applications, non intrusive nature, whose scope is the user’s home. A clear ex-
ample of this type of system to be particularly unobtrusive are systems based
Ambient Assisted Living (AAL) applications. The scope of the work framed
in this thesis is limited to the analysis of human motion obtained from signals
acquired for PIR sensors, and its main objective is to determine the velocity
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and distance of a person to go through the field of view of a PIR sensor.
PIR sensors are widely used for basic motion detection. Some advances can

be found with the aim of getting richer information from these sensors, but this
research field has not been yet fully exploited and no much literature has been
found. Byunghun Song et al. analyse the performance and the applicability of
the PIR sensors for security systems [90]. They propose a region-based human
tracking algorithm with actual implementation and experiment in real environ-
ment, and show that their human tracking algorithm based on the PIR sensors
performs very well with proper sensor deployment. Ren C. Luo et al. pro-
pose an indoor monitoring system based on wireless and pyroelectric infrared
(WPIR) sensory fusion system which can be embedded and integrated with the
traditional fire/smoke detector [64]. Basically, each of radio frequency (RF)
localization system and pyroelectric infrared monitoring system provides the
coarse information of individuals’ location respectively. They developed a sen-
sor network based a localization method called WPIR intersection algorithm, to
determine the fused position from PIR and radio frequency signal localization
system which utilizes received signal strength (RSS) model. Jian-Shuen Fang
et al. propose a real-time human identification system using a PIR detector
array and hidden Markov models (HMMs) [23]. A PIR detector array with
masked Fresnel lens arrays is used to generate digital sequential data that can
represent a human motion feature. HMMs are trained to statistically model the
motion features of individuals through an expectation-maximization learning
process. Human subjects are recognized by evaluating a set of new feature data
against the trained HMMs using the maximum-likelihood criterion. Tong Liu
et al. present a distributed direction-sensitive infrared sensing approach for fall
detection in elderly healthcare applications [62]. PIR sensors are employed in
sensing human activities. For capturing the characteristics of human normal
and abnormal activities, three modules of a direction-sensitive PIR sensor are
organized using a distributed sensing structure. The advantage of using the
distributed sensing paradigm is that the synergistic motion patterns of head,
upper-limb and lower-limb can be efficiently encoded and thus the more discrim-
inative features can be captured. This is their new consideration of using PIR
sensors in building a full detection system. In addition, a two-layer HMM is
developed for recognizing a fall event based on the multidimensional signals of
the distributed infrared sensing system. Experimental studies were conducted
to validate the proposed method.

In this work a method is proposed to classify PIR signals regarding two
parameters: speed and distance from sensor to the subject [25]. These are gen-
eralist parameters with potential application in most of AmI systems. The pro-
posed method uses information from an array of sensors which are not needed
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to be disposed using a specific distribution, simply as close as possible. Other
proposed methods need from PIR sensors to be positioned in large vertical
arrays or distributed in the room.Vertical arrays are not easy to fit in a real
deployment, while sensors distributed in the room often need from high commu-
nication rates to gather information from several sensors before computation.
This is a problem for applications where low-power wireless sensors are recom-
mended. The proposed method allows to get compact devices that perform
local computation and are able to transmit middle abstraction level context
information in an efficient way.

2.5 Performance enhancement through microelectronic integration

Contributions to cover the previous objectives include electronic designs. Some
of these designs can be transferred to the field of microelectronics to reduce
fabrication costs and power consumption.

Power dissipation is one of the most important parameters when defining the
characteristics of a WSN node. On the one hand the possibility of developing
smaller batteries is one of the main restrictions to sensor miniaturization [74]
and, on the other hand, sensor nodes are sometimes placed in such a way that
it is very difficult to replace their batteries. Sensor node interface electronics
performs two main functions: (1) to provide the voltage and/or current neces-
sary for the sensor to operate and (2) conditioning and processing the sensor
output signal so that it can be robustly transferred to other systems. There are
various proposals for monolithic CMOS (Complementary Metal Oxide Semi-
conductor) circuits for low power signal conditioning, some of them focused on
smart sensors. These include circuits of different complexity, from instrumenta-
tion amplifiers only [22] to complete systems of packaging that include a single
sensor package itself, intensity-voltage converter, a sigma-delta modulator and
a decimation filter with consumption of 780µA [97] or electronic circuits which
include the control of the transducer with very low power consumption, under
80µA [6]. Other contributions propose integrated systems that include an ad-
ditional circuitry such as analog to digital converters, modulators, or band-gap
references for temperature sensor with consumption of 65µA [1], gas sensor
with different power dissipation in the range on milliwatts [38] or vision sensors
with 1 mW of power consumption [56].

Among the variety of sensors which can be included in a WSN, one of
the most commonly used is passive infrared (PIR) sensors. These devices are
widely used in a number of industrial and consumer electronics applications,
from automatic lighting systems [96] to passive intrusion detection [5] or gas
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monitoring [48]. They are thermal detectors in the long wavelength infrared
range. As they are low power and also low cost devices, PIR sensors are suitable
to be integrated into wireless sensor networks (WSN) nodes. However, the
analog output signal from a PIR sensor requires a band-pass filtering with a
very high time constant and high gain values. If low power requirement is
added to these specifications, the design of an integrated circuit able to process
the output analog signal of such device is not trivial. The use of an integrated
circuit rather than a discrete component circuit design is due not only to the
lower power dissipation of the first, but also to the possibility of integrating it in
a single chip the rest of the analog and mixed signal electronics of sensor node.
This integration would help to cut down on the node whole power consumption.

In the literature there is a great variety of topologies for the synthesis of
filters with such specifications. However, the high value of the filter time con-
stant limits the available number of solutions. Active RC (Resistive-Capacitive)
filters using an operational amplifier (OA) and discrete components have been
traditionally employed in different low frequency applications. However the
extremely low frequency value of the filter would require the implementation
of high time constants, and hence high values of R or C, which are hard to
integrate in a CMOS chip. This same limitation is applicable to MOS-C filter
circuits, where resistors are replaced by MOS (Metal Oxide Semiconductor) de-
vices. Thus, in this work a filter using operational transconductance amplifier
(OTA) circuits is used. OTA-C approach allows emulating the implementa-
tion of a high value resistor by means of a transconductor with a very low
transconductance value (Gm), allowing the integration of the whole circuit in
conventional CMOS technologies. Among the different topologies proposed for
such filters [15], the one selected for this application is composed by the series
cascade of two biquadratic OTA-C filters.

In this work a low power, low frequency bandpass integrated CMOS filter for
PIR sensors in wireless sensor nodes is implemented [17, 18]. The application
of the WSN will be focused to elderly persons which live alone, in order to
monitor their position at home. Specifications of sensor power dissipation and
frequency response restrict the available CMOS circuit topologies to be used to
only a few, from which a OTA-C topology has been selected.
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Publications

This chapter contains an extended abstract from the publications that con-
form the thesis, which are fully cited below. These abstracts include the pro-
posed methodology, reached results, main contributions and final conclusions.
A full copy of the referred articles has been included and, finally, documen-
tation about the impact factor of the publishing journals has been attached
in Appendix A. All in compliance with the applicable regulations: Art́ıculo
33, eṕıgrafe 3, del Reglamento de estudios oficiales de máster y doctorado de la
Universidad Politécnica de Cartagena, aprobado por Consejo de Gobierno el 13
de abril de 2011 y modificado en Consejo de Gobierno el 11 de julio de 2012.
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Expert Systems with Applications, Volume 39, Issue 5, April 2012, Pages
5566-5575.(JCR-ISI, IF 2.203, Q1)

The referred publications cover some of the objectives of the thesis, which
are described in the Preface and enumerated below:

1. Sensory signal pre-processing and data fusion.

2. Occupancy detection in bed or seat: Improving the performance and
reliability.

3. Context information reinforcement by means of wearable sensors.

4. Motion detection: Pattern recognition and signal classification.

5. Performance enhancement through microelectronic integration.

Specifically, article (a) fully covers the objective (1). Articles (b) and (c)
partially cover the objective (2). Article (d) fully covers the objective (3). The
remaining objectives are covered by contributions which could not be included
as publications. Some contributions were published in proceedings and some
other are waiting for revision to be published. These contributions are briefly
described in Chapter 4 and cited papers or manuscripts are included in Ap-
pendix B.

3.1 An energy efficient middleware for an ad-hoc AAL wireless
sensor network

Introduction

In this paper, the design and implementation of two innovative and specific
mechanisms at the sensory layer middleware of an ambient assisted living (AAL)
system are presented. This middleware is capable of, first to discriminate spuri-
ous motion detections assuming that these signals do not resemble the patterns
of real motion detections and, second to reduce the dynamics of messages by
a sensor signal processing in order to compress the whole information in one
single event. The middleware achieves power saving by modifying the raw infor-
mation from sensors and adapting it to the predefined semantic of the reasoning
layer. It manages the important task of data processing from sensors (raw in-
formation), and transfers the pre-processed information into the top layer of
reasoning in a more energy efficient way. The trade-off between reducing power
consumption and reducing delay for incoming data is also addressed.
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The goal of pervasive computing is to create ambient intelligence, where
network devices embedded in the environment provide unobtrusive connectivity
and services all the time, thus improving human experience and quality of life
without explicit awareness of the underlying communications and computing
technologies. In this field, DIA is an ambient assisted living (AAL) system
which detects behaviour patterns from their users (elderly person living alone
at home) and use them to take alert actions when significant variations happen.
This system conformed the application scenario for the middleware proposed
in this paper.

Passive infrared (PIR) sensors are the most widely used sensors in the AAL
systems. PIR sensors are often used in the construction of PIR-based motion
detectors. Apparent motion is detected when an infrared source with one tem-
perature, such as a human, passes in front of an infrared source with another
temperature, such as a wall. PIR sensors suffer from two drawbacks in AAL
systems. First, the dynamics of the sensor is much faster than the dynamics
of the human motion, causing multiple pulses of motion (events) when in fact
there was one single event. Second, these PIR sensors often suffer from spurious
readings that prevent the correct location provided by the system. A case in
point occurs when the attended person is absent or sleeping and a PIR sensor
detects motion due to noise. This digital signal provided by the sensor indi-
cates a location which is therefore false and can bring the system into a state
of false alarm due to abnormal activity (the elder is sleeping and is moving in
another room). Therefore, it is necessary to filter these spurious events before
they reach the top layer of reasoning, even beyond energy considerations. The
solution is to process the raw signal in order to obtain events with significance,
filtering spurious events but on the condition of ensuring the notification of real
events.

Methodology

This middleware approach is motivated by the following two design premises.
First, state-machines are especially suitable for a low dense ad-hoc sensor net-
work interaction and that a very simple data acknowledgement protocol can
get a very easy feedback on event delivery. The feasibility of this approach is
shown through a practical example, DIA system.

The second design premise is motivated by the importance of preserving
limited resources, such as energy and bandwidth in battery-powered wireless
sensor networks. In traditional middleware, data transmission back to a central
node for offline storage, querying, and data analysis is very expensive for sen-
sor networks of non-trivial size since communication using the wireless medium
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consumes a lot of energy. Since sensor nodes have the ability to perform local
computation, part of the computation can be pushed into the sensor network.
Compared to traditional centralised data extraction and analysis, in-network
processing can reduce energy consumption and reduce bandwidth usage by re-
placing more expensive communication operations with very cheaper computa-
tion operations (a state-machine), extending the lifetime of the sensor network
significantly.

The proposed middleware includes a state machine that generates prepro-
cessed information (the translation between several sensor input patterns into
sensor state outputs) by adding one level of abstraction. Without this state
machine the microcontroller works exclusively with instant readouts of the sen-
sor. The state machine introduces the concept of ‘sensor state’, which is an
abstraction of the sensor reading based on a small temporal context.

With the introduction of this level of abstraction, a large number of trans-
missions associated with irrelevant events generated during transients or due
to noise in the environmental context are eliminated. This reduction of trans-
missions provides lower power consumption and a reduction in the wireless
traffic and therefore the collisions. This change implies greater specialisation
or specificity of the sensor node, since it performs preprocessing focused on
information.The time chart in Figure 3.1 shows the translation between sev-
eral sensor input patterns to sensor state outputs. The current implemen-
tation uses the following time stamps: t2 − t1 < 1, 1 < t3 − t1 < 10 and
t4 − t1 = t5 − t4 = t6 − t5 = 10. There are three possible outputs for every
sensor: true, meaning positive detection; false, meaning negative detection; and
‘peak’, meaning a very short and single pulse which may be spurious. Every
change at the sensors state is transmitted via the mesh network to the AmI sta-
tion, where ‘peak’ events can be processed and filtered regarding overall context
information.

In the literature, many approaches have been proposed to achieve reliability
in the transport layer. This reliability is achieved by means of congestion
control and data recovery. The approach proposed in this paper is a data
recovery scheme that achieves upstream reliability. It is simple, compatible
with most congestion control schemes. More importantly, it can significantly
reduce the total energy spent for data recovery as it is designed for event-
based transmissions and takes into account that context information can quickly
get outdated. In this way, not all missed messages are retransmitted, only
those that can provide context information. In addition, the basic idea of the
proposed scheme can be applied in other reliable transport schemes.

Performance in typical WSN applications is not very QoS dependent. Timed
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from the state machine; (2) last sensor data received from the driver via ACK
message; that is, the last sensor info that the driver has received so this is the
state which is currently being used on higher levels; (3) last transmitted data,
that is the sensor data sent in the last message to the driver, which could be
missed or not. Table 3.1 is a reduced version of the function table, with only
two states, for a better comprehension. At the inputs: ‘T’ means ‘true’, ‘F’
means ‘false’ and ‘x’ means ‘any’. At the output: ‘T’ means ‘sending true’,
‘F’ means ‘sending false’ and ‘-’ means ‘no message is sent’. After sending a
message, a timer is started to re-check the function table. Timer period is long
enough for the data message to reach the driver side and the ACK message
to reach the node back, so the ACK data should have been updated before
re-checking, if transmission was successful.

The idea is to design a ‘transport’ protocol which is specialised for AAL
applications. If sensor data is stationary, the driver side should be updated
to the current state. If a transitory ‘true’ has happened, the driver cannot
miss it. If a transitory ‘false’ has happened and the driver missed it, that
is not a problem. This is consequence of the meaning of the information at
the higher levels. On the one hand, speaking in terms of motion detection, a
transitory ‘false’ means continuous activity with some seconds of break. The
AAL reasoner outputs are the same, with or without this break. On the other
hand, a transitory ‘true’ can force a change from ‘inactive’ to ‘active’ and even
a change on the location in the house. The same can be applied to the door
reed switch and the bed occupancy detector.

Results and conclusions

Some specific studies have been made in the laboratory to quantify the reduc-
tion of messages generated by a sensor node. By introducing the new level of
abstraction, a large number of transmissions associated with irrelevant events
generated during transients in the ambient context are eliminated. This reduc-

Current Data T T F F F
ACK Data T F T F F
Last Tx Data x x x T F

Data to Tx Now - T F T -
Data to Tx Next - - - F -

Table 3.1: Reduced version of the function table for determining the data to
transmit.
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tion entails a lower power consumption and a reduction in the wireless traffic
and therefore also in the collisions. The number of messages of the basic method
with respect to the raw data is reduced by approximately 90%. Furthermore,
the number of events of the proposed method with respect to signalling the
raw data is reduced by approximately 98.5%. We consider this result as very
satisfactory. The resources used in the PIR signal processing is reduced by
approximately 85%. This change implies greater specialisation or specificity
of the sensor node, since it performs an information-centred processing before
transmitting data which could make it incompatible with other applications.

The drastic reduction of data messages achieved with the proposed data
compressing mechanism allowed us to use reliable data transmission protocols
without causing overload in the network. An AAL-specific ACK mechanism
has also been proposed to reduce the number of transmissions. The overhead
introduced by the proposed ACK mechanism is 125% of the one using no ACKs
and 62.5% of the one using a full-ACK method, in the best case of this study.
This kind of systems could easily go down if some specific events are missed so
we can say that a good compromise between energy consumption and robustness
has been achieved. It is necessary to highlight that the overhead that would
introduce ACKs without using the proposed data compression mechanism could
have tipped the balance.

3.2 Ambient assisted living system with capacitive occupancy sensor

Introduction

The use of bed/couch occupancy sensors is imperative for certain ubiquitous
computing systems such as (AAL). A first approach to solve the bed/couch
occupancy detection problem is found in pressure mats, but several environ-
mental dependencies make them weak to be an efficient and reliable solution
for large volume deployments. Solutions based on force-to-resistor transducer
implies too high power consumption to be integrated on wireless sensor nodes.

Our proposal can be stated as follows. EMFi-based devices, properly cov-
ered, may be placed under one leg of the bed or couch in order to obtain an
approximate measure of the applied force. Periodic signals provided by the sen-
sor node must be filtered by a circuit specifically tuned to the EMFi transducer.
Thus, the transducer capacitance can be measured and the applied force will
be determined. Sensor nodes must be calibrated on place, before their opera-
tion, thus avoiding the drawback of lack of adaptability. Calibration routines
can be improved by using information extracted from the context. The weight
measure process might be planned as an active one, thus entailing some power
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consumption. However, a circuit proposed by the EMFi manufacturers [21, 20]
can be employed to implement a passive detector of weight change. This detec-
tor output can be used as an interrupt input to the microcontroller included
in the sensor node and the active measurements should be made only after the
detection of a variation.

Electromechanical Film (EMFi) is a thin, cellular, biaxially oriented poly-
propylene film [71, 72], whose main advantages are: high sensitivity, light weight
and relatively low cost. The film has a permanent charge that changes when
pressure is applied to the film. The applied pressure compresses the air voids of
the thicker middle layer, which causes a charge change that is picked up by the
surface electrode layers. This transducer can be modelled as a charge source
dependent on the forces applied on its surface.

Methodology

EMFi transducers can be alternatively modelled as capacitors with variable
capacitance depending on the force exerted on its surface. Characterisation
of these transducers under this model has not been addressed in any previous
work. To overcome this shortfall some basic tests were conducted using an
assembly consisting of a small structure that allows us to apply a controlled
force to the transducer and a RLC meter module (Hameg MH8018). Such
tests were performed on samples of a set of S-Series circular EMFi transducers
supplied by EMFIT Ltd. manufacturer in its circular format with 1 cm radius.
Two clamps were used to generate the desired force and a hand-held weight
meter based on an extensometer (Jinger Brand) allowed us to both monitor
and control the applied pressure/tension. In addition, two pieces of rubber
were used both to protect the transducer and to ensure that the force was
homogeneously applied on it. The weight meter range extended from 0 to 40 kg
having an accuracy of 10 g. The test procedure was carried out as follows: (1)
The transducer was introduced between the upper clamp and the fixed structure,
keeping slightly hold, and connected to the RLC meter module. (2) A force of
20 kg was applied to the sample for 30 seconds, followed by 60 seconds free of
pressure in order to minimise the transducer memory effects. (3) Finally, the
applied force was increased from 0 to 40 kg in steps of 5 kg, and the capacitance
was measured at each pressure increment. The selected force range matches the
weight range that each single leg of the bed or seat can bear, considering four as
the standard number of legs and 160 kg as the maximum weight of a monitored
user. This procedure was applied to four different samples and repeated from
2 to 5 times on each. The capacitive value was read at every step, not only
just after every pressure increment but also some times after such increment,
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since significant transients are produced and we were interested in measuring
capacitances in the steady state. Capacitances were measured at four different
times after every force change (30 s, 60 s, 90 s and 120 s) in order to characterise
the transients. After collecting data, a polynomial fitting was done in order to
find the coefficients of a quadratic polynomial that best fits the data.

The proposed low-power sensor device consists of two functional blocks: a
quasi-passive force change detector and an active occupancy sensor by measur-
ing weights. The force change detector design is based on the schematics pro-
posed by the EMFIT manufacturer for dynamic forces measuring [20]. These
schematics use a model in which the transducer behaves as a charge source
depending on changes on the force applied between its sheets. The referred
circuit, depicted on the upper right in Figure 3.2, is a charge amplifier that
transforms the signal coming from the transducer into a voltage signal, giving
an output which is proportional to pressure variations applied to the transducer.
This signal is then filtered and thresholded in order to generate interrupts to
the microcontroller, thereby acting as a detector of force changes that exhibits
low power consumption. The second block, the occupancy sensor, employs
the EMFi transducer as a force dependant capacitor whose capacitance is mea-
sured by means of a capacitive voltage divider, Figure 3.2. When a capacitance
measure is requested by the microcontroller, the voltage divider is fed with
an AC signal. The resulting output is a signal with the same frequency but
amplitude-modulated by the force on the transducer. After passing a stage of
impedance conditioning, this signal can be directly sampled byt the microcon-
troller analog-to-digital converter (ADC) and processed to get a capacitance
estimation, which constitutes in turn an estimation of both the weight and the
occupancy probability. Alternatively, signal can be rectified and conditioned
in order to obtain an analog signal indicative of the weight supported by the
transducer.

The application programmed on the microcontroller (firmware) manages the
external interrupts from the force change detector, feeds the capacitive voltage
divider with a square signal of 100 kHz and, finally, samples and processes the
output. The sequence is as follows: (1) when a force change occurs, the mi-
crocontroller triggers a weight measurement cycle from the voltage divider; (2)
the microcontroller compares the acquired measure to the previously calculated
threshold and fires an event to communicate the bed/seat occupancy; (3) the
event is transmitted via radio to the AmI station through the base station. Addi-
tionally, a light-emitting diode (LED) can be lighted when occupancy detection
has been asserted. The output signal coming from the transducer contains a
remarkable amount of noise, so that every single measurement is calculated
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Weight ADC Readings Calculated
[kg] Empty Occupied Threshold
50 0x60 0x57 0x5C
85 0x60 0x59 0x5C
110 0x62 0x5A 0x5D

Table 3.2: Final results for occupancy sensor. Calibration process was succes-
sively performed for people with different weight. Output values for each people
and calculated thresholds are shown, where data are raw ADC readings in the
range 0 to 1023.

tion. According to the estimations, the consumption of a node to incorporate
the occupancy sensor would be increased by 15%, which is acceptable for im-
plementation.

Finally, future direction could point at redesigning the sensor to get a stan-
dalone device that does not require a microcontroller to operate. An imple-
mentation of this could even be mapped to the field of microelectronic designs
to be manufactured as an integrated circuit, which would be translated into a
significant reduction in cost and energy consumption.

3.3 EMFi-based low-power occupancy sensor

Introduction

In the previous paper [26], an occupancy sensor based on force-capacitive trans-
ducer has been proposed, implemented and tested. This sensor is based on
Electro-Mechanical Film (EMFi) transducer which is able to detect force vari-
ations in a quasi-passive way and, besides, is a capacitor with variable capac-
itance depending on the static force exerted on its surface. This detection of
force change is used to trigger an active mechanism to measure the weight by
means of the transducer capacitance. In this paper, a new low power circuit is
proposed to measure weight, by means of the capacitance of the EMFi trans-
ducer, which enhances accuracy and power consumption, simplifies the signal
sampling procedure and can be implemented as a standalone device.

Methodology

The low-power sensor device consists of two functional blocks: a quasi-passive
detector of force change and an active sensor of occupancy based on weight
measuring. Figure 3.5 illustrates a block diagram of the occupancy sensor
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one of the three following states are possible: the occupied state, where there
are no values in the region of non-occupation and, at most, there is one value
in the intermediate region. The unoccupied state, when there are no values in
the region of occupation and, at most, there is one value in the intermediate
region. Invalid state in any other case.

Results and conclusions

The goal of this work is to obtain an occupancy sensor for bed or couch that
could improve the current sensors employed for an Ambient Assisted Living
(AAL) system. This interest is due to: (1) the lack of adaptability that mats
presented to various factors such as hardness and type of mattress and bed
base, in the case of the bed, and the hardness of the structure in the case of
the couch, as well as the weight of the person in the one case and the other; (2)
High power consumption of resistive transducers; and (3) relative low accuracy
of the previous EMFi based sensor.

The proposed sensor, based on the EMFi transducer, is independent of
the factors that affect to pressure mats, except the user’s weight; however the
possibility of calibration makes this aspect does not become a problem.

A fundamental aspect of the design is energy consumption. According to
the estimations, the power consumption of the occupancy sensor accounts for
only 2% of a node consumption, what improves the previous power consumption
which accounted 15% [27].

The developed occupancy sensor has been shown to be effective in labo-
ratory tests. It has been tested with people of different weights. Occupancy
detections have been correct and the weight recorded values have been accu-
rate and stable to consider that the sensor can be reliably used in an actual
installation.

Finally, a consequence of this work has been the design of a first approach
to an EMFi based weight meter. A future prospective research line could be
the design and implementation of an accurate scale. Also, current and future
designs could be implemented as a standalone device that does not require
a microcontroller to operate. This implementation could even be mapped to
the field of microelectronics for manufacturing as an integrated circuit, which
would be translated into an especially significant reduction in cost and energy
consumption.
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3.4 A system for ubiquitous fall monitoring at home via a wireless
sensor network and a wearable mote

Introduction

In this paper, a support system is proposed for detecting falls of an elder per-
son by the combination of a wearable wireless sensor node based on an ac-
celerometer and a static wireless non-intrusive sensory infrastructure based on
heterogeneous sensor nodes. This previous infrastructure called DIA (Disposi-
tivo Inteligente de Alarma, in Spanish) is an AAL (Ambient Assisted Living)
system that allows to infer a potential fall. This inference is reinforced for
prompt attention by a specific sensorisation at portable node sensor in order
to help distinguishing between falls and daily activities of assisted person. The
wearable node will not determine a falling situation, it will advice the reasoner
layer about specific acceleration patterns that could, eventually, imply a falling.
Is at the higher layer where the falling is determined from the whole context
produced by a mesh of fixed nodes. Experimental results have shown that the
proposed system obtains high reliability and sensitivity in the detection of the
fall.

The goal of the AAL systems, as DIA [24, 8], is to provide an infrastructure
of networked sensors that supports multiple applications simultaneously. The
sensor network, would spread throughout the environment, whether it is any
room of home, routing and linking sensor nodes to the base station. In general,
sensor nodes can be divided into two types: (1) fixed/infrastructure motes, for
example attached alongside the walls and corridors, doors and furnishings and
(2) mobile motes, whose geographical position can change over time. The goal
of this system is to provide warnings to caregivers in the event of an accident,
acute illness or strange (possibly dangerous) activities, and enable monitor-
ing by authorized and authenticated caregivers. Wearable accelerometer-based
technology can be used to complement the falling detection. The system learns
the users behaviour patterns and advice when the currents differs significantly,
but it takes some time to be accurately detected. Eventual signalling of a free
fall and / or impact events can significantly reduce the time to determine a
falling situation. Besides, seniors who are living by themselves have problems
when getting help after they fall and may not be able to describe where they
are. Combined with the fall detection technology, localization can detect where
the incident occurred and request the relevant services.
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Methodology

The goal was to design an accelerometer-based node that is small and lightweight
and can be worn comfortably without obstructing normal activities. The wear-
able node board has mounted a 3-axis accelerometer with high resolution (13
bits) measurement at up to ±16 g (Analog Devices ADXL345). Where g is
standard gravity, or standard acceleration due to free fall, or the nominal accel-
eration of body in a vacuum near the surface of the earth. The wearable sensor
node measures the static acceleration of gravity in tilt-sensing applications, as
well as dynamic acceleration resulting from motion or shock. High resolution
provided by ADXL345 (4 mg/LSB) enables measurement of inclination changes
at less than 1.0 ◦C. Several special sensing functions are provided. Activity and
inactivity sensing detect the presence or lack of motion and also if the accelera-
tion on any axis exceeds a user-set level. Tap sensing detects single and double
taps. Free-fall sensing detects if the device is falling (zero gravity). These
functions can be mapped to one of two interrupt output pins. An integrated,
32-level first in, first out (FIFO) buffer can be used to store data to minimize
host processor intervention. Low power modes enable intelligent motion-based
power management with threshold sensing and active acceleration measurement
at extremely low power dissipation. The sensor node fits inside a plastic box
measuring 4×4×1 cm where the button battery is enclosed in the same package.
Clearly, the placement of the device on the body is of primary concern. Some of
the criteria are that it should be comfortable and that the device itself should
not pose a threat to the wearer in the event of a fall. For the experiments, the
sensor node was attached to a belt worn around the waist.

Past studies over falling detection evidenced four critical differences between
a fall event and activity of daily living (ADL)– like walking upstairs, walking
downstairs, sitting down and standing up; they are marked in Figure 3.9 and
explained in detail below.

1. Initial Free Fall : Any fall event starts with a initial free fall (FF) (weight-
lessness phenomenon), where the vector sum of acceleration will decrease
significantly under 1 g, tending toward 0 g.

2. Impact : After the short weightlessness period, the human body will im-
pact the ground or other objects, generating a huge peak in acceleration.
The peak is greater than others observed during ADL, which usually do
not exceed 3 g, [11]; this value will be taken as impact threshold.

3. Motionless Phenomenon: After Free Fall and Impact, a period of inactiv-
ity is observed [95].
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4. Position Change: After a fall, final body position is different from the
one assumed before the fall started. This could be checked looking at
a sample taken just before the beginning of the fall and at another one
taken 2 seconds after the end of the fall.

Going on the four differences between falls and ADL, the following fall-
detection algorithm was implemented, illustrated in Figure 3.10.

The ADXL345 accelerometer provides various interrupts functions, includ-
ing free fall, activity (peak detection) and inactivity; they are ideal to respec-
tively signal the first three condition of a fall. Furthermore, the ADXL345
FIFO Trigger Mode, let us reading only samples captured just before the be-
ginning of a free fall, making unnecessary a continuous and battery-consuming
reading to determine initial body orientation. In the proposed accelerometer
configuration, FF interrupt is triggered when acceleration on the axis goes un-
der 625 mg for more than 100 ms, activity interrupt when the acceleration on
the axis reaches 4 g threshold and the inactivity one when the acceleration is
under 1375 mg for more than 2,s.

In order to minimize battery consumption on the wearable mote, the al-
gorithm was split up into two parts: first, the sensor node will check for fall
characteristics 1 and 2 (initial free fall and impact); if they are satisfied, it will
check for inactivity, samples initial and final position and sends all data over
the fixed network; second, the base station will elaborate this data checking
all requirements for fall events. The wearable sensor node, initially in an idle

Figure 3.9: Typical Fall Profile.
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context of the user, reporting initial and final position of the fall. The higher
level of the system then make the reasoning to determine if a fall event has
happened. The sensor node is also able to generate periodic static acceleration
readings - useful to monitor body orientation during ADL - and voluntary help
calls, if the panic button is pressed more than 3 s; all that events and their
relative data are then processed by the AmI system.

Results and conclusions

A prototype of wearable sensor node has been designed and implemented. The
wearable node has a very similar hardware to a fixed network node. The node
board has mounted a 3-axis accelerometer with high resolution (13 bits) mea-
surement at up to ±16 g (Analog Devices ADXL345). The wearable node mea-
sures the static acceleration of gravity in tilt-sensing applications, as well as
dynamic acceleration resulting from motion or shock. The final node design
will fit inside a plastic box measuring 4 × 4 × 1 cm, where the button battery
can be enclosed in the same package. Clearly, the placement of the device on
the body is of primary concern. Some of the criteria are that it should be
comfortable and that the device itself should not pose a threat to the wearer
in the event of a fall. For the experiments, the sensor node was attached to a
belt worn around the waist. No experiments were performed on elderly people.
In this work, the experiments should be considered preliminary and more data
is needed. Figure 3.11 shows some pictures of the accelerometer sensor node.

To test the wearable sensor working inside the fixed mesh, wearable were
performed with a volunteer wearing the sensor node prototype. An air mattress

Figure 3.11: Left, prototype of the wearable sensor node with its current case
and the future one (green case on the left). Right, the first accelerometer sensor
board prototype and the Iris radio module.
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was used to prevent the volunteer from injuries. The volunteer simulates all
the relevant kind of activity: forward fall, backward fall, side fall and ADL like
sitting down, laying down and standing up. Fall events were all recognized and
no false positive were originated. Furthermore, the sensor software includes a
remote setting change option, which let the AmI system to correct parameters
basing on the user physical characteristics and history. Voluntary help calls
were also detected correctly.

In this paper, we demonstrated the feasibility of using a wireless sensor net-
work to detect fall events using fixed and wearable (in a rather unobtrusive or
in the least obtrusive possible) sensor nodes. An interesting observation was
that different activities have unique acceleration profiles. Also, amplitudes and
frequencies of movement vary with the size and weight of the wearer, which sug-
gest that the design can be improved by customization, whether for individuals
or groups with similar activity levels. For example, Figure 3.9 clearly shows the
periodic nature of walking, which suggests that frequency analysis may be a
possible tool to better distinguish between events. The threshold algorithm can
also be tuned in software to more reliably distinguished falls from safe activity.

3.5 Published articles

This section is composed by the papers conforming the thesis by publications.
Documentation about the impact factor of the publishing journals is attached
in Appendix A, as well as a document signed by all the co-authors which deter-
mines the contribution of the candidate, indicates that the publication has not
been previously used in other thesis and, for three of the articles, compromise
them to do not use it in future thesis by publications.
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to the base station. In general, sensor nodes can be divided
into two types: (1) fixed/infrastructure node, for example
attached alongside the walls and corridors, doors and fur
nishings and (2) mobile/portable node, whose position
can change over time. DIA infrastructure disposes of both
type of nodes.

A first objective of this project is to provide alerts to
caregivers in the event of an accident, acute illness or
strange (possibly dangerous) activities of our elders at
home, and enable monitoring by authorised and authenti
cated caregivers. The system facilitates privacy by per
forming local computation, it supports heterogeneous
sensor devices and it provides a platform and initial
architecture for exploring the use of sensors with elderly
people. We have designed and developed a low power
multi hop network infrastructure consisting of mobile
and fixed multi sensor nodes (motes) that wirelessly
communicate to each other and are capable of hopping
radio messages to a base station where they are forwarded
to a PC (or other possible client). A reasoning layer embed
ded into the PC learns the user’s behaviour patterns and
advices when the current significantly differs from the nor
mal patterns.

In ambient intelligence systems based on wireless sen
sor networks like AAL systems, one of the most precious
commodities is power. Sensor nodes can only operate as
long as their batteries maintain power. Low power elec
tronic devices (mainly micro controller and radio) are used
in our node design. These electronic components allow the
use of small batteries for operation. The trend in ambient
intelligence is towards more communication dependent
activities, with sensor nodes using wireless communica
tion (using ZigBee, for example). Generally, wireless com
munication devices consume energy continuously. These
trends make it imperative that we design power efficient
systems. In this sense cameras and microphones are not

low power electronic devices, but the main cause to avoid
them is that these devices (cameras and microphones) are
not unobtrusive.

There is a gap between network protocols, on the one
hand, and applications in wireless sensor networks, on
the other hand. We need to provide adaptation functions
between applications and network protocols to satisfy
the requirements of low power in wireless sensor net
works. The adaptation functions should facilitate provision
of quality of service to applications while using the low
consumption of battery and extending their life span. Mid
dleware [4 7] is an approach to satisfy the adaptation.

In the remainder of this paper, we present the key moti
vation for the presented work in Section 2. Then, in Sec
tion 3, we present the related work, including a brief
revision of hardware, software and middleware approaches
in order to reduce power consumption. In the next section,
Section 4, we describe the experimental platform, a care
system at home. As a proof of concept, Section 5 presents
and describes the middleware that has been developed
using our platform. Results issues are described in Section 6.
Discussions and Conclusions are presented in Section 7.

2. Problem positioning

Passive infrared sensors are the most widely used sen
sors in the AAL systems. A Passive Infrared Sensor (PIR sen
sor) is an electronic device that measures infrared (IR) light
radiating from objects in its field of view. PIR sensors are
often used in the construction of PIR based motion detec
tors. Apparent motion is detected when an infrared source
with one temperature, such as a human, passes in front of
an infrared source with another temperature, such as a
wall. PIR sensors suffer from two drawbacks in our DIA
system. First, the dynamics of the sensor is much faster
than the dynamics of the human motion causing multiple

Fig. 1. Example of conversion from PIR raw signal to processed signal.
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pulses of motion (events) when in fact there was one single
event. Second, these PIR sensors often suffer from spurious
readings that prevent the correct location provided by DIA
system. A case in point occurs when the attended person is
absent or sleeping and a PIR sensor detects motion due to
noise or a sudden temperature change. This digital signal
provided by the sensor indicates a location which is there
fore false and can bring the system into a state of false
alarm due to abnormal activity (the elder is sleeping and
is moving in another room). Therefore, it is necessary to
filter these spurious events before they reach the top layer
of reasoning, even beyond energy considerations. The
solution is to process the raw signal in order to obtain
events with significance, filtering spurious events but on
the condition of ensuring the notification of real events.

One way to help understand the reality of the whole
problem can be achieved by observing Fig. 1. The first part
of the figure shows the response signal from a PIR sensor
when it detects a continued motion of a person in front of
it for a few seconds (t1). On each edge of the signal an event
occurs that is transmitted to the microprocessor through an
interrupt. Subsequently, the microprocessor sends, through
the radio chip, a message of motion ‘true’ or ‘false’ towards
base station that will be passed later to the reasoning layer
of AmI. Station that is resident into a mini PC. That is, many
‘true’ and ‘false’ events can be sent towards the reasoning
layer in a few seconds. Our idea is that multitude of ‘true’
and ‘false’ can be converted to one only ‘true’ and ‘false’,
as shown in the second part of the Fig. 1. In this way, we dis
pose of a processed signal which is accommodated and
compressed to the real dynamics of the system. Therefore,
the messages actually sent on the network are fewer and,
thus, the network traffic and power consumption is signif
icantly reduced. Obviously, this middleware approach will
also enable us to filter out spurious events.

3. Related work

Various hardware, software and middleware techniques
have been proposed to reduce a wireless node power
consumption during its operation [8]. Hardware level
techniques are based on controlling the system power
consumption by developing special design techniques for
implementing low power circuits [9]. Systems based on
electronic techniques employed to reduce total energy
consumption are [10]: (1) Sub threshold operation By
using a power supply under than the threshold voltage,
systems such as the Subliminal processor [11] from the
University of Michigan are able to trade off performance
for reduced active power consumption. (2) Asynchronous
Circuit Processors such as SNAP from Cornell University
[12] eliminate clock power by relying on asynchronous cir
cuits. (3) Power Supply Gating To address increasing leak
age current, systems from Harvard University and the
University of California employ transistors that switch
the power supplies of unused blocks [13]. Each of these
systems take differing approaches to architecture support
for applications. (1) General Purpose Computation Off
the shelf and custom designed systems employ load store
or accumulator based processors as the core processing

engine of the system. (2) Event Driven WSN applications
respond to environmental events and are event driven by
nature. Consequently, systems from Cornell, Harvard, and
Michigan support native handling of events in hardware.
(3) Application Acceleration systems from Harvard and
University of California provide hardware acceleration for
common tasks to reduce active energy consumption and
increase system performance. As mentioned above, there
are different advanced AAL systems with shared features
with the DIA system [14 16].

Most software level techniques have concentrated in
sophisticated dynamic power management (DPM)
schemes. At the heart of these schemes exist power
efficient media access control (MAC) [17] and routing pro
tocols [18,19] designed to meet the various throughput,
latency, and lifetime requirements of different applica
tions. On the other hand, the role of any operating system
(OS) is to promote the development of reliable application
software by providing a convenient and safe abstraction of
hardware resources. In personal computers and servers,
the OS allocates application processing threads to proces
sors, maps virtual addresses to locations in memory, and
manipulates disks, networks, and peripherals on the appli
cation’s behalf. TinyOS was designed specifically for WSNs.
It introduces a structured event driven execution model
and a component based software design that supports a
high degree of concurrency in a small footprint, enhances
robustness, and minimises power consumption while facil
itating implementation of sophisticated protocols and
algorithms. The achievement of energy conservation when
using WSNs and WMSNs can also be feasible through the
utilisation of advanced routing protocols such as SHPER
[20] and PEMuR [21] which perform energy efficient multi
hop routing and high data aggregation with high QoS.

Middleware techniques are data related functions
(because WSN are data centric devices) therefore middle
ware would contain data management such as data
dissemination, data compression, and/or data storage.
Our approach uses data compression which might increase
computational energy somewhat, but decrease the number
of packet transmissions and therefore increase the quality
of service and energy efficiency. Several features of WSNs
enable the implementation of effective data compression
protocols: (1) Normally, the data collected in sensor nodes
are correlated between them, especially when the density
of sensor nodes is quite high in the mesh; (2) due to the
topology in tree of most of WSNs, the correlation may be
come more apparent on the path from the sensor nodes to
the base station or sink; (3) the occurrence of an event may
be assimilated with a continuous time but random pro
cess, and sampling of the random processes helps extract
information content from the process; (4) the application
semantic may enable data aggregation or data fusion;
and (5) the tolerance of applications for possible errors in
data may make it possible to reduce data reading and
reporting frequencies. Several compression techniques
are been proposed for ad hoc networks: information theo
retic based techniques such as distributed source coding
using syndromes (DISCUSS) [22] which is a distributed
compression scheme for a very dense network based on
Slepian Wolf coding [23]. Data aggregation based
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compression schemes such as tiny aggregation service for
ad hoc sensor networks (TAGs) [24]. TAG allows users to
express simple, declarative queries and have them distrib
uted and executed efficiently in networks of low power,
wireless sensors. They discuss various generic properties
of aggregates, and show how those properties affect the
performance of their in network approach. Another ap
proach is based on a small and efficient middleware kernel
which supports highly modularised and customisable
component based middleware services that can be tailored
for specific embedded environments, and are runtime
reconfigurable to support adaptivity [5]. But this current
approaches impose significant overhead upon developers
and tend to use inflexible binding models based on remote
procedure calls. LooCI components use a novel event based
binding model that allows developers to model rich com
ponent interactions, while providing support for easy
interception, re wiring and re use [6]. Another research
describes a sensor middleware that can be customised to
suit different sensor application types, and provides a
reflective approach for co ordinated network wide dy
namic reconfiguration of sensor behaviour [7]. MiLAN al
lows applications to specify a policy for managing the
network and sensors, but the actual implementation of this
policy is effected within MiLAN. The authors describe Mi
LAN and show its effectiveness through the design of a sen
sor based personal health monitor [4].

Hardware level techniques are implemented by default
in our hardware design of mote. The heart of any wireless
sensor node is its microcontroller unit (MCU), which pro
vides the computational capability to the sensor. It differs
from standard central processing units (CPUs) in its focus
on self sufficiency, power efficiency, and low cost. Soft
ware level techniques are also implemented by default in
our mesh network. Our sensor node network is based on
a full featured multi hop, ad hoc, mesh networking proto
col driven for events [17,25,26]. In this sense, we have
adapted and improved the old link, network and applica
tion layers for our WSN using TinyOS 2.1.1 [27].

Our middleware approach is motivated by the following
two design premises. First, we believe that state machines
are especially suitable for a low dense ad hoc sensor
network interaction and that a very simple data acknowl
edgement protocol can get a very easy feedback on event
delivery. We show that this approach is possible through
a practical example, DIA system. Other techniques based
on data aggregation or compression over space correlated
information, such as the pointed TAG and DISCUS, are not
effective in event driven monitoring while they can be use
ful in timed data acquisition for environmental condition
mapping. We propose a technique for data compression
over time correlated information, such as the signal from
a PIR sensor in a room. Besides, the declarative queries
(TAGs) need sophisticated catalog management, compli
cated query optimisation, and query processing techniques
in order to abstract the user from the physical details of
contacting the relevant sensors, processing the sensor data,
and at last, sending the results to the user. Another
techniques are designed for very dense sensor networks
(DISCUSS for example), or they are designed for generic
WSN and applications (LoocI).

Our second design premise is motivated by the impor
tance of preserving limited resources, such as energy and
bandwidth in battery powered wireless sensor networks.
In traditional middleware, data transmission back to a cen
tral node for offline storage, querying, and data analysis is
very expensive for sensor networks of non trivial size since
communication using the wireless medium consumes a lot
of energy. Since sensor nodes have the ability to perform
local computation, part of the computation can be pushed
into the sensor network. Compared to traditional centra
lised data extraction and analysis, in network processing
can reduce energy consumption and reduce bandwidth
usage by replacing more expensive communication
operations with very cheaper computation operations (a
state machine), extending the lifetime of the sensor net
work significantly. On the other hand, declarative queries
techniques that have expensive query processing tech
niques may extend processing time and aggravate energy
consumption and result accuracy. The query layer of these
techniques is very laborious and complicated because it
must generate elaborated query plans with different
trade offs for different sensors and users. Our middleware
includes a state machine that generates preprocessed
information (the translation between several sensor input
patterns into sensor state outputs) by adding only one le
vel of abstraction. Proposed modularised and customisable
component based middleware [5 7] can be very useful for
the first approach stage in a development or being used in
a non static environment. They will not be so effective as
final platform in a static environment, where a specific
middleware can reach further resource optimisation.

Wireless sensor networks are deployed in environment
often with little maintenance, therefore these networks
usually have high data loss rate due to unreliability on
the wireless channel. As many sensor networks have criti
cal applications, reliability of data transmission is a main
requirement. To achieve reliability, several MAC (Medium
Access Control) standards (e.g., IEEE 802.11, IEEE
802.15.4 and S MAC) adopted the Automatic Repeat re
Quest (ARQ) technique that can recover bit errors occurred
during one hop transmission [28]. Automatic repeat re
quest (ARQ), also known as Automatic Repeat Query, is
an error control method for data transmission that uses
acknowledgements (i.e., messages sent by the receiver
showing that it has correctly received a data frame or pack
et) and time outs (i.e., specified periods of time allowed to
elapse before an acknowledgement is to be received) to
achieve reliable data transmission over an unreliable ser
vice. If the sender does not receive an acknowledgement
before the time out event, it usually re transmits the
frame/packet until the sender receives an acknowledge
ment or exceeds a predefined number of re transmissions.
However, ARQ in MAC layer cannot handle packet loss over
several hops due to congestion or temporary sensor/link
failure. Therefore, reliable transport protocol is necessary
[29]. In reliable data transmission protocols, retransmis
sion based on acknowledgement (ACK) or negative
acknowledgement (NACK) is a basic method for data
recovery [30]. When the data rate is high, a sensor node
usually sends consecutive frames to the data sink. In this
case, NACK is preferred. The data sink can detect data
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sensors have a high quality and sensitivity. Also, the low
power multi hop protocol and hardware work correctly.
Therefore, the system can determine the location and
activity patterns of the elderly, and the intelligent software
can learn of the elderly activities. Ultimately, the system is
able to take decisions about strange actions of elderly if
they are not stored in its history of activities. At the begin
ning, the system knows some typical patterns of
behaviour.

Additionally, connectivity between the AmI. station ex
ists to the remote caregiver station via a local Ethernet net
work. The AmI. station currently receives streamed sensor
data so that it can be used for analysis and algorithm
development for the intelligent software and the AmI. sta
tion is potentially able to send data via Ethernet to the
caregiver station.

The software running in the miniPC (AmI. station) is
shown in the right part (below the AmI. station symbol)
in Fig. 3. It is divided into three main layers: Open Context
Platform layer, Management of the Dynamics of User Mod
el layer and Management of Inconsistencies layer [2]. The
OCP layer is responsible of capturing raw data from sensors
through adapters. These adapters include a driver for the
corresponding sensor (note that new sensors could be
added by providing their adapters). Sensor data is passed
to the Open Context Platform which transforms these data
into an ontology based format to represent context infor
mation. The ontology module acts as a blackboard among

all layers. The middle layer models the dynamics of the
user context and infers his state. To this end, Semantic
Web technologies are used to interpret data sensor and
to reason about the user context. Pattern recognition tech
niques are used for detecting anomalous situations. If the
situation is potentially dangerous, an alert is generated. Fi
nally, the upper layer includes a basic module to manage
inconsistencies detected in the middle layer. These incon
sistencies can be due to brief accidental activation of sev
eral motion sensors simultaneously. Moreover, in order
to deal with noise or false triggers of the sensors, an event
detected by a sensor is labelled as peak when it is detected
during less than one second. Then, the upper layer decides
whether to discard this event or not according to the global
context information. These three layers are feed with
events from sensors by an adaptation layer that solves
the interaction with the WSN.

The proposed middleware takes raw data from sensors
at the wireless nodes and offers preprocessed data to the
lower layer of AAL software at the AmI. station, reducing
the transmitted data but minimising the loss of context
relevant events. Therefore, it is composed by part of the
firmware at the motes and part of the software at the
AmI. station, being supported by the wireless communica
tion network. At the mote side, the main modules are a
state machine that introduces a new level of abstraction
to the sensor data and a specialised or ad hoc ACK manager.
At the software side, it only involves the ACK generation.

Fig. 3. Schematic overview of the system. The system formed by a set of sensor nodes with its hardware and firmware architecture; a special sensor node
named base station; an AmI. station, in our case a miniPC; and GPRS communication towards internet with its software architecture.
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parameters like activity and location with dynamics of
minutes, that’s because transmitting every change in the
sensor signal would mean a waste of energy and band
width resources.

An example of basic processing can be as follows: first,
the external interrupt which has fired the exception is dis
abled for a 5 s interval; in order to save energy by prevent
ing the same sensor firing continuously without relevant
information. This is achieved by starting a 5 s timer which
we call the interrupt timer. When this timer is fired the
external interrupt is rearmed. Second, the global interrupt
bit is disabled for data acquisition. This interruption bit
will remain disabled until the data has been acquired and
the message has been sent. Third, the digital input is read
using the TinyOS GPIO management features. Fourth, bat
tery level and temperature are read. The battery level
and temperature readings are made using routines based
on TinyOS ADC library. At last, a message is sent using con
ventional TinyOS routines. In this way, the message is sent
to the sensor parent in the mesh. The external led of the
multi sensor board is powered on when the sending rou
tine is started; and powered off when the sending process
is finished. This external led can be disabled via software in
order to save battery power.

Interruption driven events time chart is shown in Fig. 6,
where next thresholds are established: t2 t1 < 125 ms,
t3 t1 < 5 s, t4 t1 < 5 s, t5 t1 = 5 s, t6 t5 < 1 ms,
t7 t6 < 125 ms, t8 t6 = 5 s and t9 t8 < 1 ms. The related
time thresholds are a consequence of the implementation.
Due to the Low Power Listening (LPL) protocol used at the
MAC level, a message can take up to 125 ms to be transmit
ted. If the micro controller works at 8 MIPS, the time
needed to execute the interrupt routine and check the dig
ital inputs is less than 1 ms. This time stamp could be rig
orously calculated for further precision, but we considered
that this precision is not necessary. Finally, the basic signal
processing protocol presented in this section uses a 5 s
timer to re check digital inputs after an edge detection.
This timer period was heuristically assigned based on the
application dynamics.

Fig. 6 can be described as follows: at t1, an external
interrupt Intx has occurred due to a change in a sensor.
The external interrupt Intx is disabled and the interrupt
timer is started. Sensor data are taken. The message is sent
and the external led of our multi sensor board is powered

on. At t2, the sending process is finished. The external led is
powered off. At t3, an external interrupt Intx has occurred.
The exception routine is not executed because the external
interrupt Intx is disabled. The interrupt flag for Intx is
raised. At t4, another interruption has occurred but the
interruption flag is already raised. At t5, the interrupt timer
is fired. The external interrupt Intx is enabled. At t6, the
exception routine is executed because the interrupt flag
is raised. The external interrupt Intx is disabled and the
interrupt timer started. Sensor data are taken. The message
is sent and the external led is powered on. At t7, the send
ing process has finished. The external led is powered off. At
t8, the interrupt timer is fired. The external interrupt Intx is
enabled. At t9, there are no more pending tasks.

5.2. Problem analysis

This filtering and compression/fusion of events involves
(1) a better system stability; (2) to decrease the number of
messages exchanged in the network reducing the number
of events with significance; and (3) to decrease the number
of collisions by reducing the number of messages. The con
sequences are straightforward: power consumption reduc
tion and quality of service (QoS) enhancement. Fig. 7
illustrates an example of the output of a PIR sensor for mo
tion detection. It shows the raw signal provided by the sen
sor, which is reversed to the next level of abstraction, i.e.,
0 V indicates motion detection and 3 V no motion detec
tion. Two overlapping graphs are shown due to the simul
taneous reading of two sensors. In green line is represented
the reading of a AMN44121 sensor and in blue a
AMN41122 sensor. The abscissa axis represents time in
seconds and the ordinate axis the signal amplitude in volts.

Events generation produced by a direct reading of the
raw signal of the sensor provides dynamics of messages to
ward the reasoning layer much higher than needed. In con
trast, the processed sensor signal can provide slower
dynamics (about ten times), which is consistent with
transmission capacity of the wireless sensor network and
the real motion dynamics of a person observed by the sys
tem. Our goal is double, first to discriminate spurious mo
tion detections assuming that these signals do not
resemble the patterns of real motion detections and, sec
ond, to reduce the dynamics of messages by a sensor signal
processing in order to compress the whole information in

Fig. 6. Basic sensor processing method: interruption time chart.
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one single event. It is not trivial to sample the signal of one
sensor to register the waveform of an spurious detection.
We made an assumption about a pattern which is later val
idated. This assumption is validated by detecting the pat
tern in a real deployment, which gives us full context
information. As first approach, spurious detections are as
sumed to generate a single pulse with short duration,
e.g., 1 s.

On the other hand, the signal generated by real motion
is easily sampled using a data acquisition board and soft
ware to get waveforms patterns. Some experiments have
shown that real detection usually presents multiple pulses
for a period of time. Fig. 7 shows the signal from PIR sen
sors provided by the motion of the hand towards head
standing 2.5 m from sensor. This allows us to consider

the possibility of not sending messages associated with
simple events of short duration and to compact and com
press the whole information in one single event.

We performed three experiments. Each experiment is
repeated nine times. In each repetition, the output of the
sensors was captured during 10 s. These tests have been
selected attempting to include the main representative sit
uations, which are relevant for an ambient intelligence sys
tem at home, that can be detected by a PIR sensor
regarding the detection probability. We think that they
are four: (1) a person walking just in front of the sensor,
the situation with the highest detection probability; (2) a
person walking near the edge of the detection range/angle,
a situation with quite high detection probability; (3) a per
son sitting just in front of the sensor who performs a man
ual activity, a situation with low detection probability; and
(4) a person sitting near the edge of the detection range/
angle who performs a manual activity, a situation with
very low detection probability. The first one was skipped
because, after performing the rest, it was clear that it
would not provide any relevant information. The results
of three experiments are shown in Figs. 8 10, respectively.
The experiments were as follows:

1. PIR sensor is 2 m above the ground. Individual is sitting
in a chair 2.5 m from sensor. 60� angle. The individual
moves his hand over his head for 2 s.

2. PIR sensor is 2 m above the ground. Individual is sitting
in a chair 2 m from sensor. 0� angle. The individual
moves his hand over his head for 2 s.

3. PIR sensor is 2 m above the ground. Individual is sitting
in a chair 3 m from sensor. 60� angle. The individual
gets up and moves to another chair at 2 m from the sen
sor and 30� angle.

Fig. 7. Response of PIR sensors generated by a motion stimulus.
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Fig. 8. Results for the characterisation of PIR sensor: Test 1.
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Tests 2 and 3 show results which are consistent with
expectations. Minimum parameters can be set in order to
discriminate spurious detections. However, results of test
1 reveal the possibility of eliminating real detections in a
wrong way. This is because the pattern recorded as a result
of a real event may coincide with the alleged pattern for
the spurious detections, as it is shown at the 2 last results
from Test 1, in Fig. 8.

5.3. Compression/fusion of events

Test results show that spurious detections cannot be fil
tered without the risk of suppressing real motion detec
tions. Best option is to mark as ‘peak’ the events
matching with the pattern alleged for the spurious detec
tions and let the higher level layer to decide, discarding
or not discarding, using the global context information.
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Fig. 9. Results for the characterisation of PIR sensor: Test 2.
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Fig. 10. Results for the characterisation of PIR sensor: Test 3.
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The time chart in Fig. 11 shows the translation between
several sensor input patterns to sensor state outputs. The
current implementation uses the following time stamps:
t2 t1 < 1, 1 < t3 t1 < 10 and t4 t1 = t5 t4 = t6 t5 = 10.
There are three possible outputs for every sensor: true,
meaning positive detection; false, meaning negative detec
tion; and ‘peak’, meaning a very short and single pulse
which may be spurious. Every change at the sensors state
is transmitted via the mesh network to the base station.

Middleware includes a state machine that generates
preprocessed information (the translation between several
sensor input patterns into sensor state outputs) by adding
one level of abstraction. Without this state machine the
MCU works exclusively with instant readout of the sensor.
The state machine introduces the concept of ‘sensor state’,
which is an abstraction of the sensor reading based on a
small temporal context.

With the introduction of this level of abstraction, a large
number of transmissions associated with irrelevant events
generated during transient or due to noise in the environ
mental context are eliminated. This reduction of transmis
sions provides lower power consumption and a reduction
in the wireless traffic and therefore the collisions. This
change implies greater specialisation or specificity of the
sensor node, since it performs preprocessing focused on
information.

Fig. 12 shows the state machine. The state name is
indicative of certain parameters associated with it. For
each state: the letter I indicates that the external interrupt

associated with that sensor is enabled, the letter T indi
cates that a timer has been started with the period indi
cated in superscript, and finally, the number expressed as
a subscript indicates output value for this state, i.e., the
state of the sensor being notified. It can take three values:
(0) ‘false’, which represents the absence of activity; (1)
‘true’, which represents activity detected from multiple
motion detections and/or more than 1 s in duration; and
(2) ‘peak’, which represents a single detection with less
than one second duration, and therefore it may well be
spurious. The arrows represent transitions between states.
Each transition has an associated trigger event. Transitions
between states with different output values involve the
generation of an event of activity in the sensor, which is
transmitted through the network, these transitions are
graphically characterised by a white arrowhead which is
also larger than the rest. The following describes each of
the states indicated in the diagram:

� I0: The ‘Interrupted 0’ state represents a stationary
‘false’ sensor state. In this state, the interrupt associated
with that sensor remains enabled.
� TIPL

0 : The ‘Timed Interrupted 0 (Pulse Length)’ state
represents a ‘false’ sensor state with a single rising edge.
Upon entering this state, a timer with period PL is
started and its external interrupt is enabled. This
state checks the length of the first pulse received from
the sensor, which can be longer or shorter than the
period PL.

Fig. 11. Translation between several sensor input patterns to sensor state outputs.
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� TIPG
0 : The ‘Timed Interrupted 0 (Pulse Guard)’ state rep

resents a transient ‘false’ sensor state. The sensor has
detected a single pulse with a duration of less than PL.
Upon entering this state, a timer with period G is started
and its external interrupt is enabled. This state checks
whether it is a single or a multiple pulse.
� TIG

2 : The Timed Interrupted 2 (Guard)’ state represents a
‘peak’ sensor state. A single pulse with a duration less
than PL was detected and reported. Upon entering this
state, a timer with period G is started and its external
interrupt is enabled. This state verifies the absence of
more activity before moving onto the next state.
� TB

0: The ‘Timed 0 (Blind)’ state represents a transitory
‘false’ sensor state which presents multiple oscillations
or one oscillation greater than PL. So, the state of sensor
will change to ‘true’. To minimise consumption, external
interrupt is disabled. The triggering of the timer with
value B is expected in order to move on to the next state.
� TIG

1 : The ‘Timed Interrupted 1 (Guard)’ state represents a
transient ‘true’ sensor state. No oscillation are present
at the input signal. Upon entering this state a timer with
period G is started and its external interrupt is enabled.
This state verifies the continuity of the activity before
moving to the next state.

� TB
1: The ‘Timed 1 (Blind)’ state represents a ‘true’ sensor

state which presents transient oscillations and/or at
least a pulse with duration greater than PL. To minimise
consumption, external interrupt is disabled. The trig
gering of the timer with value B is expected in order o
move onto the next state.
� TIG

0 : The ‘Timed Interrupted 0 (Guard)’ represents a
transient ‘false’ sensor state without oscillations at the
input signal. Upon entering this state, a timer with per
iod Gis started and its external interrupt is enabled. This
state verifies the absence of activity before considering
this ‘false’ reading as stationary.
� I1: The ‘Interrupted 1’ state represents a stationary ‘true’

sensor state. In this state, interrupt associated with that
sensor remains enabled.
� STBY: The ‘Standby’ state, or idle state, represents a sen

sor that has been disabled. In this state, interrupt asso
ciated with that sensor remains disabled.

The following describes each of the events which lead to
transitions between the states. It is recalled that the tran
sitions that trigger the monitoring and transmission se
quence are represented by a white arrowhead.

� RiseInt_Event: The ‘Rising Interrupt’ event indicates a
rising edge in the sensor reading, change from ‘false’
to ‘true’.
� FallInt_Event: The ‘Falling Interrupt’ event indicates a

falling edge in the sensor reading, change from ‘true’
to ‘false’.
� Tout_Event: The ‘Timer out’ event indicates that a timer

has expired.
� DisableReq_Event: The ‘Disable Request’ event indicates

the reception of a disable request from outside of the
state machine.
� EnableReq_Event: The ‘Enable Request’ event indicates

the reception of a enable request from outside of the
state machine.

The following heuristic values have been chosen for the
timer periods, based on a visual analysis of the signal reg
istered on the three tests referred on Section 2.

� PL: Pulse Length time, 1 s.
� G: Guard time, 10 s.
� PG: Pulse Guard time, 9 s.
� B: Blind wait, 9 s.

5.4. Reliable event transmission

Performance in typical WSN applications is not very
QoS dependent. Timed sampling of environmental param
eters as temperature, humidity or pressure are usually
time correlated and missing a single message does not
means a serious performance loss. However, performance
in Ambient Intelligence applications, based on event detec
tion, has a different QoS dependency. This kind of systems
need to get the context from a sequence of events or
detected facts. Missing one of them can mean an unaccept
able loss of performance, but not all the detected events
are critical. The context information can quickly get

Fig. 12. State machine that represents the processed state of a sensor in
the firmware side of the middleware.

918 F.J. Fernandez-Luque et al. / Ad Hoc Networks 11 (2013) 907–925



60 Chapter 3. Publications

outdated. One transitory event can be discarded because it
does not provide context to the reasoner, while other
events can be critical.

When the Ami. station receives a data message from a
sensor node, it confirms the receipt by a message contain
ing the received sensor state. Firmware, at the sensor
nodes, stores in a variable the latest data of the sensor state
confirmed from the other side. When a new ACK is re
ceived, the content of that variable is updated. Thus the
firmware is always aware of the latest information that
the other side of the middleware (e.g., the driver at a PC)
has successfully received. When a sensor node transmits
a data frame, it starts a timer to schedule the verification
of receipt. When time out occurs, the sensor node con
trasts data committed by the other side with the data sent
by itself and acted accordingly. To keep the context in the
upper layers, it is not needed to retransmit all the lost
messages.

The idea is to design a ‘transport’ protocol which is
specialised for AAL applications. If sensor data is station
ary, the driver side should be updated to the current state.
If a transitory ‘true’ has happened, the driver cannot miss
it. If a transitory ‘false’ has happened and the driver missed
it, that is not a problem. This is consequence of the mean
ing of the information at the higher levels. On the one
hand, speaking in terms of motion detection, a transitory
‘false’ means continuous activity with some seconds of
break. The AAL reasoner outputs are the same, with or
without this break. On the other hand, a transitory ‘true’
can force a change from ‘inactive’ to ‘active’ and even a
change on the location in the house. The same can be ap
plied to the door reed switch and the bed occupancy
detector.

The aim of the protocol is to ensure the successful
transmission of relevant events and to discard the out
dated ones. Middleware performs the following protocol:
At the firmware side, the sensor state machine triggers
an event. The output of the sensor state machine can be
either ‘true’, ‘false’ or ‘peak’. A function table is then used
to take the decision of sending a message or not, and which
sensor state data should be written on it, in order to reduce
the number of messages and ensure the reception of criti
cal events. This function table takes as input the following

information: (1) current sensor data output, from the state
machine; (2) last sensor data received from the driver via
ACK message; that is, the last sensor info that the driver
has received so this is the state which is currently being
used on higher levels; (3) last transmitted data, that is
the sensor data sent in the last message to the driver,
which could be missed or not. Table 1 is a reduced version
of the function table, with only two states, for a better
comprehension. Table 2 shows the function table with all
the three states. At the inputs: ‘T’ means ‘true’, ‘F’ means
‘false’, ‘P’ means ‘peak’ and ‘x’ means ‘any’. At the output:
‘T’ means ‘sending true’, ‘F’ means ‘sending false’, ‘P’ means
‘sending peak’ and ‘ ’ means ‘no message is sent’. After
sending a message, a timer is started to re check the func
tion table. Timer period is long enough for the data mes
sage to reach the driver side and the ACK message to
reach the node back, so the ACK data should have been up
dated before re checking, if transmission was successful.

6. Results

The developed middleware shall be subjected to a pro
cess of debugging and validation. Two different tools have
been used to facilitate this task: the first one to allow a real
time interaction with the sensory layer and the second one
to allow the graphical analysis of driver records. Also, there
is a pilot project that provides real home deployments
where the performance can be verified in the next way.
First, we conducted laboratory tests that allow the devel
opment of the application. Once the application behaves
according to the design, a field analysis of the validity of
the system is performed. Each new change requires some
preliminary tests in the laboratory and further monitoring
in real installations.

As mentioned, there are two tools to facilitate debug
ging and validation. The first tool is the application Sensor
Reader, which implements a Graphical User Interface (GUI)
for the driver. The second tool, ProdiaMonitor, is a tool de
signed to get graphics from the records of the driver. Both
applications were programmed in Java language by team
members at the University of Murcia which collaborates
on the project implementing the top software layers.

Some specific studies have been made in the laboratory
to quantify the reduction of messages generated by a
sensor node. In order to make the test, two nodes with a
motion sensor have been used. One node is programmed
with an older version of firmware that implements the
basic method, described in the beginning of Section 5.1,
‘Sensor1’. And the other node, ‘Sensor2’, has been
programmed with a firmware version that implements
the method proposed in this work. Both nodes have been
placed close to each other, and registered in the sensor

Table 2
Full version function table for determining the data to transmit.

Current sensor data T T T P P P P P F F F F F F
ACK Rx data T P F T P P F F P P F F F F
Last Tx data x x x x T P/F T P/F T P/F P/F T P F
Data to Tx now – T T P T – T P T F P T P –
Data to Tx next – – – – P – P – F – – F F –

Table 1
Reduced version of the function table for determining the data to transmit.

Current data T T F F F
ACK data T F T F F
Last Tx data x x x T F
Data to Tx now – T F T –
Data to Tx next – – – F –
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90%. On the other hand, the number of messages of the
proposed method with respect to the raw data is reduced
by approximately 98.5%. We consider this result as very
satisfactory. The resources used in the PIR signal process
ing is reduced by approximately 85%. This change implies
greater specialisation or specificity of the sensor node,
since it performs an information centric processing before
transmitting data which could do it incompatible with
other applications.

The drastic reduction of data messages achieved with
the proposed data compressing mechanism allowed to
use reliable data transmission protocols without causing
overload in the network. An AAL specific ACK mechanism
has also been proposed to reduce the number of transmis
sions. The overhead introduced by our ACK mechanism is
125% of the one using no ACK and 62.5% of the one using
full ACKs, in the best case of our study. This kind of sys
tems could easily go down if some specific events are
missed so we can say that a good compromise between en
ergy consumption and robustness has been achieved. It is
necessary to highlight that the overhead that would intro
duce ACKs without using the proposed data compression
mechanism could have tipped the balance.

The proposed infrastructure only allows monitoring in
homes with a single resident or in situations where it is
known that a resident is found only in most cases, because
the passive nature of the sensors used do not provide infor
mation about who is being monitored. We believe that the
problem of disambiguation of motion patterns detected
should be resolved in order to generalise the usefulness
of this infrastructure already developed. We believe we
can use a node based multi sensory pyroelectric infra red
technology that allows real time recognition of individuals
from their motion tracks. Later motion patterns obtained
by Naive Bayes classifiers or Hidden Markov Models that
can allow classify individual events to different residents.
In this moment, this alternative is our path in research.
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Abstract: Alert intelligent device is an ambient assisted living (AAL) system that allows the evaluation of potentially dangerous
situations for elderly people living alone at home. This evaluation is obtained by an ad hoc network of sensor nodes, working in conjunction
with an ambient intelligence layer embedded in a personal computer that learns from user behaviour patterns and warns when a detected
pattern differs significantly from previously acquired normal patterns. Each new datum read from sensors is processed in the ambient
intelligence layer through three processing levels: shallow, intermediate and deep. The shallow processing level focuses on physical data
and sensory features. The intermediate level covers information interpretation and its translation into the form required by the third level:
the reasoning processing or deep level.
In alert intelligent device, energy is a critical issue, so that sensor devices need to be properly designed and managed to achieve significant
energy saving. The use of bed/chair occupancy sensors is mandatory for this kind of ubiquitous computing system. A first way to approach
this problem relied on the use of pressure mats, but several environmental drawbacks showed them inappropriate as an efficient and reliable
solution for large volume deployments. Moreover, solutions based on force-to-resistor transducers entail power consumption budgets that
keep them from being integrated on wireless sensor nodes. In this paper, a force-capacitive transducer based sensor has been proposed,
implemented and tested. This sensor is based on electromechanical film (EMFi) transducers, which are able to detect force variations in
a quasi-passive way. This kind of transducer behaves as capacitors with variable capacitance depending on the force exerted on its surface.
We have developed a new technique to carry out the characterization of these transducers, where the detection of a force change is used to
trigger an active mechanism that allows us to measure the weight by means of a novel modelling approach. A low-power wireless sensor
node prototype that includes this new transducer has been assembled and tested on a wide range of weights. Occupancy detection achieved
by this technology has proven to be successful, increasing the total power consumption of the node by less than 15%, which makes it suitable
for implementation.

1. Introduction

Steady increases in healthcare costs as well as an increasingly
aged population are posing significant challenges upon the
healthcare system. Small pilot studies have shown that
seniors’ need for independence and autonomy can be satisfied
with extended use of home health technologies, providing
improved care outcomes. Difficulty with reimbursement
policies, governmental approval processes and the absence
of efficient deployment strategies, have hampered adopting
non-obtrusive intelligent monitoring technologies.

In this field, alert intelligent device (DIA) project is an
ambient assisted living (AAL) system that aims to learn
behaviour patterns from their users (elderly people living
alone at home) to use them to undertake alert actions when
significant deviations happen. This project is leaded by
ambient intelligence (AmI) and interaction S.L.L. (Ami2)
(AmI2 S.L.L., 2012), a technology company that has
recruited for the project researchers from both Technical
University of Cartagena and University of Murcia. The team
with Technical University of Cartagena is in charge of the
design and implementation of the sensory layer of the system
(Fernández-Luque et al., 2009), whereas the one with
University of Murcia is responsible for developing reasoning
and context extraction layers (Botía-Blaya et al., 2009).

The software architecture of the system is based on the
cognitive theory of human processing levels (Craik, 1943).
Every new data picked from the sensory layer is processed
through three processing levels named: shallow, intermediate
and deep. The shallow processing level focuses on physical
data and sensory features, that is, on the information collected
from sensors, and determines the context in which the elderly
under surveillance is placed. The reasoning processes, that use
information previously translated into a suitable abstract
form, are carried out in the deep processing level. Between
them, the intermediate level plays a key role in the whole
process, because it covers the information interpretation and
its translation into the form required by the reasoning tasks.
This intermediate level is represented by a user model that
allows us to semantically describe the user state derived from
his or her context. Another important element is the ontology,
which constitutes the domain knowledge model. In this
knowledge model, information from the user consists of both
her or his context (basically sensor and timer information) and
a topological model of the house. The ontology can be
accessed by all processing levels and can be assimilated to a
blackboard, which makes inter-level communication possible.

Detection of bed or seat occupancy is very important in
AAL systems (Gaddam et al., 2008b). The aim of this kind
of sensory systems is to monitor the bedtime habits of an
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elderly person or a patient who is living alone. In these
situations, the bed-monitoring sensor can act as a lifesaver.
In fact, by using the historical information from its database,
the system will be able to decide whether to trigger an alarm
signal, which in turn will alert a concerned person (a close
relative or a caregiver) for an immediate medical assistance.
The previously developed DIA system incorporated an
implementation of these detectors on the basis of contact mats
deployed under the mattress, in the case of beds, or under a
cushion, in the case of chairs or couches (Fernández-Luque
et al., 2009). This system showed significant drawbacks as
their functionality depends on several factors, which are
difficult to manage such as: type of mattress, mattress position
or user’s weight. On the other hand, in AmI systems based on
wireless sensor networks (WSNs), one of the most severe
constraints is power consumption (Sohraby et al., 2007;
Anastasi et al., 2009). Sensor nodes must be designed to
operate without interruption for as long as possible, being
powered by batteries that store reduced amounts of energy.
This limitation forces us to take into account power-efficiency
as one of the leading issues concerning the design of
occupancy sensor nodes.

In this paper, we propose to solve both problems
(energy consumption and functionality) by using micro-
electromechanical systems in bed/chair occupancy sensor
nodes. In particular, electromechanical film (EMFi) based
transducers (Lekkala & Paajanen, 1999) can be used to
implement foil capacitors, whose capacitance depends on
the pressure supported by the surface.

The paper is organized as follow. Related work in
detecting occupancy in bed or seat and EMFi technology-
based sensors is presented in Section 2. The application
scenario is presented in Section 3 and, specifically, the design
and implementation of a new sensor prototype for the AAL
system is described in Section 4. Results obtained from the
various modules and the whole device are shown and
discussed in Section 5. Discussions and conclusions are
referenced in Section 6 and 7. Finally, acknowledgements
are collected in Section 8.

2. Related work

Pressure mats can be used as a first approach to detect bed
or seat occupancy in AAL systems. However, their
functionality depends on several factors difficult to manage
such as: type of mattress, mattress position or user’s weight.
Its operation is simple: the device consists of two foils
separated by a layer of foam with cylindrical holes; both
sensor foils conform a normally open contact that closes
under the user’s weight. The main disadvantage of this
device is that, once manufactured, its sensitivity is
determined by the diameter of the holes. However, the
sensitivity required in our application relies on the type of
mattress, bed base and user’s weight, and unfortunately
mats with sensitivities customized for each individual are
not feasible on a large-scale production. For these reasons,
it is desirable to find adaptive systems to maintain
consumption and costs under prescribed bounds.

A recent work in this field has proposed the use of sensors
on the basis of resistive transducers (Gaddam et al., 2008a;
Gaddam et al., 2010). This is the case of a sensor based on

the FlexiForceW transducer from the manufacturer Tekscan
(FlexiForce, 2012).

The transducer consists of two layers of substrate
composed of thin sheets of polyester, being modelled as a
variable resistance depending on the pressure applied on
the transducer. On the basis of this technology, the
aforementioned authors have developed a bed occupancy
sensor that generates a digital signal obtained from an
adaptive threshold. A different device developed by this
group is a smart occupancy/weight sensor, which maps
the weight distribution on the surface of the bed (Gaddam
et al., 2010) by monitoring a weight vector measured from
the legs of the bed and which is subsequently processed.

These devices may be suitable for supporting AAL
systems, except for their high energy consumption. In this
regard, the aforementioned works do not address energy
consumption of the sensor. However, a quick inspection of
their proposal indicates that the circuit consumption is
always greater than 2.5mA at 5V. In AAL systems based
on WSNs, such as DIA, the energy consumption is a key
to success or failure, and these sensors are unsuitable for a
network of wireless sensors powered by batteries, as its
average consumption is in the range of hundreds of micro-
amperes. As a consequence, the devices proposed by
Gaddam et al. incorporate power supplies, which have to
be plugged into the mains, increasing product costs and
hindering both installation, operation and acceptance of
such devices.

In this paper an alternative approach is proposed for the
use of occupancy/weight sensor on the basis of micro-
electromechanical systems. Specifically, transducers based
on (EMFi (Lekkala & Paajanen, 1999) can be used to
implement flat capacitors whose capacitance is dependent
of the force applied to the surface.

For some time, this type of piezoelectric film sensors has
been used in various sensing tasks. An EMFi sensor has
been used to detect heart rate and breathing by Technical
Research Centre of Finland (VTT) (Mendez et al., 2009;
Kortelainen & Virkkala, 2007), the Tampere University of
Technology (Karki et al., 2007; Karki & Lekkala, 2008)
and some commercial companies. Tazawa et al. from
Muroran Institute of Technology, Japan, researched avian
embryos and used various technologies to measure the
ballistocardiograms. They also considered piezoelectric
films in their research (Tazawa et al., 1993). Recently,
researchers from Yamaguchi University (Choi & Song,
2008) have described a new wearable sensor probe made
from a couple of polyvinylidene difluoride conductive fabric
sheets whose operation relies on this physical phenomena.

Our proposal can be stated as follows. EMFi-based
devices, properly covered, may be placed under one leg of
the bed or couch to obtain an approximate measure of the
applied force. Periodic signals provided by the sensor node
must be filtered by a circuit specifically tuned to the EMFi
transducer. Thus, the transducer capacitance can be
measured and in turn the applied force will be determined.
Sensor nodes must be calibrated on place, before their
operation, thus avoiding the drawback of lack of
adaptability. Calibration routines can be improved by using
information extracted from the context. The weight measure
process might be planned as an active one, thus entailing
some power consumption. However, a circuit proposed by
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the EMFi manufacturers (EMFIT Ltd, 2012; EMFIT Ltd,
2004) can be employed to implement a passive detector of
weight change. The detector output can be used as an
interrupt input to the microcontroller included in the sensor
node and the active measurements should be made only
after the detection of a variation.

3. Application scenario

A first prototype scenario has been tackled, in which a user
has obtained an alert system (DIA) at home that is able to
monitor his or her activity to detect incidents and
uncommon activities (Fernández-Luque et al., 2009; Botía-
Blaya et al., 2009). The prototype house or scenario has a
bedroom, a hall, a corridor, a toilet, a kitchen and a living
room. Infrared motion sensors are installed at each location
and, in addition, the bedroom has a pressure sensor installed
in bed, the sofa in the living room hosts another pressure
sensor and a magnetic sensor has been installed to detect
the opening and closing of the entrance door. All sensor
boards have a complementary temperature sensor, and the
system is open to receive information from an accelerometer
included in a wearable sensor that the user can wear
attached to his waist. Data are gathered by these sensors
and only when an event is detected it is transmitted through
the wireless network to a base station using the IEEE-
802.15.4 communication standard. A PC-based AmI station
receives the detected events from the base station through a
USB interface and decides what action to take. Actions that
can be undertaken include: querying the user to check on
their status, storing (or forwarding) event information for
future analysis by a welfare care provider, making a phone
call to a care provider, relative or healthcare service,
and so on. Figure 1 shows a schematic overview of the
DIA system installed at a prototype home, and Figure 2
depicts a schematic block diagram of the system. Figure 3
sketches the overall hardware and firmware architecture of
a sensor node.

In our AAL prototype, a variable number of heterogeneous
wireless sensor nodes are attached tomulti-sensor boards. The
passive infrared, magnetic and pressure sensors have enough
quality and sensitivity to allow the system to determine the
user’s location and to make up the activity patterns from
which the intelligent software can learn. Ultimately, the
system is able to make decisions about odd user’s behaviours
in the sense they do not conform to the stored history of
activities. At the beginning, the system only knows some
habitual behaviour patterns from which it starts a continuous
tuning process to adapt itself to the particularities of the
monitored individual.

Ambient intelligence station is connected to the remote
caregiver station via a local Ethernet network, so that when
AmI station receives streamed data from sensors, apart
from analyzing such data and using them to feed the
intelligent software in charge of building the behaviour
pattern data base, the station is able to send elaborated
information to the remote caregiver.

The sensor node firmware is hosted in a microcontroller
programmed to perform a dual function. On one hand, the
node monitors the activity and pre-processes information
captured by sensors to put events into context. On the other
hand, the node acts as an intermediate link in the
transmission of multi-hop messages, becoming a part of a
network with mesh topology. A multi-hop network protocol
consists of wireless nodes (motes) that communicate to each
other and are capable of hopping radio messages to a base
station, from where they are passed to a personal computer
or other client. The hopping effectively extends radio
communication range and reduces the power required to
transmit messages. The base station or data sink does not
perform environmental monitoring but acts as a network
coordinator node.

The application firmware was developed specifically for
this system and programmed in NesC language to be
compiled on TinyOS, which facilitates the integration of
software components. To implement both the link and

Figure 1: Schematic overview of alert intelligent device (DIA) system installed at prototype home.
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physical layers of the Open System Interconnection stack
model, the firmware binds the hardware components that
integrate the radio transceiver implementing the IEEE
802.15.4. The network layer was built using components
developed by the University of Berkeley, components that
were assembled under the section XMesh. Finally, transport
and application layers were developed as part of DIA
project, according to the needs of our application.

The block diagram of the software running on the AmI
station is shown on the right part of Figure 2. It is divided
into three main layers: open context platform (OCP) layer,
management of the dynamics of user model layer and
management of inconsistencies layer (Botía-Blaya et al.,
2009). The OCP layer is responsible for capturing raw data
from sensors through adapters that include sensor drivers,
so that new sensors can be easily added by providing their
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4.2. Sensor device design

The proposed low-power sensor device consists of two
functional blocks: a quasi-passive force change detector and
an active occupancy sensor in charge of measuring weights.

The force change detector design is based on the schematics
proposed by the EMFIT manufacturer for dynamic forces
measuring (EMFIT Ltd, 2004). These schematics use a model
in which the transducer behaves as a charge source depending
on the force applied between its sheets.

The circuit, depicted on the upper right in Figure 5, is a
charge amplifier that transforms the signal coming from the
transducer into a voltage signal, giving an output, which is
proportional to pressure variations applied to the transducer.
This signal is then filtered and thresholded to generate
interrupts to the microcontroller, thereby acting as a detector
of force changes that exhibits low power consumption.

The second block, the occupancy sensor, employs the
EMFi transducer with as a force dependant capacitor whose
capacitance is measured by means of a capacitive voltage
divider, Figure 5. When a capacitance measure is requested
by the microcontroller, the voltage divider is fed with an AC
signal. The resulting output is a signal with the same
frequency but amplitude modulated by the force on the
transducer. After passing a stage of impedance conditioning,
this signal can be directly sampled and processed to obtain
a capacitance estimation, which constitutes in turn an
estimation of both the weight and the occupancy probability.
Alternatively, signal can be rectified and conditioned to
obtain an analogue signal indicative of the weight supported
by the transducer.

4.3. Implementation and integration in the wireless sensor node

The sensor node prototype incorporates a connector for an
EMFi transducer. Its terminals are wired to an analogue

switch that allows alternative connections to either of the
proposed functional blocks as it implements circuits for both
the described force change detector and weight sensor. The
second one offers two variants, as mentioned, and the
prototype has been built to allow testing of both, depending
on the assembled components.

The force change detector output has been adapted
to generate two different external interrupts to the
microcontroller, whereas the weight sensor output is driven
to an analogue-to-digital converter (ADC).

The application programmed on the microcontroller
(firmware) manages the external interrupts from the force
change detector, feeds the capacitive voltage divider with a
square signal of 100 kHz and, finally, samples and processes
the output.

The sequence is as follows: (1) when a force change occurs,
the microcontroller triggers a weight measurement cycle from
the voltage divider; (2) the microcontroller compares the
acquired measure to the previously calculated threshold and
fires an event to communicate the bed/seat occupancy; and
(3) the event is transmitted via radio to the AmI station
through the base station. Additionally, a light-emitting diode
can be lighted when occupancy detection has been asserted.

The output signal coming from the transducer contains
a remarkable amount of noise, so that every single
measurement is calculated from 150 samples read from the
ADC. Several algorithms have been tested to obtain a stable
and significant value and, among them, the following one
has been selected:

First, 10 values are used to make up a starting average
value. After that, every single sample, mn, is added to the
current average value, Mn, which is calculated as follows:
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Figure 5: Above left, EMFIT S-Series transducers. Above right, charge amplifier for electromechanical film (EMFi) transducer.
Below, voltage divider to measure electromechanical film (EMFi) transducer capacitance.
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whereas the second one carry out weight readings. The
prototype for detecting force changes has been assembled
according to the schematics shown earlier in Figure 5. Values
for R and C have been chosen to obtain the prescribed time
constant (t RC 220 m s), which is appropriate for the signal
to be detected by the microcontroller. Figure 9 shows the
output of the analogue stage. Signal remains at virtual ground
(Vcc/2) when the transducer is not perturbed. When an
increment in the force applied to the transducer occurs (sitting
action), signal goes to 0V for about 100ms, and then goes
back to its rest value. When force is decreased (standing up
action), signal goes to Vcc and comes back to its rest value
alike. This signal is thresholded using a MOSFET-based
circuit (metal-oxide-semiconductor field effect transistor)
circuit to obtain two signals that operate as external interrupts
to the microcontroller, as shown in Figure 10.

Tests have been run on the occupancy sensor prototype
using different values for the parameters pointed out in
Section 4. Resistor R1 has been adjusted to suppress the
overshot, nonetheless keeping the rising time (Tr) as low as
possible (70 ms).

Remaining hardware component values, as well as data
processing algorithm parameters, have been tuned using test
series as follows. The wireless sensor node has been
configured to sample and transmit weights every 2 s All
standard values combinations in a range have been tested
for both circuit variants with every processing algorithm
among three proposed ones. The samples have been
recorded at two states: an empty chair and a chair holding
an 85 kg individual. Once recorded, samples were tabulated
to find the configuration offering the best performance:
highest stability on readings (lowest variation range on each
state) and highest distance between readings from one state
to the other.

The sensor has been validated with people of different
weights, having properly detected chair occupancy for all
subjects. Readings from the analogue sensor and calculated
thresholds are shown in Table 2.

5.3. Power consumption

Power consumption associated to the force change detection
module reduces to the operational amplifier consumption plus
the dissipation taking place in two 100 kΩ resistors connecting
VCC and Gnd that are used to generate logic level signals
by controlling the switching of a couple of MOS (metal oxide
semiconductor) transistors.
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Overall power consumption estimated for the force change
detector is 260 mA, about 10%of the node average consumption.

The weight metre has a higher consumption when active.
However, weight measurements will only be triggered once
events are detected, and hence, the average consumption
gets down.

The time spent for the microcontroller to obtain 150
samples has been measured in TM 74 ms.

This results in a task duration of TCheck 5*TM 370
ms, with an average consumption of ICheck 10 mA, which
corresponds to the microcontroller consumption.

6. Discussion

The goal of this work was to obtain an occupancy sensor for
bed or couch that could improve the contact mats
previously employed in the sensor network for an AAL
system. This interest is due to the lack of adaptability that
mats presented to several factors such as hardness and type
of mattress and bed base, in the case of the bed, and the
hardness of the structure in the case of the couch, as well
as the weight of the person in the one case and the other.

Other sensors based on resistive transducers do not meet
the low power constraints. The proposed sensor, based on
the EMFi transducer, is independent of these factors except
the user’s weight; however, the possibility of calibration
makes this aspect does not become a problem. A new model
has been determined for the EMFi transducer to use it to
measure static weight, whereas the previous model allowed
to measure force variations. As a part of results, we have
obtained a second-order polynomial fit by least squares
approximation to model the EMFi as a variable capacitor,
which capacitance depends on the static force applied over

its surface. We think that it is accurate enough to justify
its use as a model to obtain an estimation of the weight from
the measurement of capacitance. The tests have been
performed for weights from 5 to 40 kg. We assume that the
weight is distributed between 4 legs and, therefore, that
range is appropriate to distinguish between the weight of
an empty seat (less than 20 kg, 5 kg per leg) and an occupied
seat (more than 40 kg, 10 kg per leg). The distance between
measures of the capacitance for both weights on the same
sample is higher than the standard deviation of the model.
We think that it allows us to use this model of the transducer
to estimate the occupation of a person in bed or chair by
means of weight measurement.

A simpler sensor could be implemented only using the
first block of our occupancy sensor, the force change
detector. However, complex movements with different
intensities on the bed or couch could lead to a partial and
unreliable detection, that is, the oscillations observed in
Figure 10. This justifies the need of weight measurement
on the system at rest to ensure the occupancy.

The design of the new occupancy sensor for bed and couch
is only valid if the power consumption is insignificant
compared with the average consumption, which results about
3mA. Overall power consumption estimated for the force
change detector is 260mA, about 10% of the node average
consumption. To estimate the weight metre average
consumption, it is necessary to estimate an approximate read
rate, bearing in mind the following issues: (1) In a vacant bed
or chair, it is considered that changes in weight were not
detected and therefore does not trigger readings. (2) In a
conservative way, it is considered that an occupied bed or
chair presents a mean period between detections of variation
of 10 s. It is possible to implement a state machine to establish
a maximum rate of measurement, assuming the consequent
delay in the generation of events. (3) A person may occupy a
bed or chair for an average of 8 h per day. With these three
assumptions, the duty cycle for the occupancy sensor is
DC $ 8h*370 ms

24h*10 s $ 0:012% , and the average consumption
generated by it would be I DC* ICheck 120 mA, around
5% of the average consumption of the sensor node.

7. Conclusions

Ambient assisted living system features have been improved
by means of a new occupancy sensor. This new design has
been enabled by the characterization of a new model for
the EMFi transducer.
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Figure 10: Output signal of force change detector. On the left, force increment detection (sitting action); on the right, force
decrement detection (standing up action)

Table 2: Final results for occupancy sensor. Calibration
process was successively performed for people with different
weight. Output values for each people and calculated
thresholds are shown, where data are raw analogue-to-digital
converter (ADC) reading in the range from 0 to 1023

Weight (kg) ADC readings Calculated threshold

Empty Occupied

50 0* 60 0* 57 0* 5C
85 0* 60 0* 59 0* 5C
110 0 * 62 0* 5A 0* 5D
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The occupancy detection feature has proven effective in
laboratory tests for DIA system. It has been tested with
people of different weights. Detections have been successful,
and the recorded values have been stable and away enough
from the threshold to consider that the sensor can properly
behave in an actual installation. The raw information
provided from the transducer is processed to obtain events
by occupancy verification process, which allows compact
semantic of information into two states: the occupied state
and the unoccupied state. These events are suitable to feed
the context extraction layer in the AAL system, and they
are driven to AmI station through to the WSN.

A fundamental aspect of the design of an AAL system is
energy consumption.

According to the estimations, the consumption of a node
to incorporate the occupancy sensor would be increased by
15%, which is acceptable for implementation.

Finally, future direction could point at redesigning the
sensor to obtain a standalone device that does not require
a microcontroller to operate. An implementation of this
could even be transferred to the field of microelectronic
design to be manufactured as an integrated circuit, which
would be translated into a significant reduction in cost and
energy consumption.
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is towards more communication-dependent activities, with sensor
nodes using wireless communication. This trend makes imperative
that a power-efficient occupancy sensor node need to be designed.

We propose to solve both problems (energy consumption and
functionality) by using MEMS  (Micro-Electro-Mechanical Systems)
in bed/couch occupancy sensor nodes. In particular, electro-
mechanical film [5] (EMFi) based transducers can be used to
implement foil capacitors, whose capacitance is dependent on the
pressure supported by the surface. In this paper, we  present a qual-
itative enhancement to our first implementation [6,7].

The background of the paper is presented in Section 2. It includes
the related works to detect occupancy in bed or seat and EMFi
technology-based sensors, the EMFi transducer characterization
and the application scenario. The design and implementation, on a
prototype, of the new sensor for the AAL system is described in
Section 3. Results obtained from the different modules and the
entire device are shown in Section 4. Conclusions and possible
future work lines are referenced in Section 5. Finally, acknowledg-
ments are collected in the “Acknowledgements” section.

2. Background

2.1. Related works

Pressure mats have been appropriate as a first approach to
detect the bed or seat occupancy for AAL systems [2,8]. However,
their functionality is dependent on various environmental factors
such as the type of mattress and bed base or weight of the user. Its
operation is simple. It consists of two foils separated by a layer of
foam with cylindrical holes. Both sensor foils conform a normally
open (NO) contact that closes under the weight of the user. The
main disadvantage of this device is that, once made, its sensitivity
is determined by the diameter of the holes. The sensitivity required
is dependent on the type of mattress, bed base and weight of the
user. The use of mats with different sensitivity to each individual
is not feasible on a large scale. For these reasons, finding adaptive
systems to maintain consumption and bounded cost is desirable.

Other recent works in the same field have opted for the use of
sensors based on resistive transducers [9,10].  An example of this
type of sensor is based on the FlexiForce® transducer from the
manufacturer Tekscan [11]. This consists of two layers of substrate
composed of layers of polyester. The transducer is modeled by a
variable resistance depending on pressure on the sheet. Gaddam
et al. from Massey University in New Zealand have developed a bed
occupancy sensor that generates a digital signal indicative of such
presence by implementing a configurable threshold [9,10].  Another
device developed by the researchers is a smart occupancy/weight
sensor which lets you know the weight distribution on the surface
of the bed [10]. This type of sensor uses a FlexiForce in each of the
legs of the bed and generates a weight vector which is subsequently
processed.

These devices may  be suitable for supporting AAL systems,
except for their high energy consumption. In this sense, the previ-
ous authors do not address the energy consumption of the sensor.
A quick inspection of their proposed circuit indicates that the con-
sumption will always be greater than 12.5 mW (2.5 mA  at 5 V). In
ambient assisted living systems based on wireless sensor networks
such as DIA, the energy consumption is a key to success or failure.
This sensor is unsuitable for a network of wireless sensors powered
by batteries, with average consumption of about 1 mW.  The device
proposed in the above publication incorporates a power supply for
connection household power grid. This feature increases the cost
of product and involves difficulties in the installation, operation
and acceptance of the device. These difficulties are not present in
battery powered devices.

Table 1
EMFIT transducer properties.

Property Symbol Value Unit Tolerance

Storage temp. Ts −40 to 50 ◦C
Operation temp. Tr −20 to 50 ◦C
Thickness D  70 �m
Sensitivity Ks 25–250 pC/N ± 5%
Young’s modulus TD 0.5 MPa  ± 50%
Operational pressure range P >100 N/cm2

In this paper a third alternative is proposed: the use of occu-
pancy/weight sensor based on MEMS.  Specifically, transducers
based on EMFi [5] (electro-mechanical film) can be used to imple-
ment flat capacitors whose capacitance is dependent of the force
applied to the surface. For some time, this type of piezoelectric film
sensors has been used in various sensing tasks. EMFi sensor has
been used to detect heart rate and breathing by Technical Research
Centre of Finland (VTT) [12,13], the Tampere University of Technol-
ogy [14,15] and some commercial companies. Tazawa et al. from
Muroran Institute of Technology, Japan, researched avian embryos,
and used various technologies to measure the Ballistocardiograms
(BDG). They also used piezoelectric film in one of their publications
[16]. Recently, Choi and Jiang, from Yamaguchi University describe
a new wearable sensor probe with a couple of conductive fabric
sheets material and a PVDF film material is developed [17].

A previous approach proposed that EMFi-based devices, prop-
erly covered, may  be placed under one leg of the bed to allow to
obtain an approximate measure of the applied force [6,7]. Periodic
signals provided by the sensor node can be filtered by a specific
circuit tuned by the EMFi transducer. Thus the capacitance of the
transducer can be measured and hence the applied force. The sen-
sor node can be calibrated on place, before their operation. This
solves the problem of lack of adaptability. The calibration routines
can be done using information extracted from the context. The
measure of weight can be an active process and therefore involve
a certain consumption. However, a circuit proposed by the EMFi
manufacturers [18,19] can be implemented using a passive detec-
tor of weight change. The output of the detector can be used as
an interrupt to the micro-controller of the sensor node and active
measurements can be made only after detection of a variation. The
authors pointed out that the occupancy detection was successful
and the power consumption of the occupancy sensor accounts for
15%.

In this paper, we present a new low-power circuit to mea-
sure weight, by means of the capacitance of the EMFi transducer,
which enhances accuracy and power consumption, simplifies the
signal sampling procedure and can be implemented as a standalone
device.

2.2. EMFi transducer: properties and features

Electromechanical film (EMFi) is a thin, cellular, biaxially ori-
ented polypropylene film [20,21]. High sensitivity, light weight
and relatively low cost are the main advantages on EMFi. The film
has a permanent charge that changes when pressure is applied
to the film. The applied pressure compresses the air voids of the
thicker middle layer, which causes the charge change picked up
by the surface electrode layers. This transducer can be modelled
as a charge source which is dependent of dynamical forces applied
on its surface as follows [22,5]:  �Q  = ks �F,  where ks is the trans-
ducer sensibility. Main properties of the commercial model from
manufacturer EMFIT, Ltd. [18] are shown at Table 1.

On the other hand, the transducer is a capacitor with variable
capacitance depending on the force exerted on its surface. It has
been characterized in this way  in [7]. Tests have been performed for
weights from 5 to 40 kg. We  assume that the weight is distributed
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Fig. 3. Occupancy sensor block diagram: block A represents the force change detec-
tor  while block B represents the weight meter.

integrated but a USB-UART transceiver to provide the node connec-
tivity to the driver via USB virtual serial port.

The sensor node microcontroller is programmed with an appli-
cation that performs a dual function. On the one hand, the node
monitors the activity and pre-processes information captured by
sensors to transform events in context. On the other hand, the node
acts as a focal point for the transmission of multi-hop messages,
forming a whole network with mesh topology. A multi-hop net-
work protocol consists of wireless nodes (motes) that wirelessly
communicate to each other and are capable of hopping radio mes-
sages to a base station where they are passed to a PC or other
client. The hopping effectively extends radio communication range
and reduces the power required to transmit messages. The base
station does not perform environmental monitoring but acts as a
network coordinator node. The application was developed specifi-
cally for this system and is programmed in NesC to be compiled on
TinyOS, which facilitates the integration of software components.
To solve the link and physical layers of the stack model Open Sys-
tem Interconnection (OSI) it binds the hardware component that
abstracts the radio transceiver implementing the IEEE 802.15.4.
To resolve the network layer, components developed by the Uni-
versity of Berkeley are bonded, grouped under the section XMesh.
Finally, the transport and application layers have been developed
entirely within the DIA project, which provides them with greater
specificity.

3. Design and implementation of EMFi-based occupancy
sensor

3.1. Design of the sensor device

The low-power sensor device consists of two functional blocks:
a quasi-passive detector of force change and an active sensor of
occupancy based on weight measuring. Fig. 3 illustrates a block dia-
gram of the occupancy sensor device. Block A represents the force
change detector which generates interrupts for the microcontroller
when a threshold is reached. Block B represents the weight meter
whose output is sampled by analog–digital converter (ADC) at the
microcontroller. The EMFi transducer can be switched to one of
these blocks by the microcontroller. It is normally connected to the
force change detector (block A) and is switched to the weight meter
(block B) when an interrupt occurs.

The design of force change detector is based on the schemat-
ics proposed by the EMFIT manufacturer for measuring of dynamic
forces [19]. This schematics uses the sensor model in which the
transducer behaves as a charge source which is dependent of the
force applied between its sheets. The circuit shown in Fig. 4 is a
charge amplifier which transforms the signal from the transducer
into a voltage signal. The output of this circuit is proportional to
the variation of the pressure supported by the transducer. Next,
this signal is threshold filtered to generate interrupts to the micro-
controller, thereby acting as a detector of force changes, with
low-power consumption.

The second block, the occupancy sensor, employs the EMFi
transducer with its model as a force dependant capacitor. The

Fig. 4. On the left, EMFIT S-Series. On the right, charge amplifier for EMFIT.

capacitance of the transducer is measured by means of two low-
pass RC filters disposed in a bridge structure, as shown in Fig. 5.
Both of the RC filters have the same R value, R1 = R2. The capacitor
of one of the filters is Cs, the EMFi transducer. The other one, Cb, is
selected as the highest, or the lowest, capacitance to be expected
for Cs. The theory of operation is as follows: The bridge is supplied
with an AC signal whose frequency is close to the cut-off frequency
of the filters. As R1 = R2, a small difference between the capacitances
results in a small difference on the signal attenuation. Parametric
sweep simulations have been made over a RC filter to quantify this
property, using R = 150 k� and C ∈ [70, 120] pF; results are shown in
Fig. 6. Next, both signals are taken as one differential signal, which
is adapted to get an amplified singled ended one. Finally, the signal
is low-pass filtered to get it ready to be sampled. The output of the
circuit is a stable signal which depends on the capacitance of the
transducer and, hence, on the static force between its surfaces.

3.2. Implementation and integration in the wireless sensor node

The design of the new occupancy sensor consists of two  differ-
ent modules: the first one detects force changes while the second
one effectuates weight readings. The sensor node prototype incor-
porates a connector for an EMFi transducer. Its terminals are wired
to an analogical switch that allows alternative connections to either
of the proposed circuits. The force change detector output has
been adapted to generate two  different external interrupts to the
microcontroller. The weight sensor output has been driven to the
analogical-to-digital converter (ADC).

The prototype of force change detector has been assembled
according to the schematics shown in Fig. 4 using the following val-
ues: R = 1 M� and C = 220 pF. This value for R is recommended by
the manufacturer of the transducer, while the value of C is required
for a time constant of � = RC = 220 �s. This time constant is suffi-
cient for the signal to be detected by the microcontroller. Since the
sensor node has not negative supply, the weight change detector
is implemented with a virtual ground with tension Vcc/2. For this,
a resistive voltage divider was used.

The prototype of weight-meter has been assembled according
to the schematics shown in Fig. 5. A built-in crystal oscillator has
been used to feed the RC bridge, which is shown in Fig. 7. The fre-
quency chosen for the oscillator is 32768 Hz, which is typically used
for timer CLKs in microcontroller based designs. As the oscillator
circuit needs some time to warm up, an enable/disable feature has
been added to allow turn off the active components while the oscil-
lator keeps working. Once the frequency has been established, the
RC filter parameters can be defined. The value of C is defined by
the working range of the transducer. The value for the resistors
has been chosen to keep the oscillator frequency close to the cut-
off one. Some simulations were done to determine R1 = R2 = 150 k�
as a good choice, with not too much attenuation but considerable
differences for different capacitance values on the working range,
as can be appreciated in Fig. 6. The instrumentation amplifier gain
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Fig. 5. RC bridge, used to measure the capacitance of the EMFi transducer, and needed signal adaptation circuitry.

Date/Time run: 08/22/12 10:34:40
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Fig. 6. Bode representation for parametric sweep simulations in a RC filter with R = 150 k� and C ∈ [70, 120] pF.

is defined by Rf and Rg. After some estimations, Rg = 470 � and a
10 k� potentiometer was used for Rf to allow further tuning for dif-
ferent test series. The output LP filter was configured using typical
values: R3 = 100 k�, C3 = 100 nF. The following integrated circuits
have been used for the amplifiers: MCP6062-E/SN and ISL28270IAZ-
T13. As has been described, the instrument works by measuring

the  difference in capacitance between Cb and Cs, and the first one
value should be chosen between the edges of the second one oper-
ation range. The measuring resolution is the highest when both
values are close and decreases when they get different. Besides, the
model used for the EMFi transducer as a variable capacitor depen-
dant on the pressure on its surfaces presents higher resolution for
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V cc2M2

12p
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1n

4M7
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XTAL 32768 Hz

E10n
150k

1M
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Fig. 7. RC bridge, used to measure the capacitance of the EMFi transducer, and needed signal adaptation circuitry.
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Fig. 8. At the calibration stage, output values of weight are divided in three regions
by  thresholding. Low mean (LMean) and high mean (HMean) represent centroids
for sampled values from the occupied state and unoccupied state, respectively. Low
threshold (LTh) and high threshold (HTh) are calculated to determine the edges of
the high region, low region and intermediate region to classify the values collected
after calibration.

low weight, i.e. low capacitance. Taken this into account, Cb has
been chosen for the final implementation as the highest value for
Cs operation range, in order to compensate these effects instead of
accumulating them.

The application programmed on the microcontroller (firmware)
manages the external interrupts from the force change detec-
tor, enables the weight-meter circuit and, finally, samples and
processes the output. The sequence is as follows: (1) When
a force change occurs, the device triggers a weight mea-
suring over RC bridge; (2) it compares the result to the
previously calculated threshold and fires an event to commu-
nicate the bed/seat occupancy; (3) the event is transmitted via
radio to the PC through the base station. Additionally, a light-
emitting diode (LED) can be lighted when occupancy detection is
positive.

At the calibration stage, the output of the RC bridge is split into
three regions or states by thresholding as shown in Fig. 8. The first
region contains the values associated with the unoccupied state
(high values), the second region contains the values associated
with the occupied state (low values) and the third region, located
between the others, contains intermediate values which are not
determinative and therefore are considered invalid. The regions are
separated by two thresholds: low threshold (LTh) and high thresh-
old (HTh). An array with five values for each of the two states,
occupied and unoccupied, is collected to determine the thresholds.
Then, the mean of each array is obtained to determine the cen-
troid of the low values and high values, respectively. Thresholds
are defined as the points between the two means (low mean and
high mean) which are far from them 1/3 of the distance (D) between
them.

When the thresholds for the regions have been obtained, it is
possible to verify the occupancy of the seat. This occupancy verifica-
tion process begins by detecting a change in weight. This variation
in weight may  be due to a change of occupation or movements of
the person occupying the seat. For occupancy verification, an array
of five values of the RC bridge is acquired. Fig. 9 shows a flowchart
of the procedure of verification of the occupation. As a result, one of
the three following states are possible: the occupied state, where
there are no values in the region of non-occupation and, at most,
there is one value in the intermediate region. The unoccupied state,
when there are no values in the region of occupation and, at most,
there is one value in the intermediate region. Invalid state in any
other case.

4. Results

Two main results are of our interest. The first result is about
the functionality and reliability of the sensor. The second result is
relative to energy consumption.
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Fig. 9. Flowchart of the procedure of verification of the occupation.

4.1. Occupancy detection

The design of the new occupancy sensor consists of two different
modules: the first one detects force changes while the second one
determines the occupancy by means of weight readings.

The prototype of force change detector has been assembled
according to the schematics shown in Fig. 4, using the parameters
defined in Section 3.2. The output signal is digitalized by thresh-
olds to get two  signals that actuate as external interrupts to the
microcontroller. Fig. 10 shows the output of the analogical stage.
Signal remains at virtual ground (Vcc/2) when the transducer is not
perturbed. When a force increasing happens (sitting action), sig-
nal goes to 0 V while about 100 ms  and goes back to its rest value.
When force is decreased (standing up action), signal goes to Vcc and
comes back to rest in the same way.

The analogical signal is digitized and conditioned to be a source
of interrupt to the microcontroller using a MOSFET circuit. Fig. 11
shows the digital output of the detector. Complex movements on
the bed or couch, with different intensities, could lead to partial
and unreliable detection, as the oscillations observed in Fig. 11.  This
justifies the need of weight measurement on the system at rest to
assure the occupancy.

The prototype of weight-meter has been assembled according to
the schematics shown in Figs. 5 and 7, using the parameters defined
in Section 3.2.  Two LR6 type batteries have been used as power
supply and a resistor, Rin = 470 �,  has been connected in series with
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Fig. 10. Output signal of force change detector (analogic stage).

the batteries in order to measure the power consumption of the
referred circuits.

The implementation includes a built-in oscillator to excite the
RC bridge, as was described. However, some preliminary tests were
done using a calibrated waveform generator, in order to check
the behaviour of both sub-blocks separately. The tests were per-
formed as follows. (1) The capacitance-meter was power supplied
and excited using a determinate waveform. (2) The EMFIT sample
was covered and then caught with a clamp. (3) The sample was
alternatively connected to a calibrated capacitance-meter and to
the one under test while the clamp was used to modify the force
between its surfaces. (4) The output level was registered for tab-
ulated capacitance values in the sample range of operation using
5 pF steps. Results are shown in Fig. 12 where a second order fitting
polynomial has been added. (5) Additionally, some signal captures
were done by means of an oscilloscope, in order to illustrate the
circuit working, which are shown and described in Figs. 13 and 14.
The signal ripple has also been measured, the maximum absolute
value was 3 mV  while the maximum relative value was  1%.

The same process was repeated but this time using the built-in
oscillator. Result values are represented in Fig. 15 while intermedi-
ate signals and output captures are shown and described in Fig. 16.
Fig. 15a shows the voltage at the output for a set of capacitance val-
ues at Cs. A single sample of EMFi (EMFIT® S-Series, round shape,
Ø=20 mm)  was used and capacitance was measured using cali-
brated instrumentation when pressure was applied on its surface.
Finally, the instrument has been characterized by measuring the
output vs. weight over five EMFi samples (EMFIT® S-Series, round
shape, Ø=20 mm).  Result curves are shown in Fig. 15b. Besides, the
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Fig. 12. Output values for a test series over the capacitance meter using EMFi sample
(EMFIT® S-Series, round shape, Ø=20 mm)  as Cs and a calibrated waveform generator
to  feed the RC bridge. Cb = 69 pF; RfI = 5.41 k�; 32 kHz Sinewave excitation.

Table 2
Final results for occupancy sensor. The calibration process was successively per-
formed for people with different weight. Output values for each people and
calculated thresholds are shown, where data are raw ADC reading in the range
0–1023.

Weight [kg] ADC readings Calculated Th

Empty Occupied HTh LTh

50 130 44 101 72
75  140 38 106 72
90 130 36 98 67

warm-up and wake-up time have been characterized, where the
first one is the time for the signal to be stabilised after a power
on switching and the second one is the same but after an enable
signal switching. Results are Twarm−up = 10 s and Twake−up = 50 ms.
Transients are shown in Fig. 16c and d.

The sensor cluster has been validated by people with different
weights sitting on a chair. The sensor has properly indicated the
chair occupancy for every subject. The calibration process was suc-
cessively performed for a person who weights 50 kg, another one
who weights 75 kg and a last one who  weights 90 kg. At every case,
the ADC readings from the output for both states of the chair (occu-
pied and empty) were clustered. These clusters were far enough
from each other to assure that the occupancy state could be accu-
rately determined. Results are shown in Table 2, where data are
raw ADC readings because these are the values that the algorithm
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Fig. 11. Output signal of force change detector (digital stage): on the left, force increment detection (action of sitting); on the right, force decrement detection (action of
standing  up).
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handles. High threshold (HTh) and low threshold (LTh) are calcu-
lated using the algorithm described in Section 3.2.

4.2. Power consumption

The design of the new occupancy sensor for bed and couch is
only valid if the power consumption is insignificant compared to
the average consumption, which results about 3 mA  when Vcc = 3 V.
Occupancy sensor consists of two different modules, the first one
detects force changes while the second one effectuates weight
readings. First module must remain continuously active while
the second one is only operated after a force change detection.
Power consumption from both blocks have been determined when

supplying with Vcc = 3 V. Results are shown below in terms of cur-
rent at this voltage.

Power consumption from the force change detection mod-
ule is confined to the consumption from the operation amplifier
plus two 1 M� resistors connecting Vcc and Gnd to generate logic
level signals by means of MOS  transistors commutation. Overall
power consumption estimated for the force change detector is
IChgDet = IOpAmp + 2 · IR = 60 + 2 ·3 = 66 �A, about 2% of the node aver-
age consumption.

The weight measurement involves a higher consumption,
specially due to the ADC sampling and data processing. How-
ever, weight measurements will only be triggered by detecting
variations, so the average consumption gets down. The power
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Fig. 14. Intermediate signals and output from the capacitance-meter using a calibrated waveform generator to feed the RC bridge. (a) Vin: RC bridge pulse train excitation.
Vout:  output of the instr. amplifier, unfiltered. Vout DC: LP filtered output. Cb = 69 pF; Cs = 80 pF. (b) Signals taken from both branches of the RC bridge. Cb = 69 pF and Cs = 120 pF.
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The proposed sensor, based on the EMFi transducer, is indepen-
dent of the factors that affect to pressure mats, except the user’s
weight; however the possibility of calibration makes this aspect
does not become a problem. A fundamental aspect of the design
is energy consumption. According to the estimations, the power
consumption of the occupancy sensor accounts for only 2% of a
node consumption, what improves the previous power consump-
tion which accounted 15% [7]. Occupancy sensor developed has
been shown to be effective in laboratory tests. It has been tested
with people of different weights. Occupancy detections have been
correct and the weight recorded values have been accurate and
stable to consider that the sensor can be reliably used in an actual
installation.

Finally, a consequence of this work has been the design of a
first approach to an EMFi based weight meter. A future prospective
research line could be the design and implementation of an accu-
rate scale. Also, current and future designs could be implemented as
a standalone device that does not require a microcontroller to oper-
ate. This implementation could even be transferred to the field of
microelectronics for manufacturing as an integrated circuit, which
would be translated into an especially significant reduction in cost
and energy consumption.
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supports heterogeneous sensor devices and it provides a platform
and initial architecture for exploring the use of sensors with elderly
people. We have developed a low-power multi-hop network infra-
structure consisting of multisensor nodes (motes) that wirelessly
communicate to each other and are capable of hopping radio mes-
sages to a base station where they are passed to a PC (or other pos-
sible client). In addition, wearable accelerometer-based technology
can be used to complement the falling detection. The system learns
the users behaviour patterns and advice when the currents differs
significantly, but it takes some time to be accurately detected.
Eventual signalling of a free fall and/ or impact events can signifi-
cantly reduce the time to determine a falling situation. Besides, se-
niors who are living by themselves have problems when getting
help after they fall and may not be able to describe where they
are. Combined with the fall detection technology, localization can
detect where the incident occurred and request the relevant
services.

2. Fall detection and localization

The evaluation of an unintentional fall is complicated due to the
subtle and complex nature of body movement of the individual.
Body movement requires accurate and reliable measurement tech-
niques. The location of fall sensors is critical because the location
site of the signal detector to measure the phenomenon, such as
the hip, trunk, wrist or head, will result in different patterns of sig-
nal. This has allowed a plethora of research groups to investigate
related work of falls detection. Many of these groups have pro-
posed different mechanisms to detect falls, but the efficiency of
falls detection and reliability in falls recognition are always chal-
lenges. The most common warning system, panic push-button, is
not an entirely satisfactory falls warning device, because in case
of fainting or loss of consciousness following a fall, the push button
cannot be activated. One solution to this problem involves the
automatic detection of falls. In this case, after detecting a fall, the
system automatically alerts the relevant support staff. It is impor-
tant to provide reliable fall risk assessment tools first and then pro-
vide tools for monitoring of people in the high risk group. In other
words, there are two applications of interest from the standpoint of
control: (1) the detection of a person falling, and (2) the detection
of falls, once they occur, by means of the context and behaviour
patterns. In this work, we are focusing on the implementation of
the latter.

The fall detection is mostly used in personal safety applications
using a fixed sensor node mesh, where its primary purpose is to
detect and alert about a fall that results in an injury. For these
applications, a fall detection system must satisfy several proper-
ties: (1) the continuous monitoring should not be obtrusive and
uncomfortable for the user, (2) all fall events that cause damage
must be detected, (3) alerts should not be triggered during normal
daily activities of the elder person, (4) the system should not
require regular maintenance or special operating procedures.

Projects on home health monitoring and telemedicine have
been performed for two decades with a fixed wireless sensor net-
work. In the paper of Figueredo and Dias (2004), Eklund, Hansen,
Sprinkle, and Sastry (2005), or Virone et al. (2006, 2008) home care
system project was described. In this paper, we describe an ubiqui-
tous assistential monitoring system at home. We have focused, in
contrast, on the unobtrusive habitual activities signal measure-
ment and wireless data transfer using IEEE 802.15.4 technology.

The main idea consists in monitoring the person living alone in
his home without interacting with him. To start, it is needed to
know if he is at home in order to activate the ubiquitous custodial
care system. It is easy to know by the context if a resident is at
home knowing that the entrance door was opened and movement
in the hall was detected. By means of distributed sensors installed

in each room at home we can know the activities and the elderly
location.

On the other hand, as the pressure sensors are located in the
bed and the favourite sofa in the living room, we can know more
of where he is even if he is not in movement. All this sensory
assembly will be ruled by an artificial intelligent software which
will allow to learn of elderly diary activities. If the system detects
a suspicious event, i.e., no-movement in rooms at 4 a.m and no-
pressure in the bed, then the DIA system give an alert to the care-
giver about possible fall.

On the other hand, there are three phases associated with a fall
event that provide important cues for reliable detection of falls
using wearable smart sensors: (1) dynamic changes in gait preced-
ing a fall, (2) free fall phase, (3) impact of the body against the
ground. The principle of operation of a fall detector relies on
detecting one or more of these three phases together with the
orientation of the detection device. Most approaches utilize accel-
eration spikes generated by the fall impact together with changes
in orientation (Bouten, Koekkoek, Verduin, Kodde, & Janssen, 1997;
Chen, Kwong, Chang, Luk, & Bajcsy, 2005). Inclination has been
independently used as the determining factor in detection of falls
(see, for example, Tamura, Yoshimura, Horiuchi, Higashi, &
Fujimoto, 2000), which simplifies computational requirements
but suffers from false alarms caused by normal daily activities.
On the other hand, gait and postural measurements have been
primarily used to assess risk of falls rather than to alert about an
impending fall (Najafi, Aminian, Loew, Blanc, & Robert, 2002;
Hassan, Begg, & Taylor, 2006).

The possibility of distinguishing the different types of falls is
valuable in clinical trials to determine the incidence of falls and
the costs associated with treatment of injuries they cause. Falls
that do not require medical treatment are often not reported, but
still very important to implement appropriate guidelines for the
prevention of falls. However, the fall detection is mostly used in
personal safety applications, where the main objective is to detect
and warn about a crash that involved an injury. For these applica-
tions, a fall detection system must satisfy several properties: (1)
continuous monitoring should not be uncomfortable for the user,
(2) all fall events that cause damage should be detected, (3) should
not be thrown alerts by normal daily activities of older people, (4)
the system should not require frequent maintenance or special
procedures.

In order to provide adequate medical care, we have proposed a
method based on a wireless sensor network consisting of acceler-
ometers attached to the wearer’s body and a set of fixed motion
and pressure sensors built into the environment and monitors
the movement of the user and communicates information to a
central processing station where the data are analyzed in order
to reliably detect various types of falls that may occur. Wireless
communication is used to provide continuous monitoring and
minimal user location.

An approach inlaid two accelerometers into a wrist watch to tell
three directions of falling. Due to the complexity of the arm move-
ment, the success rate only reached 65% (Degen & Jaeckel, 2003).
Another approach used a triple-axial accelerometer placed at the
waist level to detect daily physical activities, but a quick sit down
or a lie down posture would be mistaken as a falling in this system
(Yang & Hsu, 2006). An important research proposed a pilot study
with two accelerometers into the hearing aid housing and would
be able to distinguish seven types of falling and five kinds of daily
activities (Lindemann et al., 2005). It is a quite considerable design
because the sensors are placed at the head level and the sensitivity
and accuracy of fall recognition is raised more than that of previous
studies. However, the integration period is set to in 1.5 s to calcu-
late the velocity threshold. The period setting is an empirical value
that the authors considered as the duration from the body’s initial
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Chapter 4

Complementary work

The contributions described in the articles that conform the thesis by publi-
cations cover some of the objectives, specifically objectives (1), (3) and part
of objective (2). The remaining objectives are covered by contributions which
could not be included as publications. Some contributions were published in
proceedings and some other are waiting for revision to be published. In this
chapter, these contributions are briefly described and some of the cited papers
and manuscripts are included in Appendix B.

Objective (2), defined as “Occupancy detection in bed or seat: Improving
the performance and reliability”, aims to solve some weaknesses that have been
detected in commercial solutions and could be fixed by means of novel trans-
ducers and embedded signal processing. In this way, a low-power occupancy
sensor based on EMFi has been developed, as described in two of the articles
conforming the thesis. Besides, an automatic shelf-calibration algorithm has
been proposed to get an adaptive threshold. This method makes the sensor ro-
bust regarding the transducer degradation, a small shift in the position of the
sensor, or any other variation that modify the characteristic response of the
load sensor. An implementation of the k-means clustering algorithm is used
over a data window to get adaptive centroids that represent the values associ-
ated to each sensor state: occupied and unoccupied. The load threshold for
occupancy determination is updated using these centroids. This method has
been demonstrated to get better classification hit rate and better error mar-
gin than the fixed threshold one. The improvement brought by the proposed
adaptive method has been quantified using load data records from occupancy
sensors in an AAL system deployed over 10 real homes. The hit rate has been
increased from 77.7% to 96% in the best case and from 93% to 98.6% in mean.
The deviation of the threshold from the centre of the local data, as an inverse
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measurement of the error margin, has been improved from 24.4% to 0.75% in
the best case and from 9.5% to 1.14% in mean. This contribution covers the
remaining part of objective (2). It has been recently submitted to the journal
Sensors and Actuators A: Physical and is under revision. The article is entitled
“Adaptive thresholding by means of k-means for occupancy sensors based on
load transducers”, and its manuscript can be found in Appendix B.

Objective (4), defined as “Motion detection: Pattern recognition and signal
classification”, aims to get context information from PIR sensors, beyond mo-
tion detection. In this way, a method has been proposed to classify PIR signals
regarding two parameters: speed and distance from sensor to the subject.This
method allows us to get compact devices that perform local computation and
are able to deficiently transmit context information from a middle level of ab-
straction. Signals from a PIR sensor array, generated by several subjects, have
been registered to get patterns. Subjects moved at a certain speed at a given
distance from sensors, so patterns are indexed by these two parameters. The
patterns are then used to classify other tests signals regarding the mentioned
parameters. The hit rate, for the method which combines information from all
the sensors in the array, results in 79% for distance classification, 96% for speed
classification and 77% for classification regarding both parameters simultane-
ously. We consider that this is a satisfactory result for a non intrusive method.
This contribution covers the objective (4) in a first stage. It has recently been
accepted for publication as a conference contribution, entitled “PIR-based mo-
tion patterns classification for AmI systems” [25], and its manuscript can be
found in Appendix B.

Objective (5), defined as “Performance enhancement through microelectron-
ics integration”, aims to map some of the resulting electronics designs to the
field of microelectronics, in order to reduce fabrication costs and power con-
sumption. In this way, a low power fourth order bandpass CMOS filter for PIR
sensor signal conditioning has been implemented for person detection applica-
tions. Frequency response of the PIR sensor requires a band-pass filtering with
a very high time constant and high gain values. Moreover, power consumption
must be minimized. These specifications restrict the available circuit topologies
to be used to only a few, from which a OTA-C topology has been selected. The
extremely low frequency characteristic value of the band pass filter has required
the implementation of large time constants. OTA-C approach has allowed the
implementation of an emulated high value resistor by means of a transconduc-
tor with a very low value of transconductance. In order to minimize the silicon
area of the circuit, a block called capacitor scaler is employed. This circuits
allows us to obtain a capacitor effective value which is much greater that its
real value. The 4th order bandpass filter has been implemented in a standard
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CMOS 0.35µm. It is composed by two cascaded 2nd order filters with a power
supply of 3 volts and a power dissipation of only 4.46µA (13.38µW). Although
the value of integrated noise is not very low, it is acceptable for the application
described in this paper. Thus, results obtained from schematic level simulation
of the fourth order filter, achieving very low power consumption, show that this
circuit which has been mainly used for medical applications can be also useful
for this task. This contribution covers the objective (5). A first approach was
published in the Design of Circuits and Integrated Systems Conference (DCIS
2012) under title “Cmos analog conditioning circuit for PIR sensors” [17]. A
second approach has been published in the 19th IEEE International Conference
on Electronics, Circuits and Systems (ICECS), 2012. The paper is entitled “A
fourth order CMOS band pass filter for PIR sensors” [18], and can be found in
Appendix B. Finally, an enhanced version has been prototyped and tested. An
article manuscript is in process in order to publish final results.





Chapter 5

Conclusions and future work

Ambient assisted living (AAL) systems aim to detect behaviour patterns from
their users (typically, an elderly person living alone at home) and use them
to take warning actions when significant variations happen. These devices
and the wireless network can monitor the elderly’s activity in a secure and
private manner and issue alerts to the user, care givers or emergency services
as necessary to provide additional safety and security to the user. These systems
are being developed to provide safety and security so that elder citizens who
might have to leave their own homes for a group care facility will be able to
extend their ability to remain at home longer. This will, in most cases, provide
them with better quality of life and better health in a cost effective manner.
AAL systems can also be used in diagnostics because the activity data can
show indicators of illness. Those changes in daily activity patterns can suggest
serious conditions and reveal anomalies of the elderly’s behaviour.

In summary, we think that AAL systems could be quite well-received by
the elderly residents. The infrastructure will need to, i) deal robustly with
a wide range of different homes and scenarios, ii) be very reliable in diverse
operating conditions, iii) communicate securely with well-authenticated parties
who are granted proper access to the information, iv) respect the privacy of its
users, and v) provide QoS even in the presence of wireless interference and other
environmental effects. In this way, several specific objectives were defined which
have been approached by the research contributions presented in this thesis.

(1) The first objective was to reduce the number of events to be transmitted
in an AmI system by means of signal pre-processing and data fusion. A new
middleware has been designed regarding this objective, which incorporates two
main contributions. As a first contribution, a state machine with a new level
of abstraction that generates a more elaborated information has been incorpo-
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rated to the middleware [28]. By introducing this new level of abstraction, a
large number of transmissions associated with irrelevant events generated dur-
ing transients in the ambient context are eliminated. This reduction entails a
lower power consumption and a reduction in the wireless traffic and therefore
also in the collisions. This change implies greater specialisation or specificity
of the sensor node, since it performs an information-centred processing before
transmitting data which could render it incompatible with other applications.
The ad-hoc settings for the state machine parameters were obtained by means
of a set of real tests. These tests include the most representative behaviours
of any person who lives alone at home. Therefore, these settings for the state
machine can be considered to be relevant and could be used in any ambient
intelligence system for people living alone at home. Indeed, this configuration
has been successfully used in dozens of homes at the validation stage of the
DIA project.

A second contribution proposes an AAL-specific ACK mechanism to reduce
the number of transmissions. The drastic reduction of data messages achieved
with the proposed data compressing mechanism, in the first contribution, al-
lowed us to use reliable data transmission protocols without causing overload in
the network. This kind of systems could easily go down if some specific events
are missed so we can say that a good compromise between energy consumption
and robustness has been achieved. It is necessary to highlight that the over-
head that would introduce ACKs without using the proposed data compression
mechanism could have tipped the balance.

(2) The second objective consists in obtaining an occupancy sensor for bed
or couch that could improve the current sensors employed for an AAL system.
This interest is due to: i) the lack of adaptability that mats presented to various
factors such as hardness and type of mattress and bed base, in the case of the
bed, and the hardness of the structure in the case of the couch, as well as the
weight of the person in the one case and the other; ii) High power consumption
of resistive transducers.

A first contribution improves AAL system features by means of a new occu-
pancy sensor [27, 26]. This new design has been enabled by the characterisation
of a new model for the EMFi transducer [27]. The occupancy detection feature
of the new sensor has been proven effective in laboratory tests for DIA system.
It were tested with people of different weights. Occupancy detections were suc-
cessful and the weight recorded values were accurate and stable to consider that
the sensor can be reliably used in an actual installation. The raw information
provided from the transducer is processed in order to get events by an occu-
pancy verification process which allows to compact the semantic of information
into two states: the occupied state and the unoccupied state. These events are
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suitable to feed the context extraction layer in the AAL system and they are
driven to AmI station through to the WSN.

A consequence of this work has been the design of a first approach to an
EMFi based weight meter. A future prospective research line could be the de-
sign and implementation of an accurate scale. Also, present and future designs
could be implemented as a standalone device that does not require a micro-
controller to operate. This implementation could even be mapped to the field
of microelectronics for manufacturing as an integrated circuit, which would be
translated into a significant reduction in cost and energy consumption.

Another contribution for this objective was motivated by the weakness de-
tected on load based occupancy sensors because of changes in the transducer
characteristic response. These changes in the response happen because of the
degradation over the time, a small shift in the position of the sensor, a change
on the occupant position or any other variation. In this way, an adaptive thresh-
olding method has been proposed [29]. This method has been demonstrated
to get better classification hit rate and error margin than the typical fixed one.
The improvement brought by the proposed adaptive method has been quanti-
fied using load data records from occupancy sensors in an AAL system deployed
over 10 real homes. Results are quantified not only by the hit rate but also by
the error margin, as mentioned before. This is important because data used
for testing and validation is representative of the casuistry but do not entirely
cover it.

Most of classification failures are due to a delay on the threshold adaptation,
which is inherent to the method. Future work can be focused on the reduction
of the response time for the adaptation. This could be achieved by means of a
variable size for the data window, which could be increased or reduced regarding
data variability. Another way, that may complement the first one, could be a
variation on the k-means algorithm to give more weight to recent data.

(3) Regarding the third objective, reinforcing the context information by
means of wearable sensors, a method has been proposed which uses a mixed
(fix and wearable) set of sensors, incorporating an optional accelerometer-based
wearable sensor. Moreover, a prototype of this wearable sensor has been de-
signed, implemented and tested [73].

To test the wearable sensor working inside the fixed mesh, some experi-
ments were repeated with a volunteer wearing the sensor node prototype. The
volunteer simulated all the relevant kind of activity: forward fall, backward fall,
side fall and ADL like sitting down, laying down, stand up. Fall events were
all recognized and no false positives were originated. Furthermore, the sensor
software includes a remote setting change option, which let the AmI system
to correct parameters basing on the user’s history and physical characteristics.
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Voluntary help calls were also properly tested and detected.
(4) The fourth objective was to enhance PIR sensors features by means of

appropriate drive electronics and embedded signal processing to get additional
context information, beyond motion detection. In this way, a method has been
proposed for classification of PIR sensor signals, with respect to speed and
distance between the subject and a sensor array [25]. This method allows us to
get compact devices that perform local computation and are able to efficiently
transmit context information from a middle abstraction level. The hit rate, for
the method which combines information from all the sensors in the cluster, can
be considered satisfactory for a non intrusive method.

Present and future research regarding this objective includes: i) Expansion
of the population of test subjects. ii) Fusion of signals from different subjects
in order to obtain richer patterns. iii) Reduction of the dimensionality of the
classification problem by means of principal components-based techniques to
decrease redundancy. iv) Adaptation of the method for its implementation on
a microcontroller or digital signal processor (DSP).

(5) Finally, objective five was to enhance the performance of the designed
sensors through microelectronic integration. Regarding this objective, a low
power CMOS 4th order bandpass filter for PIR sensors has been developed [17,
18]. The extremely low characteristic frequency of the band pass filter has
required the implementation of large time constants. OTA-C approach has
allowed the implementation of an emulated high value resistor by means of a
transconductor with a very low value of transconductance. Results were ob-
tained from schematic level simulation of the fourth order filter, achieving very
low power consumption. Although the value of integrated noise is not very low,
it is acceptable for the application described in this work. Thus, the proposed
fourth order filter, which has been mainly used for medical applications, can
be also useful for this task. Some other resulting designs could be mapped to
the microelectronics field, such as those from the EMFi based occupancy sensor
and, probably, future designs coming from work performed to reach objective
(4).

In summary, several contributions have been made over every objective.
Objectives (1), (2) and (3) could be considered as achieved, although some
improvements can still be performed regarding objective (3). In relation to ob-
jective (5), some other designs, resulting from the other objectives, could also
be mapped to the microelectronics field, this could be considered a transver-
sal objective as it takes results from the others to improve their performance.
Interesting results were obtained for objective (4); work still remains to be
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done before completion of this objective is achieved, but good expectations are
provided by current results. This will be our main research line henceforth,
although it is seriously threatened by the Spanish Government policy of cuts
in the research budget.
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2011 JCR Science Edition

 Rank in Category: Ad Hoc Networks

Journal Ranking

For 2011, the journal Ad Hoc Networks has an Impact Factor of 2.110.

This table shows the ranking of this journal in its subject categories based on Impact Factor.

Category Name
Total Journals

in Category

Journal Rank

in Category

Quartile

in Category

COMPUTER SCIENCE, INFORMATION SYSTEMS 135 20 Q1

TELECOMMUNICATIONS 79 13 Q1

Category Box Plot 

For 2011, the journal Ad Hoc Networks has an Impact Factor of 2.110.

This is a box plot of the subject category or categories to which the journal has been assigned. It provides information about

the distribution of journals based on Impact Factor values. It shows median, 25th and 75th percentiles, and the extreme

values of the distribution.
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2011 JCR Science Edition

 Impact Factor Trend Graph: EXPERT SYSTEMS
 Click on the "Return to Journal" button to view the full journal information.

*Impact Factor -- see below for calculations

The journal impact factor is a measure of the frequency with which the "average article" in a

journal has been cited in a particular year. The impact factor will help you evaluate a journal's

relative importance, especially when you compare it to others in the same field. For more

bibliometric data and information on this and other journal titles click on the "Return to Journal"

button.

NOTE: Title changes and coverage changes may result in no impact factor for one or more years in

the above graph.

2011 Impact Factor

Cites in 2011 to articles published in:2010 =10  Number of articles published in:2010 =27  

 2009 =29   2009 =30 

 Sum: 39   Sum: 57 

Calculation:Cites to recent articles  39 =0.684 

 Number of recent articles 57   

2010 Impact Factor

Cites in 2010 to articles published in:2009 =22  Number of articles published in:2009 =30  

 2008 =22   2008 =30 

 Sum: 44   Sum: 60 

Calculation:Cites to recent articles  44 =0.733 

 Number of recent articles 60   

2009 Impact Factor

Cites in 2009 to articles published in:2008 =17  Number of articles published in:2008 =30  

 2007 =47   2007 =22 

 Sum: 64   Sum: 52 

Calculation:Cites to recent articles  64 =1.231 

    

1 de 2 21/03/2013 12:42



120 Appendix A. Documents supporting publications

 Number of recent articles 52   

2008 Impact Factor

Cites in 2008 to articles published in:2007 =16  Number of articles published in:2007 =22  

 2006 =17   2006 =24 

 Sum: 33   Sum: 46 

Calculation:Cites to recent articles  33 =0.717 

 Number of recent articles 46   

2007 Impact Factor

Cites in 2007 to articles published in:2006 =5  Number of articles published in:2006 =24  

 2005 =14   2005 =22 

 Sum: 19   Sum: 46 

Calculation:Cites to recent articles  19 =0.413 

 Number of recent articles 46   
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 Rank in Category: EXPERT SYSTEMS

Journal Ranking

For 2011, the journal EXPERT SYSTEMS has an Impact Factor of 0.684.

This table shows the ranking of this journal in its subject categories based on Impact Factor.

Category Name
Total Journals

in Category

Journal Rank

in Category

Quartile

in Category

COMPUTER SCIENCE, ARTIFICIAL INTELLIGENCE 111 81 Q3

COMPUTER SCIENCE, THEORY & METHODS 99 54 Q3

Category Box Plot 

For 2011, the journal EXPERT SYSTEMS has an Impact Factor of 0.684.

This is a box plot of the subject category or categories to which the journal has been assigned. It prov des

informat on about the distribution of journals based on Impact Factor values. It shows median, 25th and 75th

percentiles, and the extreme values of the distribut on.
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2011 JCR Science Edition

 Impact Factor Trend Graph: SENSORS AND ACTUATORS

A-PHYSICAL
 Click on the "Return to Journal" button to view the full journal information.

*Impact Factor -- see below for calculations

The journal impact factor is a measure of the frequency with which the "average article" in a

journal has been cited in a particular year. The impact factor will help you evaluate a journal's

relative importance, especially when you compare it to others in the same field. For more

bibliometric data and information on this and other journal titles click on the "Return to Journal"

button.

NOTE: Title changes and coverage changes may result in no impact factor for one or more years in

the above graph.

2011 Impact Factor

Cites in 2011 to articles published in:2010 =518  Number of articles published in:2010 =335  

 2009 =693   2009 =337 

 Sum: 1211   Sum: 672 

Calculation:Cites to recent articles  1211 =1.802 

 Number of recent articles 672   

2010 Impact Factor

Cites in 2010 to articles published in:2009 =516  Number of articles published in:2009 =337  

 2008 =1116   2008 =504 

 Sum: 1632   Sum: 841 

Calculation:Cites to recent articles  1632 =1.941 

 Number of recent articles 841   

2009 Impact Factor

Cites in 2009 to articles published in:2008 =664  Number of articles published in:2008 =504  

 2007 =1092   2007 =545 

 Sum: 1756   Sum: 1049 
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Calculation:Cites to recent articles  1756 =1.674 

 Number of recent articles 1049   

2008 Impact Factor

Cites in 2008 to articles published in:2007 =862  Number of articles published in:2007 =545  

 2006 =907   2006 =481 

 Sum: 1769   Sum: 1026 

Calculation:Cites to recent articles  1769 =1.724 

 Number of recent articles 1026   

2007 Impact Factor

Cites in 2007 to articles published in:2006 =517  Number of articles published in:2006 =481  

 2005 =765   2005 =470 

 Sum: 1282   Sum: 951 

Calculation:Cites to recent articles  1282 =1.348 

 Number of recent articles 951   

Acceptable Use Policy

Copyright © 2013 Thomson Reuters.

    

2 de 2 21/03/2013 10:18



127

   
2011 JCR Science Edition

 Rank in Category: SENSORS AND ACTUATORS A-PHYSICAL

Journal Ranking

For 2011, the journal SENSORS AND ACTUATORS A-PHYSICAL has an Impact Factor of 1.802.

This table shows the ranking of this journal in its subject categories based on Impact Factor.

Category Name
Total Journals

in Category

Journal Rank

in Category

Quartile

in Category

ENGINEERING, ELECTRICAL & ELECTRONIC 245 56 Q1

INSTRUMENTS & INSTRUMENTATION 58 12 Q1

Category Box Plot 

For 2011, the journal SENSORS AND ACTUATORS A-PHYSICAL has an Impact Factor of 1.802.

This is a box plot of the subject category or categories to wh ch the journal has been assigned. It provides information

about the distribution of journals based on Impact Factor values. It shows median, 25th and 75th percentiles, and the

extreme values of the distribution.
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2011 JCR Science Edition

 Impact Factor Trend Graph: EXPERT SYSTEMS WITH

APPLICATIONS
 Click on the "Return to Journal" button to view the full journal information.

*Impact Factor -- see below for calculations

The journal impact factor is a measure of the frequency with which the "average article" in a

journal has been cited in a particular year. The impact factor will help you evaluate a journal's

relative importance, especially when you compare it to others in the same field. For more

bibliometric data and information on this and other journal titles click on the "Return to Journal"

button.

NOTE: Title changes and coverage changes may result in no impact factor for one or more years in

the above graph.

2011 Impact Factor

Cites in 2011 to articles published in:2010 =1422  Number of articles published in:2010 =1010  

 2009 =3855   2009 =1385 

 Sum: 5277   Sum: 2395 

Calculation:Cites to recent articles  5277 =2.203 

 Number of recent articles 2395   

2010 Impact Factor

Cites in 2010 to articles published in:2009 =2242  Number of articles published in:2009 =1385  

 2008 =1421   2008 =517 

 Sum: 3663   Sum: 1902 

Calculation:Cites to recent articles  3663 =1.926 

 Number of recent articles 1902   

2009 Impact Factor

Cites in 2009 to articles published in:2008 =1180  Number of articles published in:2008 =517  

 2007 =969   2007 =222 

 Sum: 2149   Sum: 739 
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Calculation:Cites to recent articles  2149 =2.908 

 Number of recent articles 739   

2008 Impact Factor

Cites in 2008 to articles published in:2007 =527  Number of articles published in:2007 =222  

 2006 =470   2006 =162 

 Sum: 997   Sum: 384 

Calculation:Cites to recent articles  997 =2.596 

 Number of recent articles 384   

2007 Impact Factor

Cites in 2007 to articles published in:2006 =122  Number of articles published in:2006 =162  

 2005 =264   2005 =166 

 Sum: 386   Sum: 328 

Calculation:Cites to recent articles  386 =1.177 

 Number of recent articles 328   
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2011 JCR Science Edition

 Rank in Category: EXPERT SYSTEMS WITH APPLICATIONS

Journal Ranking

For 2011, the journal EXPERT SYSTEMS WITH APPLICATIONS has an Impact Factor of 2.203.

This table shows the ranking of this journal in ts subject categories based on Impact Factor.

Category Name
Total Journals

in Category

Journal Rank

in Category

Quartile

in Category

COMPUTER SCIENCE, ARTIFICIAL INTELLIGENCE 111 22 Q1

ENGINEERING, ELECTRICAL & ELECTRONIC 245 41 Q1

OPERATIONS RESEARCH & MANAGEMENT SCIENCE 77 5 Q1

Category Box Plot 

For 2011, the journal EXPERT SYSTEMS WITH APPLICATIONS has an Impact Factor of 2.203.

This is a box plot of the subject category or categories to wh ch the journal has been assigned. It prov des

informat on about the distribution of journals based on Impact Factor values. It shows median, 25th and 75th

percentiles, and the extreme values of the distribution.
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Appendix B

Related contributions

This appendix contains papers describing those contributions that cover some
of the objectives of this thesis but could not be included as published articles.
First one, entitled “Wireless sensor network for ambient assisted living”, is a
book chapter that describes in detail the DIA system, an AAL system prototype
which has been used as experimental platform for the research contributions and
allowed to detect the research lines described as objectives of this thesis. The
second one, entitled “Adaptive thresholding by means of k-means for occupancy
sensors based on load transducers”, has been recently submitted to the journal
Sensors and Actuators A: Physical where is under revision. This contribution
covers the part of objective (2) which is not covered by the publications in this
thesis and its manuscript can be found in this appendix. The third one, entitled
“PIR-based motion patterns classification for AmI systems”, is a conference
contribution which has recently been accepted. This contribution covers the
objective (4) in a first stage and its manuscript has also been included. The last
one, entitled “A fourth order CMOS band pass filter for PIR sensors”, supports
objective (5) and is a contribution to the 19th IEEE International Conference
on Electronics, Circuits and Systems (ICECS), 2012. Referred papers are cited
below:

• Ramón Ruiz, Francisco J. Fernández-Luque and Juan Zapata (2010).
Wireless Sensor Network for Ambient Assisted Living, Wireless
Sensor Networks: Application - Centric Design, Yen Kheng Tan (Ed.),
ISBN: 978-953-307-321-7, InTech, DOI: 10.5772/13005.

• Francisco J. Fernandez-Luque, David Pérez, Juan Zapata, Ramón Ruiz,
Adaptive thresholding by means of k-means for occupancy sen-
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sors based on load transducers, under revision in Sensors and Actu-
ators A: Physical.

• Francisco Fernandez-Luque, Juan Zapata, and Ramón Ruiz. PIR-based
motion patterns classification for AmI systems. In the 5th. IN-
TERNATIONAL WORK-CONFERENCE on the INTERPLAY between
NATURAL and ARTIFICIAL COMPUTATION, Lecture Notes in Com-
puter Science, Balearic Islands (Spain), June 2013.

• G.Doménech-Asensi, F.Mart́ınez-Viviente, J.Illade-Quinteiro, J.Zapata-
Pérez, R.Ruiz-Merino, J.A.López-Alcantud, J.Mart́ınez-Alajaŕın,
F. Fernández-Luque, J.M.Carrillo, and M.A.Domı́nguez. A fourth or-
der CMOS band pass filter for PIR sensors. In IEEE International
Conference on Electronics, Circuits and Systems, Dec. 2012.



      

      

        Wireless Sensor Network
for mbient ssisted Living

Juan Zapata and Francisco J. Fern ndez-Luque and Ramón Ruiz
Universidad Polit cnica de Cartagena

Spain

1. Introduction

There is a great demand, in both the public and the private sector, to take the actions needed to
expand uses for electronic devices, assistive and monitoring software, and home health com-
munication technologies to provide assisted living and health care to those in need. By means
of using Information and Communication Technologies (ICT) to assist and monitor elderly,
disabled, and chronically ill individuals in the home can improve quality of life, improve
health outcomes, and help control health care.
Assisted living technologies are for people needing assistance with Activities of Daily Living
(ADLs) but wishing to live for as long as possible independently. Assisted living exists to
bridge the gap between independent living and nursing homes. Residents in assisted living
centers are not able to live by themselves but do not require constant care either. Assisted liv-
ing facilities offer help with ADLs such as eating, bathing, dressing, laundry, housekeeping,
and assistance with medications. Many facilities also have centers for medical care; how-
ever, the care offered may not be as intensive or available to residents as the care offered at
a nursing home. Assisted living is not an alternative to a nursing home, but an intermedi-
ate level of long-term care appropriate for many seniors. Increasing health care costs and an
aging population are placing significant strains upon the health care system. Small pilot stud-
ies have shown that meeting seniors needs for independence and autonomy, coupled with
expanded use of home health technologies, mitigate against the circumstances above, and
provide improved health outcomes. Difficulty with reimbursement policies, governmental
approval processes, and absence of efficient deployment strategies has hampered adopting
such technologies.
Most efforts to-date of applying ICT to health care in the home have focused on telemedicine,
in which ICT is used to connect the patient and his biometric information to a health care
provider either in real-time or into storage for analysis at a later time (Biemer & Hampe,
2005; Lubrin et al., 2006; Ross, 2004; Rowan & Mynatt, 2005). While such functionality will be
included in Information Technology for Assisted Living at Home (ITALH), the main objective
in tele-assistence is to provide smart monitors and sensors that will alert the user and/or their
care provider (be that a doctor, nurse, family member, neighbor, friend, etc.) of events such
as accidents or acute illness and to diagnostic events that could indicate a deterioration in his
health condition. This differs from efforts (Sixsmith & Johnson, 2004a), in which IR sensors
array are used to detect such events as accidental falls, in that the sensors themselves detect
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the event, not a central system. This reduces wireless bandwidth and greatly improves the
privacy of the system by not streaming data constantly.
In particular, the chapter is focused in the introduction of an ubiquitous wireless network in-
frastructure to support an assisted living at home system, called DIA (Dispositivo Inteligente
de Alerta, in spanish) which is being developed by Universidad Politécnica de Cartagena, Uni-
versidad de Murcia and Ambiental Intelligence & Interaction S.L.L. (Ami2) company. Specifi-
cally, the system is constructed based on a wireless communication network in order to trans-
fer data and events of elderly. A typical scenario consists of a private home which is instru-
mented based on WSN. In this context, the concept of a individual assisted by monitoring
via radio-frequency is evident. The wireless infrastructure is a heterogeneous and ubiqui-
tous, being present everywhere at once, wireless network that connects sensor devices within
the home to a central Home Health System Gateway and/or a mobile Gateway. The sensor
nodes themselves have embedded processing capability and are required to transmit only oc-
casional information about their own status and messages notifying the central system when
they detect a significant event. The central system, in a smart sense, connect this network to
the outside world via secure Internet and telephone service so that intelligent alerts can be
sent out, and authorized caregivers can have access to the system to check up on the user.
Privacy and security are fundamental concerns in these systems. The chapter is organized
as follows. Section 2 provides an overview of the state of the art in terms of sensor network
technology. Section 3 explains the application scenario and where and how the node sensors
was deployed and Section 4 discusses data processing issues. The chapter concludes with a
brief summary and some final remarks.

2. Technology Overview

2.1 Sensor Network Technology Overview
A sensor network is an infrastructure comprised of sensing (measuring), computing, and com-
munication elements that gives an administrator the ability to instrument, observe, and react
to events and phenomena in a specified environment (Sohraby et al., 2007). Typical applica-
tions include, but are not limited to, data collection, monitoring, surveillance, and medical
telemetry. In addition to sensing, one is often also interested in control and activation.
There are four basic components in a sensor network: (1) a set of distributed or localized
sensors; (2) a communication network (usually, but not always, wireless-based); (3) a central
point of information clustering (usually called base station or sink); and (4) a set of comput-
ing resources at the central point (or beyond, e.g., personal computer board or other device
like PDA) to handle data correlation, event trending, status querying, and data mining. In
this context, the sensing and computation nodes are considered part of the sensor network; in
fact, some of the basic computation may be done in the network itself. The computation and
communication infrastructure associated with sensor networks is often specific to this envi-
ronment and rooted in the device and application-based nature of these networks. Figure 1
shows a generic protocol stack model that can be utilized to describe the WSN. Issues here re-
late to the following: (1) Physical layer treats about connectivity and coverage. (2) Data Link
Layer is the protocol layer which transfers data between adjacent network nodes in a wide
area network or between nodes on the same local area network segment. (3) Network Layer is
responsible for end-to-end (source to destination) packet delivery including routing through
intermediate hosts, whereas the data link layer is responsible for node-to-node (hop-to-hop)
frame delivery on the same link. (4) Transport Layer is a group of methods and protocols
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within a layered architecture of network components within which it is responsible for encap-
sulating application data blocks into data units. (5) Upper (application, presentation, session)
layer treats about processing application, in what could be an environment with highly corre-
lated and time-dependent arrivals.
Management planes are needed, so that sensor nodes can work together in a power efficient
way, route data in a wireless (mobile or not) sensor network, and share resources between
sensor nodes. Without them, each sensor node will just work individually. From the whole
sensor network point of view, it is more efficient if sensor nodes can collaborate with each
other, so the lifetime of the sensor networks can be prolonged (Kahn et al., 1999).
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Fig. 1. Generic protocol stack for sensor networks

Sensors in a WSN have a variety of purposes, functions, and capabilities. Sensor networking is
a multidisciplinary area that involves, among others, radio and networking, signal processing,
artificial intelligence, database management, systems architectures for operator-friendly in-
frastructure administration, resource optimization, power management algorithms, and plat-
form technology (hardware and software, such as operating systems)
The technology for sensing and control includes electric and magnetic field sensors; radio-
wave frequency sensors; optical-, electrooptic-, and infrared sensors; radars; lasers; loca-
tion/navigation sensors; seismic and pressure-wave sensors; environmental parameter sen-
sors (e.g., wind, humidity, heat); and biochemical national security oriented sensors. Todays
sensors can be described as smart inexpensive devices equipped with multiple onboard sens-
ing elements; they are low-cost low-power untethered multifunctional nodes that are logically
homed to a central sink node. Sensor devices, or wireless nodes (WNs), are also (sometimes)
called motes. Therefore, a WSN consists of densely distributed nodes that support sensing,
signal processing, embedded computing, and connectivity; sensors are logically linked by self-
organizing means. WNs typically transmit information to collecting (monitoring) stations that
aggregate some or all of the information. WSNs have unique characteristics, such as, but not
limited to, power constraints and limited battery life for the WNs, redundant data acquisition,
low duty cycle, and, many-to-one flows. Power efficiency in WSNs is generally accomplished
in three way: Low-duty-cycle operation, Local/in-network processing to reduce data volume
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(and hence transmission time), and multihop. Multihop networking reduces the requirement
for long-range transmission since signal path loss is an inverse exponent with range or dis-
tance. Each node in the sensor network can act as a repeater, thereby reducing the link range
coverage required and, in turn, the transmission power.
For a number of years, vendors have made use of proprietary technology for collecting perfor-
mance data from devices. In the early 2000s, sensor device suppliers were researching ways
of introducing standardization, first designers ruled out Wi-Fi (wireless fidelity, IEEE 802.11b)
standards for sensors as being too complex and supporting more bandwidth than is actually
needed for typical sensors. Infrared systems require line of sight, which is not always achiev-
able; Bluetooth (IEEE 802.15.1) technology was at first considered a possibility, but it was soon
deemed too complex and expensive. This opened the door for a new standard IEEE 802.15.4
along with ZigBee (more specifically, ZigBee comprises the software layers above the newly
adopted IEEE 802.15.4 standard and supports a plethora of applications). IEEE 802.15.4 op-
erates in the 2.4 GHz industrial, scientific, and medical (ISM) radio band and supports data
transmission at rates up to 250 kbit s−1 at ranges from 10 to 70 m. ZigBee/IEEE 802.15.4 is
designed to complement wireless technologies such as Bluetooth, Wi-Fi, and ultra-wideband
(UWB).

2.1.1 Requeriments for Wireless Sensor Network in mbient ssisted Living Environments
Wireless sensor network integration in Ambient Assisted Living frameworks is usually not
described in the literature, and normally is treated as a black box. Following, a list of the
functional requirements for WSN in Ambient Assisted Living environments which need to be
addressed in order to have a reliable system based on WSN (Martin et al., 2009) is enumerated.

1. Ambient Assisted Living Systems: Type of Networks. The design objectives are related to
the development of an Ambient Assisted Living System capable of offering its services
at home and nursing houses. The AAL systems could be composed by:

• A Body Sensor Network (BSN), which will include all the devices that a person must
wear (accelerometers, gyroscopes, spirometers, oxymeters, etc) or use to allow the
services to work. Depending on the elderly profile and the services to be con-
figured, the BSN may include continuous monitoring sensors and other health
sensors. To configure the BSN, it is always important to bear in mind the usability
restrictions imposed by the users acceptance of personal devices in home environ-
ments. Basically, BSN is a mobile subset of the Wireless Sensor Network.

• A Wireless Sensor Network, which will include home infrastructure sensors (ambi-
ent, presence, pressure, home automation sensors, etc.), actuators and appliances
capable of notifying their status. The Wireless Sensor Network station base will
be able to communicate with the BSN by using ad hoc networking capabilities. It
will include local intelligent features to dispatch events and orders depending on
the situation. These processing capabilities will be part of a home gateway which
will connect the home ambient via station base with the Core Care Network.

• A Core Care Network, serving as a bridge of communication between the home sen-
sorial infrastructure and third parties and service providers (caregivers). Services
may be enabled through the Core Care Network. It can also authorize the connec-
tion of external service providers, centralize system monitoring and guarantee the
security of personal data.
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2. Ambient Assisted Living Systems: General design requirements for WSN. The previous sce-
nario imposes some functional requirements to the Wireless Sensor Network finally
composed by infrastructure and personal sensing nodes. Next there is a brief list of the
most important features to consider.

• Interoperability. Wireless Sensor Networks in real deployments need to be ready to
manage heterogeneous sensors, which need to share a common communication
scheme.

• Network self-configuration and maintenance. It is desirable that the WSN demands
as little attention from a human operator as possible.

• Easy and robust deployment. When designing WSN functionalities, it is important
to consider the deployment requirements to make the network fully operational.

• Multihop routing. A WSN for AAL usually consists of several sensor nodes that
send their measurements to a sink node, which collects all the information and
typically sends it to a PC, where all the data are stored and elaborated. In a home,
the sink node may not provide coverage over the whole area. As a consequence,
it is necessary to implement routing algorithms that transmit the information to-
wards the sink through other nodes.

• Positioning service. This kind of service is required for many operational and ser-
vice purposes. For instance, to process the information related to the place where
the user is, avoiding the storage and computation of information that is not rele-
vant in a specific moment.

• Energy saving strategies. As the devices that are integrated in the network have
limited computational and radio communication capabilities, collaborative algo-
rithms with energy-aware communication are required to achieve multi-modal
collaboration and energy conservation.

• Scalability of sensors and actuators. AALs services may impose different type of
sensing and actuation requirements. For example, in a scenario considering ser-
vices for COPD patients, devices sensing the quality of air may be needed. For
that reason, WSN for ACSs need to be ready to include new sensors and actu-
ators, which may be connected to existent network nodes or configure as nodes
themselves. Methodologies and software architectures making easier to scale the
network sensing capabilities are needed.

• Security. As wireless networks are based on a standard and data are sent over a
broadcast channel, it is possible to make packet sniffing and data spoofing attacks.
IEEE 802.15.4 MAC layer offers some facilities which can be used by upper layers
to achieve a good level of security.

2.2 Sensor Node Technology Overview
Figure 2 shows the general architecture soft and hardware of a sensor node. The terms sensor
node, wireless node (WN), Smart Dust, mote, and COTS (commercial off-the-shelf) mote are
used somewhat interchangeably in the industry; the most general terms used here are sen-
sor node and WN. WSNs that combine physical sensing of parameters such as temperature,
light, or others events with computation and networking capabilities are expected to become
ubiquitous in the next future.
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mapping depends on the applications needs, as do the approximation accuracy and the
inherent trade-off against energy consumption. Similarly, a relevant problem can be
to find areas or points of the same given value. An example is to find the isothermal
points in a forest fire application to detect the border of the actual fire. This can be gen-
eralized to finding edges in such functions or to sending messages along the boundaries
of patterns in both space and/or time.

• Tracking. The source of an event can be mobile (e.g., an intruder in surveillance sce-
narios). The WSN can be used to report updates on the event sources position to the
sink(s), potentially with estimates about speed and direction as well. To do so, typically
sensor nodes have to cooperate before updates can be reported to the sink.

Embedded sensing refers to the synergistic incorporation of sensors in structures or environ-
ments; embedded sensing enables spatially and temporally dense monitoring of the system
under consideration (e.g., a home). In biological systems, the sensors themselves must not
affect the system or organism adversely. The technology for sensing and control includes
electric and magnetic field sensors; radio-wave frequency sensors; optical-, electrooptic-, and
infrared sensors; radars; lasers; location and navigation sensors; seismic and pressure-wave
sensors; environmental parameter sensors (e.g., wind, humidity, heat); and biochemical na-
tional security oriented sensors.
Small, low-cost, robust, reliable, and sensitive sensors are needed to enable the realization of
practical and economical sensor networks. Although a large number measurements are of in-
terest for WSN applications, commercially available sensors exist for many of these measure-
ments. Sensor nodes come in a variety of hardware configurations: from nodes connected to a
LAN and attached to permanent power sources, to nodes communicating via wireless multi-
hop RF radio powered by small batteries. The trend is toward very large scale integration
(VLSI), integrated optoelectronics, and nanotechnology; in particular, work is under way in
earnest in the biochemical arena.

2.2.1 Hardware and software architecture of WNs
Normally, the hardware components of a WN include the sensing and actuation unit (single
element or array), the processing unit, the communication unit, the power unit, and other
application-dependent units. Sensors, particularly Smart Dust and COTS motes, have four
basic hardware subsystems:

1. Sensor transducer(s). The interface between the environment and the WN is the sen-
sor. Basic environmental sensors include, but are not limited to, acceleration, humidity,
light, magnetic flux, temperature, pressure, and sound.

2. Computational logic and storage. These are used to handle onboard data processing and
manipulation, transient and short-term storage, encryption, digital modulation, and
digital transmission.

3. Communication. WNs must have the ability to communicate either in C1-WSN arrange-
ments (mesh-based systems with multi-hop radio connectivity among or between WNs,
utilizing dynamic routing in both the wireless and wireline portions of the network),
and/or in C2-WSN arrangements (point-to-point or multipoint-to-point systems gen-
erally with single-hop radio connectivity to WNs, utilizing static routing over the wire-
less network with only one route from the WNs to the companion terrestrial or wireline
forwarding node).
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4. Power supply. An appropriate energy infrastructure or supply is necessary to support
operation from a few hours to months or years (depending on the application).

Sensors typically have five basic software subsystems:

1. Operating system (OS) microcode (also called middleware). This is the board common mi-
crocode that is used by all high-level node-resident software modules to support vari-
ous functions. As is generally the case, the purpose of an operating system is to shield
the software from the machine-level functionality of the microprocessor. It is desirable
to have open-source operating systems designed specifically for WSNs; these OSs typ-
ically utilize an architecture that enables rapid implementation while minimizing code
size. TinyOS is one such example of a commonly used OS.

2. Sensor drivers. These are the software modules that manage basic functions of the sen-
sor transceivers; sensors may possibly be of the modular/plug-in type, and depending
on the type and sophistication, the appropriate configuration and settings must be up-
loaded into the sensor (drivers shield the application software from the machine-level
functionality of the sensor or other peripheral).

3. Communication processors. This code manages the communication functions, including
routing, packet buffering and forwarding, topology maintenance, medium access con-
trol (e.g., contention mechanisms, direct-sequence spread-spectrum mechanisms), en-
cryption, and FEC, to list a few.

4. Communication drivers (encoding and the physical layer). These software modules man-
age the minutia of the radio channel transmission link, including clocking and synchro-
nization, signal encoding, bit recovery, bit counting, signal levels, and modulation.

5. Data processing mini-apps. These are numerical, data-processing, signal value storage
and manipulations, or other basic applications that are supported at the node level for
in-network processing.

2.3 Survey of Sensor Nodes for Wireless Sensor Networks
A significant and prime research of sensor network is a project named Smart-Dust developed
by University of California at Berkeley, USA (Pister, 2008) in the late 90s. The main objective of
the project was to develop a compact size node that includes sensor, capability to compute the
sensor data onboard, low cost, minimal power consumption and having bidirectional wireless
communication capability. It was later sold commercially by Crossbow Inc. and Moteiv. The
first mote was the WeC, which appeared in 1998 and was followed in the next year by the
René mote and the next year by the René2 mote and Dot mote. Based on the field trials of
these platforms, a second-generation platform called MICA was developed; it appeared in
2001. A third generation of motes were named MICA2 which was appeared in 2002. MICAz
was appeared in 2002 and it was the first generation with a 2.4 GHz frequency of radio. Iris
Mote is built upon the IEEE 802.15.4 standard. It is regarded as the successor of MICAz, one
of the most commonly used mote systems in the world. The most recent significant step in
commercial mote development was the Telos in 2004 y Telosb in 2005.
Another interesting research testbed was the Spec platform (JLHLabs, 2008), which integrated
the functionality of Mica onto a single 5 mm2 chip. Spec was built with a micro-radio, an
analog-to-digital converter, and a temperature sensor on a single chip, which lead to a 30-fold
reduction in total power consumption. This single-chip integration also opened the path to
low cost sensor nodes. The integrated RAM and cache memory architecture greatly simplified
the design of the mote family. However, the tiny footprint also requires a specialized operating
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system, which was developed by UC Berkeley, called TinyOS (TinyOS, 2009). TinyOS features
component based architecture and event driven model that are suitable for programming with
small embedded devices, such as motes. The combination of Motes and TinyOS is gradually
becoming a popular experimental platform for many research efforts in the field of WSNs.
The Medusa MK-2 (UCLA, 2009) sensor node was carried out by the Center for Embedded
Networked Sensing (CENS) at UCLA in 2002 to target both high and low-end processing ap-
plications. It integrates two microcontrollers, the first one; ATmega128 was dedicated to less
computationally demanding tasks, including radio base band processing and sensor sam-
pling. The second one, AT91FR4081, was a more powerful microcontroller (40 MHz, 1 MB
flash, 136 kB RAM) that was designed to handle more sophisticated, but less frequent signal
processing tasks (e.g., the Kalman filter). The combination of these two microcontrollers pro-
vided more flexibility in WSN development and deployment, especially for applications that
require both high computation capabilities and long lifetime.
In 2002 the Berkeley Wireless Research Center (BWRC) developed System on Chip (SoC) based
sensor node, named PicoNode II (Cho et al., 2005). It was built using two ASIC chips that
implemented the entire node functionality. In the following year, the same team developed a
first radio transmitter (that used power less than 400µW), PicoBeacon was purely powered by
solar and vibrational energy sources.
Another ASIC based approach was taken by the µAMPS group from MIT. Following their
first testbed, µAMPS-I (MIT, 2008), the team then tried to build a highly integrated sensor
node comprised of a digital and an analog/RF ASIC, µAMPS-II. The interesting feature of
µAMPS-II was the nodes capability to operate in several modes. It can operate either as low-
end stand-alone guarding node, a fully functional node for middle-end sensor networks or
as a companion component in a more powerful high-end sensor system. Thus, it favored a
network with heterogeneous sensor nodes for a more efficient utilization of resources.
The Free2move wireless sensor node (Bilstrup & Wiberg, 2004) is based on a transceiver oper-
ating in the 2.4 GHz ISM band. The node was initially thought of as an active RFID tag for
monitoring temperature in goods. However, it has been shown that it is also possible to use
it as a wireless sensor network node. The node is equipped with an extremely low power mi-
crocontroller (Microchip PIC16F87), for executing communication protocols and sensor func-
tionality. The memory and processing resources are very limited to keep the price and energy
consumption as low as possible. The node is also equipped with a temperature sensor.

3. pplication Scenario

A first prototype scenario has been developed in which a user will have a home assistence
system that is able to monitor his or her activity in order to detect incidents and uncommon
activities (Fern ndez-Luque et al., 2009) and (Botía-Blaya et al., 2009). The prototype house or
scenario has a bedroom, a hall, a corridor, a toilet, a kitchen, and a living room. Movement
infrared sensors are installed in each location. Moreover, in the bedroom there is a pressure
sensor in bed; in the hall, a magnetic sensor to detect the opening and closening of the en-
trance door, and in the sofa of living room another pressure sensor. All sensor boards have a
complementary temperature sensor. The data is gathered from sensors mounted in the home.
The sensor events are transmitted by the wireless sensor network to the base station by means
ZigBee technology. A gateway is also included in the system to allow continuous monitor-
ing. The gateway receives the events from the sensors through base station and decides what
the appropriate action to take will be. Options could include querying the user to check on
their status, storing (or forwarding) data on the event for future analysis by a assistential care
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Fig. 3. Schematic overview of the system installed at prototype home

provider, placing a telephone call to a care provider, relative or health care service, or other
options. Figure 3 shows a schematic overview of the system.
The main idea consists in monitoring the person living alone in his home without interacting
with him. To start, it is needed to know if he is at home in order to activate the ubiquitous cus-
todial care system. It is easy to know by the context if a resident is at home knowing that the
entrance door was opened and movement in the hall was detected. By means of distributed
sensors installed in each room at home we can know the activities and the elderly location.
The sensor boards developed by us allow to distinguish if movement event is induced by a
pet or person thanks to a dual passive infrared sensor. On the other hand, as the pressure
sensors are located in the bed and the favorite sofa in the living room, we can know more of
where he is even if he is not in movement. All this sensorial assembly will be ruled by an
artificial intelligent software which will allow to learn of elderly diary activities. If the system
detects a suspicious event, i.e., movement in any room at 12 a.m and pressure in the bed, then
the system give an alert to the caregiver.

3.1 ssembly of Distributed Sensors
The terms sensor node, wireless node (WN), Smart Dust, mote, and COTS (commercial off-
the-shelf) mote are used somewhat interchangeably in the industry; the most general terms
used here are sensor node and WN. WSNs that combine physical sensing of parameters such
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Fig. 4. Sensor node scheme

as temperature, light, or others events with computation and networking capabilities are ex-
pected to become ubiquitous in the next future. The basic functionality of a WN generally
depends on the application and type of sensor device. Sensors are either passive or active
devices. Passive sensors in single-element form include, among others, seismic-, acoustic-,
strain-, humidity-, and temperature-measuring devices. Passive sensors in array form include
optical- (visible, infrared 1 mm, infrared 10 mm) and biochemical-measuring devices. Arrays
are geometrically regular clusters of WNs (i.e., following some topographical grid arrange-
ment). Passive sensors tend to be low-energy devices. Active sensors include radar and sonar;
these tend to be high-energy systems.
Activity monitoring can be beneficial for elderly people who live alone at home. By means of
using electronic technologies to assist and monitor elderly, disabled, and chronically ill indi-
viduals in the home can improve quality of life, improve health outcomes, and help control
asistential care. This is done with mote devices developed ad hoc for this purpose which are
based on Iris mote from Crossbow (Horton & Suh, 2005). The mote board developed uses
a single channel 2.4 GHz radio to provide bi-directional communications at 40 kbit s−1, and
an Atmel Atmega 1281 microcontroller running at 8 MHz controls the signal sampling and
data transmission. The wireless sensor node is powered by a pair conventional AA batteries
and a DC boost converter provides a stable voltage source. Figure 4 and 5 shows a schematic
overview of sensor node architecture and station base architecture.
This mote board was designed in order to provide basic environmental sensing, and expan-
sion for other sensing functionality. Actually, wearable sensors are also being included which
could measure and analyze the users health as biomedicals signals (ECG, heart rate, etc) and
activity such falls. Among other things because we have implemented an integrated antenna
on the same board. The assembly of distribuited sensors are integrated in a mesh network.
A mesh network is a generic name for a class of networked embedded systems that share
several characteristics including: Multi-Hop– the capability of sending messages peer-to-peer
to a base station, thereby enabling scalable range extension; Self-Configuring– capable of net-
work formation without human intervention; Self-Healing– capable of adding and removing
network nodes automatically without having to reset the network; and Dynamic Routing–
capable of adaptively determining the route based on dynamic network conditions (i.e., link
quality, hop-count, gradient, or other metric). Multihop protocol is a full featured multi-hop,
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Fig. 5. Motes for PRO(totype)DIA project

ad-hoc, mesh networking protocol driven for events (Al-Karaki & Kamal, 2004; Li et al., 2008;
Sagduyu & Ephremides, 2004). This protocol is a modified protocol based on Xmesh de-
veloped by Crossbow for wireless networks. A multihop network protocol consists of WN
(Motes) that wirelessly communicate to each other and are capable of hopping radio mes-
sages to a base station where they are passed to a PC or other client. The hopping effectively
extends radio communication range and reduces the power required to transmit messages. By
hopping data in this way, our multihop protocol can provide two critical benefits: improved
radio coverage and improved reliability. Two nodes do not need to be within direct radio
range of each other to communicate. A message can be delivered to one or more nodes in-
between which will route the data. Likewise, if there is a bad radio link between two nodes,
that obstacle can be overcome by rerouting around the area of bad service. Typically the nodes
run in a low power mode, spending most of their time in a sleep state, in order to achieve
multi-year battery life. On the other hand, the node is woke up when a event happened by
means of an interruption which is activated by sensor board when an event is detected. Also,
the mesh network protocol provides a networking service that is both self-organizing and self-
healing. It can route data from nodes to a base station (upstream) or downstream to individual
nodes. It can also broadcast within a single area of coverage or arbitrarily between any two
nodes in a cluster. QOS (Quality of Service) is provided by either a best effort (link level ac-
knowledgement) and guaranteed delivery (end-to-end acknowledgement). Also, XMesh can
be configured into various power modes including HP (high power), LP (low power), and
ELP (extended low power).
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3.2 Sensor Data Monitoring
Inside the sensor node, the microcontroller and the radio transceiver work in power save
mode most of the time. When a state change happens in the sensors (an event has happened),
an external interrupt wakes the microcontroller and the sensing process starts. The sensing is
made following the next sequence: first, the external interrupt which has fired the exception
is disabled for a 5 seconds interval; to save energy by preventing the same sensor firing con-
tinuously without relevant information. This is achieved by starting a 5 seconds timer which
we call the interrupt timer, when this timer is fired the external interrupt is rearmed. For it,
there is a fist of taking the data, the global interrupt bit is disabled until the data has been cap-
tured and the message has been sent. Third, the digital input is read using the TinyOS GPIO
management features. Fourth, battery level and temperature are read. The battery level and
temperature readings are made using routines based on TinyOS ADC library. At last, a mes-
sage is sent using the similar TinyOS routines. In this way, the message is sent to the sensor
parent in the mesh. The external led of the multisensor board is powered on when the sending
routine is started; and powered off when the sending process is finished. This external led can
be disabled via software in order to save battery power.
As an example, an events chronogram driven for interruption is shown in Figure 6, where
next thresholds was established: t2 − t1 < 125 ms, t3 − t1 < 5 s, t4 − t1 < 5 s, t5 − t1 = 5
s, t6 − t5 < 1 ms, t7 − t6 < 125 ms, t8 − t6 = 5 s and t9 − t8 < 1 ms. Figure 6 can be
descripted as follows: at t1 an external interrupt Intx has occurred due to a change in a sensor.
The external interrupt Intx is disabled and the interrupt timer started. The sensor data is
taken. The message is sent and the external led of our multisensor board is powered on. At
t2 the send process is finished. The external led is powered off. At t3, an external interrupt
Intx has occurred. The exception routine is not executed because the external interrupt Intx
is disabled. The interrupt flag for Intx is raised. At t4, another interruption has occurred
but the interruption flag is already raised. At t5, the interrupt timer is fired. The external
interrupt Intx is enabled. At t6, the exception routine is executed because the interrupt flag
is raised. The external interrupt Intx is disabled and the interrupt timer started. The sensor
data is taken. The message is sent and the external led powered on. At t7: The send process
has finished. The external led is powered off. At t8, the interrupt timer is fired. The external
interrupt Intx is enabled.At t9, there are not more pending tasks.

3.3 Base Station
The event notifications are sent from the sensors to the base station. Also commands are
sent from the gateway to the sensors. In short, the base station fuses the information and
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therefore is a central and special mote node in the network. This USB-based central node
was developed by us also. This provides different services to the wireless network. First, the
base station is the seed mote that forms the multihop network. It outputs route messages that
inform all nearby motes that it is the base station and has zero cost to forward any message.
Second, for downstream communication the base station automatically routes messages down
the same path as the upstream communication from a mote. Third, it is compiled with a
large number of message buffers to handle more children than other motes in the network.
These messages are provided for TinyOS, a open-source low-power operative system. Fourth,
the base station forwards all messages upstream and downstream from the gateway using
a standard serial framer protocol. Five, the station base can periodically send a heartbeat
message to the client. If it does not get a response from the client within a predefined time it
will assume the communication link has been lost and reset itself.
This base station is connected via USB to a gateway (miniPC) which is responsible of deter-
mining an appropriate response by means of an intelligent software in development now, i.e.
passive infra-red movement sensor might send an event at which point and moment towards
the gateway via base station for its processing. The application can monitor the events to de-
termine if a strange situation has occurred. Also, the application can ask to the sensors node
if the event has finished or was a malfunction of sensor. If normal behavior is detected by
the latter devices, then the event might just be recorded as an incident of interest, or the user
might be prompted to ask if they are alright. If, on the other hand, no normal behavior is
detected then the gateway might immediately query the user and send an emergency signal if
there is no response within a certain (short) period of time. With the emergency signal, access
would be granted to the remote care provider who could log in and via phone call.

3.4 Gateway
Our system has been designed considering the presence of a local gateway used to process
event patterns in situ and take decisions. This home gateway is provided with a java-based
intelligent software which is able to take decision about different events. In short, it has java
application for monitoring the elderly and ZigBee wireless connectivity provided by a USB
mote-based base station for our prototype. This layer stack form a global software archi-
tecture. The lowest layer is a hardware layer. In the context awareness layer, the software
obtains contextual information provided by sensors. The middle level software layer, model
of user behavior, obtains the actual state of attendee, detecting if the resident is in an emer-
gency situation which must be solved. The deep reasoning layer is being developed to solve
inconsistencies reached in the middle layer.
The gateway is based on a miniPC draws only 3-5 watts when running Linux (Ubuntu 7.10
(Gutsy) preloaded) consuming as little power as a standard PC does in stand-by mode. Ultra
small and ultra quiet, the gateway is about the size of a paperback book, is noiseless thanks
to a fanless design and gets barely warm. Gateway disposes a x86 architecture and integrated
hard disk. Fit-PC has dual 100 Mbps Ethernet making it a capable network computer. A
normal personal computer is too bulky, noisy and power hungry.
The motherboard of miniPC is a rugged embedded board having all components– including
memory and CPU– soldered on-board. The gateway is enclosed in an all-aluminum anodized
case that is splash and dust resistant. The case itself is used for heat removal- eliminating the
need for a fan and venting holes. Fit-PC has no moving parts other than the hard-disk. The
CPU is an AMD Geode LX800 500 MHz, the memory has 256 MB DDR 333 MHz soldered
on-board and the hard disk has 2.5" IDE 60 GB. To connect with base station, the gateway
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Fig. 7. Gateway based on miniPC, Mote board and base station

disposes of 2 × USB 2.0 HiSpeed 480 Mbps, also it has 2 × RJ45 Ethernet ports 100 Mbps to
connect with Internet. Figure 7 shows the gateway ports base station and our mote board.

4. Results and Discussions

Figure 7 shows the hardware of the built wireless sensor node provides for mote board. In this
prototype, a variable and heterogeneous number of wireless sensor nodes are attached to mul-
tisensor boards in order to detect the activities of our elderly in the surrounding environment,
and they send their measurements to a base station when an event (change of state) is pro-
duced or when the gateway requires information in order to avoid inconsistencies. The base
station can transmit or receive data to or from the gateway by means of USB interface. It can
be seen that the sensor nodes of the prototype house detect the elderly activity. The infrared
passive, magnetic and pressure sensors have a high quality and sensitivity. Also, the low-
power multihop protocol works correctly. Therefore, the system can determine the location
and activity patterns of elderly, and in the close future when the intelligent software will learn
of elderly activities, the system will can take decisions about strange actions of elderly if they
are not stored in his history of activities. By now, the system knows some habitual patterns
of behavior and therefore it must be tuning in each particular case. Additionally, connectivity
between the gateway exists to the remote caregiver station via a local ethernet network. The
gateway currently receives streamed sensor data so that it can be used for analysis and al-
gorithm development for the intelligent software and the gateway is able potentially to send
data via ethernet to the caregiver station.
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Fig. 8. Iris mote board and our first Multisensor board prototype (2007)

As the transmission is digital, there is no noise in the signals. It represents an important
feature because noise effects commonly hardly affect telemedicine and assistence systems.
The baud rate allows the transmission of vital and activity signals without problems. The
discrete signals (movement, pressure and temperature, for example) are quickly transmitted.
Nevertheless, spending 5 s to transmit an signal sample or event does not represent a big
problem. Moreover, the system can interact with other applications based on information
technologies. Using standards represents an important step for integrating assisted living at
home systems. The system was implemented as previously we have described. As mentioned,
the system uses Java programming language in order to describe the activity of the elderly
and take a decision. The system guaranteed the transmission of a packet per less to 1 seconds,
e.g. the baud rate is 57 600 bit s−1. Other signals, such as temperature, need the same time.
Furthermore, lost packets are tracked, once it is using a cyclic redundancy code (CRC). There
are a lot of sensors which can measure activities and environmental parameters unobtrusively.
Among them, just a few sensors are used in our prototype home. In the future, other useful
sensors will be used in experiments. For fall measurement (Sixsmith & Johnson, 2004b), a
method can be used applied using infrared vision. In addition, microphone/speaker sensors
can be used for tracking and ultrasound sensors also can be used for movement. Other sensors
can be easily incorporated into our system because we have already developed a small-size
multisensor board.
In this sense, we have decided design an accelerometer mote that is small and lightweight that
can be worn comfortably without obstructing normal activities. The wearable mote board has
mounted a 3-axis accelerometer with high resolution (13-bit) measurement at up to ±16 g
(Analog Devices ADXL345). Digital output data is formatted as 16-bit twos complement and
is accessible through either a SPI (3- or 4-wire) (or I2C digital interface). The wearable mote
measures the static acceleration of gravity in tilt-sensing applications, as well as dynamic ac-
celeration resulting from motion or shock. High resolution provided by ADXL345 (4 mg/LSB)
enables measurement of inclination changes less than 1.0◦. Several special sensing functions
are provided. Activity and inactivity sensing detect the presence or lack of motion and if
the acceleration on any axis exceeds a user-set level. Tap sensing detects single and double
taps. Free-fall sensing detects if the device is falling. These functions can be mapped to one
of two interrupt output pins. An integrated, patent pending 32-level first in, first out (FIFO)
buffer can be used to store data to minimize host processor intervention. Low power modes
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Fig. 9. Actor with accelerometer in his waist, log of data and accelometer sensor node proto-
type

enable intelligent motion-based power management with threshold sensing and active accel-
eration measurement at extremely low power dissipation. The mote fits inside a plastic box
measuring 4×4×1 cm, where the button battery is enclosed in the same package. Clearly, the
placement of the device on the body is of primary concern. Some of the criteria are that it
should be comfortable and that the device itself should not pose a threat to the wearer in the
event of a fall. For our experiments, we attached the mote to a belt worn around the waist.
We have not done sufficient experiments on elderly people. In this work, the experiments
should be considered preliminary and more data is needed. Figure 9 shows some pictures of
accelerometer sensor node and our proofs.
In the literature there is an absence of research data on a persons movement in his or her own
house that is not biased by self-report or by third party observation. We are in the process
of several threads of analysis that would provide more sophisticated capabilities for future
versions of the intelligent software. The assisted living system is a heterogenous wireless
network using and ZigBee radios to connect a diverse set of embedded sensor devices. These
devices and the wireless network can monitor the elderly activity in a secure and private
manner and issue alerts to the user, care givers or emergency services as necessary to provide
additional safety and security to the user. This system is being developed to provide this
safety and security so that elder citizens who might have to leave their own homes for a
group care facility will be able to extend their ability to remain at home longer. This will in
most cases provide them with better quality of life and better health in a cost effective manner.
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Fig. 10. Monitoring proofs with ssh communication at a patient residence

Also think that this assisted living system can be used in diagnostic because the activity data
can show indicators of illness. We think that changes in daily activity patterns can suggest
serious conditions and reveal abnormalities of the elderly resident. In summary, we think that
our Custodial Care system could be quite well-received by the elderly residents. We think
that the infrastructure will need to, i) deal robustly with a wide range of different homes and
scenarios, ii) be very reliable in diverse operating conditions, iii) communicate securely with
well-authenticated parties who are granted proper access to the information, iv) respect the
privacy of its users, and v) provide QoS even in the presence of wireless interference and
other environmental effects. We are continuing working on these issues. Figure 10 shows a
real scenario where we can see the log in the left when a resident is lying in the bed.

5. Summary

Assistence living at home care represents a growing field in the social services. It reduces costs
and increases the quality of life of assisted citizen. As the modern life becomes more stressful
and acute diseases appear, prolonged assistence become more necessary. The same occurs
for the handicapped patients. Home care offers the possibility of assistence in the patients
house, with the assistance of the family. It reduces the need of transporting patients between
house and hospital. The assistence living at home routines can be switched by telemedicine
applications. Actually, this switch is also called telehomecare, which can be defined as the use
of information and communication technologies to enable effective delivery and management
of health services at a patients residence.
Summing up, we have reviewed the state of the art of technologies that allow the use of wire-
less sensor networks in AAL. More specifically, technology based on the sensor nodes (WNs)
that conform it. We have proposed a wireless sensor network infrastructure for assisted liv-
ing at home using WSNs technology. These technologies can reduce or eliminate the need for
personal services in the home and can also improve treatment in residences for the elderly
and caregiver facilities. We have introduced its system architecture, power management, self-
configuration of network and routing. In this chapter, a multihop low-power network pro-
tocol has been presented for network configuration and routing since it can be considered
as a natural and appropriate choice for ZigBee networks. This network protocol is modified
of original protocol of Crossbow because our protocol is based in events and is not based
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in timers. Moreover, it can give many advantages from the viewpoint of power network and
medium access. Also, we have developed multisensors board for the nodes which can directly
drive events towards an USB base station with the help of our ZigBee multihop low-power
protocol. In this way, and by means of distributed sensors (motes) installed in each of rooms
in the home we can know the activities and the elderly location. A base station (a special mote
developed by us too) is connected to a gateway (miniPC) by means an USB connector which
is responsible of determining an appropriate response using an intelligent software, i.e. pas-
sive infra-red movement sensor might send an event at which point and moment towards the
gateway via base station for its processing. This software is in development in this moment
therefore is partially operative.
DIA project intends to be developed with participatory design between the users, care
providers and developers. With the WSN infrastructure in place, sensor devices will be iden-
tified for development and implemented as the system is expanded in a modular manner to
include a wide selection of devices. In conclusion, the non-invasive monitoring technologies
presented here could provide effective care coordination tools that, in our opinion, could be
accepted by elderly residents, and could have a positive impact on their quality of life. The
first prototype home in which this is being tested is located in the Region de Murcia, Spain.
Follow these tests, the system will be shared with our partners for further evaluation in group
care facilities, hospitals and homes in our region.
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Abstract

The occupancy detection in bed or seat is very important in Ambient Assisted Living (AAL) systems. Typical occu-
pancy sensors are based on pressure-contact mats or load transducers with a predefined threshold which is established
during the sensor installation and should be manually recalibrated if the transducer response changes.

In this paper, we propose an automatic shelf-calibration algorithm to get an adaptive threshold which makes the
sensor robust regarding the transducer degradation, a small shift in the position of the sensor, or any other variation
that modify the characteristic response of the load sensor. An implementation of the k-means clustering algorithm is
used over a data window to get adaptive centroids that represent the values associated to each sensor state: occupied
and unoccupied. The load threshold for occupancy determination is updated using these centroids.

This method has been demonstrated to get better classification hit rate and better error margin than the fixed one.
The improvement brought by the proposed adaptive method has been quantified using load data records from occu-
pancy sensors in an AAL system deployed over 10 real homes. The hit rate has been increased from 77.7% to 96% in
the best case and from 93% to 98.6% in mean. The deviation of the threshold from the center of the local data, as an
inverse measurement of the error margin, has been improved from 24.4% to 0.75% in the best case and from 9.5% to
1.14% in mean.

Keywords: occupancy sensor, k-means, ambient assisted living, wireless sensor network, adaptive thresholding

1. Introduction

Increasing health care costs and an ageing population
are placing significant strains upon the health care sys-
tem. Small pilot studies have shown that seniors’ needs
for independence and autonomy can be satisfied with
expanded use of home health technologies, providing
improved care outcomes. Difficulty with reimbursement
policies, governmental approval processes, and absence
of efficient deployment strategies has hampered adopt-
ing non-obtrusive intelligent monitoring technologies.

In this field, DIA project (Dispositivo Inteligente de
Alerta, in Spanish) is an AAL (Ambient Assisted Liv-
ing) system that aims to develop devices which detect
behaviour patterns from their users (elderly person liv-
ing alone at home) and use them to take alert actions

Email address: francisco.luque@upct.es (Francisco J.
Fernandez-Luque)

when significant variations happened. This project is
leaded by the company Ambient Intelligence and Inter-
action S.L.L. (Ami2) [1] in collaboration with Universi-
dad Politécnica de Cartagena (UPCT) in the design and
implementation of the sensory layer of the system [2],
and with Universidad de Murcia (UMU) in the develop-
ment of the reasoning and context extraction layers [3].

The occupancy detection in bed or seat is very impor-
tant in AAL systems [4]. The main aim of this kind of
sensor system is to monitor the bedtime use of an old
person or a patient who is living all alone in a house.
In this kind of situations, the bed-monitoring sensor can
act as a lifesaver. By using the historical data points
from its database, the system will decide whether to trig-
ger an alarm signal, which alerts the concerned person,
who can be a close relative or a caregiver, for an imme-
diate medical assistance.

The developed DIA system incorporated an imple-
mentation of these detectors based on contact mats de-
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ployed under the mattress, in the case of bed, or under a
cushion, in the case of the chair or couch [2]. These de-
tectors have presented serious problems to solve since
their functionality is dependent on various environmen-
tal factors such as the type of mattress, mattress position
or weight of the user. This problem can be addressed by
means of analogical sensors based on force transducers,
that could be integrated on the furniture or attached to it.
Several solutions have been published in this way, and
different kinds of transducer were used [5, 6, 7, 8, 9].
All of them establish a predefined threshold in order to
determine the occupancy from a sensor reading sample,
some of them use a hardware comparator and some oth-
ers make a digital comparison. The predefined threshold
is established during the sensor installation and should
be manually re-calibrated if the transducer response is
affected by degradation over the time, a small shift in
the position of the sensor, a change on the occupant
position or any other variation can produce that varia-
tion or degradation of the transducer. This fact has ac-
tually been a problem in real deployments of the cited
sensors. The threshold is initially located in the centre
of the operation range, in order to maximise the error
margin. When a change happens in the transducer re-
sponse, the operation range is shifted and the threshold
is no longer centrered, which reduces the error margin.
The threshold can even been placed out of the operation
range, making the sensor completely inoperative.

We propose an automatic shelf-calibration algorithm
to get an adaptive threshold which makes the sensor ro-
bust regarding the transducer degradation, a small shift
in the position of the sensor, or any other variation that
modify the characteristic response of the load sensor.
Adaptive thresholds are expected to be better fitted than
the fixed ones, and error margin should be maximised.

The background of the paper is presented in Sec-
tion 2. It includes work related to the detection of oc-
cupancy in bed or seat and work related to clustering
techniques. This section ends with the description of
an application scenario. The proposed adaptive thresh-
olding mechanism is presented in Section 3. Load sen-
sors signal is reviewed, then, the clustering algorithm
is described and applied to get adaptive thresholding
for occupancy detection. Method results obtained us-
ing prototypes installed in 10 real homes are sown in
Section 4. Conclusions and possible future work lines
are referenced in Section 5. Finally, acknowledgments
are collected in Section 6.

2. Background

2.1. Related work

Pressure mats have been appropriate as a first ap-
proach to detect the bed or seat occupancy for AAL
systems [2, 10]. However, their functionality is depen-
dent on various environmental factors such as the type
of mattress and bed base or weight of the user. It’s op-
eration is simple. It consists of two foils separated by a
layer of foam with cylindrical holes. Both sensor foils
conform a normally-open (NO) contact that closes un-
der the weight of the user. The main disadvantage of this
device is that, once made, its sensitivity is determined
by the diameter of the holes. The sensitivity required is
dependent on the type of mattress, bed base and weight
of the user. The use of mats with different sensitivity to
each individual is not feasible on a large scale. For these
reasons, finding adaptive systems to maintain consump-
tion and bounded cost is desirable.

Other recent works in the same field have opted for
the use of sensors based on resistive-load transduc-
ers [5, 6]. An example of this type of sensor is based
on the FlexiForce R© transducer from the manufacturer
Tekscan [11]. This consists of two layers of substrate
composed of layers of polyester. The transducer is mod-
elled by a variable resistance depending on pressure on
the sheet. Gaddam et al. from Massey University in
New Zealand have developed a bed occupancy sensor
that generates a digital signal indicative of such pres-
ence by implementing a configurable threshold [5, 6].
Another device developed by the same researchers is a
smart occupancy/weight sensor which lets you know the
weight distribution on the surface of the bed [6]. This
type of sensor uses a FlexiForce in each of the legs of
the bed and generates a weight vector which is subse-
quently processed.

A third alternative was proposed by Fernandez-Luque
et al.: the use of occupancy/weight sensor based on
MEMS. Specifically, transducers based on EMFi [12]
(Electro-Mechanical Film) are used to implement flat
capacitors whose capacitance is dependent of the force
applied to the surface. EMFi-based devices, properly
covered, are placed under one leg of the bed to al-
low to obtain an approximate measure of the applied
force [7, 8, 9]. The sensor nodes are calibrated on place,
before their operation, to establish a threshold which
is used to determine the occupancy from the load, or
weight, readings.

Thresholding is possibly the simplest method to seg-
ment a signal. From an analog signal, thresholding may
be used to create a binary signal (using a single thresh-
old value) or even discrete (using several threshold val-
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ues). Normally, this technique is very used in image
processing in order to convert a grayscale image in a
binary image by means of a threshold [13]. Thresh-
olding methods can be categorised into the following
six groups based on the information the algorithm ma-
nipulates: (1) shape-based methods where signal fea-
tures like peaks, valleys and curvatures are analysed;
(2) clustering-based methods, where the signal samples
are clustered in two parts (or more parts) as background
and foreground signal, or alternately are modelled as a
mixture of two Gaussians; (3) Entropy-based methods
result in algorithms that use the entropy of the fore-
ground and background clusters or the cross-entropy be-
tween the original and segmented signal as feature to de-
termine the threshold; (4) object attribute-based meth-
ods search a measure of similarity between the original
and the segmented signals, such as fuzzy shape simi-
larity or edge coincidence; (5) spatial methods that use
higher-order probability distribution and/or correlation
between samples; and (6) local methods that adapt the
threshold value on each sample according to the local
signal characteristics.

Clustering is a division of data into groups of sim-
ilar objects. Representing the data by fewer clusters
necessarily loses certain fine details, but achieves sim-
plification. The main complication for clustering is a
very large dataset with very many attributes of different
types. This complication imposes unique computational
requirements on clustering algorithms. In this sense, a
variety of algorithms have recently emerged that meet
these requirements and have been successfully applied
to classification problems. A categorisation of cluster-
ing algorithms is not straightforward and is not in the
scope of this work. Although a short analysis of the
state of art of this field to distinguish between various
groups that may become overlapped. In Figure 1 a clas-
sification of clustering methods is provided [14].

In this section we are going to focus on more tradi-
tional clustering techniques, since the other techniques
are not the scope of our work. Traditionally cluster-
ing techniques have been broadly divided in hierarchi-
cal and partitioning methods. Hierarchical clustering
is a method of cluster analysis which seeks to build
a hierarchy of clusters. Hierarchical clustering is fur-
ther subdivided into agglomerative and divisive algo-
rithms: agglomerative clustering is a bottom up ap-
proach. This method implies each observation starts
in its own cluster, and pairs of clusters are merged as
one moves up the hierarchy; divisive clustering is a top
down approach where all observations start in one clus-
ter, and splits are performed recursively as one moves
down the hierarchy. Among the hierarchical clustering

methods can highlight: Lance-Williams combinatorial
formula [15], the now classic algorithms SLINK [16]
and COBWEB [17], as well as relatively newer algo-
rithms CURE [18] and CHAMELEON [19].

While hierarchical algorithms build clusters grad-
ually, partitioning algorithms learn clusters directly.
In this way, they either try to discover clusters by
iteratively relocating points between subsets (reloca-
tion algorithms), or try to identify clusters as ar-
eas highly populated with data (probabilistic cluster-
ing as Expectation-Maximization framework [20], algo-
rithms SNOB [21], AUTOCLASS [22], MCLUST [23,
24]), or k-medoids methods (algorithms PAM [25],
CLARA [26], and CLARANS [27]), or k-means
method [28, 29] and its extension (with differ-
ent schemes as initialization, optimization, harmonic
means, extensions). Such k-methods concentrate on
how well points fit into their clusters and tend to build
clusters of proper convex shapes.

Clustering
Algorithms

Partitioning Methods
Relocation Algorithms

Hierarchical Methods
Agglomerative Algorithms
Divisive Algorithms

Probabilistic Clustering
K-Medoids Methods
K-means Methods
Density Based Methods

Grid Based Methods

Metods Based on Co-Occurrence of Categorical Data

Constraint-Based Clustering

Clustering Algorithms used in Machine Learning

Algorithms for High Dimensional Data

Gradient Descent and Artificial Neural Networks
Evolutionary Methods

Scalable Clustering Algorithms

Co-Clustering Techniques
Projection Techniques
Subspace Clustering

Density-Based Algorithms
Density Functions Methods

Figure 1: Classification of clustering algorithms

2.2. Application scenario

A first prototype scenario has been developed, in
which a user will have a home assistance system that is
able to monitor his or her activity in order to detect in-
cidents and uncommon activities. The prototype house
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or scenario has a bedroom, a hall, a corridor, a toilet, a
kitchen and a living room.

DIA, the current version of the developed intel-
ligent warning device, consist of an Ambient Intel-
ligence (AmI) station, which is a Linux-supported
minicomputer-based device, connected to a network of
sensors deployed on walls, doors and furniture in the
house of the user [30, 2]. Figure 2 shows a schematic
overview of the system. If the device detects excessive
idle time, or an anomalous location that may mean that
the person has been dropped or fainting, then it gener-
ates an alert which is received and managed from a ser-
vice center. DIA is framed within the second generation
tele-care systems, it solves the long waiting time which
a person who is alone at home after suffering a fall or
faint is often subject to. It eliminates the possibility that
this incident goes unnoticed because the system is able
to detect it itself. The created product allows ubiquitous
monitoring for home care of elder people living alone,
in a non-intrusive way and preserving their privacy.

Figure 2: Schematic overview of the system installed at a prototype
home

The sensory abstraction layer conforms the lower
level of the monitoring system. It consists of a wireless
sensor network and a driver that acts as an adapter be-
tween the intelligent alert application and the network.
The driver is programmed into the high-level Java lan-
guage, as well as the ambient intelligence application,
and both run on a Linux machine, the AmI station. The
driver implements an application programming inter-
face (API) defined for this purpose whereby the sensory
abstraction layer provides service to the ambient intelli-

gence application.
The sensor network consists of a set of sensor nodes,

to be distributed ubiquitously at home, and a special
node that acts as a base station to the AmI station.
The sensor nodes implement a minimum architecture to
carry out environmental monitoring activities, develop
messages with information about events that occurred
and to form a wireless network with mesh topology over
which the messages are taken to the AmI Station. This
minimum architecture comprise a microcontroller and
a radio transceiver specifically designed for low-power
designs, as well as a set of commercial sensor devices,
able to pick up the activity at home in a non-intrusive
and safe way. In the wireless sensor network of DIA,
passive pyroelectric infra-red (PIR) sensors are used to
monitor the location of the user, load-detecting sensors
are used to determine the occupancy in bed or couch and
magnetic contact sensors are used to signal the open-
ing of the front door of the house. As introduced, the
base station is a node with special characteristics. In
this case, no sensors devices are integrated but a USB-
UART transceiver to provide the node connectivity to
the driver via USB virtual serial port.

There are two groups of occupancy sensors: contact
mats based sensors and load transducer based sensors.
The second group incorporates a load transducer with
a specific load-to-voltage drive circuit. The transducer
is properly covered and installed under one of the seat
legs, in order to measure the load over the seat. The
output signal from the load sensor is sampled by the
microcontroller using its analogical-to-digital converter
(ADC). Sampling can be temporized or event triggered,
as is done by the sensor proposed by Fernandez-Luque
et al. [9]. Depending on the force transducer charac-
teristics, high values may correspond to the occupied
state and low values to unoccupied state or vice-versa.
Samples are compared to a threshold to determine the
occupancy. Specifically, two thresholds are defined, at
a calibration stage, to conform three region of interest.
The first region contains the values associated with the
unoccupied state (e.g., high values), the second region
contains the values associated with the occupied state
(e.g., low values) and the third region, located between
the others, contains intermediate values which are not
determinative and therefore are considered invalid. The
regions are separated by two thresholds: low threshold
(LTh) and high threshold (HTh). An array with five val-
ues for each of the two states, occupied and unoccupied,
is collected to determine the thresholds. Then, the mean
of each array is obtained to determine the centroid of the
low values and high values, respectively. Thresholds are
defined as the points between the two means (low mean
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the maximum among the previous centroids, if centroids
are available, and among the data window. This allows
to reduce the number of iterations, even if changes in
data values are small or large.

3.3. K-means based Adaptive Thresholding for Occu-
pancy Detection

The proposed adaptive thresholding has been intro-
duced into the AAL system described in Section 2.2.
In this system, distributed wireless sensor nodes gather
user activity information to generate predefined events
and transmit them to the AmI station, a Linux-based
device. Some events are referred to seat occupancy,
and are defined as occupancy-true and occupancy-false.
There are two groups of occupancy sensors: contact
mats based sensors and load transducer based sensors,
which operation is explained in Section 2.2. The adap-
tive thresholding has been applied to the second group.

After the sensor installation, starting thresholds are
manually configured and the sensor node starts its op-
eration as usual. Occupancy events are generated and
transmitted to the AmI station when a state change is
detected and the load reading value is included in the
message. Periodic messages are transmitted for com-
munication check routines and the current load reading
is also included in them.

At the AmI station, load data received from the sen-
sor is stored conforming an array. The size of the data
array is heuristically established to cover a time win-
dow of interest for this application; e.g., 24 hours. Once
the array is filled, new readings are added in FIFO (first
in, first out) way and clustering is performed over the
data. An implementation of k-means algorithm is used
to get two centroids. One of them is supposed to rep-
resent the values associated to the occupied state and
the other one is supposed to represent the values asso-
ciated to de unoccupied state. The resulting centroids
can be used to establish new adapted thresholds for oc-
cupancy detection, using the methodology exposed in
Section 2.2. This new thresholds must be notified to
the sensor node. Before that, the new centroids must
be validated regarding to some parameters heuristically
established to avoid some application-specific issues.

During the tests, some issues were detected when us-
ing the calculated centroids to configure new thresholds.
The first one is related to the time window. Its size was
chosen to cover the basic biorhythm period of a per-
son, one day. Data used for clustering should contain
samples from the two states: occupied and unoccupied.
If not, the calculated centroids will not represent both
states and should be dismissed. This issue could be ad-
dressed by using the occupancy information to ensure

that both states where detected. The problem of this
is that the information used to decide comes from the
same sensor to adjust, so it could lead to a lock situ-
ation. It has been solved by establishing a condition
to the distance measure (dc) between the two new cen-
troids: dc > 0.5 dav, with dc = |c1 − c0| where c0 and c1
are the obtained centroids and dav (dav[n]) is a pseudo-
mean from dav, calculated after each clustering opera-
tion as follows:

dav[n] = dav[n − 1](1 − 1
3 N

) + dc
1

3 N
(1)

where dav[n − 1] is the result from the previous itera-
tion, N is the size of the data array and the term 3 N has
been heuristically established. The second issue is re-
lated to power consumption and radio-channel occupa-
tion. Most times, the change on the centroids values is
really low and the cost of notifying the new thresholds
to the sensor node is not worth. The condition estab-
lished to update thresholds is :

|cx[n] − cx[n − 1]
cx[n − 1]

| > 0.01; x = {0, 1} (2)

and should be accomplished by, at least, one of the cen-
troids.

The methodology exposed in Section 2.2 is used to
establish new adapted thresholds for occupancy detec-
tion if new centroids were validated. New thresholds
are communicated to the sensor node to complete the
process.

3.4. Prototype implementation

Sensor nodes used in this work incorporate the
Flexiforce R© transducer with a drive circuit which is
different from the one proposed by manufacturer. The
one proposed by the manufacturer is based on a trans-
conductance amplifier with a linear load-to-voltage re-
sponse, what can be useful for a weight-meter im-
plementation. A simple voltage divisor scheme was
used instead; as it reduces costs, energy consumption
and allows to get higher resolution in the region of
interest. Specifically, the used transducer model is
Flexiforce R© A201 with 100 lb (45.36 kg) force range
and 8” (20.32 cm) length. Figure 7 shows the resis-
tance/conductance response of the Flexiforce R© trans-
ducer, taken from the manufacturers web site [11]. The
voltage divisor is designed to center the operation point
in 25 kg as this is a heuristic threshold value that al-
lows to differentiate between occupied and unoccupied
seat. This is achieved by selecting a resistor for the volt-
age divisor with the same value as the transducer under
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Data records have been manually marked as occupied
or unoccupied to get reference states based on the expe-
rience and knowledge of the supervisor. This reference
has been used to get hit rates for both methods. The hit
criteria has been established regarding to data classifi-
cation rather than occupancy detection, and this must be
clarified. Most of times a hit in data classification is the
same than a hit in occupancy detection, but some times
it is not. An example of valid classification with a possi-
ble wrong occupancy detection is found when the user is
eventually seated on the bed for a short time. Values ob-
tained during this action may be classified as occupied
or unoccupied by the sensor. Semantically, these values
correspond to a new cluster which is representative of
non-relevant context information. This kind of irrele-
vant clusters are absorbed by one of the two mean clus-
ters regardless of the semantic. Therefore, it is possible
that the sensor classify the values rightly even when, se-
mantically, occupancy detection is wrong.

A metric has been defined to quantify how well cen-
tered the thresholds are, in order to quantitatively com-
pare the error margin in both methods. First, we have
simplify to a single threshold that is at the center of the
others, for each method. Then, data have been split into
two groups for each method, those which are above the
threshold and those which are below it. The mean of the
distance from data to the threshold is calculated for each
group in each method. The difference between means
of each group is a metric of how well locally centered
the threshold is: lower difference means better centring.
This value has been normalized by 0.01 times the data
mean, so it represents the mean deviation in percent.

Hit rate and the defined metric have been calculated
for 10 data records gathered from different real systems.
Different options have been tested for threshold defini-
tion from centroids, in order to get the best hit rate.

Results are shown in Table 1 for the following op-
tions: (1) One single threshold located in the center of
the centroids and (2) the same threshold with a sec-
ond one located 0.15 d below the first, where d is the
distance between the centroids and 0.15 is a heuristic
value. First column indicates the data record index. Sec-
ond and third columns show the hit rate for one single
adaptive threshold and one single fix threshold, respec-
tively. Fourth and fifth columns show the hit rate for two
adaptive thresholds and two fix thresholds, respectively.
Sixth column shows the metrics results for the proposed
adaptive threshold method. Seventh column shows the
metrics results for a fix threshold manually established
during the sensor installation, which also is the starting
point for the adaptive threshold. Eighth column shows
the data length of each record. Results for data records

Single Th. Hit Rate Two Th. Hit Rate Mean Local Deviation
Adapt. Th. Fix Th. Adapt. Th. Fix Th. Adapt. Th Fix Th. Data

# Method Method Method Method Method Method Length
1 100% 99.9% 99.9% 100% 1.17% 4.46% 1413
2 99.3% 98.2% 98.7% 98.3% 1.43% 9.96% 1480
3 99.4% 82.3% 96.9% 82.3% 0.746% 24.4% 3510
4 100% 91.4% 98.4% 91.5% 2.25% 21.1% 3234
5 100% 98.8% 99.7% 98.8% 1.29% 11.4% 3232
6 95.7% 95.1% 94.3% 95.2% 2.03% 6.04% 2777
7 100% 98.7% 97.7% 98.8% 0.296% 1.42% 1332
8 96% 77.7% 95% 77.8% 0.0653% 5.55% 2861
9 99.5% 98.7% 98% 98.7% 0.444% 7.84% 4994
10 96.1% 89.5% 93.8% 89.5% 1.66% 3.21% 5090

Table 1: Classification hit rates and metrics for threshold local cen-
tring. First column indicates the data record index. Second and third
columns show the hit rate for one single adaptive and fix threshold,
respectively. Fourth and fifth columns show the hit rate for two adap-
tive and fix thresholds, respectively. Sixth column shows the metrics
results for the proposed adaptive threshold method. Seventh column
shows the metrics results for a fix threshold manually established dur-
ing the sensor installation, which also is the starting point for the adap-
tive threshold. Eighth column shows the data length of each record.

with index #3 and #8 are marked in bold. The first one
was used to plot Figure 8 and present the best improve-
ment on the error margin. The second one gets highest
increment in the hit rate and is shown in Figure 9.
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Figure 9: Load data records with index number #8. Raw data are re-
ferred as ‘Data’. Adaptive threshold is referred as ‘Ad. Th.’. Manually
established fix threshold is referred as ‘Fix Th.’.

5. Discussion and Conclusions

This work was motivated by the weakness detected
on load based occupancy sensors regarding changes in
the transducer characteristic response. These changes in
the response happen because of the degradation over the
time, a small shift in the position of the sensor, a change
on the occupant position or any other variation. This
fact has actually been a problem in real deployments of
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the cited sensors. The threshold is initially located in the
center of the operation range, in order to maximize the
error margin. When a change in the transducer response
happens, the operation range is shifted and the threshold
is no longer centered, what reduces the error margin.
The threshold can even been placed out of the operation
range, making the sensor completely inoperative.

In this work, an adaptive thresholding method has
been proposed. This method has been demonstrated to
get better classification hit rate and error margin than
the fixed one. This can be qualitatively seen in Figures 8
and 9. The two groups of values, associated to each oc-
cupancy state, can be clearly identified as well as their
temporary variations.

An implementation of the k-means clustering algo-
rithm is used over a data window to get adaptive cen-
troids that represent the values associated to each sen-
sor state: occupied and unoccupied. The load thresh-
old for occupancy determination is updated using these
centroids. The implementation of k-means has been
optimized to reduce computational costs regarding to
this case parameters: unidimensional data and only two
clusters.

The improvement brought by the proposed adaptive
method has been quantified using load data records from
occupancy sensors in an AAL system deployed over 10
real homes. Hit rates have been satisfactorily increased
at every case, as well as the error margin, which has
been measured defining a metric for the mean of the
deviation of the threshold from the center of the local
data. The hit rate has been increased from 77.7% to
96% in the best case and from 93% to 98.6% in mean.
The deviation of the threshold from the center of the
local data has been improved from 24.4% to 0.75% in
the best case and from 9.5% to 1.14% in mean.

The sensor used as a basis for the prototype imple-
mentation uses 2 thresholds defined as the points be-
tween the two centroids which are far from them 1/3
of the distance between them, as it is exposed in Sec-
tion 2.2. Several options to define thresholds from the
centroids have been studied in this work. One single
threshold at the center of the centroids has obtained the
best results for hit rate and error margin when the pro-
posed adaptive method is used. Two thresholds obtained
the best results for manually calibrated fixed threshold-
ing.

Results are quantified not only by the hit rate but also
by the error margin, as mentioned before. This is im-
portant because data used for testing and validation is
representative of the casuistry but do not entirely cover
it. The sensor can be close to fail for a certain test, a
little more variation on the transducer response would

make it inoperative, but it is “luckily” working and it is
not properly quantified by the hit rate. This kind of sit-
uation can be observed in Figure 8, the response of the
transducer changes and then is quite established again.
The fix threshold remains working most of the time, but
error margin is extremely reduced, while the adaptive
threshold is able to maintain a good error margin. This
situation is properly quantified by the proposed metric
for the error margin, shown in Table 1.

Most of classification fails of the proposed method
are due to a delay on the adaptation, which is inherent
to the method. This can be seen in Figure 9, about the
sample number 400. The values associated to the un-
occupied state abruptly change and the threshold needs
some time to get adapted. In this case the system suffers
from wrong classification and wrong occupancy detec-
tion.

Future work can be focused on the reduction of the
response time for the adaptation. This could be achieved
by means of a variable size for the data window, which
could be increased or reduced regarding data variability.
Another way, that may complement the first one, could
be a variation on the k-means algorithm to give more
weight to recent data.
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Abstract. The analysis of human motion has become a major applica-
tion area in computer vision. The vast majority of applications require
using video cameras as main sensor for acquisition, analysis and detection
of human motion. Some applications are very sensitive to the acquisition
of images of people that may feel violated his right to privacy. Espe-
cially in ambient intelligence applications, non intrusive nature, whose
scope is the user’s home. The scope of this work was constrained to
the analysis of human motion obtained from signals acquired for PIR
sensors. We propose a method to classify PIR signals regarding two pa-
rameters: speed and distance from sensor to the subject. Our method
allows to get compact devices that perform local computation and are
able to transmit middle abstraction level context information in an effi-
cient way. Signals from a PIR sensor array generated by several subjects
have been registered to get patterns. Subjects moved at a certain speed
at a given distance from sensors, so patterns are indexed by these two
parameters. The patterns are then used to classify other tests signals
regarding the mentioned parameters. The hit rate, for the method which
combines information from all the sensors in the array, results in 79% for
distance classification, 96% for speed classification and 77% for classifi-
cation regarding both parameters simultaneously. We consider that this
is a satisfying result for a non intrusive method.

Keywords: pattern recognition, PIR, signal transforms, AmI, ubiqui-
tous monitoring, WSN.

1 Introduction

Recent computational and electronic advances have increased the level of au-
tonomous semi-intelligent behaviour exhibited by systems so much that new
terms like ambient intelligence (AmI) [1], started to emerge. Step by step the
personal computer is becoming practically obsolete because computing access
can be everywhere: in the environment, on human body, and in things lying
about to be used as needed [2]. This paradigm is also described as pervasive
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computing [3] or, more recently, everyware [4], where each term emphasises
slightly different aspects. When primarily concerning the objects involved, it
is also physical computing, the Internet of Things, haptic computing, and things
that think.

As computing becomes more ubiquitous and distributed, healthcare systems,
in particular for the elderly, have attracted enormous attention worldwide [5].
Caring for the elderly people cause that much of the social resources in the
national health insurance system are aimed at improving the quality of life of
these people. A data only as an example, the estimated expenditure on medical
care for the falls suffered by elderly residents and their related injuries will
reach 32 billion euros in 2020 [6]. There is no doubt that elderly healthcare
is one of the main items of expenditure for social security systems therefore
it is imperative for social security and healthcare systems to take advantage
of the prevailing assistive technologies [7], such as embedded devices (EDs),
wireless sensor networks (WSNs), human-computer interaction (HCI), ambient
intelligence (AmI) and ubiquitous computing (UC).

By embedding sensors, ubiquitous computation, and wireless communication
into ordinary things, future computing applications can adapt to human users
rather than the other way around. However, it is currently difficult to develop
this type of ubiquitous computing in these ordinary things because of the lack of
devices integrating both the required hardware and software. In this sense, we
are creating a class of small computers equipped with wireless communication
and sensors-actuators to make it possible to create low power smart objects.

A passive infrared sensor (PIR sensor) is an electronic sensor that measures
infrared (IR) light radiating from objects in its field of view without generating
any energy for this purpose. The basic principle of operation is as follows: all
objects emit energy (if they are situated above 0 K, or absolute zero) in the form
of infrared radiation. Infrared radiation enters through the front of the electronic
device which conforms the sensor. The core of a PIR sensor is a solid state trans-
ducer in the form of a thin film (or set of transducers), made from pyroelectric
materials. Pyroelectric material generates a temporary voltage when is exposed
to heat. The change in temperature modifies the positions of the atoms slightly
within the crystal structure of pyroelectric material causing the polarization of
the material changes. This polarization change gives rise to a voltage across the
crystal. If the temperature remains constant at its new value, the pyroelectric
voltage gradually disappears due to leakage current. Materials commonly used in
PIR sensors include gallium nitride (GaN), caesium nitrate (CsNO3), polyvinyl
fluorides, derivatives of phenylpyridine, and cobalt phthalocyanine. The sensor
is manufactured as an integrated circuit based on pyroelectric transducers.

In this way, PIR sensors are used as a motion sensor. A PIR sensor can
detect abrupt changes in temperature at a given point. When an object, such as
a human, passes in front of the field background of view then the temperature
at that point will change abruptly. When the object goes out from the field
background of view then the temperature change back again. Any quick change
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can trigger the detection, although moving objects of identical temperature will
not trigger a detection.

The motion sensor can be enhanced by means of additional electronics. Pairs
of sensor elements may be employed as opposite inputs to a differential amplifier.
In such a configuration, the PIR measurements cancel each other so that the
average temperature of the field of view is removed from the electrical signal. In
this way, an increase of infrared energy across the entire sensor is self-cancelled
and will not trigger the device. This allows the device to resist false indications
of change in the event of being exposed to brief flashes of light or field-wide
illumination. At the same time, this differential arrangement minimizes common-
mode interference, allowing the device to resist triggering due to nearby electric
fields.

Different mechanisms can be used to focus the distant infrared energy onto
the sensor surface. The most common mechanism have numerous Fresnel lenses
although some large PIR sensor are made with a single Fresnel lens.

The analysis of human motion has become a major application area in com-
puter vision. This development has been driven by the many interesting applica-
tions that lie ahead in this area and the recent technological advances involving
the real-time acquisition, transfer, and processing of images on widely available
low-cost hardware platforms. A number of promising application scenarios have
appeared for this field: virtual reality, surveillance systems, advanced user inter-
faces and so on. However, the vast majority of applications require using video
cameras as main sensor for acquisition, analysis and detection of human motion.
But some applications are very sensitive to the acquisition of images of people
that may feel violated his right to privacy. Especially in ambient intelligence ap-
plications, non intrusive, nature whose scope is the user’s home. A clear example
of this type of system to be particularly intrusive are systems based Ambient
Assisted Living (AAL) applications. The scope of this work was limited to the
analysis of human motion obtained from signals acquired for PIR sensors, and
its main objective is to determine the velocity and distance of a person to go
through the field of view of a PIR sensor.

Related work is presented in Section 2. It includes work related to classifi-
cation of motion signals generated by PIR sensors. The proposed classification
method is presented in Section 3. Results in terms of hit rate are shown in Sec-
tion 4. Conclusions and possible future work lines are referenced in Section 5.

2 Related Work

PIR sensors are widely used for basic motion detection. Some advances can be
found with the aim of getting richer information from these sensors, but this
research field has not been yet fully exploited and no much literature has been
found.

Byunghun Song et al. analyse the performance and the applicability of the
PIR sensors for security systems [8]. They propose a region-based human track-
ing algorithm with actual implementation and experiment in real environment,
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and show that their human tracking algorithm based on the PIR sensors per-
forms very well with proper sensor deployment. Ren C. Luo et al. propose an
indoor monitoring system based on wireless and pyroelectric infrared (WPIR)
sensory fusion system which can be embedded and integrated with the tradi-
tional fire/smoke detector where they are usually installed on the ceiling by
the use of pyroelectric motion sensor and low power wireless communication
device [9]. Basically, each of radio frequency (RF) localization system and py-
roelectric infrared (PIR) monitoring system provides the coarse information of
individuals’ location respectively. They developed a sensor network based lo-
calization method called WPIR intersection algorithm to determine the fused
position from PIR and radio frequency signal localization system which utilizes
received signal strength (RSS) model. Jian-Shuen Fang et al. propose a real-time
human identification system using a pyroelectric infrared (PIR) detector array
and hidden Markov models (HMMs) [10]. A PIR detector array with masked
Fresnel lens arrays is used to generate digital sequential data that can represent
a human motion feature. HMMs are trained to statistically model the motion fea-
tures of individuals through an expectation-maximization (EM) learning process.
Human subjects are recognized by evaluating a set of new feature data against
the trained HMMs using the maximum-likelihood (ML) criterion. Tong Liu et al.
present a distributed direction-sensitive infrared sensing approach for fall detec-
tion in elderly healthcare applications [11]. Pyroelectric infrared (PIR) sensors
are employed in sensing human activities. For capturing the characteristics of
human normal and abnormal activities, three modules of a direction-sensitive
PIR sensor are organized using a distributed sensing structure. The advantage
of using the distributed sensing paradigm is that the synergistic motion patterns
of head, upper-limb and lower-limb can be efficiently encoded and thus the more
discriminative features can be captured. This is the new consideration of using
PIR sensors in building a full detection system. In addition, a two-layer hidden
Markov model is developed for recognizing a fall event based on the multidimen-
sional signals of the distributed infrared sensing system. Experimental studies
are conducted to validate the proposed method.

We propose a method to classify PIR signals regarding two parameters: speed
and distance from sensor to the subject. These are generalist parameters with
potential application in most of AmI systems. The proposed method uses in-
formation from an array of sensors which are not needed to be disposed using
an specific distribution, simply as close as possible. Other proposed methods
need from PIR sensors to be positioned in large vertical arrays or distributed
in the room. Vertical arrays are not easy to fit in a real deployment, while sen-
sors distributed in the room often need from high communication rates to gather
information from several sensors before computation. This is a problem for appli-
cations where low-power wireless sensors are recommended. Our method allows
to get compact devices that perform local computation and are able to transmit
middle abstraction level context information in an efficient way.
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3 Methodology

We propose a method to classify PIR signals regarding two parameters: speed
and distance from sensor to the subject. Signals from PIR sensors generated
by several subjects have been registered to get patterns. Subjects moved at a
certain speed at some distance from sensors, so patterns are indexed by these two
parameters. The patterns are then used to classify other tests signals regarding
the mentioned parameters.

3.1 Signal capture

A sensor array has been designed using 5 different PIR sensors (S1 to S5). Main
components in a PIR sensor are the Fresnel lens and the piroelectric device. Sen-
sor S1 is assembled using the Fresnel lens GLOLAB FL-65 and the piroelectric
device taken from the Panasonic AMN23111 sensor. Sensor S2 is assembled using
the same Fresnel lens (FL-65) and an own built piroelectric device. This device
has been designed using the piroelectric transducer MURATA IRA-E712ST3 and
an own implementation of a band pass filter-amplifier, typically used for these
sensor devices. The filter is centred at 10 Rad/s (1.59 Hz), with gain G = 250
and quality factor Q = 0.5. The gain of the amplifier has been tuned to avoid
signal saturation during the tests. Sensors S3 is assembled using the piroelectric
device from AMN23111 and Fresnel lens MURATA IML0636. Sensor S4 is the
AMN23111 with its original Fresnel lens. Finally, S5 is assembled using the piro-
electric device from AMN23111 and Fresnel lens MURATA PPGI0626A+B. All
the 5 sensors are fed at 5 V and their output signals are bounded between 0 V
and 5 V, centred about 2.5 V. Sensors are not needed to be disposed using an
specific distribution, simply as close as possible. A picture of the sensor array is
shown in Figure 1, where they are identified by labels from S1 to S5.

Sensors data have been sampled by means of a data acquisition board model
NI PCI-6035E. The National Instruments PCI-6035E data acquisition board
gets up to 200 kS/s sampling and 16-bit resolution with 16 single-ended or eight
differential analog inputs. Sensor data was sampled at 100 samples per second,
which is enough because PIR devices incorporates a pass band filter centred at
10 Rad/s (1.59 Hz) and quality factor Q = 0.5.

To perform a test, the subject moves following a straight line in front of the
sensorsThe route is perpendicular to the central axis of the sensor vision range,
at a certain distance and speed. Sensors are placed 1 m above the ground.

A mobile electromechanical device has been built in order to guide the subject
and mark his speed. This mobile device moves on rails and its engine is fed with a
pulse-width modulation signal (PWM). PWM is a commonly used technique for
controlling power to inertial electrical devices. The average value of voltage fed
to the load is controlled by turning the switch between supply and load on and
off at a fast pace. The longer the switch is on compared to the off periods, the
higher the power supplied to the load is. The mobile device incorporates a PID
(proportional-integral-derivative) controller for speed and position. Feedback for
the controller is solved by a rotatory electromechanical encoder coupled to the
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Tests have been performed at different distances between the sensor array
and the middle of the subject route. Specifically tests have been carried out at
distances from 0.5 m to 3.5 m with 0.5 m steps. These distance values have been
considered of interest because they are typical in an indoor situation. Test have
been carried out at speed values from 200 mm/s to 800 mm/s, with 200 mm/s
steps, for each distance value. These speeds have been considered representative
of the motion in people of all ages in indoor locations. For each combination of
both parameters, the test was repeated 4 times.

Thus, a data base has been generated from motion traces generated by the
sensor array for a set of subjects.

Data set generated by every subject is composed by signals registered by
every one of the 5 sensors, from 4 repetitions for every combination of distance
and speed. In total: 5 sensors ×4 repetitions ×7 distances ×4 speeds = 560
signals.

3.2 Pattern generation and signal classification

Signals from the 4 repetition of every test are fused to get a pattern set composed
by 28 signals for every subject and every sensor. Patterns are obtained using the
mean of the signals calculated sample by sample. Signals are previously aligned
by means of cross-correlation to avoid shifts.

Once pattern sets are obtained, it is possible to classify signals generated by
one subject using the pattern set generated by other subject. Classification is
performed regarding the likeness between the test signal and every pattern in the
set. The likeness between the test signal and one pattern signal is quantified by
means of correlation as follows: (1) DC component is removed from both signals.
(2) Signals are aligned using the shift which gets highest correlation value in
the cross-correlation operation. (3) This correlation value is multiplied by the
result of correlation between the FFT (fast Fourier transform) of both aligned
signals. (4) Resulting value is multiplied by the result of correlation between the
derivative of the aligned signals. (5) Resulting value is multiplied by the result
of 2-dimensional (2-D) correlation between the Wigner-Ville distribution of the
aligned signals. (7) Resulting value is stored as the likeness between the test
signal and the pattern signal. This procedure is performed for the signals from
the 5 sensors. Test signals from one sensor are compared only with patterns
generated by the same sensor.

An likeness array is generated for the test signal, for every sensor, containing
the likeness value with respect to 28 pattern signals from the same sensor. The
signal is classified with the distance and speed parameters of the pattern with the
highest likeness value. This classification is performed for every sensor separately.
Finally, the likeness array of the different sensors are multiplied element by
element, obtaining a single likeness array where information from all the 5 sensors
is fused. Again, the signal is classified with the distance and speed parameters of
the pattern with the highest likeness value. Results are obtained for every sensor
separately (S1 to S5) and also for the fusion of them (SFus).
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Classification is performed for every sensor separately (S1 to S5) and using fused
likeness information from the 5 sensors (SFus), in the way exposed in Setcion 3.2.

The performance of the method was quantified by the hit rate in the clas-
sification of the signals of the study database. Hit rate is calculated for the
classification with respect to the distance parameter, for classification with re-
spect to the speed parameter, and finally for classification with respect to both
parameters. Table 1 shows the hit rate of the classification method for different
sensors individually (S1 to S5) and by the method which uses fused information
from all sensors (SFus).

Classif. Parameter
Sensor Distance Speed Both

S1 34% 97% 33%
S2 70% 98% 70%
S3 63% 83% 58%
S4 75% 90% 71%
S5 60% 84% 56%

SFus 79% 96% 77%

Table 1. Hit rate of the method for classification regarding the parameters separately
and simultaneously. Rows show the hit rate for given sensors (S1 to S5) and for the
method which uses fused information from all of them (SFus). Columns show hit rate
regarding the distance from the subject to the sensor, the hit rate regarding the speed
and the hit rate regarding both parameters.

5 Conclussions and future work

A method has been developed for classification of PIR sensor signals regarding
speed and distance between the subject and a sensor array. This method allows
to get compact devices that perform local computation and are able to transmit
middle abstraction level context information in an efficient way. The hit rate,
for the method which combines information from all the sensors in the cluster,
results in 79% for distance classification, 96% for speed classification and 77%
for classification regarding both parameters simultaneously. We consider that
this is a satisfying result for a non intrusive method.

A possible immediate application of this method could be to identify age
groups at home. To this end, the array of sensors would be placed on the ceiling
of a room, next to the door. Information about distance from the sensor to the
subject would allow to estimate the individual’s height. This information can be
a first approach to the age group, while speed information would allow to refine
the classification. For instance, an adult is usually high and moves fast, while
an elderly is usually medium height and moves slowly. Finally, a child is usually
low height and moves fast.
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Current and future research includes: (1) Expansion of the population of test
subjects. (2) Fusion of signals from different subjects in order to obtain richer
patterns. (3) Reduction of the dimensionality of the classification problem by
means of principal components-based techniques to decrease redundancy. (4)
Adaptation of the method for its implementation on a microcontroller or DSP
(digital signal processor).
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180 Appendix B. Related contributions

 

Figure 3   Schematic of the transconductor  

where M is the ratio between the transconductance of devices 
MM and M1 and N is the ratio between the transconductance of 
devices MN and M1  Simulations performed with PIR sensor 
show that variations of f0 up to ±50% do not affect 
significantly to system response  For Gm, parameters M=25 
and N=1 25 with a value of R=2 75 MΩ are used, while for 
Gm1, M=33 3 and N=3 with R=275 kΩ  In both 
transconductors further current division is performed in 
current mirrors M3  

B. Capacitor implementation 
In order to minimize the silicon area of the circuit, a block 

called capacitor scaler is employed  This circuits allows to 
obtain a capacitor effective value which is much greater that 
its real value  Scaler topology is shown in Fig  4  Its operation 
principle is based in the fact that the current needed by the 
whole circuit is greater that the actual current flowing through 
the single capacitor device, and so, the overall impedance is 
decreased [13-15]  

In the case of a capacitor, the impedance is inversely 
proportional to the value of C, so that the effect caused by the 
multiplier will be to increase the capacitor effective value  

 
 

Figure 4   Capacitor scaler circuit  

In particular, if the gain between both branches in the 
circuit of Fig  4 is N, the effective value of the resultant 
capacity is:  

 ( ) CNCeq ⋅+= 1  (6) 

As it has been done with the OTA, due to the low value of 
the bias currents, a precise device matching is required in 
order the circuit operates properly  C1 and C2 are 20 pF and 
5pF respectively, and N=11, which yield effective 
capacitances of 220 pF and 5 pF for C1eq and C2eq respectively  

IV  RESULTS 
The 4th order band pass filter has been implemented in a 

standard CMOS 0 35 μm from AMS  It is composed by two 
cascaded 2nd order filters with a power supply of 3 volts  For 
experimental characterization, the external current to bias the 
devices was set to 200 nA  This value is scaled down inside 
the circuit to obtain the proper biasing current for each 
transconductor  Simulated results for a single 2nd order cell are 
shown in Tab  I  Fig  5 shows the AC response of the 4th order 
band pass filter composed by two series connected biquadratic 
cells   

TABLE I   SIMULATED RESULTS CORRESPONDING TO A SINGLE 
BIQUADRATIC CELL  

Parameter Value 

Voltage supply VDD = -VSS = 1 5 V 

External bias currents Iext = 200 nA 

fo 1 578 Hz 

Q 0 5 

H(fo) 45 50 V/V 
Integrated noise (0 16 Hz – 
16 Hz)  791 μVrms 

Dynamic range 50,65 dB 

Power dissipation 2 23 μA, 6 69 μW 

 

 

Figure 5   AC response of the 4th order filter 
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The central frequency is the same that for the single cell 
and a slope of 40 dB/decade is found for lower and higher 
frequencies around f0  For frequencies higher than 1 kHz, an 
alteration with respect to an ideal filter response is noted  It is 
mainly caused by the frequency response of the capacitor 
scaler circuits  This effect can be considered however 
negligible for the application for which the PIR is used since 
the attenuation at these frequencies is higher than 80 dB  The 
integrated noise for the 4th order filter is 27 225 mVrms  

A transient response simulation of the 4th order filter is 
shown in Fig  6  The sensor is placed in front of a black body 
generator with a chopper and an iris placed between them  The 
chopper frequency is controlled by a voltage source so the 
blackbody radiation hits intermittently the sensor, which 
outputs a sinuosidal shape signal masked by the PIR noise  
The blackbody temperature was 227 ºC and its distance to the 
sensor 40 cm following the procedure described in [16]  This 
signal, properly filtered is shown in the figure  Vout and Vinter 
are, respectively the output voltage of the 4th order filter, and 
the intermediate voltage, at the output of the first biquadratic 
cell  After a transient time of 4 seconds approximately, the 
signal reaches a more stable sinusoidal behavior, which 
corresponds to a chopper frequency of 5 Hz 

V  CONCLUSIONS 
Passive infrared sensors are broadly used as motion 

detectors for different applications, being WSN nodes one of 
them  In these nodes, power consumption is a key parameter 
and efforts are continuously done to achieve lower power 
components which allow larger operation times before 
replacing batteries  In this paper the work developed a low 
power CMOS 4th order bandpass filter for PIR sensors has 
been developed  The extremely low frequency characteristic 
value of the band pass filter has required the implementation 
of large time constants  Gm-C approach has allowed the 
implementation of a emulated high value resistor by means of 
a transconductor with a very low value of Gm  

 

Figure 6   Transient response of the 4th order band pass filter 

Although the value of integrated noise is not very low, due 
to the nature of the signal processed it is acceptable for the 
application described in this paper  Thus, results obtained 
from schematic level simulation of the fourth order filter, 
achieving very low power consumption, show that this circuit, 
which has been mainly used for medical applications can be 
also useful for this task  
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José Mira, José Ferrández, José Álvarez, Félix de la Paz, and F. Toledo,
editors, Bioinspired Applications in Artificial and Natural Computation,
volume 5602 of Lecture Notes in Computer Science, pages 75–84. Springer
Berlin / Heidelberg, 2009. 10.1007/978-3-642-02267-8 9.



188 Bibliography

[48] V. Jelicic, M. Magno, D. Brunelli, G. Paci, and L. Benini. Context-
adaptive multimodal wireless sensor network for energy-efficient gas mon-
itoring. Sensors Journal, IEEE, 13(1):328–338, 2013.

[49] Dionisis Kandris, Michail Tsagkaropoulos, Ilias Politis, Anthony Tzes,
and Stavros Kotsopoulos. Energy efficient and perceived QoS aware
video routing over wireless multimedia sensor networks. Ad Hoc Networks,
9(4):591–607, 6 2011.

[50] Dionisis Kandris, Panagiotis Tsioumas, Anthony Tzes, George Niko-
lakopoulos, and Dimitrios Vergados. Power conservation through energy
efficient routing in wireless sensor networks. Sensors, 9(9):7320–7342,
2009.

[51] S. Karki, M. Kaariainen, and J. Lekkala. Measurement of heart sounds
with EMFi transducer. In Engineering in Medicine and Biology Society,
2007. EMBS 2007. 29th Annual International Conference of the IEEE,
pages 1683 –1686, aug. 2007.

[52] Satu Karki and Jukka Lekkala. Film-type transducer materials PVDF
and EMFi in the measurement of heart and respiration rates. In Engi-
neering in Medicine and Biology Society, 2008. EMBS 2008. 30th Annual
International Conference of the IEEE, pages 530 –533, aug. 2008.

[53] G. Karypis, E.H. Han, and V. Kumar. Chameleon: Hierarchical clustering
using dynamic modeling. Computer, 32(8):68–75, 1999.

[54] L. Kaufman and P. Rousseeuw. Clustering by means of medoids. 1987.

[55] Clinton Kelly, IV, Virantha Ekanayake, and Rajit Manohar. Snap:
A sensor-network asynchronous processor. In MACHINE SIMULA-
TOR, THIRD INTERNATIONAL CONFERENCE ON COMPUTER
ASSISTED LEARNING, pages 129–141, 2003.

[56] D. Kim and E. Culurciello. A tri-mode smart vision sensor with 11-
transistors/pixel for wireless sensor networks, 2013.

[57] Juha M Kortelainen and Jussi Virkkala. FFT averaging of multichannel
bcg signals from bed mattress sensor to improve estimation of heart beat
interval. Conf Proc IEEE Eng Med Biol Soc, 2007:6686–9, 2007.

[58] G.N. Lance and W.T. Williams. A general theory of classificatory sorting
strategies 1. hierarchical systems. The computer journal, 9(4):373–380,
1967.



Bibliography 189

[59] J. Lekkala and M. Paajanen. EMFi-new electret material for sensors and
actuators. In Electrets, 1999. ISE 10. Proceedings. 10th International
Symposium on, pages 743 –746, 1999.

[60] Yingshu Li, My T. Thai, and Weili Wu. Wireless Sensor Networks And
Applications. Springer, 2008.

[61] U Lindemann, A Hock, M Stuber, W Keck, and C Becker. Evaluation
of a fall detector based on accelerometers: a pilot study. Med Biol Eng
Comput, 43(5):548–51, 2005.

[62] Tong Liu, Xuemei Guo, and Guoli Wang. Elderly-falling detection using
distributed direction-sensitive pyroelectric infrared sensor arrays. Multi-
dimensional Systems and Signal Processing, 23:451–467, 2012.

[63] Arun Electronics Ltd. Arun Electronics pressure mats - Specifications
and Features. Pressure Mats, 2012.

[64] R.C. Luo, O. Chen, and Cheng Wei Lin. Indoor human monitoring sys-
tem using wireless and pyroelectric sensory fusion system. In Intelligent
Robots and Systems (IROS), 2010 IEEE/RSJ International Conference
on, pages 1507 –1512, oct. 2010.

[65] S. Madden, M. Franklin, J. Hellerstein, and W. Hong. TAG: a Tiny
Aggregation Service for Ad-Hoc Sensor Networks. http://citeseer.ist.

psu.edu/madden02tag.html, 2002.

[66] M. Mathis, J. Mahdavi, Sally Floyd, S. Floyd, and A. Romanow. Tcp
selective acknowledgment options. RFC 2018, October 1996.

[67] M O Mendez, M Matteucci, S Cerutti, A M Bianchi, and Juha M Korte-
lainen. Automatic detection of sleep macrostructure based on bed sensors.
Conf Proc IEEE Eng Med Biol Soc, 1:5555–8, 2009.

[68] S. A. Mytilineos, Nick D. Argyreas, Effie T. Makri, Dimitris M. Kyri-
azanos, and Stelios C. A. Thomopoulos. An indoor localization platform
for ambient assisted living using UWB. In Proceedings of the 6th Inter-
national Conference on Advances in Mobile Computing and Multimedia,
MoMM ’08, pages 178–182, New York, NY, USA, 2008. ACM.

[69] B. Najafi, K. Aminian, F. Loew, Y. Blanc, and Ph. Robert. Measurement
of stand-sit and sit-stand transitions using a miniature gyroscope and its
application in fall risk evaluation in the elderly. IEEE Transactions on
Biomedical Engineering, 49(8):843–851, 2002.



190 Bibliography

[70] R.T. Ng and J. Han. Clarans: A method for clustering objects for spatial
data mining. Knowledge and Data Engineering, IEEE Transactions on,
14(5):1003–1016, 2002.

[71] M Paajanen. Electromechanical film (EMFi) — a new multipurpose elec-
tret material. Sensors and Actuators A: Physical, 84(1-2):95–102, 2000.

[72] M Paajanen. Modelling the electromechanical film (EMFi). Journal of
Electrostatics, 48(3-4):193–204, 2000.

[73] Roberto Paoli, Francisco J. Fernández-Luque, Ginés Doménech, Félix
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