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Abstract

The global population ageing is posing unprecedented challenges. Ambient
Assisted Living (AAL) aims at the extension of the time older adults can live
in their preferred environment, by promoting the development of Information
& Communications Technology to support active and healthy ageing. This
thesis faces the issues raised by the scientific literature related to AAL: the
need of interoperability between AAL services, the lack of a systematic design
of AAL systems and an unsatisfactory acceptance of AAL technology.

The thesis proposes the use of Agent-Oriented Software Engineering and
Agent-Oriented Programming as the ideal paradigms to cover all the develop-
ment phases of intelligent systems to manage assistive environments, such as
smart homes. The properties of agents and Multi-Agent Systems, as defined
in Artificial Intelligence literature, allow to build modular and interoperable
systems suitable for the management of networks of sensors and actuators in
smart homes. In such context, one contribution of this thesis is the Virtual
Carer, a Multi-Agent System based on the Belief-Desire-Intention paradigm
for the management of a smart home and the health monitoring of an assisted
person.

Moreover, the thesis advocates the use of serious games to increase end-
users’ awareness towards the enabling technologies for AAL. The thesis presents
Smart Tales, an awareness game based on the virtualization of a smart home.
Its goal is to promote the concept of AAL and its technologies to the general
audience. In Smart Tales, the player covers the role of a smart home resident
who is skeptical about the unobtrusiveness of the home, and tries to cheat
sensors. While doing so, the player gets the informative content of the game
and learns the basics on AAL and sensor technology. Beside the design of the
game, this thesis presents the results of a formative evaluation with ten users,
which shows promising results about the learning effectiveness and the usability
of Smart Tales.

ix





Contents

1. Introduction 1
1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2. Objectives and thesis overview . . . . . . . . . . . . . . . . . . 3
1.3. List of refereed publications . . . . . . . . . . . . . . . . . . . . 5

2. The technological framework of AAL from 2004 to 2013: an analysis 7
2.1. Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2. Results & discussion . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3. Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . 16

3. Agent-based modeling of assistive environments 17
3.1. Why an agent-based smart environment? . . . . . . . . . . . . 18

3.1.1. Intelligent Agents . . . . . . . . . . . . . . . . . . . . . . 20
3.1.2. Related Works . . . . . . . . . . . . . . . . . . . . . . . 21

3.2. The Virtual Carer . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.1. Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2.2. Virtual carer architecture . . . . . . . . . . . . . . . . . 23
3.2.3. Proof-of-concept implementation . . . . . . . . . . . . . 34

3.3. Integrating assistive environments with e-health services . . . . 40
3.3.1. Features of an agent-based Health Information System . 41
3.3.2. System architecture . . . . . . . . . . . . . . . . . . . . 42
3.3.3. Document and data retrieving . . . . . . . . . . . . . . 45

3.4. Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . 47

4. Virtual environments for the Ambient Assisted Living 51
4.1. Current uses of virtual environments in AAL . . . . . . . . . . 54
4.2. 3D virtual environments as a testbed for AAL applications . . 55

4.2.1. A simulator use case: a mobile application for the AAL 58
4.2.2. A simulator use case: the Virtual Carer . . . . . . . . . 60
4.2.3. Representing human behaviours . . . . . . . . . . . . . 61

4.3. Virtual environments in an awareness game for AAL: Smart Tales 63
4.3.1. Game design . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.2. Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4. Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . 77

xi



Contents

5. Conclusions 81
5.1. Thesis contributions . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2. Future works . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

A. Studies included in the systematic literature review 85
A.1. Temporal distribution of analyzed papers . . . . . . . . . . . . 85
A.2. List of papers included in the review . . . . . . . . . . . . . . . 86

Bibliography 101

xii



List of Figures
2.1. Groups of technologies applied in reviewed papers . . . . . . . 11
2.2. Groups in network technologies . . . . . . . . . . . . . . . . . . 12
2.3. Groups in sensor technologies . . . . . . . . . . . . . . . . . . . 13
2.4. Device and application list of technologies . . . . . . . . . . . . 14
2.5. Groups of techniques applied in reviewed papers . . . . . . . . 15
2.6. Software architecture models in reviewed papers . . . . . . . . 16

3.1. Tropos notation . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2. Actors in an assistive environment . . . . . . . . . . . . . . . . 25
3.3. Goal diagram of the Assisted Person . . . . . . . . . . . . . . . 26
3.4. Goal diagram of the Virtual Carer system . . . . . . . . . . . . 28
3.5. Goal delegation in the Virtual Carer system . . . . . . . . . . . 29
3.6. Goal diagram of the Virtual Carer Agent actor . . . . . . . . . 30
3.7. Goal diagram of the Sensor actor . . . . . . . . . . . . . . . . . 31
3.8. Goal diagram of the Actuator actor . . . . . . . . . . . . . . . . 31
3.9. Goal diagram of the Register actor . . . . . . . . . . . . . . . . 31
3.10. Actors composing the Virtual Carer System . . . . . . . . . . . 32
3.11. Interactions among the agents of the Virtual Carer . . . . . . . 35
3.12. Fictional scenario for simulations . . . . . . . . . . . . . . . . . 36
3.13. Agent HIS overview . . . . . . . . . . . . . . . . . . . . . . . . 43
3.14. Agent HIS detailed architecture . . . . . . . . . . . . . . . . . . 46
3.15. Interactions among the agents of the HIS . . . . . . . . . . . . 47

4.1. Smart home in the simulator . . . . . . . . . . . . . . . . . . . 57
4.2. AAL simulator concept . . . . . . . . . . . . . . . . . . . . . . 58
4.3. Mobile application tested in the AAL simulator . . . . . . . . . 59
4.4. Example of an interaction with the simulator . . . . . . . . . . 60
4.5. Simulator example: danger of flooding . . . . . . . . . . . . . . 62
4.6. Informative badge to deliver the serious content . . . . . . . . . 65
4.7. Smart Tales notifications . . . . . . . . . . . . . . . . . . . . . . 66
4.8. In-game questions at the end of the first level . . . . . . . . . . 71
4.9. Feedback on in-game questions . . . . . . . . . . . . . . . . . . 72
4.10. Correct answers per player in the post-game questionnaire . . . 72
4.11. UES: Focused attention . . . . . . . . . . . . . . . . . . . . . . 74
4.12. UES: Perceived usability . . . . . . . . . . . . . . . . . . . . . . 75
4.13. UES: Aesthetics . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.14. UES: Satisfaction . . . . . . . . . . . . . . . . . . . . . . . . . . 77

xiii





List of Tables
2.1. Inclusion criteria for the review . . . . . . . . . . . . . . . . . . 10

3.1. List of capabilities of the Virtual Carer actors . . . . . . . . . . 33

4.1. Global results on User Engagement Scale . . . . . . . . . . . . 73

A.1. Temporal distribution of reviewed papers . . . . . . . . . . . . 85

xv





Chapter 1.

Introduction

The phenomenon known as global population ageing, i.e. the shifting towards
older ages of the world population, is accelerating, and will be even faster over
the coming decades [1]. Social and economical implications are involved: an
older population means a rise of the number of chronic diseases and, thus, the
increasing of health-related emergencies as well as the growing of the healthcare
expenditure [2]. Ambient Assisted Living (AAL) addresses such themes and
aims at extending the time that older adults can spend in their home environ-
ment: AAL promotes the use of Information and Communications Technology
to assist older adults in the Activities of Daily Living and provide remote care
services [3]. The attention towards the AAL field has grown over the years:
national governments and international institutions are encouraging the indus-
try, the academia and research organizations to contribute to the development
of AAL, by means of specific programs. In Europe, the European Commission
supports the “Active and Assisted Living Programme”1, a funding initiative for
projects in public-private partnership in the field of ICT for active and healthy
ageing. According to the key objectives2 of the AAL Programme, the concept
of Ambient Assisted Living is understood as:

• Extending the time people can live in their preferred environment by
increasing their autonomy, self-confidence and mobility;

• Supporting the preservation of health and functional capabilities of the
elderly;

• Promoting a better and healthier lifestyle for individuals at risk;

• Enhancing security, preventing social isolation and supporting the preser-
vation of the multifunctional network around the individual;

• Supporting carers, families and care organisations;
1http://www.aal-europe.eu—Between 2008 and 2013, the program was known as “Am-

bient Assisted Living Joint Programme”.
2http://www.aal-europe.eu/about/objectives/

1
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• Increasing the efficiency and productivity of used resources in the ageing
societies.

This thesis has a double soul: on the one hand, it presents the contribution
that techniques from Artificial Intelligence (AI) can give to the design and de-
velopment of intelligent systems for the management of assistive environments;
on the other hand, it proposes and supports the use of 3D virtual worlds for
AAL, in order to provide a test environment for AAL systems and to increase
end-users’ acceptance of AAL technologies.

1.1. Motivation

According to World Health Organization estimates, the number of older adults
will triple within 2050, due to the lengthening of life expectancy and the de-
creasing of fertility: from 524 million of people over 65 years old in 2010 (8%
of the world population), we will reach 1.5 billion of over 65s in 2050 (16%
of the world population) [4]. This means that the dependency ratio, i.e. the
ratio between the number of people over 65 years old and those of working
age, is increasing [5]: we need solutions to preserve the quality of life of older
adults, since there will be, in proportion, fewer caregivers. Such solutions are
developed by the industries, research centers and care organizations working
in the AAL field. They build on the results of Ambient Intelligence (AmI):
they develop networks of heterogeneous information appliances or smart arti-
facts based on miniaturized and low-cost hardware [6], in order to assist the
end-users in their activities of daily living. In addition to the support to older
adults and their closest carers (as their relatives), AAL services include e-health
applications for health operators, general practitioners and medical specialists;
in fact, the digitalization of information is pushing healthcare and telemedicine
towards the “netmedicine”: where possible, the medicine activities are carried
out through the Internet [7].

An increasing number of AAL services has been proposed in recent years.
However, despite the scientific literature recognized that “AmI systems need
to be aware of the users preferences, intentions, and needs” [8], a lack of sys-
tematic design and development processes, tailored on end-users needs, affects
the AAL field [9]. Moreover, despite the potential usefulness of AmI and AAL
is well-recognized, the adoption of technological solutions by end-users is still
unsatisfactory [10, 11]. Such challenges have been addressed in Chapter 3 and
Chapter 4.

2



1.2. Objectives and thesis overview

1.2. Objectives and thesis overview
This thesis aims at presenting the two distinct contributions to the AAL field.
First, we propose the adoption of agent-based methodologies for all the phases
that characterize the development of intelligent systems for the management of
assistive environments. Such research led to the first artifact that we describe
in this thesis: an agent-based model for a system able to manage a distributed
sensor network, composed by ambient and biometric sensors; it acts as an inter-
face layer between the network and the assisted person to provide assistance in
her daily activities, such as closing a window or regulating the heating; it acts
as an interface layer between the assisted person and her relatives, to provide
a synthesis of the daily activities performed, the health status and, in general,
the quality of life; finally, it acts as an interface layer between the assisted
person and the medical staff, in order to provide a summary of relevant health
conditions, report anomalies, and trigger alarms.

Then, we argue for the usefulness of 3D virtual environments in the AAL
field. In particular, such research resulted in the second main artifact presented
in this thesis: a computer serious game, named “Smart Tales”. Its main inno-
vation lies in the use of elements from different game genres to raise end-users’
awareness towards AAL and its enabling technologies. To engage the user, the
game is articulated in levels where the player impersonates a resident of a smart
home who, at the beginning, is skeptical about the pervasive technology in the
home; Smart Tales includes informative cards to drive the serious content to
the player: as a game goal, he has to collect all the cards, in order to answer
the quizzes at the end of each level.

In addition, the main chapters describe also other directions explored during
author’s Ph.D.: we included all the research work pertinent to the two main
contributions. The thesis structure is the following:

• Chapter 2 presents a brief description of the technological framework
that characterizes the AAL. The aim of the chapter is to make the reader
aware of the heterogeneous devices, techniques and architectures which
allow to provide AAL services. For such reason, the chapter reports on
a systematic literature review on a set of primary studies which describe
AAL systems. The results highlight that the 77% of the technology de-
scribed in the papers concerns network devices, communication protocols
and sensing technology: remote services, such as monitoring, are the core
of AAL. The literature review revealed also a substantial number of refer-
ences to algorithms for Activity Recognition and Position Tracking and,
in general, to AI-based algorithms: an increasing number of papers aims
at designing and developing services to autonomously understand the sce-
nario where the assisted persons live, as well as assess their conditions.

3
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Finally, the review highlights a possible lack of a systematic design related
to end-users’ needs. Appendix A provides the list of reviewed papers.

• Chapter 3 proposes an agent-based system for the management of an
assistive enrironment, such as a smart home, with the aim to assist an
older adult in her Activities of Daily Living as well as monitoring her
health conditions. The chapter goes through the development of the sys-
tem: everything from the requirement analysis to the implementation is
agent-based. This choice is motivated by the complex and dynamic na-
ture of assistive environments, which are typically composed by hetero-
geneus devices: a smart home is “an ecosystem of smart objects that can
individually or collectively provide services to inhabitants” [12]. By mod-
eling a distributed sensor and actuator network as a Multi-Agent System
(MAS), we aim at building a modular and interoperable system, where
devices can be/added removed any time. The system, named “Virtual
Carer”, has a reasoning core based on the Belief-Desire-Intention (BDI)
paradigm, in order to dynamically trigger alarms or execute actions (e.g.
calling a relative/caregiver) when needed. The second part of the chapter
explains the possible integration of the Virtual Carer within a national
healthcare infrastructure, also modeled as a multi-agent environment: an
agent-based architecture for Health Information Systems (HISs) allows to
store health data in the healthcare facilities where data is generated. The
proposed architecture is inspired by the administrative structure of the
public healthcare in Italy, even if it is based on more general requirements,
and thus can be generalized.

• Chapter 4 discusses innovative uses of virtual environments, based on
game engines, for AAL. In the first part of the chapter, we propose to
adapt a robotics 3D simulator to develop and test software systems for
AAL. The main goals of the simulator are to speed up the development
of systems to manage assistive environments and to provide a smooth
migration to a real environment, in case the real devices are able to
communicate over a network, as the virtual ones. The chapter includes a
proof-of-concept with two use-cases: a mobile application and the Virtual
Carer. The first use-case is inspired by the increasing importance of mo-
bile devices and applications in the development and provision of AAL
and pervasive healthcare services. The second use-case shows how the
simulation environment can be used to generate testing scenarios for an
intelligent system for AAL. The second part of the chapter proposes the
use of virtual environments and game features in order to increase end-
users’ acceptance of ICT systems for AAL. The chapter systematically
describes the design of our awareness game, Smart Tales: it is a computer

4
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game with the serious purpose to increase end-users’ awareness towards
ICT systems for AAL. The last part of the chapter includes a formative
evaluation of Smart Tales, concerning the learning effectiveness and the
user engagement; the tests involved ten real participants with individ-
ual game sessions of half an hour. The results on learning effectiveness
are promising: 81% of the answers to the post-test questionnaires were
correct; even the usability of the game, after a minor redesign, obtained
positive scores. However, the user engagement needs improvements, and
a partial redesign to avoid repetitiveness across the different levels of the
game might be necessary.

• Chapter 5 draws the conclusions of the thesis, summarizes the main con-
tributions, and suggests future directions.

1.3. List of refereed publications
In this section we present the list of refereed publications co-authored by the
author of this thesis, during the three-years Ph.D. This thesis is based on a
subset of such publications, cited in the introduction of each chapter.
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International conferences and workshops
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ing, 2015, vol. 9425, pp. 187-204.
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Chapter 2.

The technological framework of
AAL from 2004 to 2013: an
analysis

Several reviews and surveys appeared in the scientific literature related to Am-
bient Assisted Living (AAL), with the aim to analyze the state of the art of
particular AAL applications and technologies. For example, in [13] the authors
present a survey on projects related to smart homes, highlighting advantages
and disadvantages of such applications. A deeper review is presented in [14],
where the authors provide a taxonomy of monitoring devices, communication
protocols and algorithms used in smart homes. In addition to reviewing specific
applications as smart homes, the scientific literature on AAL includes reviews
on specific technologies, such as sensors: Brownsell et al. [15] present a review
of technologies used for lifestyle monitoring, such as motion detection sensors,
RFID, accelerometers and others; Ding et al. [16] analyze the sensor technol-
ogy adopted in smart homes, distinguishing between binary sensors (such as
motion detection sensors), video cameras, RFID and other sensors (such as
temperature and light sensors).

In this chapter, we present a systematic literature review which do not focus
on a specific application or technology: instead, our aim is to make the reader
aware of the technological framework which constitutes the core of AAL. For
this reason, we examined ten years of primary studies in the field of Information
and Communication Technology (ICT) at the service of AAL, with the following
research questions:

1. Which are the devices and protocols most used in AAL?

2. Which techniques enable to assess the conditions of the assisted persons,
as well as of the environment where they live?

3. Which software architectures are applied (or could be applied) by the
systems proposed in the scientific literature?

7



Chapter 2. The technological framework of AAL from 2004 to 2013: an analysis

The objective of the first research question is to highlight the technological
composition of AAL, to understand which different hardware devices, soft-
ware artifacts and communication protocols are used to provide AAL services.
The second question concerns those tasks, algorithms, activities and workflows
which constitute the AAL services, as, for instance, Activity Recognition, Po-
sition Tracking, etc. Finally, the third question aims at shedding light on the
architectural paradigms used for the design and development of AAL systems;
since most of the papers does not mention any specific architecture, we broad-
ened the definition of “service-based architecture” and “multi-agent architec-
ture” to classify the systems proposed in the papers, according to whether they
were based on services or on a series of autonomous components. Additional
details are present in Section 2.2.

The review was based on 236 papers that we obtained by applying three
inclusion criteria on the abstracts of 939 papers, downloaded from a set of
bibliographic databases; full details on the collection process are described in
Section 2.1, while the list of analyzed papers is provided in Appendix A. The
remainder of this chapter is structured as follows:

• Section 2.1 describes the method we followed to include the primary stud-
ies in our review, and presents the queries that we executed to collect the
papers as well as the inclusion criteria that we applied on papers’ ab-
stracts. In addition, the section explains the main threat to validity in
our review.

• Section 2.2 highlights the results of the review and shows how the ana-
lyzed papers can be grouped in technological categories. Moreover, the
section discusses the consequences and the limitations of AAL research,
from a technological perspective;

• Section 2.3 draws the conclusions of our review, highlighting how a por-
tion of our findings has been applied in the research described in the next
chapters.

2.1. Method
For our analysis, we followed the protocol of a systematic literature review, as
presented by Kitchenham et al. [17]. Thus, after the definition of the research
questions, we defined also a set of keywords to collect the pertinent scientific
literature by executing queries on bibliographic databases. The keywords are
based on authors’ background and knowledge related to the AAL domain. The
keywords are the following:

8



2.1. Method

AAL, Ambient Assisted Living, Caregiving, Multi-Agent System,
Service Oriented Architecture, Healthcare, e-health, Computer As-
sisted Drugs, Computer Assisted Therapy, Monitoring, Ubiquitous
Computing, Bed Occupancy, Night Time Care, Recognition, Medical
Informatics, Awareness, Data Collection, Disability, Decision mak-
ing, Machine Learning, Reasoning, Artificial Intelligence, Smart,
Elderly, Surveillance, Impairments, Activities, Data Analysis, Age-
ing.

Since the analysis was focused on Ambient Assisted Living, the queries were
executed by combining the keywords AAL and Ambient Assisted Living with
the other keywords of the list, as in the following examples:

• AAL

• AAL + Healthcare

• ...

• Ambient Assisted Living

• Ambient Assisted Living + Healthcare

• Ambient Assisted Living + Multi-Agent System

• ...

We used the following bibliographic databases: “IEEEXplore”1, “ScienceDi-
rect”2, “ACM Digital Library”3, “CiteSeer”4 and “PubMed”5.

For each query, we decided to stop the search when a sequence of ten “inco-
herent” papers was found. We considered incoherent a paper with a title and
an abstract not adherent with the performed query, according to our subjec-
tive view. The resulting number of papers was 1104. To reduce the number of
papers, we included for the review only those with a publication date between
2004 and 2013: the upper bound was 2013 since the queries were executed in
December 2013 and January 2014. Hence, we decided to apply a temporal win-
dow of ten years, excluding 165 papers6. In addition, to select the papers for
the review among the resulting 939, we used three inclusion criteria based on

1http://ieeexplore.ieee.org
2http://www.sciencedirect.com/
3http://dl.acm.org
4http://citeseerx.ist.psu.edu
5http://www.ncbi.nlm.nih.gov/pubmed
6It is worth noting that the expression “Ambient Assisted Living” became widely recognized

in 2007 with the activation of the “Ambient Assisted Living Joint Association” and the
subsequent “Ambient Assisted Living Joint Programme”: the queries resulted in only 246
papers published before 2007; the number of collected papers with a publication date
between 2007 and 2013 is 858.
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Table 2.1.: Inclusion criteria: the papers included in the review were those with
the scenario, purpose or target users in these lists.

Criterion Value

Scenario: Assistance at home, Caregiving, Patient Monitoring
Patient Evaluation, Communication, Healthcare,
Companionship, Theoretical Scenario, Hospital Lane

Purpose: Improve Patient Life, Provide Support to Physicians,
Improve Relatives Life, Improve Caregivers Life

User: Physician, Patients, Relative, Caregivers, Developers

the scenario, purpose and user of the studies: Table 2.1 shows the values that
one of these three aspects (at least) should have in order to include a paper in
the review. Three reviewers applied the inclusion criteria on the abstracts of
the 939 papers contained in the temporal window7. To evaluate the inclusion
criteria, the set of papers was split in three groups, with each group assigned to
a different set of two reviewers: the papers were directly accepted or rejected
for the review when both the reviewers expressed the same judgement8; in case
one reviewer was for the inclusion of a paper and the second reviewer was for
the exclusion, the third reviewer solved the conflict and, thus, allowed to take
the final decision. After the application of the inclusion criteria, 236 papers
were included in the review.

The main threat to validity is due to reviewers’ previous knowledge and
experience on AAL: the results and evaluations presented in Section 2.2 are
actually based on the subjective view and the background of the reviewers; in
particular, as the next chapters will highlight, the author of this thesis spent
his Ph.D. on multi-agent systems and assistive monitoring environments, and
thus a bias towards monitoring technology might be present. However, the
aim of the review is to give an overview of the great heterogeneity of the AAL
in terms of technologies, techniques and architectures: the possible bias can
give a predominance to monitoring technology in the presented results, but
cannot obscure such heterogeneity, which is present even if we limit the field
of applications to monitoring.

7The author of this thesis was one of the three reviewers.
8Each reviewer assessed the abstracts of the papers for the inclusion or exclusion of the

papers; the assessment was done independently by each reviewer, and the results were
merged at the end of the process.
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35.66%Network

41.10%Sensor

23.24%Devices and applications

Percentage of mentions

Figure 2.1.: The different kinds of technologies identified in the 236 reviewed
papers. The bar chart shows the percentage of mentions related to
technologies in the reviewed papers.

2.2. Results & discussion
The figures from 2.1 to 2.6 show the main results related to used technologies,
applied techniques and software architectures in the systems proposed in the
236 papers included in this review.

Technologies. In order to understand the different enabling technologies which
constitute the ground of AAL, we analyzed the technologies which are described
in the reviewed papers, trying to group them in technological categories. Fig-
ure 2.1 shows the highest level categorization. We identified the 77% of the
technology described in the papers as Network technology (36%) and Sensor
technology (41%). In fact, these technologies are used to perform remote AAL
services, such as monitoring. The figures from 2.2 to 2.4 show the composition
of such groups.

Figure 2.2 includes the different groups of devices, protocols and software
that we considered as Network technology. In such group, there is an high
incidence of protocols and devices related to communication: half of the group
is composed by wireless and Wi-Fi based technologies (18% of the Network
technology), communication gateways (14%) Radio Frequency based technolo-
gies (12%), Bluetooth based technologies (11%), Zigbee based technologies
(8%) and InfraRed based technology (7%). Almost the 27% of the Network
technology includes generic boards and devices able to connect to a network
through some sort of communication protocol: we called such category “Net-
work Round”. The results give an idea of the complexity of AAL in terms
of heterogeneity of communication protocols used to provide remote services:
there is not a predominant technology for network services. Thus, the main
limitation is evident: the complexity lies on the integration of different network
devices to jointly provide several AAL services.

Figure 2.3 depicts the composition of the Sensor group. It further confirms
the predominance of monitoring services in AAL: the 34% of Sensor technology
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26.80%Network round

14.23%Gateway

14.02%Wireless

11.55%Radio Frequency

10.52%Bluetooth

8.25%Zigbee

7.42%InfraRed

3.92%Wi-Fi

3.30%Other

Percentage of group mentions

Figure 2.2.: Groups of identified network technologies: the 55.68% is composed
by protocols and technologies for communications, such as RF,
Bluetooth, Zigbee, IR and Wi-Fi.

is composed by ambient sensors, such as temperature sensors, humidity sensors,
position detection sensors, etc.; the 28% of the group is composed by health
sensors, such as blood pressure sensors, blood glucose analyzers, ECG sensors,
etc. Inertial sensors, such as accelerometers, are also in the list (13%).

As highlighted in Figure 2.4, the Devices and applications group is led by
mobile devices (32%9). Such predominance, in conjunction with the results on
Sensor technology, confirms the trend toward the use of mobile devices in AAL:
mobile devices and smartphone are considered promising tools to improve the
quality of life of elderly people and are crucial to provide a more personalized
care [18]. The Devices and applications group includes also devices such as
cameras (22%), microphones (6%) and home appliances (7%), as well as back-
end software technologies (5%), mainly to manage data. In fact, cameras are
the 5% of all the technologies described in the papers, despite privacy concerns
are one of the possible “show-stoppers” that could prevent the development
of AAL and smart home services [12]. However, in our opinion, the incidence
of computer vision technologies should increase in the next years, given the
efforts to alleviate privacy concerns due to the use of cameras, for example
with shape extraction [19]. The presence of papers dealing with microphones
confirms the trend to use sound and speech processing AAL, in order to im-

9Mobile devices and applications are the 7.35% of all the identified technologies.
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34.35%Ambient sensor

27.55%Health sensor

12.88%Inertial sensor

9.48%Wearable sensor

15.74%Generic sensor

Percentage of group mentions

Figure 2.3.: Groups of identified sensor technologies: there were 34.35% of
mentions for ambient sensors and 27.55% for health sensors.

prove comfort by means of voice commands and security by means of distress
situations detection [20].

Techniques. To highlight the services supported by the technologies for AAL,
we analyzed the main tasks and techniques described in the reviewed papers:
we grouped such tasks and techniques by affinity, as shown in Figure 2.5. Data
Computing and Activity Recognition represent the 50% of the used techniques
and performed tasks. The Data Computing group (28.8%) includes data pro-
cessing, data analysis, data fusion, sensor fusion, signal and image processing.
The Activity Recognition/Identification group (21.1%) includes heterogeneous
techniques with the common purpose of recognizing or identifying the Activities
of Daily Living (ADLs) of the assisted persons: for example pattern recogni-
tion, automatic speech recognition, continuous and real-time monitoring can
be all instances of the Activity Recognition group. In our opinion, these re-
sults are an evidence of the importance of techniques to automatically assess
the scenario in an AAL environment (even if most of the analyzed papers do
not provide explicit information about the impact on end-users’ needs): the
goal of the techniques in the Data Computing and Activity Recognition groups
is to use sensor data, contextual information, data mining, computer vision,
etc., to do scenario reconstruction; a scenario can be inside a home environ-
ment, addressing the need of detecting emergencies and potentials risks for the
assisted persons; it can refer even to the reconstruction of the clinical status
of the assisted persons. The importance of providing automatic AAL services
is confirmed by the AI-based group of techniques, which sum up to the 21.8%
of the total: it includes techniques such as neural networks, decision trees and
machine learning in general, in order to develop decision support systems, rea-
soning engines and custom algorithms (e.g. for fall detection; path planning
for robots; etc.). Given the portion of techniques related to Position Tracking
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31.65%Mobile device/app

21.52%Camera

10.76%Actuator/robot

7.28%Home appliances

6.01%Microphone

5.38%Back-end techs

4.43%Touch screen

12.97%Other

Percentage of group mentions

Figure 2.4.: Groups of other devices and applications: the 31.65% of mentions
concerns mobile devices and applications.

(6.2%), we distinguished it from Activity Recognition and Artificial Intelligence.
The Network-based group of techniques (9.9%) includes all the works done on
data sharing, synchronization and connectivity at a software level. As for the
technologies, this is evidence that AAL relies on remote services, performed
over networks.

Architectures. Examined the technical and technological aspects of the AAL-
related literature, we tried to understand if the proposed AAL services were
similar, in terms of design and development, to multi-agent architectures or
to service-based architectures. Hence, to classify the papers, we distinguished
three categories: ad-hoc architectures, service-based architectures and multi-
agent architectures. In the first we included all systems that are not ascribable
to a single model, for two reasons: the authors does not explicity state to follow
a model or the components of the proposed systems include aspects of more
than one architecture. In service-based architectures we included systems and
proposals that use services as fundamental elements to provide their function-
alities, according to the definition of Service Oriented Computing (SOC) and
Service Oriented Architecture (SOA) in [21]; however, we did not applied the
definition strictly, by including only applications that are technologically neu-
tral and loosely coupled: we included also more general client/server systems,
where one or more server components offer some sort of elaboration services to
a set of clients components. For the multi-agent architectures we started from
Wooldridge and Jennings’ definition of agent properties, i.e. autonomy, social
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28.8%Data Computing

21.8%AI-based

21.1%Activity Recognition

9.9%Network-based

6.2%Position Tracking

12.2%Other

Percentage of mentions

Figure 2.5.: The different kinds of techniques that we identified in the 236 re-
viewed papers. The bar chart shows the percentage of mentions of
each group of techniques in the reviewed papers.

ability, reactivity and pro-activeness [22], and from the definition of multi-
agent systems, as systems composed by multiple agents [23] which are entities
which act on a common environment; even in this category, we did not applied
the definitions strictly, but we included systems based on autonomous (self-
contained) components that interact by means of asynchronous messages in a
peer-to-peer configuration. Figure 2.6 shows the result of our classification: in
126 papers out of the included 236, the authors design, develop or implement
an ad-hoc architecture to provide AAL services. Of the remaining papers, 48
are service-based, whilst we identified 45 architectures as multi-agent. There
are also 17 papers for which an architecture cannot be identified: these are
mainly position papers and do not report directly about an ICT system for the
AAL.

Thus, the majority of the analyzed papers describes ad-hoc architectures;
such results can be interpreted both positively and negatively: on the one
hand, AAL systems should be tailored on end-users’ needs and a high num-
ber of ad-hoc architectures might correspond to a high number of different
addressed needs. On the other hand, a mixture of ad-hoc architectures can be
the signal of a lack of a systematic requirements analysis: hence, it might be
the case that architectures respond to what the designers perceive as end-users’
needs instead of satisfying actual end-users’ needs. In other words, there could
be a lack of systematic attention to end-users’ needs in the design of AAL sys-
tems, as highlighted in [9, 24]. Moreover, a limitation due to the significant
portion of ad-hoc architectures is a low degree of interoperability among the
diverse proposed solutions: AAL services based on custom (and different) ar-
chitectures can hardly be merged, while in a wide field as the AAL, where many
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126Ad-hoc

48Service based

45Multi-Agent

17Undefined

number of papers

Figure 2.6.: The different kinds of architecture identified in the 236 reviewed
papers. Most of the papers (126) are not ascribable to a single
architectural model.

technologies are involved, interoperability is one of the main objectives10.

2.3. Chapter conclusions
The papers examined in this review are ideal to show the wide heterogeneity
that exists among the techniques and technologies that enable the provision of
AAL services. The predominance of papers dealing with network technologies
and sensor technologies (as well as the portion of papers reporting on Activity
Recognition and AI-based techniques) highlights that the core of AAL is to
provide remote services. However, the heterogeneity of the proposals makes
hard the integration and interoperability of different services. On the one
hand, it might be that many different ad-hoc architectures are necessary to
address diverse end-users’ needs; on the other hand, we recognized a lack of
a systematic design of the proposed solutions to take into account end-users’
needs. Of course, a portion of such lack may be explained with the need to use
the limited number of pages acknowledged to authors to describe their systems:
thus, authors might prefer describing the offered functionalities, and leaving the
design methodologies to the dedicated literature. Finally, the analyzed papers
confirmed the results of the “application-specific” reviews: as highlighted also in
the work by Ding et al. [16], most of the studies demonstrates the feasibility of
their technological solution. The evaluation of the proposed system is implicit
in most of the cases rather than being explicitly reported on the papers.

In the next chapters we address the design and development of an AAL
software systems for the AAL (Chapter 3) and the need of evaluating AAL
systems (Chapter 4).
10The interoperability of AAL systems, and, in general, the technological trans-

fer within the AAL field, are one of the missions of the “Active and As-
sisted Living Programme”.—http://www.aal-europe.eu/support-to-projects/
interoperability-standards/

16

http://www.aal-europe.eu/support-to-projects/interoperability-standards/
http://www.aal-europe.eu/support-to-projects/interoperability-standards/


Chapter 3.

Agent-based modeling of assistive
environments

Artificial Intelligence plays a prominent role in several ICT-based applications
for Ambient Assisted Living (AAL), Ambient Intelligence (AmI) and assistive
devices: AI has the potential to supplement human caregiving [25] and, thus,
to improve the quality of life of older adults as well as of the people taking
care of them; AI can enable the creation of adaptive infrastructures to deliver
evolutionary AAL services [26]; intelligent environments can provide support
to individuals with cognitive or physical impairments by performing tasks such
as activity recognition, detection of anomalies and reminders on diet, drugs
and exercises [8].

As highlighted by the systematic literature review in Chapter 2, AI, both
with its connectionist and symbolic souls, served and still serves AAL and
AmI in their objectives with several contributions: applications include indoor
positioning, movement and activity recognition [27, 28, 29], health monitoring
and telemedicine [30, 31, 32], emergency detection and risk assessment [33, 34],
intelligent and natural interfaces [20, 35].

Given the considerable heterogeneity of services and components for AAL
systems, both in terms of software and hardware, in this chapter we argue for
the great contribution to AAL and AmI that can be brought by two well-known
AI paradigms, i.e. Agent-Oriented Software Engineering (AOSE) and Agent-
Oriented Programming (AOP): we present a Multi-Agent BDI-based expert
system, the “Virtual Carer”, as an answer to the need of highly modular and
adaptive systems based on different devices and services to enhance the daily
activities of smart home inhabitants.

The modeled architecture is intended to manage a distributed network com-
posed by ambient and biometric sensors as well as simple actuators, such as au-
tomatic doors, windows, blinds, electrovalves and similar. The network should
be modular to allow on-the-fly changes to the configuration, i.e. to add and
remove devices at runtime. The name, Virtual Carer, is a metaphor that we
use to define the services provided by the system: in fact, taking the inspira-
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tion from the actions and behaviours of a human caregiver, the Virtual Carer
has the high-level goal to help the assisted person in her daily activities inside
her home environment, simultaneously monitoring her health conditions and
ensuring her security. Hence, the Virtual Carer need to be able to analyse data
coming from the available sensors and, thanks to its symbolic representation of
the current situation in its knowledge base, it has to infer new knowledge and
to decide if detected values should be notified, possibly triggering an alarm, or
if an action (such as opening the windows) should be performed. Moreover, the
Virtual Carer has to act as an interface layer between the network, the assisted
person, her relatives and the medical staff, providing to all those interested
(and authorized) people a summary of the actions and facts concerning the
assisted during a determined amount of time.

The rest of the chapter is organized as follows:

• Section 3.1 highlights the motivation behind the adoption of a Multi-
Agent architecture; in fact, this choice derives from the features of these
kinds of systems: distribution, modularity and robustness. The section
gives also the necessary background on intelligent agents and related
works;

• Section 3.2 describes the architecture of the Virtual Carer, highlighting its
goals and how these can be achieved. The section includes the description
of a proof-of-concept of the system;

• Section 3.3 sketches how the Virtual Carer could be integrated in a more
general healthcare infrastructure, modeling it also with an agent-based
approach.

• Section 3.4 concludes the chapter, summarizing the main conclusions that
we can derive from the described research.

The research presented in this chapter is based on the results that we achieved
in [36, 37, 38, 39].

3.1. Why an agent-based smart environment?
Smart environments are unobtrusive, interconnected, adaptable, dynamic, em-
bedded, and intelligent [6]: thus, systems for AmI and AAL, as smart homes,
includes a wide heterogeneity of devices, sensors, actuators and applications [13,
16, 40]. To face such heterogeneity, coordinate all the available services and
provide a mechanism to include/exclude functionalities at runtime, we propose
the adoption of agent-oriented paradigms in all the phases of the development
of an intelligent system to manage a smart home, from the domain analysis
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to the implementation. Our objective is to satisfy the requirements for such
a system by exploiting the basic properties of the notion of “agent”, as given
by Wooldridge and Jennings [22], i.e. autonomy, social ability, reactivity and
pro-activeness. Autonomy indicates that software agents have the control over
their actions and internal state and are capable to operate without (or with a
limited) intervention by humans or other software; social ability refers to the
capability of agents of interacting through standardized interaction protocols
and, thus, exchanging information about the environment around agents; re-
activity refers to the capability of responding to perceptions and to changes
occurring in the world in which agents operate; pro-activeness indicates the
ability of agents of acting following their goals to change the state of the world
in which they operate.

In fact, agent-based software is widely considered suitable for open archi-
tectures that continuously evolve to include new components and meet new
requirements [41]. Agents’ properties allow to develop distributed and modu-
lar solutions, providing robust and scalable software systems that operate in
dynamic and uncertain environments [42]:

• Autonomy and Social Ability. Being responsible for its own inter-
nal state, capable to communicate through an Agent Communication
Language (ACL, [43]) and interact according to standard interaction
protocols established by the Foundation for Intelligent Physical Agents
(FIPA, [44]), each agent is the only entity who has to know the actual
implementation of a sensor, providing services to other agents. Hence,
devices can be added and removed in a transparent way, simply wrapping
them with agents; each sensor can be associated with an agent, making
the system robust to failures and disconnections; software agents can be
natively distributed over one or more networks thanks to agent-oriented
middlewares.

• Reactivity. Representing sensors as agents in an agent-based system
simply means to wrap them with a software entity: the agent is the only
one supposed to be aware of the actual implementation of the sensor
and to control if the monitored parameter is in a security range. A
relevant change in a parameter (i.e. an “out of range” value) corresponds
to a message to the reasoning module of the system. Similarly agents
responsible for actuators react to commands from the reasoning module.

• Pro-activeness. It makes an agent-based system capable of autonomous-
ly taking the initiative, guided by goals. In fact, the core of the system we
propose is a reasoning module: the “VirtualCarerAgent”, based on Belief-
Desire-Intention (BDI, [45]) paradigm. It transforms data from sensors
in logical predicates of its knowledge base, building a representation of
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the world in which the agent operates. Then, the VirtualCarerAgent can
infer predicates and trigger plans to bring the world into desired states.
In other words, the carer metaphor indicates that the system aims at
modeling logical structures, reasoning and behaviours similar to those of
a human caregiver. To perform actions on the monitored environment
and interact with the assisted person, the VirtualCarerAgent uses FIPA
standard messages to get values from agents that control sensors and to
send commands to agents that control actuators.

Having advocated the suitableness of agent-oriented paradigms in the AAL
field, in the following we give details about the notion of “intelligent agent” as
presented in scientific literature as well as on related works concerning multi-
agent applications for assistive environments.

3.1.1. Intelligent Agents
Despite the absence of a single agreed definition for the notion of “agent” in
computer science literature, there are many common traits in the definitions
of Ferber [46], Genesereth and Ketchpel [43], Jennings and Wooldridge [47],
Maes [48], Russell and Norvig [49]: agents are entities that control their own
decision making, perceive the complex and dynamic environment in which they
are through sensors, act on it through effectors and are able to communi-
cate through a common Agent Communication Language. Among the possible
agent architectures, the Belief-Desire-Intention (BDI) model of agency, based
on Bratman’s human practical reasoning [50], is especially suited for dynamic
and uncertain environments [51]; BDI agents are a natural solution for the de-
velopment of systems with self-reconfiguring capabilities [52]. During its control
loop, a BDI agent updates its beliefs, i.e. its knowledge about the environment,
and its desires, i.e. the states representing the environment as desired; desires
are states that, at some point (or under certain conditions), the agent might
want to achieve; desires can be viewed as options for the agent [53]. The inter-
section between beliefs and desires generates agent’s intentions, i.e. the set of
desires that an agent is committed to achieve, through the execution of plans,
i.e. sequences of actions that will bring the world in the desired states.

As the solution proposed in this chapter, an agent-based system usually con-
sists of multiple agents [23] which constitute a Multi-Agent System (MAS):
MASs are suitable to model complex systems, since they are based on de-
centralization and parallel execution of activities carried on by autonomous
entities [54]. The Virtual Carer is composed by several agents which collect
information about the home and the health status of the assisted person and
execute actions on the environment, under the coordination of the BDI core of
the system.
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3.1.2. Related Works

The idea of software infrastructures based on agents to support tasks such as
telemonitoring is rooted since many years in scientific literature. For example,
in [55] a client-server architecture is extended with a set of software agents lo-
cated in a home computer, to allow the exchange and elaboration of sensor data
over a LAN (with a main server that manages the access to data by authorized
client applications); the architecture is presented through UML diagrams. The
work exploits the potentiality of asynchronous messaging through a common
ACL, but, in more recent years, research works use agents’ properties at a
deeper level.

Indeed, MAS are recognized among the most interesting technologies for the
development of healthcare applications and services [56]. The majority of the
works in scientific literature is focused on demonstrating the viability of an
agent approach on smart environments. Borowczyk et al. [57] describe a proof-
of-concept of a BDI-based system, with the aim to show how goal deliberation
can support patient monitoring. The proof-of-concept includes the adjustment
of the home temperature via an “Air Conditioning Agent” and the evaluation of
patient’s heartbeat via an “Heartbeat Measure Agent” (triggering an alarm if
necessary). The importance of pro-activeness in a dynamic, non-deterministic,
complex environment is highlighted also by Reinisch and Kastner [58]: the
authors propose a use case in which a small society of BDI agents copes with
the energy efficiency of a smart home when different devices are available. In
Nefti et al. [59] cognitive agents are applied to ambient monitoring. The authors
adopt an approach slightly different from the previously presented, using fuzzy
logic embodied in a “Risk Assessment Agent” to predict risk situations and
send appropriate alarms; the agent’s knowledge base consumes the information
provided by agents responsible for various ambient sensors (such as a “Gas
Detector Agent” or a “Temperature Analyzer Agent”). In [60] agents allow to
adapt the behaviours of a smart home to users’ goals: the authors propose the
reasoning cycle (based on Prolog-like rules) and the planning workflows that
an agent-based smart home environment should follow to adapt its actions to
inhabitants’ goals.

In this chapter we do not focus on a specific scenario: instead, we propose a
comprehensive approach that relies on the use of agent-based paradigms since
the domain analysis and the design phase, in addition to the implementation
phase. Thus, we start from stakeholders’ strategic goals to identify the capabil-
ities of a system for the management of smart home and the health monitoring
of an assisted person.
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3.2. The Virtual Carer
The Virtual Carer is a system for AAL that models a distributed, reliable and
modular sensor network composed by biometric and ambient sensors as well as
actuators and characterized by the following fundamental purposes:

• To communicate with an assisted person;

• To monitor her health conditions;

• To control the environment around him.

To cope with a highly variable environment, the Virtual Carer models reasoning
mechanisms and goal-oriented behaviours, following the BDI paradigm. The
amount of information used by Virtual Carer is represented by logical predi-
cates, forming its Knowledge Base (KB). The Virtual Carer chooses the right
actions to perform on the environment with an inference engine applied on its
KB. The Virtual Carer works as follows:

• It collects information generated by empowered sensors;

• It analyses data provided by sensors and updates its KB;

• When its KB is updated, it generates new knowledge using its inference
engine;

• With backward reasoning rules applied on its KB, the Virtual Carer se-
lects the main goal and chooses (through backtracking) the plan to satisfy
it;

• It carries out the actions of chosen plan, collaborating with agents re-
sponsible for actuators, driving such small actuators in order to properly
act within the environment;

• It maintains a private log-file (history) of all significant events.

The name “Virtual Carer” suggests, through a metaphor, that the system
aims at modeling the behaviour of a human caregiver, enhancing the relation-
ships between the assisted person and her own:

• Living body, recalling things to do, as to take medicines at a given time of
the day, reading a book, monitoring health parameters (heartbeat, blood
pressure, glucose, breath rate);

• Environment, controlling the opening and closing of doors and windows,
flow of water and gas, giving commands to receive fast instructions and
suggestions in daily activities such as cooking, hand washing, cleaning;
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• Family and friends, answering the phone when the assisted sleeps, giving
information to the caller about the health of the assisted and enabling
them to access such information through a web-based/mobile interface;

• Health operators, enabling caregivers and medical personnel to obtain a
summary of relevant information to quickly monitor the patient and the
environment status.

In the following, Subsection 3.2.1 briefly describes the methodology we choose
to model the Virtual Carer architecture. The details of all the development
phases are given in Subsection 3.2.2, while a proof-of-concept implementation
of the system is presented in Subsection 3.2.3.

3.2.1. Method

In order to represent the knowledge involved in the management of an assistive
environment and, hence, to model the architecture of the Virtual Carer, we
followed the phases of the Tropos software engineering methodology [41]. In the
Early Requirements Analysis, we first modeled the knowledge handled by the
main stakeholders who “act” within an assistive enviroment, in terms of their
goals and plans to achieve such goals. Then, during the Late Requirements
Analysis, we modeled the goals of the Virtual Carer and described why the
actors involved in an assistive environment should use our system. Finally,
during the Architectural Design and Detailed Design, we derived the agents
(and their capabilities) which allow to retrieve values from ambient and health
sensors, store the detected anomalies and execute plans to manage the home
and to assist its users.

Figure 3.1 shows the graphical representation used in this chapter to rep-
resent the Tropos key-concepts, as defined in [41]: actor, role and agent to
model the entities with intention within the assistive environment, both as the
stakeholders that acts in the environment and the software or hardware agents
operating in the system; goals which represent actors’ intentions; plans which,
through means-ends analysis, satisfy goals; the dependencies among the actors
(of the environment and the system). For a comprehensive description of the
Tropos methodology and its models and artifacts, see [61].

3.2.2. Virtual carer architecture

Following Tropos, we developed the architecture of the Virtual Carer apply-
ing Early Requirements Analysis, Late Requirements Analysis, Architectural
Design and Detailed Design.
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Figure 3.1.: Diagrams used to represent the Tropos concepts: actor, goal,
plan, resource, dependency, contribution, means-ends, and-
decomposition, or-decomposition.

Early requirements analysis

Figure 3.2 presents, at its highest level, the Strategic Dependency Model with
the actors involved in the management of an assistive environment and the care
of an assisted person. Everything is centered on the Assisted Person actor, with
the goal to “maintain a good quality of life”: an assisted person wants to live
as long as possible in her preferred environment, at the highest possible degree
of autonomy. As the age increases over the 65 years, she needs help to manage
the home and the daily activities, and assistance to perform those daily checks
to her health (as measuring the blood pressure) which are necessary to avoid
risky situations. Such assistance is provided by one or more Caregivers, which
we identified as a role, since, in the context of the home environment, it can be
covered by health operators, informal carers or a close relative of the assisted
person. Beyond being potential caregivers, (good) Relatives want to maintain
a good relationship with the Assisted, who wants to stay in contact with her
family and closest friends. There are various health problems that are more
common in older than in younger people [62]: Hospital (intended as the health
operators and the medical staff) is an actor who wants to ensure the health
of patients; the Assisted Person depends on the healthcare infrastructure to
get regular exams, and specialists need patient’s anamnesis and data from past
treatments to apply healthcare protocols.

A refined diagram, with a preliminary goal and plan analysis for the Assisted
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Figure 3.2.: Strategic Dependency Model with the actors involved in the man-
agement of an assistive environment and in the care of an assisted
person.

Person, is shown in Figure 3.3. A good health, a comfortable environment
and a pleasant life time are essential for the quality of life: this is reflected
by the positive contributions received by the softgoal “maintain good quality
of life”. The goals and softgoal related to the Assisted Person’s health can be
satisfied with plans that involve: nutrition, personal hygiene, the need to take
medicines and to check regularly the health status. All this kind of tasks can
be performed autonomously or with little assistance by a human Caregiver at
home: for instance, the Assisted Person needs motivation to perform physical
exercises or reminders to take pills. In case she is not completely autonomous,
the Assisted Person needs help in carrying out regular health checks such as
measuring the temperature or the blood pressure, and in preparing dishes for
her nutrition. In fact, the diagram focuses on the dependencies between the
Assisted Person and the Caregiver. This is even more evident with the plans
that lead to the satisfaction of the goal “maintain environment comfortable”:
the Caregiver can provide assistance in all housekeeping activities. In addition,
in case the Assisted needs “hospitalization” or “hospital visits”, she has to
provide documents with her clinical history and previous treatments.

Late requirements analysis

Figure 3.4 shows the goal diagram for the Virtual Carer system actor, within
the actor model from Early requirements analysis: the main goal of the Virtual
Carer is to “provide assistance” to all other actors. In order to support the
Caregiver and the Assisted Person, the Virtual Carer has the objective to gen-
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Figure 3.3.: Goal diagram for the actor Assisted Person and its dependencies
with the other actors of an assistive environment.
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erate an “assistance plan”, which is composed by various sub-goals: “ambient
monitoring”, “health monitoring”, “device management” and “anomaly man-
agement”. “Ambient monitoring” and “health monitoring” can be satisfied by
getting parameters from available sensors (and checking if the value is inside a
security range). The management of devices relies on the possibility to check
the status of available actuators and send commands to perform actions on the
environment (e.g. turning on a TV or opening a door). The Virtual Carer has
to face anomalies detected in carrying out “ambient” and “health monitoring”:
such goal can be satisfied by sending commands to one or more actuators, as
when a room is too warm or too cold; in other cases, e.g. when there is an
anomaly in a health parameter, the system starts an emergency call. In fact,
the satisfaction of “ambient monitoring”, “health monitoring”, and “device and
anomaly management” gives a positive contribution to softgoals “manage home
environment” and “manage daily activities”, as underlined by the dependencies
of the Assisted Person and the Caregiver actors.

Figure 3.4 highlights also a reshaping of dependencies for the actors Hospital
and Relative: in order to provide assistance the Virtual Carer has to maintain
logs of all relevant events and anomalies that occurred in the assistive environ-
ment. Events such as daily activities, daily monitoring, parameters out of a
security range and health checks, need to be registered in a event database and
provided when necessary. The health operators of an Hospital can access to
relevant health data through the interface provided by the Virtual Carer : they
can rely on an additional tool to carry out the patient’s anamnesis. Relatives
can use a similar interface in order to get news about the daily activities of the
assisted: a Relative might be interested in knowing if her beloved did enough
physical exercise or took her pills; if she spent to much time on bed or sofa;
if she ate. Of course, the Virtual Carer, as all IT systems, should preserve its
users’ privacy. As we will describe in Section 3.3, the system can be used to
integrate results from procedures carried out in hospitals and clinics, making
relatives (and even health operators in different healthcare facilities) able to
consult medical reports.

Entertainment can be important for well-being and happiness of older adults,
in addition to the maintenance of cognitive functions [63]. Hence, “entertain-
ment” gives a positive contribution to the goal “provide assistance”: an IT
system as the Virtual Carer can ease and automate tasks such as playing a
movie, reading a book or connecting to social networks to stay in touch with
friends.

Architectural Design

The goals of the Virtual Carer system are delegated to sub-actors as depicted
in Figure 3.5. A Virtual Carer Agent is driven by the intention to provide
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Figure 3.4.: Goal diagram for the Virtual Carer system and its dependencies
with Relative, Caregiver, Hospital and Assisted Person.
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Figure 3.5.: Sub-actors to which the Virtual Carer system delegates its goals.

assistance plans, and includes the reasoning core of the system. Actors Am-
bient Sensor and Health Sensor perceive ambient parameters of the assistive
environment, and health parameters of the Assisted Person. Actor Actuator
is delegated to the management of devices present in the environment, such
as speaker, monitors, motor-powered doors, windows, blinds, heating and air-
conditioning. A Register is responsible for the storage of events, anomalies and
actions planned by the Virtual Carer Agent.

The rationale of the Virtual Carer Agent is shown in Figure 3.6. The goal
“assistance plan” can be decomposed in five sub-goals: “get sensor data”,
“anomaly identification”, “manage anomaly”, “provide data history on request”
and “publish provided services”. In fact, the Virtual Carer Agent is responsible
for planning the actions to be executed in the environment, such as open-
ing/closing windows, activating the air-conditioning or the heating, making an
emergency call to relatives or health operators. The Virtual Carer Agent has
to gather health data, to identify the health condition of the Assisted Person,
and ambient data, to detect dangerous or anomalous parameters using available
sensors: such data are used to update the belief base of the Virtual Carer Agent
both on a regular basis and when required by the plan being executed. Sensor
information, as the position of the Assisted Person inside the home, is used
to identify anomalies and potential risks according to the rules in the knowl-
edge base and to find actions to notify such risks or act on the environment.
The Virtual Carer Agent is also responsible for queries on data representing
past events about the Assisted Person. As shown in the dependency model in
Figure 3.10, each actor depends on the others to accomplish its tasks. Con-
sidering that we choose an agent-oriented architecture (for the reasons that we
explained in Section 3.1), we need to add another actor, a Directory Facilita-
tor : it enables all the actors to publish the services that they offer and discover
the services that they need to complete their tasks. Hence, actors can depend
on each other services remaining loosely coupled. The Virtual Carer Agent, as
all the other actors, has to register to the Directory Facilitator to publish its
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Figure 3.6.: Goal diagram for the Virtual Carer Agent actor.

services for other actors. In addition, it will use the Directory Facilitator to
identify Ambient and Health Sensors, Actuators and the Register.

Sensor actors, that actually carry out monitoring, can be distinguished in
two types: Ambient Sensors and Health Sensors. Figure 3.7 shows the ratio-
nale of the Health Sensor (Ambient Sensor has the same goals and can be
represented with the same diagram). Sensor actors can receive messages with
the request to read the monitored parameters; they are able to connect to the
physical sensor and read the parameter values checking whether they are in-
side a predetermined security (or comfort) range. Sensor actors publish their
services (i.e. reading one or more parameters) on the Directory Facilitator.
Ambient Sensor actors read the value of ambient parameters, as the tempera-
ture of a specific room. Also binary sensors as presence sensors (such as Passive
Infrared) are managed by the Ambient Sensor actors: they directly inform the
Virtual Carer Agent and the Register about the presence of someone in the
monitored room. Similarly, Health Sensor actors manage sensors which mea-
sure parameters related to the health conditions of the assisted person, such as
the heartbeat, the blood pressure and the breath frequency.

Actuators (Figure 3.8) are responsible for the management of the various de-
vices composing the system such as lights, shutters, speakers, monitors, doors,
etc. They must be able to receive request messages (from the Virtual Carer
Agent which actually plans to execute an action) in order to execute on/off
commands on the devices. The Register actor (Figure 3.9) wraps and manages
the system database and is responsible for the storage of monitored events,
detected anomalies and the plans executed by the Virtual Carer system.
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Figure 3.7.: Goal diagram for the Sensor actor.

Figure 3.8.: Goal diagram for the Actuator actor.

Figure 3.9.: Goal diagram for the Register actor.
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Figure 3.10.: Actor diagram for the Virtual Carer system.

The sub-actors of the Virtual Carer system depend on each other to satisfy
their goal as depicted in Figure 3.10. The Virtual Carer Agent depends on
the Register for the access to the system database both to store results of
the reasoning process (sensed values, anomalies and executed actions) and to
retrieve data when requested by external actors; it depends on Ambient and
Health Sensors to get the values of ambient and health parameters from physical
sensors during the reasoning process; it depends on Actuators in order to act
on the environment and send audio or video notifications; it depends (as all the
other actors) on the Directory Facilitator to publish its services and identify
(i.e. find the addresses of) Sensors, Actuators and the Register. Being the actor
responsible for the system database, the Register also depends on Ambient and
Health sensor actors for the storage of values from physical sensors. Sensors
can provide values on a request by the Virtual Carer Agent, or can pro-actively
signal anomalies, and thus depend on the Directory Facilitator to find the
Virtual Carer Agent. The capabilities of all the sub-actors of the Virtual Carer
system are summarized in Table 3.1.

Detailed design

We mapped each system actor identified in the Late Requirements analysis into
an agent which implements actor’s capabilities: a VirtualCarerAgent, a Reg-
isterAgent, a Directory Facilitator (DF) and a number of ActuatorAgents and
SensorAgents, with the latter distinguished in AmbientAgents and HealthA-
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Table 3.1.: Capabilities of the Virtual Carer actors.
Actor Capability
Virtual Carer agent find sensors

find actuators
publish virtual carer service
get ambient (health) parameter
send action request
send storage request
get event data

Ambient (Health) sensor find Virtual Carer agent
publish monitoring service

Actuator switch device state
publish action service

Register store parameter
store action
provide event data
get ambient (health) parameter
publish register service

Directory Facilitator store list of services
store list of agent addresses
provide list of services
provide list of agent addresses

gents. The final system will include an ActuatorAgent for each different device
in the assistive environment, such as a distinct ActuatorAgent for the lights in
each room of the home. Each ambient sensor (e.g. a temperature sensor or a
Passive Infrared sensor) is managed by an AmbientAgent; the same holds for
HealthAgents managing health sensors.

The sequence diagram in Figure 3.11 shows a simplified version1 of the inter-
actions (in term of exchanged asynchronous messages) among the agents, after
the detection of an anomaly by a SensorAgent, i.e. a value out of a predeter-
mined range in its monitored parameter. Let’s suppose that an AmbientAgent,
responsible for a temperature sensor, detects 14° C in the living room, while
the comfort temperature should be between 19° C and 22° C. The AmbientA-
gent queries the DF for the Agent Identifier (AID) of the VirtualCarerAgent in
order to signal the anomaly. After receiving the value, the VirtualCarerAgent
starts its reasoning cycle and verifies, in its belief base, that there is an open
window in the living room; the first plan generated through the knowledge base
includes an audio notification with the suggestion to close the window. Thus,

1In order to make the diagram readable, we omitted the FIPA Request Interaction protocol
between the VirtualCarerAgent and the ActuatorAgent as well as between the Virtual-
CarerAgent and the RegisterAgent. However, the adoption of FIPA protocols is one of
the main features of the approach, giving the possibility to add new agents to the system.
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the VirtualCarerAgent searches on the DF the ActuatorAgent which manages
the speaker in the bedroom where, according to the belief base, there is the
assisted person. The VirtualCarerAgent sends a notification to the assisted
person through the speaker, suggesting to close the window (or ask for the
permission to close the window, in case it is motor-powered). The VirtualCar-
erAgent queries the DF also for the AID of the RegisterAgent, in order to store
the detected anomaly and the executed action. As highlighted in the sequence
diagram, an ActuatorAgent can fail in executing the received request: the Vir-
tualCarerAgent stores this information thanks to the RegisterAgent and looks
for another plan to face the anomaly. In the example, an alternative solution
is to send the notification to the assisted person with another media, such as a
monitor or the smartphone.

To this point, the presence of a Directory Facilitator might seem unneces-
sary. However, it enables agents to communicate without knowing, a-priori,
the actual address of the other agents. One might argue that an agent should
at least know the address of the DF, but, as we will explain in Subsection 3.2.3,
the adoption of an agent-oriented middleware enables to manage the connec-
tion with the DF, abstracting its address. The DF might be considered a single
point of failure, but, again, the choice of a suitable middleware allows to make
persistent the data managed by the DF.

3.2.3. Proof-of-concept implementation

We will discuss in Chapter 4 the issues related to the evaluation of complex
IT systems for AAL and how such an evaluation can be performed with vir-
tual environments; in this Subsection, instead, we present the proof-of-concept
implementation, based on a simulation scenario, of the Virtual Carer system.
Our aim is to give some insights on the symbolic knowledge base of the Vir-
tualCarerAgent, by means of simple examples of rules and plans. In addition,
we will focus on the advantages of using agent-oriented middlewares for the
implementation.

Figure 3.12 presents the fictional home map used in the simulation, with the
arrangement of the available devices in the environment. There are four rooms:
the bedroom (room 1), the hallway (room 2), the bathroom (room 3) and the
living room (room 4). For each one, a temperature sensor (T1, T2, T3, T4), a
Passive Infrared (PIR) sensor (PIR1, PIR2, PIR3, PIR4) and a device to turn
on/off the light (AL1, AL2, AL3, AL4) are provided. In addition, there is a
speaker (SP1, SP2, SP3) for each one of the first three rooms, and a monitor
to visually communicate with the assisted person in room 4. Pressure sensors
are supposed to be in each place where the person can sit or lie down (e.g.
couch, bed, seats), and contact sensors are supposed to be placed on every
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Figure 3.11.: Sequence diagram with the agent interactions that follow the de-
tection of an anomaly (i.e. a value out of a predetermined security
range) by a SensorAgent of the Virtual Carer system.

door and window, to monitor their open/close state. Body sensors are used to
monitor the vital parameters (e.g. heartbeat, body temperature) of the assisted
person. For each sensor and device in the scenario we created the appropriate
AmbientAgents, HealthAgents and ActuatorAgents.

Agents with reactive or cyclic behaviours (AmbientAgents, HealthAgents, Ac-
tuatorAgents and the Directory Facilitator) are implemented using the JADE
framework [23], while the BDI agent representing the VirtualCarerAgent and
the RegisterAgent are implemented using Jason (based on the AgentSpeak lan-
guage) [53]. JADE is fully compliant with FIPA specifications; it implements:

• The communication between agents with FIPA-ACL messages and FIPA
standard interaction protocols, ensuring the modularity of the system.
Different devices can be added any time simply integrating more agents;

• The basic FIPA components of an agent platform, i.e. an Agent Man-
agement System (AMS) and a Directory Facilitator (DF). In particular
JADE implements primitives to register services in the DF and federate
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Figure 3.12.: Home map representing the implemented simulation scenario

any number of DF;

• Primitives for the migration of agents among different nodes of a network.

Jason is used for the VirtualCarerAgent, in order to apply the BDI paradigm,
and for the Register Agent, allowing to store beliefs directly in the database.
Moreover, Jason can be fully integrated with JADE: by using internal actions,
a Jason agent can call JADE primitives, as those for the registration of services
in the DF.

To run the simulations, we complemented the agency of the Virtual Carer
with a BDI agent: the ElderlyAgent. It represents the behaviours of the as-
sisted person and works by sending messages to other agents of the system:
for example, to simulate the detection by a PIR sensor, it informs the Ambi-
entAgent when it moves in the controlled room; moreover, it can send requests
directly to the system in order to know the value of specific health parameters.

At the beginning of the simulations, the knowledge base of the VirtualCar-
erAgent includes beliefs representing the structure of the home environment,
with available sensors and devices. The Listing 3.1 includes the beliefs that
represent the rooms of the home in Figure 3.12 as well as some of the beliefs
used to represent the composition (in terms of furniture and objects) of a room.
The beliefs in Listing 3.2 are examples of the facts used to indicate the areas
covered by the available devices. For instance, the speakers 1, 2 and 3 cover
whole rooms; the tv, instead, is significant for the couch.
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Listing 3.1: The beliefs representing the simulation scenario.
partOf(livingRoom,home).
partOf(bedroom,home).
partOf(hallway,home).
partOf(bathroom,home).

...

partOf(couch,hallway).
partOf(bed,bedroom).

Listing 3.2: The beliefs representing areas covered by video and audio devices.
covers(tv,couch).
covers(speaker1,bed).
covers(speaker2,hallway).
covers(speaker3,bathroom).

In addition to the beliefs, the knowledge base of the VirtualCarerAgent in-
cludes also rules to infer new knowledge and, thus, trigger plans. The rules
allow the VirtualCarerAgent to localize the elderly in a specific room, establish
which actuator acts in that room and decide if the actuator has to be activated
for an emergency plan. Some examples of these rules are shown in Listing 3.3.
The rules with “admissible(D)” in the head of the clause indicate that a device
D is considered admissible for a plan, if the assisted is inside the room A, and
the device D “covers” the room A. Similarly, if a device D covers the area R2
and the area R1 is part of the area R2, the device D covers also R1.

We run simulation scenarios by triggering several plans of the ElderlyAgent.
In a first simulation scenario, started with the ElderlyAgent’s plan in List-
ing 3.4, we modeled the situation in which the assisted person goes to bed and
measures its body temperature. The simulation works as follows. At first, the

Listing 3.3: An example of the rules in the VirtualCarerAgent knowledge base.
...

admissible(D):- inside(A) & videoDevice(D) & covers(D,A).
admissible(D):- inside(A) & audioDevice(D) & covers(D,A).

...

covers(D,R1):- partOf(R1,R2) & covers(D,R2).

...
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Listing 3.4: A plan of the ElderlyAgent: it starts the simulation moving to room
1 and then queries the VirtualCarerAgent for the body tempera-
ture.

+-simulation1 : true <-
.send(carer,tell,init(hallway));
.wait(10000);
.send(pir1,tell,at);
.send(carer,achieve,queryP(bodyTemp)).

Listing 3.5: When the VirtualCarerAgent has a new belief “enter” sent by a PIR
sensor it updates its belief base with the new position of the assisted
person and activates the plan “powerOn”. The plan includes also
some debug messages written on the standard output with the
“.print” internal action.

@ent[atomic]
+enter[source(A)] : true <-

?inside(M);
?spir(A,R);
M \== R;
-+inside(R);
!powerOn(R,M);
.print("light on in ");
.print(R);
.print("light off in ");
.print(M);
-enter[source(A)].

ElderlyAgent sends the information about its initial position to the Virtual-
CarerAgent2, initializing the simulation; then, after 10 seconds (i.e. the time
necessary to get to bedroom), it informs the AmbientAgent responsible for the
PIR sensor about its presence in the final position (this simulates the detection
of the elderly by the PIR sensor). The AmbientAgent notifies the VirtualCar-
erAgent about the presence of a person in the bedroom; thus, the VirtualCar-
erAgent has a new belief (i.e. the presence of the assisted person in room 1),
and activates the plan (shown in Listing 3.5, with the debug strings sent to
the standard output with the internal action “.print”) to turn on the light in
the bedroom and to turn off the light in the hallway. Finally, the ElderlyAgent
sends a message to the VirtualCarerAgent to know its body temperature value.
The VirtualCarerAgent activates a plan that includes all the actions necessary
to require the data from the proper HealthAgent and to communicate it to the
ElderlyAgent.

Beside plans similar to the one just described, we simulated plans without
2At runtime there is always a sensor that detects the position of the assisted person; the

message is sent only to initialize the simulation.
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Listing 3.6: Anomaly plan for room temperature.
+temp_anomaly(V)[source(A)] : true <-

.print("Room temperature out of range");

.print("from sensor ", A);

.print("value ", V);

.time(H,M,S);

.send(register,tell,anomaly(A,V,H,M,S));

.print("Information sent to Register Agent");
?em1(N);
New = N + 1;
-+em1(New);
!notify.

an explicit request by the ElderlyAgent, in which the Virtual Carer system had
to infer the right actions. For example, when a window remains open in the
bedroom and the assisted person is taking a nap, the decreasing of room tem-
perature should activate the plan with the suggestion to the assisted person
to close the window. In this scenario, the VirtualCarerAgent has a belief cor-
responding to the window state “open”: the AmbientAgent associated to the
bedroom window informed the VirtualCarerAgent that the window was open.
At a later stage, the AmbientAgent responsible for T1 sensor communicates
to the VirtualCarerAgent that the detected value is out of the predetermined
range, triggering the VirtualCarerAgent’s plan in Listing 3.6. The VirtualCar-
erAgent updates its knowledge base with these new beliefs, sends the anomaly
to the RegisterAgent (with the internal action “.send”) and activates the goal
“notify”, to send an audio message to the assisted person, suggesting to close
the window.

To fully validate the proposed approach, some tests should be carried out in
a real home environment, equipped with existing sensors and devices. How-
ever, the implemented simulations are suitable to underline the advantages
of the application of MAS and BDI paradigm to AAL. The frameworks we
used for implementation, JADE and Jason, provide fault tolerant techniques
to implement agent platforms, such as the Main Container Replication Service
(MCRS) and the Directory Facilitator Persistence: the first prevents that the
agent creation and management can be single points of failure, the latter al-
lows the traceability of agent services. Moreover, they provide primitives for
the management of agent lifecycle and for the registration of agent services.
More in general, an approach based on Multi-Agent systems ensures the dis-
tribution of agents over a network; the adoption of FIPA standards guarantees
modularity to the system: devices can be added without specific efforts. Fur-
thermore agents, by using FIPA-ACL messages for communication, can provide
information over the internet, being able to publish services for the authorized
clients. The BDI paradigm allows to quickly respond to changes in a dynamic
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environment: new data from sensors results in the updating of the belief base,
allowing the VirtualCarerAgent to infer new beliefs; thus, goals are established
and plans to achieve them scheduled, using the knowledge base rules and back-
tracking mechanisms to select the best plan for the current state resulting from
the belief base.

3.3. Integrating assistive environments with
e-health services

The Virtual Carer system is mainly designed for the task of managing an assis-
tive home environment; however, the agent properties explained in section 3.1
have the potential to enhance the (e-)health infrastructure with the possibility:

• For the health professionals, to access data of daily living of their patient,
enrich the contents of Electronic Health Records and exchange clinical
documents and health reports with other specialists;

• For the patients, to access reports and clinical results regarding their
treatments through a pervasive e-health infrastructure.

In this section, thus, we argue for such potential of agent-oriented paradigms
and MAS, by proposing the architecture for an agent-based Health Informa-
tion System (HIS) capable to access geographically distributed data to allow
health professionals to retrieve/update any patient’s health record efficiently
and reliably. The architecture is based on the properties introduced in Sec-
tion 3.1, especially agent control over their own state and agent communication
through asynchronous messages based on FIPA-ACL. In fact, HISs have been
recognized crucial for tracking patients’ medical histories, surgeries, medical
examinations and lab test results, easing the work of physicians and medical
staffs [64]. With our agent-based architecture for HISs we aim at ease the in-
teroperability for HISs and healthcare infrastructures, in order to support the
improvements in the management of medical institutions and the reduction of
healthcare costs [65, 66].

The architecture is tailored on the case of the Italian public health infrastruc-
ture which divides the public health management in administrative districts.
However, as highlighted in Subsection 3.3.1, the architecture is based on gen-
eral requirements and principles that are valid for all health infrastructures.
Subsection 3.3.2 deeply describes the architecture of the proposed system, fo-
cusing on how it is structured in software agents rather than describing how
we reach such configuration (we applied the Tropos methodology as with the
Virtual Carer system). Subsection 3.3.3 describes the interactions among the
agents composing the architecture in a typical application scenario.
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3.3.1. Features of an agent-based Health Information System
HISs and, in general, IT systems for e-health should respect basic requirements
to address interoperability and protect the investments made by facilities and
institutions. Such requirements are well represented by the directives promoted
by the Italian Ministry for Innovation and Technologies in 2006 [67] that we
took as a reference in developing the architecture:

• Localization and availability of health records. Patients’ clinical informa-
tion should be available 24 hours a day and 7 days a week, wherever data
are stored.

• Federated architecture. Healthcare facilities and services are distributed
and federated by nature, and clinical data should be maintained in the fa-
cility where they are produced, ensuring that information will be updated
when necessary.

• Security and privacy. Due to the importance and the strictly personal
nature of clinical data, information should be processed by means of
secure architectures, addressing privacy laws.

• Scalability, modularity and reliability. The infrastructure should be mod-
ular, to avoid a quick obsolescence, and scalable, to support the growing
number of medical records; a HIS should be designed to achieve a safety
critical degree of reliability.

• Integration with legacy systems. HIS architecture should integrate with
existing systems in order to preserve past investments and to make its
adoption practicable for local facilities.

• Use of open standards. It is, in fact, a mandatory requirement for those
systems, as HISs, addressing interoperability issues.

The proposed architecture exploits the features of agent-based systems to
meet the interoperability requirements among different health facilities and, at
the same time, integrate with existing legacy systems (including local databases),
being a new software layer on top of existing ones; the main advantages of such
architecture are:

• Distribution. A key concept of agent technology is flexibility: the com-
plex issues of interoperability and integration with existing systems are
broken down to minor tasks assigned to individual agents: single agents
will be responsible for the translation of local data into a common form.
Retrieving data is possible from any point in the territory just through
communication of distributed agents, and expensive infrastructures are
not required.
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• High modularity. Thanks to the standardization activities made by FIPA
for agent communication and interactions, simply adding new agents in
the architecture (registering their services and sharing the same ontology)
is enough in order to extend the capabilities of the system.

• Integration with existing systems. With the aid of wrapper agents, each
one designed for a particular instance of legacy information systems, the
architecture represents a higher fully interoperable software layer. Com-
munication at this level can be based on well established standard on-
tologies for messaging and definition of clinical documents (such as HL73-
CDA4) and healthcare terminologies (such as SNOMED CT5).

3.3.2. System architecture

The agent oriented architecture is expressed by three levels of abstraction:
local platform, district platform and client platform. The discriminating factor
between the first two layers is of administrative nature: there is a local platform
for each healthcare facility in the territory (e.g. a hospital); facilities belong to
administrative districts, which constitute the second layer of the architecture;
finally, the client level is represented by any software agent which needs to login
to the infrastructure to retrieve documents or insert/update a patient’s health
record. Each level has a precise role inside the architecture: local platforms
are responsible for documents and procedures locally in a healthcare facility;
district platforms allow authorized clients to access data and documents of
different local and district platforms. Figure 3.13 shows the logical structure
of the proposed architecture: as we explain in the following, client applications
connect to a district platform to retrieve data from the local platforms of their
district and, if necessary, of other districts.

Local Platform

There is a local platform for each healthcare facility. It has the role to interface
with any information system, currently present in the structure, committed to
the management (create, edit, search, access) of clinical documents and the
scheduling of different departments in the facility. Every local platform needs
to know the address of its referring district platform in order to have access

3Health Level Seven — HL7 — is a non-for-profit organization for the definition of standards
for the exchange, integration, sharing, and retrieval of electronic health information. —
http://www.hl7.org

4Clinical Document Architecture.
5SNOMED CT is the health terminology provided by the The International Health Termi-

nology Standards Development Organisation (IHTSDO). — http://www.ihtsdo.org/
snomed-ct
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Figure 3.13.: The three levels of the architecture.

to the entire agent infrastructure. The agents inside a local platform are: Lo-
calDBWrappers, DocumentHandlers, Service Agents. Each local platform is a
distinct agent platform: as such, there are also an Agent Management System
(AMS), which manages the operations inside an agent platform (i.e. agent cre-
ation, deletion and migration), and a Directory Facilitator (DF), which allows
the agents inside a local platform to register and find services locally.

LocalDBWrappers provide an interface to the databases of a certain local
healthcare institution. The advantages in the use of wrapping agents are the
following:

• All the legacy systems would not be modified or replaced, but actually
encapsulated within such agents. In this way, any external agent, which
needs to access to data contained by a local database, will be able to
obtain them simply by communicating with the LocalDBWrapper agent,
thus avoiding direct interaction with legacy systems.

• The actual data representation can be abstracted from the representation
of the different information systems available in the various facilities.
With this solution, issues like homonymy, synonymy and data schema
inconsistencies do not need to be addressed by burdensome techniques of
renaming, restructuring or even system redesign; it is sufficient to design
a wrapping agent for each different legacy system able to translate the
internal data representation in the ontology shared by all the agents in
the infrastructure.

• Data can be kept in the local facilities where the medical records are
generated, differently from outsourced cloud solutions that store data in
remote servers and have to deal with privacy concerns [68].
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The LocalDBWrappers must register to the DF_Intra-district agent of their dis-
trict platform, in order to make the local information available for distributed
and remote agents (and client applications) which need to retrieve data con-
tained by the local structure.

DocumentHandlers are able to access the content of a specific clinical doc-
ument produced within the facility, such as clinical reports, laboratory tests,
prescriptions, etc. A DocumentHandler is contacted by a client agent to get
the health records managed by it: the DocumentHandler agent locates the
requested document through its unique identifier, obtains it from the clinical
repository and translates the information in an outgoing message towards the
requesting client agent.

Service Agents are designed for the management of different departments in a
healthcare facility (e.g. radiology, cardiology, analysis laboratory, etc.). Service
Agents are responsible for the scheduling of healthcare services and activities
and for the access to departmental documents, and make use of established
healthcare standards and ontologies. Further details on the agentification of
departmental activities can be found in [38] where a use-case with the IHE
Radiology Scheduled Workflow6 is provided.

District Platform

A district platform encapsulates all the local platforms that administratively
belong to it. Basically, the district platforms represent the logic layer which
composes the final architecture and allows to achieve the interoperability goal of
our distributed system: the district platforms, therefore, must know each other
their address. Several agents compose a district platform: DistrictDBWrap-
pers, DocumentHandlers, Gateway, Init, DF_Intra-district, DF_Inter-district,
LoginServer.

DistrictDBWrappers have similar functions with local wrappers: they man-
age data within district databases and keep track of the reference to document
of a patients produced in other districts. The Gateway agent contacts wrap-
pers in order to store or retrieve any reference to a patient’s clinical records,
which have been produced by every local platform in the territory or by general
practitioners.

DocumentHandlers manage documents which are of administrative compe-
tence of a district, such as Electronic Health Record and Patient Summary.
They may refer to health records which are distributed in different local plat-
forms: the Gateway agent gathers this information.

6The Radiology Scheduled Workflow defines the flow of information for ordering, scheduling,
imaging acquisition, storage and viewing activities associated with radiology exams; it is
provided by the “Integrating the Healthcare Enterprise” — IHE — the initiative for the
standardization of computer systems in healthcare —http://www.ihe.net/.
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The Gateway agent catches the client requests and makes queries to local
and district wrappers to retrieve data about any distributed health record of a
citizen. It returns the addresses of DocumentHandler agents which the client
must contact to get the required documents. To accomplish this task, the
Gateway performs two basic activities:

• When it retrieves the distributed data required to fulfil a client request,
it must integrate them into a data structure, so that the client can handle
a single dataset.

• When a clinical record is produced within a district for a patient belonging
to another district, the former Gateway must inform the latter one to
make its referring DistrictDBWrapper agent register such event in its
own district database.

The Init agent performs its task during the starting phase of the district
platform. It registers the Gateway in its platform to all the active DF_Inter-
district agents of the remote district platforms in the territory.

Two kinds of Directory Facilitator inhabit district platforms. The DF_Inter-
district is the Directory Facilitator in which all the remote Gateways are regis-
tered. This allows a single Gateway to communicate with any other distributed
gateway in the entire infrastructure. The DF_Intra-district contains all the Lo-
calDBWrapper agents registrations of the local platforms belonging to the same
district.

The LoginServer is the agent responsible of establishing and maintaining
a secure connection with the client application that wants to access to the
infrastructure to retrieve data in a specified district platform. Figure 3.14
summarizes all the agents in local and district platforms.

Client Platform

It includes client applications (which may be any agent oriented software) that
access data through the connection (managed by the LoginServer) with a Gate-
way agent of a certain district platform. Examples of client applications could
be: software to access the EHR, both by medical staff and citizens, mobile ap-
plications to retrieve the Patient Summary for emergency situations, software
to update health records by general practitioners, etc. In general, this layer
can contain web services able to communicate with the HIS using the FIPA
standard and shared ontologies.

3.3.3. Document and data retrieving
After the login phase managed by the LoginServer, a Client Agent can ask for a
citizen’s health records by typing her tax code. Figure 3.15 shows the typical in-
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Figure 3.14.: The agents composing the architecture.

teractions in such scenario. The Gateway agent queries the DistrictDBWrapper
to know which districts store the requested data (the citizen might have received
treatments in other districts). In this example, all requested data are in district
A and, thus, the Gateway queries the DF_Intra-district of district A to retrieve
LocalDBWrappers with relevant data. LocalDBWrappers send to the Gateway
the references to DocumentHandlers managing requested health records. The
Gateway informs the Client Agent about the location of health records. After
this phase, it is directly the client application that gathers this data from the
DocumentHandler agents of the platforms which hold the patient’s records. In
addition to the daily use of clinical documents, the architecture may have an
impact on emergency scenarios: first-aid doctors can exploit authorized mobile
applications to know patient history before the first-aid intervention (as in the
scenario described in [37]).

The Virtual Carer system presented in Section 3.2 is, by design, fully inter-
operable with the presented agent-oriented HIS. In fact, it could act as a client
application to interact with the healthcare infrastructure: the VirtualCarerA-
gent would act as a Client Agent to ask for exam results and health records
to the Gateway of the district to which the assisted person administratively
belongs. Moreover, the Virtual Carer system could be seen as a local plat-
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Figure 3.15.: The client agent queries the infrastructure for a citizen’s health
records.

form by the district of the assisted person, with the RegisterAgent acting as a
LocalDbWrapper and the VirtualCarerAgent as a DocumentHandler, providing
data about the assisted person directly from the assistive environment.

3.4. Chapter conclusions
In this chapter we proposed the adoption of agent-oriented paradigms in Am-
bient Assisted Living (AAL), Ambient Intelligence (AmI) and healthcare. Our
aim was to show how two well-established AI paradigms — Agent-Oriented
Software Engineering (AOSE) and Agent-Oriented Programming (AOP) — are
ideal to develop smart solutions in AAL and healthcare, especially to face envi-
ronments with a broad heterogeneity of devices and services. Autonomy, social
ability, reactivity and pro-activeness are agent properties that can be exploited
to face dynamic environments, provide a common communication language to
software entities, and ensure the interoperability of all the components.

At first, we presented a Multi-Agent System (MAS) approach to AAL to face
a dynamic environment, monitoring the health conditions of an elderly or dis-
able person in an assistive context. We developed a BDI-based expert system
which consists of several agents to manage a smart home. We implemented a
prototype of the system, i.e. the Virtual Carer, in order to highlight the ben-
efits of the proposed architecture. The reasoning core of the system is a BDI
agent: the VirtualCarerAgent. It collaborates with other agents controlling
various sensors and devices (ActuatorAgents) to facilitate the daily activities of
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the assisted person and to trigger alarms when an anomaly is detected by the
SensorAgents among the parameters regarding the patient’s health conditions
or the status of the environment. We used software simulations in a fictional
scenario to show the feasibility of the approach. The assisted person was rep-
resented by another BDI agent, the EldelryAgent, with several plans modelling
different actions (such as movements in the home environment, direct requests
of health parameters). We implemented ActuatorAgents, SensorAgents and
the Directory Facilitator (DF) with the JADE agent framework, while we used
the Jason framework for BDI agents (the VirtualCarerAgent, the RegisterAgent
and the ElderlyAgent). The adoption of agent-oriented frameworks, as those
we used, natively provides services addressed to fault-tolerance: in JADE, the
Main Container Replication Service and the DF persistence make the agent-
based architecture resilient to single point of failures for the agent management
and for the traceability of agents’ services.

Then, we described how MASs can support Health Information Systems
(HISs) to face the challenges in providing a more coordinated healthcare, with
interoperable software systems and documents, reducing, at the same time, the
healthcare costs. In order to meet requirements related to access to data, secu-
rity and the use of open standards, we proposed a MAS approach to model an
interoperable HIS. Interoperability with legacy systems can be obtained simply
using wrapper agents, sharing an ontology with the other agents of the system.
MASs are distributed by nature and, while cloud computing solutions propose
to centralize information and services in the cloud (with privacy problems and
the potential of a dangerous vendor lock-in), the proposed architecture ensures
that clinical information is stored in the same place where it is produced. Thus,
Multi-Agent HISs maintain the distributed and federated nature of healthcare
services.

Both the Virtual Carer system and the agent-based HIS highlight that sys-
tem flexibility can be enhanced by the adoption of FIPA standards for agent
communication and interaction: new devices, services and components can be
added simply integrating agents in the proposed architectures, making the sys-
tems ready for the inclusion of new technologies. As future work more insightful
tests have to be conducted: a real AAL scenario, i.e. a daily-used home envi-
ronment equipped with devices and sensors, where an assisted person can live,
is beyond our possibilities, but is the only way to fully validate the proposed
approach. The same holds for the testing of the Multi-Agent HIS. In Chapter 4
we will describe how virtual environments, as those provided by game engines,
can be used to partially satisfy the need of deep tests for AAL and healthcare
systems.

The future direction for the research described in this chapter is a full in-
tegration between HISs and the Virtual Carer, i.e. between the professional
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care of the patients by the medical staff and the need to live at home as long
as possible. The result of such integration will be a Virtual Nurse, i.e. a vir-
tual hospital ward at the patient’s home environment. Such a system should
be tailored on the diseases of the assisted person and, in addition to perform
health and ambient monitoring, should provide the medical staff with a synthe-
sis of the same information available in a real hospital ward: the result could
be an earlier dehospitalization for the patient, following the need of having
hospital wards available for emergencies and trying to provide an economically
sustainable healthcare.
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Chapter 4.

Virtual environments for the
Ambient Assisted Living

In this chapter, we propose the use of virtual environments for two issues related
to the adoption of Information & Communications Technology (ICT) systems
for Ambient Assisted Living (AAL) and Ambient Intelligence (AmI): the need
of testing AAL systems and the low degree of acceptance towards the enabling
technologies of AAL and AmI.

Indeed, IT systems for the AAL, and smart homes in particular, are “complex
ecosystems involving the occupants, physical and operational components of the
home, external and internal context, and dependencies between these” [69]. Be-
ing dwelling equipped with technology to monitor its inhabitants and to ensure
their independence and good health [13], smart homes should ease daily life, by
increasing user comfort, and constitutes healthcare facilities to generate health
reports and to guarantee emergency support [14]. Thus, the evaluation of sys-
tems that aim at the interaction with the assisted person to help her and ensure
her security should include several perspectives, as described in [70]: at least
the points of view of end users (elderly people and their relatives), physicians,
medical caregivers and developers (software and systems engineers) are essen-
tial to assess the quality and the effectiveness of such systems. Moreover, the
ideal tests for AAL systems which interact with the end-users should include
participatory evaluations [71]. In order to completely satisfy such conditions,
the development and the following testing of smart homes for the AAL in a real
environment1 require enormous resources in terms of work, time and money.
Assessing technologies for the AAL during their development, in real world
scenarios, with real participants, is a huge challenge because the trials should
be conducted extensively:

• With real human inhabitants with different kinds of impairments;

• In different environmental situations;
1With “real environment” we mean a daily-used home environment equipped with devices

and sensors, where an assisted person can actually live.
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• Taking into account diverse economical conditions.

Such trials will be also extremely expensive, especially for the development
of software prototypes that would require the hardware for a great number
of tests; furthermore the result of this effort could be the need to modify or
redesign some components (and thus to repeat tests). Additional challenges
have to be faced to gather data in the real world to test and validate algo-
rithms, technologies and whole frameworks. Collecting data can be done in
two ways [72]:

• By building an ad-hoc home environment and convice volunteers to live
there for a certain amount of time;

• By re-furnishing the homes of the monitored patients.

To collect data, the designer should follow the patients in their daily life at
home, living with them or recording their activities: in both the cases the nor-
mal flow of actions is influenced. Hence, generating test data and establishing
a ground truth are slow and cumbersome tasks [73].

Thus, in Section 4.2 of this chapter, we propose the use of a 3D virtual
environment that simulates a real smart home, with avatars for humans and
robots, with interfaces to sensors and actuators: such simulator can be an
effective tool to develop, simulate and test intelligent systems for the AAL,
such as the Virtual Carer. Using virtual environments to accurately reproduce
AAL contexts would allow a partial decoupling of the software development
from the hardware development, enabling to:

• Speed up the development of software systems; real tests can result in
the need to modify or even redesign a component. With the simulator
this process is faster and real tests can be carried out in more advanced
phases;

• Easily migrate software systems from the simulator to the real world.
This can be an advantage for both the development of a system and its
maintenance (as the migration can be also in the opposite direction);

• Execute tests in an economically sustainable way.

In addition to their use in simulators for AAL, in this chapter we argue for the
use of virtual environments to support the acceptance of AAL technologies. In
fact, despite its promises of increasing older adults’ autonomy, self-confidence
and mobility [3], the acceptance of AAL and its technology is still unsatisfac-
tory, and studies have shown a rather low intention of prospective users to adopt
AAL techniques [10, 11]. The reasons for low acceptance are many [74], and
include technological concerns about the trustworthiness of AAL solutions [75]
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(in terms of functionality, reliability, usability) as well as ethical considerations
such as the potential loss of privacy [10, 76], dignity [77] and autonomy [78].
Our diagnosis is that low acceptance is often caused by the lack of awareness
of the purpose of AAL and its enabling technologies. Although this is not the
only cause, we hypothesize that raising awareness could positively contribute
to acceptance by avoiding misconceptions and by mitigating unjustified fears.

Hence, we propose the use of awareness games as a tool to deliver knowledge
on the objectives and working principles of AAL. Awareness games are serious
games [79] that aim at increasing awareness in a certain target audience about
a given domain, in addition to providing engagement as regular (computer)
games. Awareness games have been proposed for several domains, including
environmental issues [80], security engineering [81], and flooding policies [82].
In Section 4.3, we present our developed awareness game: Smart Tales. In the
fictional context of the game, the player impersonates an assisted patient living
in a smart home, and gets to learn about AAL and its technologies while trying
to cheat the sensors that are placed in the house. While doing so, the player
collects informative cards concerning AAL, which are necessary to answer the
knowledge quizzes at the end of each level so as to unlock further levels. We
developed Smart Tales to give the opportunity to learn about the devices of
a smart home to those people potentially interested to equip their home with
smart technology.

The rest of the chapter is structured as follows:

• Section 4.1 presents the “state of art” use of virtual environments for
AAL, ranging from the need to gather test data for AI algorithms, to the
use of serious games for rehabilitation therapies.

• Section 4.2 highlights our AAL simulator, based on a robotics simulator,
as a platform to test intelligent software for AAL; the section includes
the description of a mobile application to manage a smart home that is a
use-case for the simulator, in conjunction with the Virtual Carer system.

• Section 4.3 describes Smart Tales, our game to raise awareness towards
AAL; the section presents the systematic description of the design of
Smart Tales, as well as a formative evaluation about the learning process
and the engagement of the game.

• Section 4.4 highlights the results of the two main contributions of this
chapter: the adoption of virtual environments in the testing of systems
for AAL, and the importance of serious games to increase the acceptance
of AAL technologies.

The content of this chapter is based on the research we published in [83, 84,
85, 86].
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4.1. Current uses of virtual environments in AAL

The studies in AAL scientific literature point out the need of ways to test and
validate AAL technologies before their adoption in a daily-used environment,
as well as the difficulties of carrying out such tests in a real scenario. Bowling
et al. [87] list the most important features required for analysis and simulation
tools for AAL: the analysis tools, which are based on performance measures and
do not require a simulation, need to model the coverage of available sensor and
the kinematic and dynamic performances of available robots; the simulation
tools need collision and physics engines as well as the emulation of the software
systems to manage the sensor networks and/or the robots (with a coherent
simulation time). Focusing on simulation, Godsey and Skubic [73] propose the
simulation of a sensor network by using game engine elements, with the aim to
reproduce data about the movements of a patient in a home environment. By
exploiting the collision mechanism of the physics engine, the authors simulate
passive infrared (PIR) sensors and test the correspondence of such a simulation
with a real case. A more advanced framework to collect data about patient’s
behaviours is presented in [72]: the authors define three distinct models for the
human, the environment and the motion sensor network; by defining complex
actions for the human (as well as a mechanisms to schedule such actions),
several days can be simulated; the simulation generates textual logs about
different variables (e.g. bed pressure, unwashed dishes in the sink, etc.) to
train and test activity recognition algorithms. Obtaining long-term data about
human behaviours is the objective of SIMDOMO, a simulator of sensorized
domestic environments proposed in [88].

The AAL simulator proposed in Section 4.2 differs from those just listed:
rather than generating data to test AI algorithms, it should exploit a physics
engine to represent the behaviours of a dwelling, for an AAL intelligent system.
We aim at providing a virtual environment where software for AAL can commu-
nicate with virtualized sensors and actuators as it would do with real devices,
to support a transparent migration. Thus, the proposed simulator supports
also development phases. In fact, the scientific literature includes example of
virtual environments used in the design of AAL platforms: Van’t Klooster et
al. [89] propose the use of Interactive Scenario Visualization to clarify system
functionalities and gain stakeholders’ feedbacks, by means of 3D models. The
computer-aided tool presented in [90] allows usability engineers to define the
workflow of a simulation and to visualize the simulation in a 3D environment,
in order to validate AAL systems.

However, the majority of the current applications of virtual worlds in the
AAL is addressed to motor and cognitive rehabilitation [91] and to improve
social inclusion [92]. In particular serious gaming has been widely adopted
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in rehabilitation. Indeed, typical game features (as providing challenges and
goals, stimulating curiosity, cooperation, competition [93]) enhance user en-
gagement and intrinsic motivation, motivating users in following therapies. In
general, serious games support users in developing their skills, in learning and
in experiencing situations that are impossible (e.g. for economical reasons) in
the real world [79, 94]. For these reasons, virtual reality and serious games are
also used in therapies for pain management [95].

The innovation of our game presented in Section 4.3, Smart Tales, is the
use of computer serious games to increase end-users’ awareness towards ICT
solutions for AAL. Smart Tales makes a step forward in the promising research
direction of serious gaming to foster acceptance of smart homes, trying to break
the learning barriers in the field [96].

4.2. 3D virtual environments as a testbed for AAL
applications

The use of 3D virtual environments to develop intelligent software systems to
manage virtual homes is inspired by the robotics field, where a relevant num-
ber of 3D software simulators is available (see, as examples, Gazebo [97], or
Morse [98]). Following what already exists in robotics, we propose to use a
3D simulator that exposes the interfaces to sensors and actuators (through
suitable libraries) available in the market and that allows to create a virtual
home environment: in such simulator, intelligent software systems for AAL
could be tested to evaluate their behaviours, even when facing unexpected
events. Ideally, the intelligent systems tested in the simulator should be mi-
grated transparently in a real environment with the sensors and actuators pre-
viously simulated.

To this point, one might argue that there is no need to use the 3D for AAL
simulations. Nevertheless, the 3D feature gives not only the involvement typical
of graphical effects, but should provide to system developers the possibility to
interact directly with the simulations, for example moving objects on the fly.
With a reliable physics engine (as those typical of computer games), developers
can simulate unexpected events and thus understand if the system behaves
correctly.

To show the potential of the adoption of a 3D simulator for the AAL, we im-
plemented a proof-of-concept. Actually, in addition to take the inspiration from
robotics simulators, we adapted an existing robotics simulator, exploiting its
public APIs for our experiments. We used Morse2 (presented in [98]), the Mod-
ular Robots Open Simulation Engine. It is an open-source robotics simulator

2http://www.openrobots.org/wiki/morse/
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based on the Blender game engine. The architecture is based on components
able to simulate sensors, actuators and robots; its structure is modular since
components (as sensors and actuators) can be added with a scripting mech-
anism. To model the home environment for the simulations, we used Sweet
Home 3D3, an open-source interior design application to draw the plan of a
house and to arrange the furniture in a 3D model. It allows to easily create
and export in Blender4 models of domestic environments, in which the different
sensors and actuators can be placed.

Hence, after developing a fictional 3D home map (Figure 4.1), we imple-
mented virtual sensors and actuators as in the scenarios already described in
Chapter 3. Thanks to the public APIs of Morse, we simulated a set of ambient
sensors: temperature sensors, motion sensor and RFID sensor. The possibility
to adjust the ambient temperature is essential in order to ensure the maxi-
mum comfort within the house. The simulated temperature sensor emulates
a thermometer, measuring the temperature with respect to the distance from
heat sources. It defines a default temperature throughout the scenario, which
is affected by local heat sources. The temperature rises exponentially when
the distance between the sensor and the heat source decreases. Its equation is
given by:

temperature = DefaulTemperature+
∑
s

HeatTemperature(s)·e(−α·distance(s))

In the experiments that we will describe in Subsections 4.2.1 and 4.2.2, we
modeled the assisted person sitting on a wheelchair; thus, we placed one tem-
perature sensor exactly on the wheelchair: this choice reflects the possibility,
for the assisted person, to control the perceived temperature at any given point.

Beyond complex applications for activity detection and recognition, motion
sensors are essential even in simple tasks, such as turning on lights only when
it is actually needed; similar checks can be applied also to the climate system.
Since in Morse there are no motion sensors as those described, we simulated
it using a SICK sensor, made available by the software, in order to reproduce
a Passive Infrared sensor. The SICK sensor is a laser scanner which works by
generating a series of rays in predefined directions, and by using the collision
system of the physics engine to detect whether any active object is found within
a certain distance from the origin of the sensor. We used the simulated motion
sensors to localize the assisted person inside the home. We placed them in
strategic points of the house to get the maximum possible coverage.

We simulated RFID sensors by using the proximity sensors offered by Morse,
positioning them near the doors. These sensors can be used to determine which

3http://www.sweethome3d.com
4http://www.blender.org/
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Figure 4.1.: The fictional home map developed for the simulations in Morse.

objects are within a fixed radius from the sensor itself. The type of tracked
objects can be specified using the Track property. A simulated RFID tag
has been applied to the avatar representing the assisted person: for example,
whenever the avatar approaches one of the two doors, the tag transmits the
information to the receiver; data are then sent to the home automation system
allowing the identification of the subject and to open the door automatically.
In fact, we simulated also actuators, representing motor-powered doors and
windows, as well as gas and water electrovalves.

Thanks to the scripting mechanism available, we simulated other sensors not
included in Morse, for the management of dangerous situations: gas detector
sensors, flowmeter sensors, a heart rate sensor and an apnea detector sensor.
The first detects leaks of gas in the apartment; the flowmeter detects possible
flooding; the heart rate sensor measures patient’s heart rate in real time; the
apnea detector verifies assisted person’s apneas arisen during sleeping time.

Figure 4.2 summarizes the concept of our simulator: software systems for
AAL can interact with the simulated home in Morse through network sockets.
Each sensor (and each actuator) in the simulated environment is associated
to a thread where software can retrieve values (and send commands). Thus,
with a communication based on the TCP/IP protocol, the tested software can
be easily migrated in real environments, if virtual sensors provide the same
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Figure 4.2.: Real applications interact with the virtual environment through
network sockets.

interface as off-the-shelf sensors capable of communicating over a network. As
highlighted in the figure, we used our proof-of-concept Morse-based simulator
with two use cases: a real mobile application and the Virtual Carer described
in the previous chapter. Subsection 4.2.1 includes a description of the mobile
application and its interaction with the virtual environment, while Subsec-
tion 4.2.2 describes the emergency scenarios implemented for the interaction
with the Virtual Carer. Finally, Subsection 4.2.3 explains the challenges faced
to simulate basic human behaviours inside the simulator.

4.2.1. A simulator use case: a mobile application for the AAL

The first use case for our simulator is a mobile application that we developed for
the management of a smart home. As highlighted in Chapter 2, mobile devices
and smartphone are considered promising tools to improve the quality of life
of elderly people. Thus, many applications are sprouting in healthcare and
AAL: examples are remote monitoring by general practitioners [99], remote
monitoring of patients affected by chronic diseases [100], and assessment of
the quality of life through activity recognition [101]. The testing of a mobile
application is then a significant example of a software system for AAL.

Figure 4.3 shows the main components of the mobile application. The smart-
phone becomes a real remote control that interacts with the home environment
of the assisted person: through the smartphone interface, the assisted per-
son can manually control lights, doors, windows, temperature and more. Fig-
ure 4.3a is the application main page: it provides the access to all the pages
for the interaction with the devices in the smart home. The stylized light bulb
controls the lights of the environment (Figure 4.3c). Figure 4.4 shows an ex-
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(a) Home page (b) Door control (c) Light control (d) Window control

(e) Thermostat (f) Emergency calls (g) Safe number call (h) Voice commands

Figure 4.3.: Different pages of the mobile application.

ample of interaction: one can turn the light on in a room by touching the icon
that corresponds to that room. The interface provides an immediate feedback
of the status of the lights in the home: a yellow background of the icon of a
light indicates that it is turned on. Automatic doors and windows can be con-
trolled through the respective stylized icons (Figures 4.3b–4.3d). Even in this
case, there is an immediate feedback of the status of the home: for example, in
Figure 4.3d, if the background of an icon is blue the correspondent window is
open. Through the thermometer icon, the assisted person can set the desired
temperature inside the home: intuitively, the blue and red icons decrease and
increase the preferred value (Figure 4.3e). In the SOS page (Figure 4.3f), the
patient can quickly send emergency or familiar calls; in the second case (Fig-
ure 4.3g) either a normal call or a skype call can be selected. One of the most
important features is represented by the icon with the stylized microphone (Fig-
ure 4.3h): it allows to use the smartphone speech recognition system to send
voice commands to the home. In facts, we mapped all the commands available
in the interface, adding also the possibility to open/close all the windows or
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Figure 4.4.: Example of an interaction between the mobile application and the
simulator.

turn on/off the light with a single command.
Thus, the virtual domestic environment can be manually controlled by a user

through the mobile application: the communication between the simulation in
Morse and the mobile application on a real smartphone uses IP sockets. This
allows to simulate a real world scenario where the domestic Wi-Fi network can
be used to take advantage, anywhere in the environment, of all the services
offered by the application and the smart home. The smartphone adds real
sensors to the simulation: ambient light sensor, accelerometer, gyroscope, GPS
and microphone are available to interact with the simulator. The ambient light
sensor is able to detect changes in light: hence, we used it to automatically
activate the lights in the room, inside the virtual environment, where the avatar
of the assisted person is located; in case of emergencies such as a blackout, it
can activate the flashlight of the camera. The accelerometer, gyroscope and
GPS can be used for indoor and outdoor localization of the patient’s wheelchair
and fall detection. Finally, through the use of the microphone we tested voice
commands on the virtual environment. In fact, all the described functionalities
have been tested in the simulator, and a video is publicly available5.

4.2.2. A simulator use case: the Virtual Carer

The second use case is based on the testing of the system presented in Chapter 3,
the Virtual Carer. The agents composing the Virtual Carer interact with the

5The link to the video is the following: https://www.youtube.com/watch?v=
zXEpShRNGuo
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simulated environment using the IP sockets exposed: each agent uses a socket
channel to retrieve values from sensors and send commands to actuators. In
addition to the transparent migration of entire systems, this is an advantage
also when the Virtual Carer (or another agent-based system) is running in a
real smart home: new agents can be implemented in virtual environments and
added to the real one; moreover existing ones can be migrated in the virtual
environment for maintenance.

As for the mobile application, there is a public video that shows the tests
with the Virtual Carer6. The video includes some simple actions based on
the simulated motion and RFID sensors: the lifting of the platform at the
entrance of the home; the opening of doors and windows for air circulation; the
temperature control. The simulations include also critical conditions, as danger
of flooding and gas leaks. As shown in the video, the danger of flooding may
occur when the assisted person tries to fill the bathtub, changes room for some
reason and forgets the tap open. The simulated flowmeter located in the tube
of the tap continuously measures the water flow rate (expressed in litres per
minute) that flows from it. This value is taken as input by the Virtual Carer
which has, in its knowledge base, the maximum capacity of the bathtub (in our
case 160 litres) and binds it to the event “closed cap” 4.5. When the flow of
water out of the tap is about to exceed the maximum capacity of the bathtub,
the Virtual Carer decides to shut the water tap just before the outflow of water
from the bathtub, thus avoiding the danger of flooding. The scenario with a
gas leakage is similar: let’s suppose that the assisted person approaches to the
stove to cook and forgets the gas valve open. The percentage of gas in the air
will increase up to a limit value (10%) detected by the sensor; at this point the
Virtual Carer notifies the assisted person using an audio message, closes the
valve of the gas tap and opens the windows for the gas leakage. Finally, once
the situation is normal, a further notice will be issued to reassure the assisted
person.

4.2.3. Representing human behaviours

In a complete 3D simulator for the AAL, also human behaviours should be
represented: the involved research topics are similar to those concerning the
inclusion of human reasoning mechanism in computer (and serious) games [102]:

• The selection of the AI approach to model and imitate human behaviours
especially taking into account the need of human like responsiveness and
communication;

6The link to the video is the following: https://www.youtube.com/watch?v=
IBuYZFoKmy8
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Figure 4.5.: Simulation of a flooding emergency situation.

• The influence of the adoption of strong AI techniques to imitate human
reasoning on the simulator design, since a well identified problem in com-
puter game design is the introduction of the AI in the last phases.

• The definition of behaviour goals to test intelligent software systems for
the AAL.

A promising direction is the design and implementation of virtual characters
as BDI agents (see, for instance, [103] for the development of BDI based Non-
Player Characters in computer games). Although this approach is ideal to
implement virtual characters capable of carrying out long-term autonomous
actions, it leads in several sub-problems: balancing between proactive and
reactive behaviours, scheduling properly goals on the basis of the application
domain, representing the environment in a symbolic manner and translating
this representation during the interaction with the simulator engine.

Hence, we extended Morse also to include a human avatar that represents
the behaviours of the assisted person: at the current stage the implementation
is separated from the previous scenarios. We based our model on the same
mechanism that authors in [72] used to generate data about human daily ac-
tivities: the modeled human behaviours are based on the temporal evolution of
simulated trends of human parameters (representing the human status), which
will generate specific needs (i.e. thirst, hunger, boredom, sleepiness). As de-
sires in a BDI model, these needs trigger intents, implemented as high level
activities composed by several lower level atomic actions, that are executed
in a sequence, as in a plan. As described in Kormányos and Pataki’s paper,
each scheduled activity is influenced by both the human state and one or more
scheduled activities.

Since our simulations run in a 3D environment, we added to the previous
model the visual perception of the avatar: the motion of the virtual avatar does
not use pre-determined coordinates or a simulated GPS; the spacial awareness
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is based on a motion and exploration algorithm depending on visual references
caught by a sensor (the semantic camera sensor provided by Morse). Each
intent is composed by a movement action to reach a certain object in the
virtual world to achieve the scheduled intent and a following interaction phase
with that object. For this purpose, there are two kinds of movement actions
implemented into the simulator:

• Exploration, used if the desired object’s location is not known;

• Motion, used if the character already knows where the desired object is
located;

At the beginning of the simulation, the avatar will not have any initial knowl-
edge about the surrounding environment: so the avatar will have to explore it if
needed. The motion algorithm is based on the notion of Place, intended as a set
of visible objects perceived using the semantic camera sensor. All the gained
information is saved on a SQLite database and used to build an explorable
graph where it is possible to use traditional pathfinding algorithms to elabo-
rate movements. We implemented the avatar’s intents, actions and movements
using Java: thus a Java program controls the simulation, interacting with the
virtual representation of the person and the environment in Morse through IP
sockets.

4.3. Virtual environments in an awareness game for
AAL: Smart Tales

Smart Tales is a serious game that aims to raise awareness about the potential
of ICT solutions for AAL. Being a serious game, the main goal of Smart Tales
goes beyond pure entertainment [104]: the purpose of the game is to give the
opportunity to end-users to learn about sensors that can be placed in a smart
home, showing their capabilities as well as their weaknesses. The player is the
inhabitant of a smart home that is equipped with a number of sensors to detect
the presence of the player’s avatar, and to determine the room where the player
is located.

The version of the game presented and evaluated in this section is focused
on motion detection and indoor positioning, and is composed by three levels
of increasing difficulty. Three kinds of sensors are present in the virtual world:
passive infrared (PIR) sensors for motion detection; active infrared sensors for
passage detection; smart tiles for both motion and presence detection [40]. The
implementation relies on the Unity 3D 4.6 game engine7; we developed the 3D

7www.unity3d.com/
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model of the smart home with SweetHome3D and Blender, as in the simulator
described in the previous section.

Since Smart Tales is intended as a driver to achieve wider awareness and
acceptance of ICT solutions for AAL by end-users, engagement and effective-
ness of learning are the key determinants to assess the success of the game.
Thus, during the design and development of Smart Tales we needed to take
into account multiple, partially conflicting requirements:

• Both technical and non-technical people need to be able to play the game.
Hence, the controls should be easy to remember, minimal and intuitive.

• Information about AAL shall be delivered within the game mechanics in
order to make the learning process lighter, using typical game features to
enhance user engagement and intrinsic motivation [93].

• The player shall be motivated to keep playing through all the levels,
avoiding to overwhelm him with excessive information. Moreover, in line
with the theory of flow [105], the game difficulty has to gradually increase,
increasing the challenge but not the frustration, in order to reward the
player for his progress and his learning.

To engage the player and satisfy the listed requirements, Smart Tales includes
elements from different game genres: third/first person shooters, puzzle games
and arcade games. The virtual environment of the game is in 3D (inside a
dwelling) and the player controls an avatar through the arrow keys. The goals
are to avoid being detected by the sensors in order to score points, and to
progress to the next levels while gathering information about AAL and sensors.
The player’s goal is to provide evidence that some of the sensors are misplaced.
In other words, the player is supposed to cheat the home, scoring points as
much as he can. The game consists of levels: upon completing a level, the
following level is unlocked.

In Subsection 4.3.1 we present a systematic description of the design of Smart
Tales; then, in Subsection 4.3.2, we show the results of a formative evaluation
of the game, based on a playtesting session on the three game levels with real
participants.

4.3.1. Game design
To describe the design of Smart Tales in a systematic manner we use the
Serious Game Design Assessment (SGDA) framework, proposed by Mitgutsch
and Alvarado [106]. This framework enables studying a serious game design
in relation to the game purposes and intention: it allows to analyze a serious
game investigating the cohesiveness of its content and information, mechanics,
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Figure 4.6.: Delivering awareness through informative badges: the definition of
the sensor “PIR”.

fiction and narrative, aesthetics and graphics and framing, and their coherence
in relation to the game purpose: to raise awareness about AAL and its enabling
technologies.

Content & Information

In the SDGA framework, this aspect refers to the information and data pro-
vided during the game. We can distinguish between:

• The serious content that provides information about AAL and the sensors
present in the virtual home;

• The information related to the game status.

The serious content relates to the core purpose of Smart Tales: in the game,
the player has to collect informative cards (badges) about Ambient Assisted
Living and the sensors present in the game levels. The player can read the
collected badges in any moment of the game except while he is answering the
quizzes at the end of each level, since the provided information is needed to
correctly answer to the questions.

Figure 4.6 shows the information in one of the badges, that defines the no-
tion of a “PIR sensor”. The provided information is both textual and visual.
The textual information describes the content of the badge, while the visual
information facilitates the recognition of the badge. The top-left “information
logo” on the badge clarifies that the included information is useful to answer
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Figure 4.7.: In-game notifications to the player: by exiting the kitchen unde-
tected for the first time in that level, the player scores 100 points
plus 100 points of bonus.

to the questions at the end of the level; the top-right logo identifies the main
topic of the badge: there are different logos for badges on general information
about AAL, PIR sensors, active infrared sensors and smart tiles.

In order to keep the player engaged in the game, to not overwhelm him with
too extensive information and to make the learning process more effective, the
information is split in nine cards. Furthermore, to ease the reading process,
the content of the badges with longer content is presented in multiple pages.

During the game, the player can visualize data about the game status, in-
cluding the time left to play the level, the earned points (and the points of his
opponent, the engineer who configured the smart home, covered by the CPU)
and the number of unread badges in the player’s inventory. As depicted in
Figure 4.7, the player gets notified whenever he scores points. Such elements
allow to keep the player focused on his goals in the game, pushing him to beat
the home engineer, collect and read more badges, in order to foster engagement
as a key factor in the learning process.

Game Mechanics

Mechanics are the various actions, behaviors and control mechanisms afforded
to the player within a game context [107]. In the SGDA framework, the game
mechanics involve the in-game goal of the game, the reward system, and the
main playful obstacles/challenges. In Smart Tales the player has to achieve
three goals to advance to the next level:
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• Score more points than the home engineer;

• Collect all the badges within the level;

• Answer correctly to all the questions presented at the end of a level.

The first goal gives a challenge to the player: he needs to beat the engineer who
configured the home. The difficulty increases with the levels, and the player
has to carefully plan an effective path for his avatar to follow. To do so, the
player can choose in which room he wants to place his avatar; some choices are
better than others, and the right positioning can be crucial to pass the level.
Thus, challenge and planning are instrumental to keep the player focused and
engaged. The second goal pushes the player to collect all the badges with
information about AAL. Finally, to unlock the next level, and thus to continue
the challenge, the player needs to answer to three questions at the end of each
level. The content in the badges is essential to answer correctly. In case wrong
answers are given, the player does not unlock the next level.

To score points, the player needs to exit from the rooms of the smart home
without being detected. When a sensor detects the presence of a player inside
a room, the home engineer scores points. Consecutive actions give extra-bonus
points, using a multiplier, as in arcade games, either to the player for having
cheated the house, or to the CPU engineer for having kept track of the player.
The basic action that the player can perform is to move his avatar in the
3D smart home, using the arrow keys, in order to avoid the placed sensors.
The player is able to see the sensors’ coverage before placing the avatar in
the home; while playing, he can see the devices on the walls and doors, but
not their sensing area. Moreover, the player gets bonus points by reading the
informative badges: this mechanism gives an extra in-game incentive to read
the AAL-related content. Another game mechanic is the time limit to play
a level, since the player has one minute to complete the level and to achieve
the first two objectives: to score more than the engineer and to collect all the
badges. On the one hand, the time limit makes the level more challenging; on
the other hand, keeping it low allows the player to not waste time waiting the
quiz at the end of the level, in case he achieves the first two goals.

Fiction & Narrative

The fictional context of Smart Tales has the following logline: an engineer
equipped an assistive “unobtrusive” environment (a smart home), but the skep-
tical inhabitant does not consider the home that unobtrusive. The player lives
in the home and has to prove that the engineer has misplaced the sensors. The
game takes place in a dwelling: the player has to place his avatar in a room
and then he has to start moving, collecting badges and avoiding sensors.
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The fictional context reflects the target environment of AAL: the home of
an assisted person. The narrative introduces the player to the game challenges
that will engage him in his learning process: the inhabitant does not consider
the home unobtrusive, and his aim is to mislead sensors to proof they are
misplaced.

Aesthetics & Graphics

To support the game purpose, Smart Tales uses basic 3D graphics to represent
the smart home and the players avatar. A 3D environment gives additional
opportunities to the player to avoid the sensors: in addition to moving inside
the home, the avatar can walk crouched, jump and do small steps. To support
the game mechanics, the main elements are highlighted in the user interface:
the time is shown in red color on the top-center of the screen; the scores are
on the bottom left of the screen (the player points are in green, the engineer
points are in red). In addition, as per Figure 4.7, a status bar shows whether
the player is currently defeating the engineer, by positioning a cursor within
a red-to-green scale (red = engineer is leading, green = player is leading). A
green notification on the left side of the screen appears when the player scores
points; a similar red-colored notification appears when the home engineer scores
points on the right side of the screen. Finally, a set of icons allows the player
to change the game camera (top-left of the screen) and to access the inventory
of the collected badges (top right of the screen).

Framing

This element of the SGDA framework refers to the target group of a serious
game. Since the purpose of Smart Tales is to increase the awareness of ICT
solutions for AAL, the target group is composed by people potentially interested
in equipping a home with smart technology, such as the relatives of older adults
who live alone. Hence, Smart Tales is mainly targeted to non-technical people
and non-gamers. The complexity of the levels gradually increases in order to
not overwhelm the player. In the first level, a few PIR sensors are available,
and the badges are easy to collect. In the third and last level, both passive and
active infrared sensors as well as smart tiles are present, and the player has to
properly plan beforehand on how to collect the badges, bearing in mind that
he should score more points than the home engineer.

The controls of the game are easy to allow non-technical people to play: the
avatar can be moved with the arrow keys (or the “WASD” keys) and the buttons
on the screen are mouse-clickable. The default game camera is automatic and
follows the avatars’ movements, from a third person perspective. However,
more skilled players can choose a manual camera that can be rotated with the

68



4.3. Virtual environments in an awareness game for AAL: Smart Tales

mouse and can even use the “CTRL” key to make the avatar crouch, the “Q”
key to do just a small step and the “space bar” to jump. A detailed tutorial
explains all the controls of the game. As a reminder of the game controls,
the player can always press the “question mark” button on the top-left of the
screen: it shows the game controls and summarizes the level’s goals.

4.3.2. Evaluation
We carried out a preliminary evaluation to assess user engagement and learning
effectiveness. Engagement is crucial to keep the player motivated to play: the
player should experience the entire (or at least most of the) gameplay. This
is important because the serious purpose of the game—raising awareness on
AAL—is delivered through the gameplay by collecting badges and answering
to questions.

Evaluation method

The evaluation is based on user tests with ten people having different back-
grounds, selected because of their inexperience in AAL. All the participants
were from the same geographical area: the Netherlands. Eight participants
were male and two were female. Nine of them had university level education in
various fields of expertise including Mathematics, Psychology, Linguistics, Hu-
man/Economic Geography, Anthropology, Social Studies, Film Sciences, His-
tory and Electrical Engineering. One had secondary school education level.
The age ranged from 21 to 30 years old. All but one finished the game and
completed all the three levels of the tested version of Smart Tales.

We based the tests on the quasi-experimental research design model of Mayer
et al. [108], and our study was conducted by three M.Sc. students. After an
explanation of the game goals and of the evaluation’s objectives, the partici-
pants filled in a short questionnaire to determine their prior knowledge on AAL
and the sensors that Smart Tales features. Then, the participants were asked
to play the three levels of the game, without imposing time limits. In the pre-
game questionnaire, the users had to give yes/no answers to the following five
questions:

1. Do you know what is ambient assisted living?

2. Do you know what is a smart home?

3. Do you know what is a passive infrared sensor?

4. Do you know what is an active infrared sensor?

5. Do you know what is a smart tile?
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As a double check, the questionnaire included five open questions that asked
the participant an informal definition of the concepts of the previous five ques-
tions. Seven participants answered negatively to all of the questions; however,
when asked to define AAL using their own words, they associated it to the con-
cept of a “home technologically equipped to assist in some task and/or perform
monitoring”. One participant (with a background in Electrical Engineering) an-
swered positively to the first four question, although he gave a wrong definition
of infrared sensors. The last two participants knew what is a smart home; one
of them answered “yes” on the last two questions, but actually gave a wrong
definition of active infrared sensor and smart tile.

After the gameplay session, the participants had to fill in two questionnaires:
the former measured user engagement, and was based on the User Engagement
Scale (UES) proposed by Wiebe et al. [109] to assess engagement in video game-
based environments; the latter focused on the assimilated knowledge by asking
the same questions that were in the game, and was delivered thirty minutes
after the end of the game session. The choice of relying on the same questions
poses threats to the validity of the results, while it minimizes the chance of
asking knowledge that the game did not deliver.

The tests were carried out in two sessions, at different stages of game de-
velopment. Six participants tested an early version of the game, while four
participants tested a revised version, including different textual and visual in-
formation. The early version displayed information on the badges without
visual logos. Moreover, a clearer description of the in-game goals was added
before the first level as well as in the game help. We performed this redesign
after collecting feedback from the first six participants, in order to improve
usability and limit confusion.

Learning effectiveness

In Smart Tales, the player has to answer three questions at the end of each
level, in order to advance to the next one. The questions concern the serious
information content that is contained in the badges collected in the level that
was just played. The choice of including knowledge into artifacts is inspired by
the reified knowledge game design pattern [110], in order to introduce knowledge
into a game without disrupting the flow.

Figure 4.8 shows the questions at the end of the first level. These questions
check the acquired knowledge on the concept of AAL and on the definition
of PIR sensor; such topics are covered by the badges placed in the first level.
While answering the in-game questions, the player is actually performing a
self-assessment of his first-order learning. Visual feedback informs the player
about the correctness of his answers: those highlighted in green are correct,
while those in red are wrong (see Figure 4.9). If wrong answers are given, the
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Figure 4.8.: The questions the player is confronted with at the end of the first
level to unlock level two.

player has to replay the level and re-answer the questions, in order to unlock
the next level. This is an incentive for learning the content in the badges.

During the users tests, we evaluated first-order learning: according to Mayer
et al. [108], it is direct influence of playing the game on the individual, small
group attitudes, knowledge, skills or behaviour. We reused the nine questions
that the player has to answer while playing Smart Tales (three per level): the
questions were provided to the users as a questionnaire, thirty minutes after
playing the game, in order to assess the effectiveness of the learning process.
Figure 4.10 shows the number of correct answers per player in the post-game
questionnaire. Globally, 81% of the answers given by the participants was
correct: one player answered all the questions correctly, while five players gave
just one wrong answer. However, one player was able to give only four correct
answers. In fact, such player was not able to complete the second level, and
gave up after five attempts; this means that he did not read all the badges and
he did not learn enough to answer to more questions.

The approach that we employed in our preliminary evaluation of learning
effectiveness does inevitably suffer from threats to validity:

• To adequately assess the learned knowledge, the time between the end of
the game session and the post-questionnaire should be longer than thirty
minutes. Further tests with an improved research protocol are essential;

• A comparison with traditional learning methods (for example reading
books or papers) should be performed, in order to clearly evaluate whether
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Figure 4.9.: The answers given by the player: the game provides a visual feed-
back on the correct answers (green) and on the wrong ones (red).

our awareness game is suitable for teaching the basics of AAL and its
enabling technologies. This should involve a different research method
where participants are allocated to either a treatment group (playing the
serious game) or a control group (relying on other instructional tech-
niques) [111].

• The post-questionnaire should be slightly different from the in-game ques-
tions, in order to be sure that the tester does not memorize the correct
answer, but instead learns the information provided by the badges.

14/9

16/9

27/9

58/9

19/9

number of players

Figure 4.10.: Correct answers per player in the post-game questionnaire: 5 par-
ticipants gave 8 correct answers out of 9 questions.
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Engagement

To evaluate user engagement in Smart Tales, we used the User Engagement
Scale (UES) proposed by Wiebe et al. [109] as a validated measure that is
tailored for video games. According to the UES, engagement is composed by
four factors:

• Focused attention, based on the theory of flow [105], to evaluate the con-
centration, the temporal dissociation and the absorption of the player;

• Perceived usability, to evaluate affective (challenge/frustration) and cog-
nitive (effortful) aspects of playing the game;

• Aesthetics, to evaluate the visual appearance of the game;

• Satisfaction, to evaluate the interest the game evoked, the fun of the
gaming experience and the willingness to play it again (and to recommend
the game to others).

For each factor, we posed statements that the users could agree or disagree
with using a 5-point Likert scale, where 1 corresponds to strong disagreement
and 5 to strong agreement with the statement. In order to compute a score for
each factor, we used the average of statements that related with that factor.

Table 4.1 shows the UES scores obtained by computing the mean of scores
given by the participants, before and after the redesign phase. The score for
focused attention was 2.42 before the redesign phase and 2.53 after the redesign
(1 = low ability to focus on the game, 5 = high ability to focus). The perceived
usability scored 3.4 before and 1.91 after (1 = high sense of usability, 5 = low
sense of usability); the aesthetics scored 2.8 before and 2.9 after (1 = low
appealing game, 5 = high appealing game); the satisfaction scored 2.64 before
and 2.04 after (1 = low satisfaction, 5 = high satisfaction). The data highlights
a significant improvement in the perceived usability, and a slight improvement
in the focused attention and in the aesthetics, and thus a more engaging game.
Nevertheless, user satisfaction was lower after the redesign: this can be due to
the fact that the three in-game goals were explicitly listed at the beginning of
the level, instead of being present just in the tutorial; hence, the player might

Table 4.1.: UES results for Smart Tales, before and after the minor redesign.
UES factor Before After
Focused Attention 2.42 2.53
Perceived Usability 3.40 1.91
Aesthetics 2.80 2.90
Satisfaction 2.64 2.04
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feel overwhelmed by the game goals. The small number of subjects, however,
does not allow to draw any statistically significant conclusion.

In the following, we describe the detailed results on each factor, by means of
diverging stacked bar charts. The bars (see, for example, Figure 4.11) shows
the distribution between strong disagreement and strong agreement of all the
players who tested Smart Tales, using different colors; the number on each bar
indicates how many players gave that precise score to one statement.

Focused Attention. Figure 4.11 lists the statements associated with the fac-
tor “Focused Attention”, as well as the distribution of players on the Likert
scale. Before the performed redesign, all the statements but one has been
scored “strongly disagree” by, at least, one player. The statements with the
lowest score are those about the perception of time: the statement I was so
involved in my gaming task that I lost track of time received negative scores by
5 player (2 “strongly disagree”, 3 “weakly disagree”). The statements about
absorption and concentration got a score a little closer to neutrality, but scores
are still unbalanced towards disagreement: 3 players weakly disagreed with the
statement I was really drawn into my gaming task; the other 3 players were
“neutral” to that statement. While players need to concentrate to achieve the
game goals, they seem not to lose awareness of the fact that they are performing
a learning task. While there are no significant improvements for the perception
of time, the redesign seems to have an impact on player absorption: the state-
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Figure 4.11.: Focused attention scores: before the redesign, 3 players out of 6
weakly disagreed with the statement I was really drawn into my
gaming task while the other 3 players were “neutral”.
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ment I was really drawn into my gaming task got “weakly agree” by 2 players
and “neutral” by the others; I was absorbed in my gaming task improved even,
with 3 “weakly agree”.

Perceived Usability. The bar chart in Figure 4.12 includes the statements
related to the factor “Perceived Usability”. The results of the tests before
the redesign clearly indicate the need to improve usability of the game. In
particular, the participants felt frustrated: all the players but one weakly agreed
with the sentence I felt frustrated while playing the game.

Follow-up interviews with the users revealed that the main reason was that
players did not really know what to do due to ambiguous or missing feedback
and a lack of instructions. The tutorial of Smart Tales includes written in-
structions given to the player using pop-ups. Most of the players found such
instruction boring, and skipped the pop-ups before reading the content. Thus,
a redesign might be needed, and tests with different techniques to give in-
structions should be carried out (for example we can consider to give audio
instructions and to use subtitles).

However, the results on perceived usability after the redesign are encourag-
ing: each statement gets a better score, and perceived usability globally scores
1.91. The sense of frustration was lower, and all the 4 participants to the tests
after the redesign strongly agreed that they were able to do the things they
needed to do in the game.
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Figure 4.12.: Perceived usability scores: after the redesign, all the 4 players
were able to accomplish their tasks in the game.
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Aesthetics. Figure 4.13 shows the scores of the statements related to the fac-
tor “Aesthetics”. Users gave a positive score to the statements on layout and
graphics, which indicates that the basic graphics chosen for Smart Tales are
appropriate for the purpose of the game. In fact, both before and after the
redesign, 3 players agreed with the statement I liked the graphics and images
used in the game. Nevertheless, the users did not define the game as very at-
tractive since the graphics reminds third person shooter games, which typically
have high-quality visual effects. This expectation can have a negative impact
on global engagement: the statement the game was aesthetically appealing was
scored without any significant difference before and after the redesign; most of
the participants (6 out of 10) weakly disagreed with the sentence, three were
neutral and one agreed.
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Figure 4.13.: Aesthetics scores: the players did not define the game attractive,
probably because the graphics remind third person shooter games.

Satisfaction. Figure 4.14 includes the scores of the statements about factor
“Satisfaction”. Both before and after the redesign phase, the players indicated
a low willingness to continue playing and to suggest the game to other people.
In addition, all the participants involved in the tests after the redesign weakly
disagreed with the sentence Playing the game was worthwhile. One reason for
these issues is that the same home and sensors are present in all the three
levels; thus, some players might find the game repetitive. Hence, a redesign
might be needed, by adding levels with different home maps and more sensor
types. The new redesign should address also players’ curiosity and interest,
since the participants negatively scored the statement I would continue to play
this game out of curiosity (5 players out of 10 expressed strong disagreement
with the statement, 2 before the redesign, 3 after).
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Figure 4.14.: Satisfaction scores: the players showed low willingness to replay
the game, even if, according to the scores, the content (but not
the gameplay) seems to stimulate curiosity.

4.4. Chapter conclusions
We discussed about innovative uses of virtual environments for AAL and AmI.
In the first part of the chapter, we presented a robotics simulator extended
to test and validate AAL applications. To show the interactions between the
simulator and AAL systems, we described two use cases, as examples of software
that could be developed and tested with the 3D virtual environment:

• A smartphone application for the management of a smart home;

• The Virtual Carer (as presented in the previous chapter).

In addition of a decoupling of the software from the hardware, using a simu-
lator can improve the economical sustainability of the development of software
to control smart homes: even if such an approach cannot completely replace
user trials before the everyday use, it can speed up the development of proto-
types and allow the use of real environments only for release candidate versions.
The interactions between simulated sensors (and actuators) and AAL systems
are based on network sockets: the software systems tested in the simulator
should be easily migrated in real environments, if virtual sensors provide the
same interface as off-the-shelf sensors (the only requirement is their capability
to operate in a TCP/IP network).

Of course, more qualitative and quantitative tests on the simulator are
needed. In our vision, an AAL simulator could be an ideal platform to com-
bine the efforts of the AAL research community for the development of assistive
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technologies; as future work, instead of extending a robotics simulator, as in
our simple proof-of-concepts, the possibility of developing a dedicated AAL
simulator (with a physics engine) should be evaluated, in order to adhere to
specific AAL needs. Moreover, the implementation of human behaviours needs
improvements: the simulator has to take into account that smart homes are
socio-technical systems [112], being characterized by the interplay between the
human factor and the technical aspects of AAL. The simulation of human be-
haviours does not involve only the assisted persons: the simulations should
include avatars representing all the people interacting with the assisted per-
sons (such as relatives, a caregiver, a mailman, a repairman, health operators,
etc.); thus, even the mechanism for the goal scheduling of the patient is com-
plicated by the possible interactions. The BDI paradigm, in particular, could
allow to reproduce human-like cognitive processes which can seriously enhance
the credibility of avatars’ behaviours, an essential aspect for simulators and
virtual environments [103].

In the second part of the chapter, we argued for the importance of virtual
environments to increase the acceptance of AAL. Thus, we presented the Smart
Tales game that raises awareness on concept, objectives, working principles and
enabling technologies of AAL.

Currently, the game has three levels as well as a tutorial for the user to
learn about the game controls and objectives. The player covers the role of an
inhabitant of a smart home, and his objective is to cheat the deployed sensors.
The player has also to collect informative cards about AAL and its technology,
gaining the necessary knowledge to answer the quizzes at the end of each level,
and advance to the next one.

We conducted a preliminary formative evaluation of the game with ten par-
ticipants. Six participants played the game in its early stage, while the other
four played an improved version, where we performed a minor redesign of some
graphics of the game (mainly on the informative cards). The post-test question-
naires answered by the participants to assess learning process show promising
results: 81% of the answers were correct. Hence, the results encourage the use
of serious game to increase the knowledge about AAL technologies. The tests
on user engagement show clear room for improvement. On the one hand, the
redesigned version obtained a perceived usability score of 1.91 in a scale from 1
to 5 (where 1 represents a high sense of usability and 5 a low sense of usability).
On the other hand, focused attention, aesthetics and satisfaction obtained an
average score at the middle of the scale: the repetitiveness of the levels needs
to be reduced (e.g., by creating levels with different home maps and adding
new sensors), to increase the players’ curiosity and sense of fun; improving the
graphics could lead to higher immersion and, thus, enhance the sense of flow.

As future work, more extensive tests need to conducted: a comparison with
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a control group relying on traditional learning techniques can better validate
the usefulness and effectiveness of serious games to increase awareness about
AAL. Another direction concerns replacing the CPU-as-an-engineer gameplay
with an additional role for the players, i.e., that of an engineer that has to
properly configure a smart home.

Finally, in our vision, the fictional context of Smart Tales should evolve
towards an entire story, where the skeptical inhabitant becomes, at the end of
the game, confident in the potential of concepts and enabling technologies of
AAL.
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Chapter 5.

Conclusions

Most of the scientific literature about Ambient Assisted Living (AAL) deals
with the technological aspects of ICT systems to respond to end-users’ needs.
Three aspects emerge:

• A wide heterogeneity of technologies and techniques to provide AAL ser-
vices, and thus the difficulties in the integration and interoperability of
different services;

• A lack of systematic design of the proposed solutions for AAL;

• The low acceptance of AAL technologies.

5.1. Thesis contributions
The main contributions of this thesis address such aspects. We presented a
BDI-based expert system, the Virtual Carer: it is a Multi-Agent System for
the management of an assistive environment, such as a smart home, which
monitors also the health condition of the assisted persons. The core of the sys-
tem is a BDI agent, the VirtualCarerAgent, which analyzes data coming from
the SensorAgents and infers plans to act on the environment, as regulating the
heating, or trigger alarms, by sending commands to ActuatorAgents. Finally,
a RegisterAgent is responsible for the management of the databases storing the
occured events. The agent-based approach is not limited to the implementation
phase, but the entire development is based on agent-oriented paradigms: we
systematically designed the Virtual Carer, starting from stakeholders’ strate-
gic goals and following the Tropos methodology. In addition, we highlighted
the contribution of Multi-Agent Systems as a key to achieve interoperability in
healthcare and the integration with AAL services. In particular, the interoper-
ability with the legacy systems of local healthcare facilities can be achieved by
using wrapper agents with the responsibility to translate clinical documents in
international standards (such as HL7-CDA). The adoption of FIPA standards
for agent communication and interactions allows to achieve system modularity,
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making the systems ready for the inclusion of new technologies. Moreover, the
agent-based architecture for Health Information Systems proposed in Chapter 3
ensures that the clinical data is stored in the facilities where it is produced,
avoiding to centralize personal health information in cloud services (with po-
tential privacy issues).

Then, we proposed the use of 3D virtual environments in AAL. First, we
argued for the adoption of a simulation environment to speed up the develop-
ment and test of intelligent software for AAL. We adapted a robotics simulator,
MORSE, to simulate a smart home that can be managed by software applica-
tions for AAL, as a testbed. The communication between the real systems to
be tested and the simulator is based on IP sockets. To highlight the interac-
tions between the simulator and the software systems to be tested, we used two
use-cases: a real mobile application and the Virtual Carer. The first use-case
was representative of the trend in AAL and pervasive healthcare towards the
use of mobile devices and applications. The second use-case highlighted the
use of the simulator as a testbed for intelligent systems for AAL. However, the
main contribution of this thesis on virtual environments for AAL is the use
of games to increase end-users’ awareness towards the AAL and its enabling
technologies: we developed an awareness game, Smart Tales, which is driven
by such serious purpose. The player impersonates a resident of a smart home,
skeptical about the unobtrusiveness of the AAL technology. Such fictional con-
text engages the user, in conjunction with elements from different game genres:
Smart Tales has a scoring mechanism to engage the users as in arcade games;
it includes different levels and the goal to collect “badges” as platform and
puzzle games; it features first person and third person cameras, as shooting
games, to enhance the sense of immersion of the user. The serious content,
which should make the user more aware on AAL, is delivered by informative
badges, that the user has to collect to answer to in-game quizzes, at the end
of each level. A formative evaluation with ten people highlighted promising
results on the learning effectiveness of Smart Tales (the 81% of the answers
was correct) as well as a good usability. Nevertheless, users’ immersion and
willingness to play again the game need improvements: a partial redesign to
avoid the repetitiveness of the levels is necessary.

5.2. Future works
The main limitation of the research presented in this thesis is the lack of tests
in home environments, equipped with sensors and devices, with real residents.
As explained in Chapter 4 it would require an effort beyond our possibilities.
Nevertheless, we described a proof-of-concept implementation of the proposed
multi-agent architecture, which is one of the main artifacts produced in this
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research.
In addition to more insightful test on the Virtual Carer, an expansion of

Smart Tales is necessary. The current version features three levels, based on
motion detection and indoor positioning: in the future, it should include more
AAL services (e.g. health monitoring), and evolve towards a complete story,
where the skeptical inhabitant becomes confident in the potential of AAL.

Our vision for the future of the research reported in this thesis includes
a deeper work on the interface between the Virtual Carer and the assisted
persons. In fact, the interaction should be natural and intuitive, and, in our
opinion, vocal. With the integration with Health Information Systems and
healthcare infrastructures, as proposed in Chapter 3, the Virtual Carer should
evolve towards a virtual hospital ward at the patient’s home environment. The
objective would be to improve the level of remote health monitoring, bringing
a hospital ward in the home environment of the patient, allowing an early
dehospitalization, when possible. Such system should “inherit” the features of
the Virtual Carer, being capable of:

• Vocal interaction to receive commands and to give information and sug-
gestions in Activities of Daily Living (ADLs) such as cooking, hand wash-
ing, cleaning;

• Management of routine activities such as remote command to open/close
doors and windows, switching on/off lights and domestic devices;

• Entertainment (e.g. book reading);

• Interfacing with family and health operators;

• Browsing a summary of relevant information to quickly monitor the pa-
tient and the environment status; this information recap, made accessible
over the internet by means of suitable security protocols, is particularly
useful when a human carer cannot be in the environment where the pa-
tient lives.
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Appendix A.

Studies included in the systematic
literature review

This appendix includes details about the studies analyzed in the literature
review presented in Chapter 2. In Section A.1 we highlight the temporal dis-
tribution of papers according to the publication date; in Section A.2 we list all
the studies that satisfied the inclusion criteria and, thus, were analyzed.

A.1. Temporal distribution of analyzed papers
Table A.1 shows the temporal distribution of the papers included in the review
presented in Chapter 2, according to the publication date.

It is worth noting that the “Ambient Assisted Living Joint Association” was
founded in 2007 and that the “Ambient Assisted Living Joint Programme”
started in 2008: we can identify 2007 and 2008 as the years when the locution
Ambient Assisted Living became widely recognized. In fact, before those years,
there are only 14 papers that satisfied at least one inclusion criterion. While
the review includes 51 studies published in 2011 and 48 in 2012, there are
only 32 papers published in 2013. This is due to the fact that we performed
the collection process between December 2013 and January 2014: thus, many
papers of 2013 were not appeared yet in bibliographic databases.

Table A.1.: The number of papers included in the review for year of publication.
Year 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
# of papers 4 4 6 10 18 28 35 51 48 32
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