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a b s t r a c t

Purpose: This paper describes proposed health care services innovations, provided by a

system called CAALYX (Complete Ambient Assisted Living eXperiment). CAALYX aimed

to provide healthcare innovation by extending the state-of-the-art in tele-healthcare, by

focusing on increasing the confidence of elderly people living autonomously, by building on

the knowledge base of the most common disorders and respective characteristic vital sign

changes for this age group.

Methods: A review of the state-of-the-art on health care services was carried out. Then, exten-

sive research was conducted on the particular needs of the elderly in relation to home health

services that, if offered to them, could improve their day life by giving them greater confi-

dence and autonomy. To achieve this, we addressed issues associated with the gathering of

clinical data and interpretation of these data, as well as possibilities of automatically trigger-

ing appropriate clinical measures. Considering this initial work we started the identification

of initiatives, ongoing works and technologies that could be used for the development of the

system. After that, the implementation of CAALYX was done.
ome System

bservation patterns

AALYX

Findings: The innovation in CAALYX system considers three main areas of contribution:

(i) The Roaming Monitoring System that is used to collect information on the well-being

of the elderly users; (ii) The Home Monitoring System that is aimed at helping the elders
Health

Inclusion

independently living at home being implemented by a device (a personal computer or a set

top box) that supports the connection of sensors and video cameras that may be used for

monitoring and for interaction with the elder; (iii) The Central Care Service and Monitoring
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System that is implemented by a Caretaker System where attention and care services are

provided to elders, where actors as Caretakers, Doctors and Relatives are logically linked to

elders. Innovations in each of these areas are presented here.

Conclusions: The ageing European society is placing an added burden on future generations,

as the ‘elderly-to-working-age-people’ ratio is set to steadily increase in the future. Nowa-

days, quality of life and fitness allows for most older persons to have an active life well into

their eighties. Furthermore, many older persons prefer to live in their own house and choose

their own lifestyle. The CAALYX system can have a clear impact in increasing older persons’

autonomy, by ensuring that they do not need to leave their preferred environment in order

to be properly monitored and taken care of.

2.1. Electronic patient records
1. Introduction

CAALYX (Complete Ambient Assisted Living Experiment) was
a two-year project partially funded by the European Commis-
sion (EC) under the Sixth Framework Programme in response
to the strategic objective of eInclusion. The project had a total
of eight participants in six European countries: Telefónica
Investigación y Desarrollo, Spain (Coordinator), INESC Porto,
Portugal, Corscience GmbH & Co. KG, Germany, COOSS Marche
Onlus, Italy, University of Plymouth, United Kingdom, Fun-
dació Hospital Comarcal Sant Antoni Abat, Spain, Synkronix
Ltd, United Kingdom and University of Limerick, Ireland.

Innovation involves the creation of a product, process,
service, market or organizational structure in response to a
perceived need. The demographic shift, that envisages an
increase in the need to provide effective health care services
for older people living in Europe is well known. A total depen-
dency ratio of three inactive persons (elderly dependants of 65
and over, plus young dependants under 15) for every four of
working age is predicted by 2050 [1]. In this scenario, the pro-
vision of effective health care services is of critical importance
to the social and economic welfare of every country.

Increased health care service demands required from an
already overworked health care system, has led to urgent
need for effective, scalable health-care services. Consequently
within EU, significant investment is being provided for
research projects that would create effective health-care ser-
vices. The healthcare innovations provided by CAALYX were
in response to this need and specifically had 4 objectives:

1. To identify which vital signs and observation patterns are
most important in determining probable critical states of
an elder’s health;

2. To develop a geo-located electronic device capable of mea-
suring vital signs and detecting falls of the older person in
the domestic environment and outside;

3. To provide secure monitoring of groups of individuals by a
caretaker who will decide whether to communicate events
identified by the system to the emergency service (112);

4. To implement a social tele-assistance service that can be
easily operated by the users.
To achieve these objectives the CAALYX system comprises
four subsystems:
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Caretaker System: application that is responsible for link-
ing all stakeholders: elders, from their Mobile and Home
System, caretakers, doctors, relatives, the map server and
emergency services;

2. Mobile System: responsible for controlling a Body Area Net-
work (BAN) comprised of a set of well-being sensors and for
inferring possible concerning states of the elder’s health by
determining relevant variations in selected physiological
parameters;

3. Home System: offers elderly access to their medical data
recorded by the BAN and home sensors (as well as their
TV) and is the primary means of interaction between the
elderly and the CAALYX system;

4. Wearable Light Device (WLD): is a key component of the
BAN, merging in one package an ECG instrument, an SpO2
meter, a temperature sensor and a fall and mobility sensor.
The WLD has a central role in health monitoring and in the
emergency detection functionality of the system.

2. Background

When considering innovation it must be noted that this
activity is not static; new health care services continue
to be investigated, developed and implemented. There are
always opportunities to innovate within any system environ-
ment. The difficult task is identifying innovations which have
already occurred, or are in the process of being completed.

By carrying out a comprehensive review of health care
services it is possible to identify current state-of-the-art in
this domain and where innovation could be directed. There-
fore the CAALYX project carried out a detailed review of this
domain in order to highlight several interesting opportunities
for innovation.

In this section we discuss the analyzed health care ser-
vices and identify how the CAALYX project could respond in
an innovative way to making these services more efficient and
effective.
A Patient Record (PR) comprises of all the data and documents
generated or received during the care of a patient at a health
care organization. In its digital form an Electronic Patient
Record (EPR) can be deemed a complete or partial patient

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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ecord stored on an electronic storage medium. Electronic
atient Record systems allow the storage and manipulation
f EPRs to support the continuing efficiency and quality of
n integrated health service framework. Patient records are a

pivotal’ piece in the jigsaw of health care for every member of
ociety. The challenges of managing electronic patient records
ithin their health-care service is a challenge for innovators.
key issue is that patient data are often spread over disparate

atient record systems. A dentist may store one set of infor-
ation and a doctor may store another set of information. Key

ersonal data may be stored many times, leading to excessive
uplication and the potential for error.

.2. Data safety and security

he design and development of an innovative health care ser-
ice must address the interdependent issues of patient data
afety and security. Storage and communication of patient
ata should be regarded by each system stakeholder, as of the
tmost importance. It becomes even more critical and diffi-
ult to maintain when it can be accessed/exchanged by many
ther medical information systems.

National patient record systems may have to adopt sophis-
icated international security standards. A possible double
dged sword can be envisaged: by adopting a international
ecurity standard would ensure a common security frame-
ork but it could also lead to a potential global breach of data

ecurity if the standard implemented is found to be a source of
eakness. Strong authentication, encryption and digital sig-
atures based on public key infrastructures are examples of
ecurity methods being used to ensure data security.

Personal information may be captured and manipulated for
any different reasons. It is vital that the information is effec-

ively protected and reliably available. By adopting a ‘code of
ood practice’, the methods and required security standards
an be identified, described and followed in order to effec-
ively manage patient data security. The code of good practice
ould be based on current EU legal requirements, relevant

tandards and professional best practice. A security code of
ood practice, if followed would protect collected patient data
y providing safe, secure and reliable use of technology to pro-
ote patient healthcare. Personal data security is vital, if users

re to maintain trust and confidence in a technical solution.

.3. Integration and interoperability

he effort directed towards the implementation of inter-
ational standardization for the different components that
omprise a health care service, continues. Integration and
nteroperability are key factors that need to be considered
y innovators of health care services. The basic requirement
f patient data exchange needs to be addressed if the data
aptured by one medical information systems can be sent

nd utilized by another. Health information system stan-
ards for health data exchange include Health Level Seven

HL71) version 3 and the related Clinical Document Standard

1 HL7 is one of several American National Standards Insti-
ute (ANSI)-accredited Standards Developing Organizations (SDOs)
perating in the healthcare arena.
o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320 e309

(CDA). Semantic interoperability surpasses the technicalities
of patient record exchange, using several methods. It is clear
that the standardization of a health care service needs to
be addressed at several different levels, including basic data
types, messages, services and clinical terminologies.

An innovator of a health care service needs to identify
and adopt the relevant standards required within the context
of their work. Doing so increases the prospect for creating a
health care service that is innovative, exploitable and future
proof.

2.4. Health sensors

In the tele-health market there are several systems available
that offer wireless remote monitoring of patients. Those med-
ical systems usually consist of a tele-health record application
on a server and a home-based system acting as a relay station
and communication facility. A set of sensors is connected to
this device via cable or wireless connections.

Sensors utilized are typically off-the-shelf devices that
measure one specific parameter [2] like blood pressure, SpO2,
ECG or heart rate. A closer look shows that most are still
designed for one time measurements rather than continuous
monitoring or transmission of vital signs. In most cases,
devices present the recorded data “as is” without sophis-
ticated analysis or the possibility of a prompt review by a
medical expert.

In the area of emergency call systems for elderly people at
home, most systems are designed around a device that has a
“Help” button to be pressed by the user or a simple fall detec-
tion sensor that triggers an alarm. These systems are usually
not connected to tele-medical systems and can therefore not
make use of any additional medical sensors that the person is
using.

2.5. Fall and mobility monitoring

In fall monitoring, there is a gap between technology used in
research and commercially. The latter tend to err on the side
of safety and therefore employ algorithms detecting the user
orientation, sometimes in combination with impact detection.
These systems results in high sensitivity (likelihood of detect-
ing a fall correctly) for falls but a limited specificity (likelihood
of triggering a false fall alert). Research into fall detection
focuses on more elaborate algorithms, in which velocity, the
occurrence of several impacts or the timing of certain events
are used to improve the specificity of the fall detection algo-
rithms.

Mobility monitoring is generally limited to around four
states: walking, standing, lying and sitting. Most of the algo-
rithms found, rely on the use of at least two sensors and some
of the algorithms employ sensors in the user’s environment to
improve the identification of activities undertaken. In general,
portable mobility monitoring devices target a limited number
of activities.

2.6. Opportunities for innovation
Considering the general points presented in the context of the
CAALYX project the following possible areas for innovation
were established:

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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• Scalability: As the number of patients continues to grow, the
finite set of health care professionals must be able to use any
developed system effectively in order to cater for a growing
system demand. A health care system that allows a health
professional to oversee a large (growing) number of patients
could make an exploitable, cost/benefit business case [3];

• Vital sign monitoring: The identification/evaluation and
proactive treatment of the older person, may allow health
care to be provided quickly i.e. ‘illness prevention is better
than cure’;

• Patient record exchange: The adoption of identified interna-
tional standards would prevent CAALYX becoming another
‘island’ of patient data in a sea of medical information inter-
change;

• Patient data privacy/security: Effective security methods
and processes need to be established, in order to provide
a health care service security framework;

• Online doctor visits: A scalable technology-based health
care system that would allow effective use of health pro-
fessionals (who could even be based outside the patient’s
home country);

• Event driven, adaptable and scalable monitoring infras-
tructure: this infrastructure will allow for the health
professionals to easily configure software/virtual sensors
for each user through some observation patterns using
the set of available real and virtual sensors, i.e., the user’s
BAN, sensors at home, the Mobile System (including geo-
positioning) and user health data at a caretaker server and,
eventually, health/medical records.

In this paper we present how some of these possibilities
have been implemented in the CAALYX system.

3. Methods and materials

This paper is based on the knowledge, expertise and
experience obtained by the different research groups and prac-
titioners who actively participated in the CAALYX project. The
original idea for the project was to define an innovative sys-
tem of tele-health care/monitoring that allows elderly people
to live autonomously in a comfortable and safe way.

To achieve this goal, initial research was carried out to
identify opportunities for innovation that could be applied to
such systems. In parallel, a user scenario was devised and a
thorough user requirements capture process was conducted.
Options were highlighted and validated by end-users.

Considering this initial work, research about elder health
data and how to reason with it was conducted. Finally,
subsystems required for CAALYX were set out and the imple-
mentation of the system took place.

Briefly, the 4 stages of the methodology are: (i) research
about innovation possibilities in the area of health care sys-

tems (presented in Section 2); (ii) research of elder health data
(Section 3.1); (iii) analysis of initiatives and techniques that
could support the development of CAALYX (Section 3.2); (iv)
implementation of the system (Section 4).
n f o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320

3.1. Elder health data

The review has focused on CAALYX specific target group – the
elders, analysing on-going medical research with this patient
group to narrow the scope of CAALYX technical research, thus
increasing the effectiveness of the system.

3.1.1. The problem domain: reasoning with clinical
measurements
Effective monitoring of a person’s health first requires one
to gather all relevant information about his/her health; and
then correctly interpreting such information in order to reach
conclusions about the person’s health state. This process is
not straight-forward. A number of factors must be taken into
account in order to reach valid conclusions about a person’s
health, all of which require the gathering of vast amounts of
information. Furthermore, no fixed unequivocal rules exist for
interpreting such information; several correct interpretations
are possible, which lead to different conclusions. Deciding
which interpretation best conveys the actual health state of
a person often requires additional information or observing
the course of events (observing health data changes over time
is one of the most reliable methods of reaching a valid conclu-
sion).

The interpretation process requires an analysis of the avail-
able data in order to decide whether they correspond to a
normal health state or to evidence of a health alteration.
Accurate assessment of a person’s health status requires the
interpretation of different types of information, which we clas-
sify into three categories:

• Retrospective information: refers to the known health back-
ground of the involved person (in the clinical practice, it
corresponds to the personal background information in the
medical record).

• Transversal information: refers to the person’s health state
at the moment of examination. It consists of several ele-
ments: symptoms, signs, etc.

• Prospective information: refers to health changes subse-
quent to examination. This may support or reject the
conclusions reached during examination.

Considering the clinical measurement and from the clinical
point of view, we decided that the CAALYX system needs to
have two essential functions:

• Autonomous detection of health alterations: it is capa-
ble of detecting health alterations and triggering alarms
without human intervention (the system interprets the
available information). The system can gather transversal
information from several sensors, as well as prospective
information by carrying out intensive follow up measure-
ments if necessary. Additionally, the system “interprets”
this information autonomously, before triggering an alarm.
Thus, alarms are only activated when necessary, and
accompanied by helpful information for the diagnosis.
• Gathering of information: the system provides physicians
and caretakers with detailed information about the per-
son’s health state. To that end, CAALYX gathers rich and
diverse transversal information, both from sensors and

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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questionnaires, and offers it together with prospective and
retrospective information, so that the users can figure out
the health state of the monitored elderly person.

.1.2. Information gathering: sensors and questionnaires
or monitoring the elderly

onitoring an elderly person’s health requires a large amount
f information, but the monitoring system can only feature a

imited number of measuring devices.
Since the profile of the diseases affecting elderly persons

s different from that for younger persons, as is the impact
f diseases on their health and quality of life, we designed
structured process aimed at selecting the most sui sensors

o be used with the elderly population, which constitutes a
emarkable innovation. After that, devices providing the great-
st amount of information have been selected.

For the CAALYX project, we decided to monitor the per-
ons’ health status through a number of measuring devices,
everal of which are multifunctional body sensors capable of
etecting different changes and measuring certain physiolog-

cal parameter values. In addition, questionnaires were also
sed to gather subjective information and data that cannot be
easured by sensors.

.1.3. Automated interpretation: simulating clinical
easoning
he automated interpretation of elder’s health data through
imulation of clinical reasoning constitutes an interesting
esearch problem.

The CAALYX approach to this problem was based on a pow-
rful tool capable of providing enough information about an
lderly person’s health status for a health-provider to properly
ssess out the situation from a remote location. Moreover, the
ystem can autonomously interpret part of the information,
o as to trigger an alarm if the user’s health gets worse. The
olution to this problem is one of the most important CAALYX
nnovations.

CAALYX also uses rules for interpreting a person’s health
tate. These rules are based on three major aspects: nor-
al limits of the physiological parameters, simultaneous

bservation of several physiological parameters and temporal
volution of physiological parameters. Thus, detecting a phys-
ological parameter value beyond the normal limits will not
rigger alarm provided that other parameters are not altered
r that the detected alteration is transient.

The limits within which physiological parameter values
hould be considered normal in the elderly population are not
ell known, although some data are available about the lim-

ts of blood pressure[4–6] and heart rate [7–9]. We were unable
o find well-controlled studies about the limits of peripheral
lood oxygen saturation, body temperature and respiratory
ate in the elderly. However, clinical tradition and knowledge
cquired by geriatricians worldwide through medical assis-
ance support the idea that the normal value range for these
arameters in the elderly is different from that of younger
ersons.
Therefore, as part of the medical research component of
he CAALYX project, a national-level study was conducted on

representative sample of the Spanish elderly population,
hich for the first time established the limits that should be
o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320 e311

considered normal in this population, thus providing a guide
for the system to interpret data.

The Spanish study was conducted in a sample of 800
older-than-sixty-four years. The sample was gathered using a
probabilistic cluster multistage sampling, and it was stratified
according sex, age and size of the habitat (rural town commu-
nities, cities and big cities), additionally it represented all the
geographical areas of Spain. All the stratum were defined to
reproduce the proportions estimated in the population, except
the age stratum which was intentionally non-proportional,
aiming to over-represent the characteristics of the very old
population (over than 80 years old), which is the one with the
most marked differential features with respect to the younger
population.

This study found marked differences in the normal ranges
of respiratory rate and body temperature compared to younger
populations (preliminary data published [10,11]).

Hence, the interpretation of elderly persons’ health data
by the CAALYX system were based on normal limits that have
been established by this project for the first time. This also
constitutes a remarkable innovation, which makes the system
specifically aimed at monitoring elderly persons’ health and
thus is different from any other available system.

The data interpretation by the system is guided by obser-
vation patterns (see Section 3.2.2 for details), which references
two types of normal limits: absolute and relative. Absolute
limits are only surpassed by major changes of a physiologi-
cal parameter, which immediately trigger an alarm without
possible inhibition by other incoming data. Relative limits
may be surpassed by moderate changes, which can be con-
sidered normal or abnormal, according to their duration in
time, the values of other physiological parameters, or the
intensity of the user’s motor activity at the time of measure-
ment.

The system’s response in the face of mild changes was
established by the physicians on the CAALYX system on the
basis of clinical reasoning, so that not all alterations are
equally important or trigger the same response. The clinical
rules were based on experts’ opinion, who defined the actions
to be performed by the system considering all the possible
findings that the system was capable of detecting taking
into account the possible combinations of data from sensors.
The observation and alarm responses are pre-established
according to the possible diagnosis behind such alterations
and are intended to adjust to the most appropriate action in
every case.

The observation patterns that guide the system in case of
mild changes increase the system’s sensitivity to detect health
alterations (not to overlook changes with latent manifesta-
tions) and prevents the triggering of false alarm when isolated
out-of-limits values are detected. This automated health-data
interpretation system, based on normal limits that have been
established for elderly people and rules that emulate clinical
reasoning, makes the CAALYX system unique and different
from any other monitoring system.
3.2. State of the art

This section summarizes the state of the art on each of the four
major CAALYX subsystems, namely: the Caretaker System;

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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the Mobile System; the Home System; and the Wearable Light
Device.

3.2.1. Caretaker System
The idea of a Caretaker System has been proposed in several
projects. Basic tele-assistance/tele-care services on the mar-
ket support emergency situations when users are at home.
They are based on regular land-lines. The emergency device
normally has a push button to trigger emergency calls/alerts.
A state of the art was carried out on current European projects.
The most similar to the CAALYX propositions are:

• MobiHealth [12]: funded under 6th Framework program,
offered a mobile healthcare service permitting health pro-
fessionals to remotely assess, diagnose and treat patients
while they are free to continue with daily life activities and
stay fully mobile. It added sensors interconnected under a
Body Area Network managed by a PDA or mobile telephone;

• Dreaming [13]: funded by the European Commission under
the new Competitiveness and Innovation Program (CIP-
PSP), the main aim is keeping elderly people in their home
environment as long as their physical and mental condi-
tions allow this. The Dreaming project intends to create
technological solutions and social assistant services to pur-
sue this objective;

• Persona [14]: funded under 6th Framework Program, aimed
at developing a system architecture that would provide the
interoperability of services and applications and could be
easily adopted to the specific requirements of each user
according to the following scenarios: Multimedia Experi-
ence Sharing, Daily Life Manager, Surveillance and Risk
Management, and Personal Mobility Management.

These projects present several overlapping features with
CAALYX like, development of new mobile valued-added ser-
vices in the area of health care and providing the possibility of
patients to be fully mobile while undergoing health monitor-
ing (MobiHealth); monitoring achieved with a Home System
in elderly home and video conference services (Dreaming).

The European Commission has also funded other projects
to foster Ambient Assisted Living for example INHOME [15],
EMERGE [16] and SOPRANO [17] offering of telemedicine and
social functionalities, such as Teleconference with doctors and
friends and outdoor User tracking functionality using GPS in
the mobile monitoring systems (PERSONA).

The most important difference between CAALYX and the
solutions presented are:

• MobiHealth: unlike CAALYX, this system is not specifically
designed for elderly people but focuses on a greater variety
of scenarios to confirm technical viability of GPRS and UMTS
communications services to support health services; GPS
and fall detection are not available;

• Dreaming: the set of sensors is different both in the mobile
monitoring system and the Home System (the mobile mon-
itoring system does not have any medical sensors attached,

and the Home System has ambient and health sensors); the
health sensors are activated by the elderly person;

• Persona: there is no automatic alarm detection or decision
support functionalities based on the medical information,
n f o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320

the Personal Health Management features do not work in a
real-time paradigm but it has a lot of use cases that regard
assistive technologies for the daily living of the elderly per-
son.

3.2.2. Mobile System
The concept of Wireless Body Area Network has been used in
several initiatives and projects related with health monitor-
ing [18,19] as previously discussed (Section 3.2.1). Additionally,
location in health-care services has also been previously
addressed [20].

However, the CAALYX Mobile System has been designed
with the aim of reducing the dependency from a central sys-
tem, thus contributing to minimizing power consumption by
communicating only when strictly necessary, which also helps
in protecting the elder’s privacy in terms of sensitive data such
as health status and location.

Furthermore, interoperability has been a primary goal
when developing the mobile application framework. CAALYX
leverages on the effort of the Open Geospatial Consortium
(OGC) community [21], particularly on the Sensor Web Enable-
ment (SWE) workgroup [22] as a way of establishing a
foundation for a “plug-and-play” sensor network.

It is worth mentioning that although a set of recom-
mendations and good practices has been extracted from the
outcomes of this workgroup [23], the full set of standards was
not adopted since it would not be efficient when applied to
the sensor protocols used in CAALYX. This seems, however,
the correct research approach because on one hand there is a
harmonization effort between the OGC SWE standardization
initiative and the smart transducers family of standards (IEEE
1451) which seems more appropriate for CAALYX sensors and
on the other hand, even if sensors in a Body Area Network
are not geographically distributed, measurements and obser-
vations performed by resorting to this sensor network tend to
be, which will facilitate the introduction of geographic context
awareness.

CAALYX is built upon the same notion of Observation as
defined by Fowler [24]. Since an Observation is quantifica-
tion about a given phenomenon, it makes sense to transport
the concept to the medical domain as observations make it
possible to associate specific conditions (e.g. traits) and mea-
surements with people at a given point in time. We have
discovered that this had already been suggested by Yoder et al.
[25] when designing software for the Illinois Department of
Public Health.

The same author also proposed an adaptive [26] modelling
style in order to cope with the vast quantity of possible traits
and measurements in this domain. Although the authors also
introduce the concept of composite observation in [25], the
need of defining a Template for such Observations or incorpo-
rating the knowledge from a decision-tree as done in CAALYX
is never mentioned.

3.2.3. Home System
For the Home System subsystem, the state of the art was also

established by a comparison with similar projects. Numerous
projects related with Ambient Assisted Living were analyzed,
such as AMIGO (Ambient intelligence for the networked home
environment) [27], EPERSPACE (Towards the era of personal

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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ervices at home and everywhere) [28] and CHS (Distance
nformation Technologies For Home Care) [29] just to name
few.

Among these projects, AMIGO is probably the closest to
AALYX given the fact that an open platform is considered.
MIGO was developed from September 2004 to February 2008
nd is an integrated project which researched and developed
n open, standardized, interoperable platform for a networked
ome System, as well as user services, improving end-user
sability and attractiveness.

The developed middleware was designed to ensure auto-
atic dynamic configuration of the devices and services.

hus, third parties can use the platform, to deploy services
nd content for the networked home more easily and quickly,
esulting in a faster market introduction. The project would
reate and demonstrate prototype applications that improve
veryday life, addressing all the vital user aspects such as:
ome care and safety, home information and entertainment,
nd extension of the home environment by means of personal
ommunication.

.2.4. Wearable Light Device
he process of taking measurements usually requires a lot of
ser interaction because typically sensors are not designed to
e worn over the whole day and in order to record more than
ne vital sign several sensors have to be used one after the
ther.

One example of this is the system offered by Zydacron
hich consists of a Home-system called Carestation which

an be connected to a set of sensors. Measurements are per-
ormed on the initiative of the user.

An example for a system implementing tele-medical
eart monitoring is the Paxiva service offered by Philips
elemedicine Service which uses an electrocardiogram (ECG)
evice called Viapac to record and transmit a 12 channel ECG.
or each recording the device is put on by the user and after
he measurement transmission of the recorded data over the
hone line is manually triggered.

An example of a system intended for use in a clinical envi-
onment is the Drager Infinity M300. Similarly to the WLD
t consists of an ECG and Pulseoximeter in one device and
an transmit the vital signs wirelessly. Consistent with its
ntended use in a clinical environment it is designed to be
perated by medical personnel rather than by the patient.
atients wear it round the neck in a clear waterproof bag. The
ital signs are transmitted wirelessly to a proprietary server
ystem.

The HCG-801-E ECG device from Omron is an example of a
evice that does not perform a sophisticated analysis of col-

ected data. It can be used to record a single channel ECG at
ome. After the recording is complete a simple analysis is per-

ormed. The data can be exported from the device by taking
ut the SD Memory card and read its contents with a PC.

The professional range of products includes several devices
esigned to be integrated in a tele-medical system and sen-
ors for measuring blood pressure, peak-flow, weight, SpO2

nd ECG are typically available in those systems. Solutions
or round the clock monitoring of patients are typically for
se in a clinical environment and therefore are designed as a
edside-monitor. They are too bulky and heavy to carry over
o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320 e313

a long period of time and are therefore generally not used at
home.

3.2.4.1. Fall and mobility sensor. The fall and mobility sen-
sor is a subsystem of the WLD, but due to its complexity and
importance it deserves to be treated separately.

Falls in the elderly are a major problem for today’s society.
Approximately one third of all community-dwelling elderly
and 50% of nursing home residents over the age of 65, expe-
riences at least one fall every year [30,31]. Two thirds of
elderly fallers experience a further fall within six months [31].
Older adults are hospitalized for fall-related injuries five times
more often than they are for injuries from any other cause
[32].

In 1987 the Kellogg international working group on the pre-
vention of falls in the elderly defined a fall as “unintentionally
coming to ground, or some lower level not as a consequence of
sustaining a violent blow, loss of consciousness, sudden onset
of paralysis as in stroke or an epileptic seizure” [33].

Noury [34–36], from the University of Grenoble-France,
designed an autonomous sensor module, attached under the
armpit, which comprised accelerometers, inclinometers and
a vibration sensor. The sensor module detected when the
velocity of the movement exceeded a specific threshold, the
sequence from a vertical posture to the lying posture, as well
as the absence of movements after the fall. The device was first
tested on 5 persons who performed 15 fall scenarios 5 times
and was shown to achieve a sensitivity and specificity close to
85%. This is a very good fall-detection system, and performed
very well in testing. The evaluation and decision algorithms
are quite effective and the idea of going from acceleration, to
inclination, to rate of change of inclination; to activity classi-
fication is a very effective method.

Recently, Bourke [37–39] proposed fall algorithms sepa-
rately based on thresholds on both signals from a tri-axial
accelerometer [37] a biaxial gyroscope [39] and a combination
of both tri-axial accelerometer and gyroscopes sensors [38]
and reported a performance of 100% sensitivity and specificity
from both.

Kangas et al. [40] evaluated different low-complexity fall
detection algorithms, using tri-axial accelerometers attached
at the waist, wrist, and head. Fall data was recorded from three
middle-aged subjects who performed nine intentional fall
types in three directions (forward, backward, and lateral). High
sensitivities (97–98%) and specificities (100%) were achieved
in this study with quiet low-complexity algorithms, however
only a small subject group (n ≤ 3) performing very low num-
bers of scripted ADL and no long-term unsupervised testing
was performed.

Kangas et al. [41] also continued the evaluation of the algo-
rithm set on data recorded by a group of 20 middle-aged (40–65
years old) volunteers performing (six different falls each per-
formed twice) and four scripted Activities of Daily Living (ADL),
also these same ADL were also recorded from 21 older people
(aged 58–98 years) from a residential care unit. He showed that
a simple algorithm of impact detection followed by posture

measurement can discriminate various types of falls from ADL
with a sensitivity of 97.5% and a specificity of 100%. However
only a modest amount of ADL was recorded and no long-term
unsupervised recording was performed.

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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Chao et al. [42] recorded tri-axial accelerometer data from
the chest and waist of seven young healthy male subjects
as they performed falls as well as functional normal and
dynamic activities including jumping. They examined the use
of acceleration cross-product and magnitude as well as post
fall posture and developed and tested algorithms of varying
complexity. The various algorithms were d under the following
categories; threshold selection, sensor placement and post-
fall posture (PP). Results showed that a fall detection algorithm
based on the data from the chest shows better global accuracy.
With post-fall posture detection leading to lower false alarm
ratios, a number of commercial fall detection devices are also
currently available, including:

• Tunstall2: detect falls when the subject is not in an upright
position and an impact occurs;

• Health watch,3 InTouch Medical alarm systems4: both
devices use the same algorithm, waking from standby
mode if a rapid change in a person’s physical orientation
is detected. The process continues if an impact is then
detected. Devices continue monitoring for 6–15 s to verify
if a fall has occurred. If the person’s body position remains
unchanged for up to 15 s, then a fall-alert is raised;

• VRI5: designed to detect falls, abnormal body movements,
or extended periods of inactivity and automatically sum-
mon assistance without end-user intervention, it employs
accelerometers to perform this.

All of the above fall detection systems are based or use the
fall detection algorithm developed by Doughty et al. [43] and
Williams et al.[44]. They suggest using a two-stage detection
process which senses shock and the orientation of the wearer
to determine if a fall has occurred. However the thresholds for
the orientation angles or time windows or impact have not
been detailed in any research.

3.3. CAALYX approach

This section summarizes the approach employed on each of
the four major CAALYX subsystems.

3.3.1. Caretaker System
The Caretaker System within the CAALYX system resides in
the server side, where services are provided. The Caretaker
System is the subsystem where attention and care services
are provided to elders; where system users such as Caretak-
ers, Doctors and Relatives are logically linked to elders. This
connection is possible by taking advantage of current commu-
nication networks. Supporting services used by the Caretaker
System are map services, to obtain maps, and emergency ser-
vices, to request help, in case of emergency.
Health monitoring and alerts are the main concepts around
which the Caretaker System has grown. Measurement of vital
signs is the key process to detect medical conditions and,

2 http://www.tunstall.co.uk.
3 http://www.health-watch.com.
4 http://www.pioneermed.com.
5 http://www.monitoringcare.com.
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therefore, to raise alerts. The elder’s position is only dis-
closed to the caretaker in case of alert, so that a proper
request to emergency services can be launched. Likewise, a
communication tool to contact and verify the elder’s health
self-perception is needed in case of alerts.

Yearly trials have been a decisive factor in focusing effort on
building a Caretaker System which is useful and meaningful
for real users. Their feedback on each iteration prototype was
taken advantage of to enrich the design of the next-iteration
prototype. Considering these factors, the Caretaker System
strategy was to provide the necessary functionalities for the
trials by using leading edge technologies, architectures and
standards, while meeting project deadlines.

3.3.2. Mobile System
The Mobile System is an important integration point in the
CAALYX system, taking on the role of an “informed interme-
diary” between the sensors in the elder’s BAN and the other
CAALYX subsystems such as the Caretaker System. Not only
does it provide interfaces to interact with these components,
it also incorporates enough domain knowledge to act as a first
level of decision making concerning the relevance of changes
detected in sensor data.

For the purpose of implementing the CAALYX prototypes, a
special purpose language, inspired on the SensorML OGC stan-
dard, was created to implement the domain knowledge. The
language has been encoded in XML format and the structure
enclosed in this XML file controls the execution of the mobile
application, determining from which sensor(s) to read, the
threshold levels for the selected physical signs and a decision-
tree which may encompass operations (e.g. comparisons) and
that may trigger other sensor readings. This XML structure has
been designated “Observation Template” because the result of
its execution is a “Health Observation”.

Several “Observation Templates” may exist, depending
on the BAN configuration and on the desired monitoring
patterns/conditions. In this sense, the software framework
developed for the Mobile System is said to be adaptive. Typ-
ically, a caretaker would select a pre-defined “Observation
Template” from the Caretaker System and customize it for a
particular elder according to his/her requirements.

An instance of an “Observation Template” has been des-
ignated “Observation Pattern” and this is the main vehicle
for the Caretaker System to control the monitoring conditions
for a specific elder. In the future, the caretaker may fine tune
the parameters enclosed in an “Observation Pattern” with the
results of a learning mechanism occurring on the server, or
even remotely request the execution of a new “Observation
Pattern” in order to further examine the health status of an
elder.

When an “Observation Pattern” is executed by the Mobile
System, whether triggered by an off-limits sensor reading or
by a scheduled process, the result is a “Health Observation”,
which has enough semantics to be classified according to its
seriousness level and may result in an “Alarm”. Alarms are
sent to the Caretaker System along with the “Health Observa-

tion” that triggered it. Enclosed in a “Health Observation” are
the respective sensor data and location information.

It should be stressed that the CAALYX system is not lim-
ited to the use of hardware sensors, as an observation pattern

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
http://www.tunstall.co.uk
http://www.health-watch.com
http://www.pioneermed.com
http://www.monitoringcare.com
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ay use the results of several other observation patterns. This
echanism was used to allow the system to be context aware,

.e. to use previous known information about the user status
location, activity level, etc.) to further improve the accuracy
f the health monitoring mechanism. A very simple example
ould be the monitoring of an elder while jogging and at rest.
he system identifies the activity level and the user location

GPS) and uses different health parameters for each situation.
From the technological point of view, the Mobile System

ses an Event-Driven Architecture (EDA) [45] in order to help
inimize power consumption [46] and as a natural extension

o a Service Oriented Architecture (SOA). In other words, the
oftware reacts only when relevant state changes occur (for
xample, the arrival of an event triggered by a sensor), leading
o further actions, otherwise it will do nothing. Although this
ype of architecture can be used with “continuous reading”
evices (such as a regular ECG device), it produces the best
esults in conjunction with smart devices such as the WLD.
DA is also deemed very appropriate to interface with a SOA
ike the one used in the Caretaker System because an event
ften results in the invocation of a Web Service.

.3.3. Home System
he CAALYX system is complemented with a Home Mon-

toring/Control System aimed at helping the elders to
ndependently live at home. This device (a personal computer
r a set top box) supports the connection of Bluetooth enabled
ensors (weighting scale and blood pressure meter) and video
ameras that may be used for monitoring and for interaction
ith the elder. This device use the existing TV set to interact
ith the user, thus reducing the technical complexity of the
evice as well as reducing its cost. Using the TV and (at least)
camera, the elder may establish live connections with car-

rs, family and friends, thus reducing isolation syndrome and
ther psychiatric disorders.

CAALYX has taken a user-centric approach where the user
onstraints and usability of the Home System have taken pri-
rity over delivery of a large set of functionalities.

.3.4. Wearable Light Device
he CAALYX system is designed to meet the following require-
ents: continuous health monitoring, autonomous medical

vent detection and reaction and simple operation [47].
Those requirements suggest certain design choices for the

LD. In order to be able to meet all demands that exist for a
ystem supporting and monitoring elderly people the features
f current systems were included and extended.

Continuous health monitoring requires the sensors of the
ystem to be active round the clock. In order to cope with the
normous amount of data that is recorded from this monitor-
ng, a mechanism for data reduction is required.

The transmitted data must be reduced to focus the atten-
ion of the medical professional on the relevant parts and to
ave energy as transmission is a very expensive operation in

erms of energy consumption.

To match these requirements the WLD was designed to
nclude a number of sensors and functionalities. It integrates
he following sensors into a compact casing:
o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320 e315

• ECG, 1 channel (internally for analysis 24 Bits 500Hz, exter-
nally at reduced rate and resolution to save transmission
bandwidth).

• Pulseoximeter for measuring Blood Oxygen Saturation
(SpO2) and Photoplethysmograph (PPG).

• Temperature sensor for measuring the body surface tem-
perature.

• Fall and Mobility Sensor (see Section 3.3.4.1 for details).

The aforementioned sensors deliver the following primary
vital signs: ECG, SpO2, PPG and Temperature. Heart rate is
extracted in a redundant way from the ECG and PPG. From
the ECG and PPG signals, by applying the concept of sensor
fusion, the Pulse Transit Time (i.e. the time the pulse wave
travels from the heart to the SpO2 sensor at the user’s finger)
is derived. The joint analysis of the PTT, ECG and PPG allows
for the extraction of the Respiratory Rate (RR) in a robust way.

As the information in these signals contains redundancy, it
is possible to calculate the RR even if only the ECG is available.
By attaching the Pulseoximeter, the reliability can be further
improved. The fall sensor transparently transmits the fall and
mobility data through the shared Bluetooth interface.

In order to simplify the handling and improve usability,
the WLD was designed for ease of operation having just one
button (on/off), batteries that can be recharged in the device
by use of a docking station, the status (battery level, errors)
are automatically reported via Bluetooth, ECG electrodes and
Pulseoximeter finger-clip are easily connected and discon-
nected with one plug.

The technical implementation includes a highly integrated
PCB design and a Bluetooth compliant interface.

The concept for the WLD includes a powerful real-time
analyser of the recorded data. The analysis detects relevant
patterns present in the signals and immediately reports them
to the Mobile System. Additionally, certain measurements can
be requested from the device.

The novel respiration rate detection algorithm, integrated
in the design during the CAALYX project, is able to measure
the respiration rate by signal analysis from the ECG and PPG
signals.

To reduce the amount of data transmitted between the
WLD and Mobile System the WLD has a number of con-
figurable thresholds for the monitored vital signs. When a
threshold is exceeded the WLD immediately reports a medical
event.

Some of those events, that require an immediate reaction,
trigger the transmission of an alarm signal to the caretaker
without any user interaction. The caretaker can request fur-
ther measurements to assess the situation and decide to alert
a family member or call an ambulance. The immediate avail-
ability of detailed sensor information can improve the quality
of the decisions made and therefore reduce false alarms and
ensure correct recognition of critical situations.

The availability of independent vital signs enables a con-
text aware interpretation of the results by the system. This
awareness reduces false alarms and increases reliability.
3.3.4.1. Fall and mobility sensor. The fall and mobility sen-
sor, which is integrated into the WLD, located at the subject’s
waist, attached either using a waist belt or a modified

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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mobile-phone carry-case. It is based on measuring the acceler-
ations of the user close to their centre of gravity, in six degrees
of freedom. Using thresholds, both in acceleration, posture
and in time, an algorithm determines whether a fall has
occurred. Using the referred thresholds it examines a number
of different kinematic, temporal and mechanical quantities,
which include measuring the downward acceleration of the
faller, the impact experienced by a faller, the time difference
between the downward acceleration and the body impact as
well as examining the orientation of the subject following the
impact to see if they are lying or not.

By examining the magnitude of the downward accelera-
tion and the impact acceleration measured at the subjects’
waist, the time difference between them as well as examin-
ing the subjects’ orientation following this episode, a fall can
be determined by comparing these measurements to experi-
mentally derived thresholds. These thresholds were obtained
from recording 10 young health subjects performing falls and
normal ADL and 10 elderly health subjects performing normal
ADL in their own homes. This algorithm was inspired through
examining the profile of the 3D accelerometer wave from pre-
vious indigenous research [37] as well as implementing the
view that a person downward speed is also a key determinant
of a fall [48,49,38,50]. Also, as a result of the CAALYX phase
1 trials in Ancona Italy a number of false alarms occurred
[51]. These occurred when subjects performed a number of
normal ADL such as: subjects sitting down in a car, lying
down on a bed and falling into a sitting position on the bus.
The alterations to the fall algorithm have thus been imple-
mented to reduce the false positives due to these types of
movements.

If the acceleration, impact and temporal thresholds are
exceeded then a fall towards the ground followed by an impact
is deemed to have occurred. The subjects’ posture is then mon-
itored to see if they are lying or standing for the following 2 s.
If the subject is lying following a fall plus a large impact then a
fall-alert is registered. Upon detection of a fall-alert, the sen-
sor will send a fall alert message to the mobile phone using
Bluetooth. These messages will be repeated at specified inter-
vals until a message is received from the phone indicating that
the fall alert message has been received. Meanwhile, the fall
sensor will monitor the user for a further 5 min. In case the
user has not recovered from the fall, a long-lie event will be
send to the phone, thus indicating that help is required. Again,
the “long-lie event” message will be repeated until the phone
acknowledges having received the message. In case the user
recovers from the fall, a fall recovery message is sent using
the same message protocol. The algorithm developed for the
CAALYX project incorporates many of the best and most reli-
able features of modern fall detection algorithms but it is also
capable of operating on a real-time embedded system which
the user wears.

4. Technical innovation in CAALYX
This section summarizes the technical advances on each of
the five major CAALYX subsystems. Each sub-section high-
lights the main current and future innovation aspects.
n f o r m a t i c s 8 2 ( 2 0 1 3 ) e307–e320

4.1. Caretaker System

The technical innovations related to the Caretaker System
encompass several areas and can be summarized by:

• Artificial Intelligence module to help decision-making on
alerts: CAALYX’ system is designed as a reactive system.
Continuous health monitoring is carried out with mobile
sensors while wearing the WLD. When thresholds are
triggered, reactive behaviour is switched on by activating
observation patterns, which intensify monitoring. These
observation patterns may end by sending an alert to the
Caretaker System when a health condition is observed,
which will result in further actions undertaken by the dif-
ferent actors involved: physicians, relatives or emergency
services. When the caretaker has an incoming alert, there is
need to take two decisions: firstly, whether or not the alert is
accepted, and secondly, which actor will be responsible for
this alert. To assist in making these decisions the CAALYX
Caretaker System features an Artificial Intelligence Module,
which is a Bayesian Network capable of learning from previ-
ously service alerts and capable of giving probabilities to the
incoming alerts. It is understood probabilities are a useful
tool to help take decisions;

• User interface for physicians: CAALYX system, besides being
reactive, is also proactive. Unlike the caretaker who rep-
resents reactive behaviour, the physician has a proactive
attitude in the care of the elder’s health. This user interface
has been designed and implemented to allow the physician
to have easy control on alert thresholds, health measure-
ments and questionnaires, treatments and health record.
Alerts are available for awareness and video-conference is
used to hold diagnostic conversations so that the physician
can complete their diagnosis of the elder’s health;

• Context awareness: the CAALYX system respects elder pri-
vacy. Therefore, the elder’s location is unknown by the
caretaker. However, this rule is broken in two cases: when
an alert happens and when the elder is at home. Geograph-
ical position is sent within the alert so that the elder can
be rescued. The system informs the caretaker if he is avail-
able at the mobile phone or at the Home System, this way
it provides an efficient way to contact the elder.

4.2. Mobile System

From the functional point of view, the most important inno-
vation brought by the CAALYX’s Mobile System component,
is the reasoning capability on the mobile phone that provides
simultaneous local reasoning and decision making and a sen-
sor process orchestration system, which allows the custom
definition of processes to collect information.

Such features, improve the CAALYX system in two different
levels: Customization and Behaviour.

From the customization point of view, such features allow
the integration of medical knowledge in the decision pro-

cesses and the seamless adaptivity of the system for each user
in several ways, such as thresholds, schedules and sensors.

From the behaviour point of view, the fact that the Mobile
System is able to reason about the medical information and

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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istinguish between the relevant health states, improves the
hole CAALYX system scalability and effectiveness, since the
ealth professional can manage more elders, and it also saves
esources such as the data transfer ratio and battery life time.

Also, the fact that the information regarding a medical
bservation is aggregated is very important from the point of
iew of the usability of the CAALYX system, as doctors can
etter evaluate the health status for each elderly person.

From the technology perspective, CAALYX Mobile System
uilds upon an adaptive and extensible software framework
hich uses standards such as Bluetooth and Web Services to

nterface with the sensors and the Caretaker System, respec-
ively. In doing so, CAALYX has moved towards an adaptive
25,26], “plug-and-play” style architecture in which there is a
educed effort to integrate new sensors.

Concepts such as measurement, observation [52] and
rocess [23] adopted in the Sensor Web Enablement (SWE) ini-
iative by the OpenGeospatial Consortium (OCG) have inspired
he management and extraction of data from a sensor network
uch as the BAN. Such concepts have been adapted in order to
e able to work with physical signs.

The concept of observation template has been introduced
nd helps in improving automation in the Mobile environ-
ent. This concept is adaptable and context aware, since it

upports dynamic process definition and includes a portable
rocess engine able to interpret logical premises in order to
ake situation reasoning.
A further enhancement could be the implementation of

cross-environment middleware using the same principles
ince it would allow an automated distributed decision chain,
n the sense that observation patterns could be initiated by a
ome sensor and then transferred to the mobile environment
nd vice-versa.

A recurring problem in services relying on GPS is the failure
o establish a GPS fix in difficult environments [53]. In CAALYX,
n Assisted GPS (A-GPS) firmware update for the Nokia N95
54] helps the device to get a fix on GPS satellites faster and

ore reliably, ensuring smoother GPS functionality.
However, a more definitive workaround would be to adopt

ore robust geo-positioning solutions combining multiple
eo-positioning technologies (cell phone, WiFi and IP address
ata triangulation) to cover those locations where conven-
ional GPS alone would fail. Some existing services and
echnologies such as Google My Location6 or Geosense7 for

indows 7 offer this capability[55]. Such a hybrid, “intelligent”
olution should be able to automatically and transparently
elect and switch between multiple geo-positioning methods
s necessary to ensure uninterrupted location functionality,
ompensating for the inherent deficiencies of a GPS-only solu-
ion, as well as working in tandem with it in those smart
hones with a built-in GPS sensor.

.3. Home System
ne of the main obstacles in the take up of Tele-care type sys-
ems has been the fear of technology by the elderly and their

6 http://www.google.com/mobile/maps.
7 http://geosenseforwindows.com.
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concerns of relying on and operating technology on which
their life might depend.

During our investigation we discovered the popularity of
Nintendo’s Wii controller and its success among many age
groups especially children and older generation where a very
simple controller with very few buttons on the controller is
used to control user interaction on the TV screens. The fact
that the controller is Bluetooth enabled offers a major plus
point for the CAALYX project where it is used as a means of
communication with the Home System device.

Working closely with a group of elderly in UK, an intuitive
graphical interface was developed and tested for use on TV.
The Controller was complemented by this interface where
choices are highlighted in an explicit manner to avoid any
confusion in respect to what the user needs to achieve. This
approach is linked to the simple navigational method (which
is used in many remote controls) to allow users to navigate
options through arrow keys.

Furthermore in the CAALYX project it was decided to use
the MythTV platform in order to integrate TV functionality
with the display of medical data. To this end a new interaction
mechanism was developed to allow ease of use of the system
and switching between the TV and the medical system at the
touch of a button.

This resulted in the development of an easy to use inter-
face allowing easy navigation of the system using very few
buttons.

4.4. Wearable Light Device

The WLD includes several new concepts that enable the CAA-
LYX system to fulfil its requirements in monitoring elderly
people.

By the integration of several sensors in one device the
usability was greatly increased compared to systems that con-
sist of a number of single sensors as there is only one device
to recharge, don and operate.

By having all sensors integrated in one device there is only
one radio connection and one energy source which leads to
a better energy efficiency. Usability and reliability are also
greatly enhanced by only having one device to recharge and
handle. Only these features enable the CAALYX system to per-
form constant vital sign monitoring in elderly people at a high
level of usability.

A second important innovation is the reduction of the data
that needs to be transmitted by using advanced ECG analy-
sis algorithms. The reduction of data results in an increased
energy efficiency of the system which makes it possible to
realize smaller and lighter devices and longer operation.

The WLD is the first wearable device to include a state of
the art respiration rate detection algorithm, measured by anal-
ysis of the ECG and PPG signals. In contrast to mechanical
methods for measuring the respiration rate this approach does
not include extra cables, sensors or belts around the patient’s
chest which are very inconvenient for constant monitoring.

The real-time analysis of ECG in the CAALYX system intro-

duces the possibility to not only passively detect cardiac
events but to react to those events without any user interac-
tion. This means an essential advance in security for the users
of the device.

dx.doi.org/10.1016/j.ijmedinf.2011.03.003
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Summary points
What is already developed in the area:

• A broad range of sensors, usually working in an iso-
lated fashion, destined to medical monitoring during
a short-term period;

• Alert services, typically initiated by the use of a panic
button, establishing direct communication with an
emergency service;

• A few body-worn sensor prototypes communicating
with a server mostly on a continuous basis;

• Studies about typical values and limit conditions for
some vital signs, for the general population.

What this project added to our knowledge:

• Typical values and thresholds for the selected vital
signs, specific for the elderly population. This includes
relative limits, which could be meaningless when
considered isolated, but in conjunction with other
measurements and background/context information
may help to infer potentially dangerous situations for
the elder health;

• A Roaming Monitoring System autonomously run
by Observation Patterns, which encode the afore-
mentioned domain knowledge (fine-tuned to an
individual), using it to act as an informed local
intermediary in order to trigger alarms and initiate
communication with a caretaker only when necessary;

• A configurable Body Area Network, composed by a
set of smart sensors (packaged together for usabil-
ity reasons) capable of generating alerts according to
pre-defined conditions and of being reprogrammed
on-the-fly by a sensor controller (e.g. mobile phone);

• A fall and mobility sensor, implementing an improved
fall detection algorithm and auto-calibration on
startup;

• A complete, scalable and flexible system for
autonomous elders, capable of using data prove-
nient from roaming monitoring devices and home
sensors, complementing it with information gathered
by questionnaires in order to help caretakers to devise
potentially dangerous deviations to the elder’s health
status.
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The ease of handling and operation of the device enables
use by patients without any support from medical personal.

The technical innovations related to fall and mobility sen-
sors include the following:

A flexible accelerometer based fall and mobility sensor
has been designed which can easily interface with any Blue-
tooth enabled device. The hardware architecture is based on
a low power microprocessor which allows for autonomous
operation for extended periods of time. The software archi-
tecture allows for the use of several different fall and mobility
algorithms and this functionality has been used to test and
validate various fall and mobility detection algorithms. The
new algorithms developed for the CAALYX project show high
specificity and sensitivity in tests performed with real subjects
[56,57].

Due to the development and use of an extensive message
protocol, it is trivial to replace the current Bluetooth wireless
connection with any other sort of connection. For example
in the main CAALYX trials, messages were delivered to the
WLD through a UART, after which the WLD forwarded these
messages to the higher layers of the CAALYX system. The
protocol supports core functions such as the reporting of fall
alerts, long-lie events, fall recoveries, ADL reports, and raw
data reports. In addition, the protocol messages support con-
figuration, calibration, and debugging of the device.

Through the integration of the fall and mobility sensor with
the rest of the CAALYX platform, the system is equipped with
the unique capability to validate and plan measurements; as
previously mentioned. For example in the case that a high
heart rate is measured, an alarm should not be raised if it
is known that the elderly user is performing, or has just per-
formed, vigorous activity. Conversely, the system can take into
account periods of inactivity to schedule measurements that
would be influenced, by physical the activity of the user.

5. Conclusion

This paper presents the main achievements and innovations
from the CAALYX project. The general principle underlying the
project was to extend the elder’s autonomy, making it easier
for the elder to interact with the environment, thus improving
his/her daily life. This main objective and the complementary
ones were fulfilled, in summary:

• Build and deploy a prototype of the Light Wearable Device
with fall and mobility sensor and a set of body vital signs
(ECG, heart rate, respiratory rate, temperature and pulse
oximetry);

• Build and deploy a prototype of the mobile phone/data
logger to manage the elder’s Body Area Network (BAN)
that manages communications with the caretaker site effi-
ciently;

• Build and deploy a prototype of the caretaker site, including
tools for elder management and received data visualization;

• Build and deploy a prototype of the home environment with

its architecture, sensing capabilities and elder data display
and navigation;

• Test the above system components in a real environment
subject to the assessment of actual end-users, thus proving
its capability to impact and break the balance of the current
welfare system for elderly persons.
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