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Preface 

This volume contains the proceedings of the Second European Ambient Intelligence 
(AmI) Conference. The conference took place in Erlangen and Nürnberg, November 
19–22, 2008. The concept of ambient intelligence (AmI) was introduced in the late 
1990s as a novel paradigm for electronic environments for the years 2010-2020. It 
builds on the early visions of Weiser describing a novel mobile computing infrastruc-
ture integrated into the networked environment of people. According to early defini-
tions, AmI refers to smart electronic surroundings that are sensitive and responsive to 
the presence of people. The added value for the multi-dimensional society we are 
living in lies in the fact that the large-scale integration of microelectronics into the 
environment enables people and objects to interact with this environment in a seam-
less, trustworthy, and natural manner. 

Obviously, AmI solutions deliver a new quality of communication and information 
exchange, they help people to fulfill their professional tasks with increasing efficiency, 
enable the older generation to stay much longer in the privacy of their own homes and 
the younger one to lead a healthy and responsible life. Smart mobile devices navigate 
in private apartments as well as in complex public or industrial environments in order 
to support people with a broad variety of services. In logistics employees, smart ob-
jects and intelligent surroundings will be able to cooperate and use their communica-
tion and negotiation capabilities in order to avoid critical situations or to optimize 
processes. Today it is obvious that during the last few years Weiser's vision has grown 
mature in two complementary senses. On the one hand, the technological base is be-
coming more and more sophisticated. Today AmI solutions are based on electrical 
engineering, computer science, industrial design, user interfaces, and cognitive sci-
ences. On the other hand, the spectrum of application domains has been extended a lot 
during the last two years. AmI solutions for private homes, hospitals, for the logistics 
services industry, for natural environments etc. are addressed in research and devel-
opment projects financed by the European Union and national governments all over 
Europe. 

AmI 2008 was the third joint conference that perpetuated two events focusing on 
ambient intelligence. The first event was the Conference on Smart Objects (sOc), 
which had been organized by France Telecom and by the French National Center for 
Scientific Research (CNRS) in Grenoble, France in 2001 and 2003. The second event 
was the European Symposium on Ambient Intelligence (EUSAI), which had been 
organized by Philips and the University of Eindhoven in Eindhoven, The Netherlands 
in 2003 and 2004. In 2005 the first joined conference of sOc and EUSAI was organ-
ized in Grenoble, France under the name sOc-EUSAI 2005. AmI 2007 in Darmstadt 
expanded the scope of the series by including three different types of contributions: 
research contributions, case studies as well as lessons-learned contributions and indus-
try and socio-economic contributions. 

During last year’s discussion it became quite clear that the overwhelming economic 
potential of AmI can be realized only provided that technologies and applications 
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perfectly meet people’s needs. Solutions have to be embedded into services that de-
liver real value to the customer. Following that line of thinking, “Services for People” 
was the key theme of AmI 2008. The call for papers addressed researchers from aca-
demia and industry working on hardware and software, on applications and services, 
as well as on security aspects and ethical issues in order to create integrated and se-
cure AmI solutions based on strong business cases. “Wellbeing and Care” and “Mo-
bility and Logistics” were the two main fields of applications building the setting for 
technical research contributions, for case studies, for lessons-learned and socio-
economic papers. The spectrum of “Wellbeing and Care” spanned from the exciting 
shopping event in the retail outlets of tomorrow to a service-oriented comfortable 
private home. “Mobility” addressed the freedom and flexibility of traveling as well as 
the efficient bridging of distances. In contrast, “Logistics” was connected to the 
autonomous and self-organized movement of vehicles, goods, and materials in intelli-
gent environments, supply chains, and networks. The two different application or 
service domains were used to structure the current LNCS volume. Like AmI 2007, this 
year’s conference provided the AmI research community with a venue to discuss in a 
less formal setting preliminary results and upcoming ideas through a number of work-
shops. Again we felt that we should not hold back the results obtained in these work-
shops as they are in many cases quite intriguing and therefore might be stimulating in 
the development of novel ideas. Therefore, we decided to publish these results in a 
separate Springer volume under the title Constructing AmI––AmI 2008 Workshop 
Proceedings. 

The present volume shows quite clearly that the next steps toward the first imple-
mentations of AmI solutions in real life have been taken. The concept is obviously 
gaining ground. The fact that the “localization and positioning issues” presented in 
last year’s proceedings have been converted into “navigation issues” in the current 
volume can be taken as a symptom for fundamental change. It seems that today AmI 
researchers focus much more on problems and services (like navigation) than on tech-
nological functions (like position sensing). Thus, research questions concerning social 
acceptance and security aspects in particular become more and more important and the 
fact that some of the papers in the current volume address these issues is quite promis-
ing. As indicated last year there is a growing awareness of the fact that the success of 
the AmI paradigm depends on the social acceptance of the newly proposed AmI  
technology. 

The AmI 2008 proceedings can be considered as another important milestone on 
the scientific roadmap for developing the AmI paradigm. We are confident that they 
provide a significant contribution to the dissemination of the AmI vision. We would 
like to thank all those who have contributed – the authors of the research papers as 
well as the members of the Program Committee. Without their commitment and their 
enthusiasm neither the conference nor the proceedings would exist. We hope that you 
as a reader will have many inspiring and fruitful reading hours. 

 

 
September 2008 Emile Aarts 

 Heinz Gerhäuser 
 



 

 

Message from the Program Chairs  
“Wellbeing and Care” 

 
At AmI 2008 the spectrum of "wellbeing and care" spanned from the service-
oriented comfortable private home to an exciting shopping event in the retail outlets 
of tomorrow. This track focused on health care issues and measures of achieving 
wellbeing, exploring its far reaching impact on lifestyles in the ambient intelligence 
community. 

Whereas ambient intelligence research has traditionally been focusing on user 
experiences in more entertainment-oriented scenarios, there is a recent move toward 
the deployment of ambient intelligence technologies for wellbeing and care-related 
application scenarios. Wellbeing and care applications cut across the domains of 
lifestyle (e.g., persuasive fitness applications) and healthcare (e.g., remote patient 
monitoring systems for chronic care patients). It should be clear that the develop-
ment of applications related to our wellbeing and care will demand for some impor-
tant shifts in the ambient intelligence research paradigm. New requirements for the 
enabling technologies that relate to ethics, new methodologies for empirical  
research to better understand the context in which these applications will be posi-
tioned, and a shift from system intelligence to social intelligence are just some ex-
amples of challenges that call for a paradigm shift in ambient intelligence research. 

While technology is miniaturizing and becoming pervasive, ambient intelligence 
solutions can become actors in wellbeing applications. Rather than being limited to 
passive monitoring, the ambient intelligence solutions will influence and persuade 
end users to change their behavior or even modify their lifestyle. The care-focused 
application scenarios are clearly driven by demographic trends that are signaling the 
overwhelming need for ICT-based consumer care applications. One of the high 
potential growth areas is the elderly care domain: according to the World Health 
Organization, worldwide the proportion of people age 60 and over is growing faster 
than any other age group.  Hence, there will also be a reduction in the number of 
people that can provide care to seniors.  This clearly points to an opportunity for 
ambient intelligence solutions to support independent living for seniors.  Ambient-
assisted living refers to electronic environments that are sensitive and responsive to 
the presence of people and that provide assistive propositions for maintaining an 
independent lifestyle. The development of these solutions requires a continuous 
user involvement to ensure a seamless fit with user needs and preferences and to 
promote care provider endorsement. 

The Wellbeing and Care track of AmI 2008 presented some important contribu-
tions in the following thematic sessions: 

• Service-oriented smart and comfortable homes for better recreation and lei-
sure time 
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• Intelligent and cooperative domestic devices for smart home and shopping 
environments 

• Context-oriented health monitoring and alerting systems for a carefree life 
 

 
 

Boris de Ruyter  
Reiner Wichert  

 
 
 
 

 



 

 

Message from the Program Chairs  
“Mobility and Logistics” 

The real power of ambient intelligence will become increasingly evident as ordinary 
objects, augmented with computing, communications, sensing and interaction, are 
increasingly integrated into everyday activities and environments. Thus we organized 
sessions 4 and 5 around the concept of mobility and interaction within ordinary envi-
ronments and ordinary tasks.    

Session 4 explores the use of mobile ambient intelligence for managing logistics 
and information.  In the paper "Collect&Drop: A Technique for Multi-Tag Interaction 
with Real World Objects and Information," the authors investigate mobile interaction 
with multiple mobile objects, using tags to associate information with objects. This 
paper introduces the technique of collect and drop as a generic technique for multi-tag 
interaction that supports the collection, storage and management of information from 
the real world as well as its usage with different services.  

In the paper "Tracking Outdoor Sports – User Experience Perspective," the authors 
examine the potential role for ambient intelligence in tracking outdoor sports. In a user 
study, the authors provided a mobile tracking tool and related Web services to a group 
of 28 participants. The system collected and stored workout data such as the route, 
speed and time, and compiled a training diary that can be viewed during exercise as 
well as afterwards. The user study illustrates the potential benefits of using mobile 
telephone technology to provide information both during and after outdoor sports.  

The authors of "Rich Tactile Output on Mobile Devices" assess the potential of rich 
tactile interaction using mobile phones. The results of experiments with up to six ac-
tuators within a mobile phone prototype are presented. These experiments explore the 
user experience that can be created with multi-vibration output in a handheld device. 
The experiments suggest where vibration motors should optimally be placed and dem-
onstrate that information can be reliably communicated by producing different pat-
terns of vibration output using a small number of actuators. 

The paper "Ambient Agent Model Exploiting Workflow-Based Reasoning to Rec-
ognize Task Progress" describes the use of a workflow model to allow an ambient 
agent to discretely recognize and model human activity without interaction.  

The last paper of session 4, "An Architecture to Automate Ambient Business Sys-
tem Development," introduces a software architecture that allows the integration of 
real-world objects into business processes. This architecture decouples architectural 
concepts from technological solutions. Case studies are explored to illustrate the bene-
fits of such an architecture. 

Session 5 addresses the use of ambient intelligence for navigation and guidance in 
unknown environments and unusual situations. In the first paper, "C-NGINE: A Con-
textual Navigation Guide for Indoor Environments," the authors present a context-
aware navigation guide that draws information from a user profile. The paper focuses 
on indoor environments and uses an ontology model expressed in OWL to capture and 
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formally model user profiles and context information to provide personalized context-
aware navigation services.   

In "Creating Design Guidelines for a Navigational Aid for Mild Demented Pedes-
trians," the authors examine the design options for a GPS-based navigation aid for 
elderly with early-stage dementia. Lessons learned from a target group were used to 
design a Wizard-of-Oz experiment to study the effectiveness of landmark based vs 
left–right navigation instructions. This study shows that landmark-based instructions 
resulted in fewer errors and less hesitation.  

Indoor navigation has the potential to become a popular application for mobile am-
bient intelligence. In the paper "Context-Aware Indoor Navigation,"the authors focus 
on path selection. Rather than simply present the shortest path, their system uses con-
textual information to suggest the most natural path for users. Experiments are de-
scribed in which the system uses an efficient spatial representation to guide users. 

 
 
 

James Crowley  
Alexander Pflaum  
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Álvaro Fides-Valero, Matteo Freddi, Francesco Furfari, and
Mohammad-Reza Tazari

Enabling NFC Technology for Supporting Chronic Diseases: A Proposal
for Alzheimer Caregivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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Designing Acceptable Assisted Living Services  
for Elderly Users 
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Abstract. With today’s technology, elderly users could be supported in living 
independently in their own homes for a prolonged period of time. Commer-
cially available products enable remote monitoring of the state of the user, en-
hance social networks, and even support elderly citizens in their everyday  
routines. Whereas technology seems to be in place to support elderly users, one 
might question the value of present solutions in terms of solving real user prob-
lems such as loneliness and self-efficacy. Furthermore, products tend to be 
complex in use and do not relate to the reference framework of elderly users. 
Consequently, acceptability of many present solutions tends to be low. This pa-
per presents a design vision of assisted living solutions that elderly love to use. 
Based on earlier work, five concrete design goals have been identified that are 
specific to assisted living services for elderly users. The vision is illustrated by 
three examples of ongoing work; these cases present the design process of pro-
totypes that are being tested in the field with elderly users. Even though the ex-
ample cases are limited in terms of number of participants and quantitative data, 
the qualitative feedback and design experiences can serve as inspiration for de-
signers of assisted living services. 

Keywords: design of interactive products, acceptability, assisted living, elderly 
users. 

1   Introduction 

Demographic aging is a phenomenon that affects most industrialized countries. Ac-
cording to EuroStat, every 25 senior EU citizens in 2005 were matched with 100 
citizens between 15 and 64 years old. This so-called old-age dependency ratio is ex-
pected to increase to 40 by 2030 [1]. The traditional elderly care system, which is 
largely based on human resources and centralized care institutions, has major difficul-
ties in managing the increasing number of care clients. Not only do care companies 
have problems finding adequate professional caregivers, the societal cost of elderly 
care is also rising dramatically.  
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Many elderly people indicate they would prefer to live independently in their own 
homes as long as possible [2], which was confirmed in our interview sessions. In many 
cases, however, support is needed to continue their everyday living routines. Whereas 
support is nowadays typically given by both professional and informal caregivers, 
support could in part be taken over and augmented by new technology. This assistive 
technology is expected to play an increasingly important role in the coming years [3]. 

When making an inventory of products that support independent living of elderly 
users, there are plenty of technological solutions available on the market. Typical 
examples include personal alarms, communication tools, remote monitoring of physi-
cal status, and home automation. Current products are generally not aware of the 
user’s context. These products do not take into account the environment, behavior and 
current activities of the user. A typical solution offers remote access to physical status 
information such as blood pressure and blood sugar levels, regardless of the current 
user state. Increasingly, companies are working on products that are context-aware. 
Such products could help provide support that is tailored to the user’s actual situa-
tions. Also, context-awareness enables efficient remote monitoring without extensive 
person-to-person communication. State-of-the-art products range from low-level 
sensor networks [e.g., 4, 5] to activity-awareness services [e.g., 6]. 

From a technological perspective, one might conclude that systems are in place to 
support elderly and improve well-being. When talking to end users, however, accept-
ability of new assisted living technology appears to be low. Many issues including 
usability problems, lack of user-perceived benefit, and user-perceived complexity of 
new technology are reflected in low acceptability scores of existing assisted living 
solutions [e.g., 7]. Products and services seem to be mostly designed to reduce the 
costs of professional caregivers, instead of enhancing the quality of life of the elderly 
user directly. Complexity of assisted living products might even increase due to the 
increased use of context-aware and pro-active technologies. Furthermore, existing 
products tend to be standalone rather than inter-connected in a meaningful way. Con-
sequently, end users have to learn new interaction paradigms for each new product, 
and potential synergies and information-exchange between products are often not 
exploited. In short, research is needed in order to increase end user acceptability, 
thereby enabling industry to develop and market acceptable assisted living products. 

This paper presents a vision of how to design acceptable and pleasurable assisted 
living products and services for elderly users. The end user group is primarily defined 
in terms of user needs, abilities and reference frame rather than age; the focus will be 
on senior citizens who can profit from assisted living technology towards living inde-
pendently for a prolonged period of time, who are able to use assisted living technol-
ogy, and who have similar living routines and a similar reference frame in terms of 
known metaphors. Acceptability issues of existing products and services were studied, 
and underlying design challenges were identified. A design approach is proposed in 
which perceived benefit by the end user and ease-of-use are used as guiding factors. 

2   Design Vision 

Earlier work [e.g., 7, 8, 9, 10, 11, 12] on acceptability of assisted living technology by 
elderly users has revealed multiple barriers that keep elderly users from adopting new 
technology, including: 
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• Complexity and learnability. Elderly often regard technology as to be complex in 
use, and they consider themselves incapable of mastering new products. This feel-
ing of complexity is reinforced by the lack of standardization; elderly users have to 
learn operating instructions for each new product they like to use. Consequently, the 
initial hurdle towards adopting new products tends to be too high. 

• Lack of perceived benefit. Even though the benefit of new technology can be 
evident for caregivers, since technology can help improve the efficiency of the care 
process as well as tailor the care to individual users, perceived benefit for the eld-
erly themselves is often too low. Consequently, elderly often reason that they can 
just as well do without.  

• Compatibility issues. Current products are often standalone. Information exchange 
between products is limited, resulting in suboptimal product behavior. Both product 
benefit and product use can be affected by compatibility issues.  

Due to these issues, elderly users often consider the cost of adopting new technology 
higher than the expected benefit, resulting in a hesitant attitude towards innovations in 
general. 

Acceptability could be improved by increasing the perceived benefit, as well as by 
decreasing the perceived cost. In terms of creating benefit, there is a need to make 
explicit and/or increase the direct benefit of new technology. Whereas for example 
professional caregivers would like to be able to monitor the presence of their clients 
using sensor systems, there might not be a direct benefit for the care clients. Care 
clients tend to be interested in issues such as establishing self-efficacy and countering 
social isolation. Leveraging benefit by linking a presence monitoring system to –for 
example- a fall detection system is expected to increase acceptability. 

In terms of reducing cost, much effort has been put in improving product usability. 
For example, products that are potentially very complex to use, can be made easily 
accessible by designing the right user interface. In the current situation, however, 
interoperability between products is low. Potential synergies and information-
exchange between products, in terms of improved awareness for caregivers and prod-
ucts that better consider the context of use in their adaptive behavior is low. Products 
are generally not aware of the context of use, and they do not embed in the living 
routines and context of use of elderly users. 

Since perceived cost and benefit change in time, product adoption needs to be con-
sidered as a dynamic construct. Rather than focusing on initial product adoption, 
products should support altering user needs. When a new product is introduced to the 
users, accessibility and simplicity in terms of learning curve can contribute to accept-
ability. The same product might be rejected after a few weeks since the perceived 
benefit does not match the user expectations in time. In other words, the desired level 
of system complexity can be dynamically linked to the level of user experience.  

Towards creating acceptable assisted living technology for elderly users, five con-
crete design goals have been identified. Even though each of these five goals might be 
‘common sense’ for designers, these goals are considered crucial in view of problems 
with existing products and in respect to needs and challenges specific to assisted liv-
ing services for elderly users based on earlier work and design experiences. These 
goals could therefore serve as inspiration for designers of assisted living services. 
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Goal 1: Short-term benefit should outweigh short-term cost 
Acceptability primarily depends upon short-term benefits. Each product that requires 
effort from the elderly users needs to give immediate benefit to the elderly in return. 
External benefit (e.g., benefit for caregivers) needs to be accompanied by internal 
benefit (i.e., benefit for elderly users). Long-term benefit (e.g., healthy body) needs to 
be projected on short-term benefits (e.g., being able to visit grand children). 

Goal 2: Relate to existing living patterns and known metaphors 
Elderly users often have difficulties changing their living patterns and learning new 
interaction paradigms. New products should therefore fit into existing living patterns, 
rather than enforce new living patterns. By using metaphors that are already known 
and that fit into the reference framework of the elderly users, new products can be 
mastered more easily. 

Goal 3: Multiple interfaces, uniform interaction patterns 
Assisted living services will be used in different situations and for different purposes. 
A single central interface will not suffice; for example, a television-based interface 
when assisting elderly in the bathroom will result in higher cost, since the user has to 
take more effort using the interface. Alternatively, users might select the optimal 
interface based on the situation. This could range from a static TV-screen to a mobile 
tangible device. Uniform interaction styles create a coherent interaction experience, 
and will enhance the usability of the different devices.  

Goal 4: Leverage existing social network 
Rather than shifting responsibilities from caregivers and social networks to a techno-
logical solution, products and services should respect existing traditions and responsi-
bilities. Ideally, technology facilitates the process of human-human social interaction. 
For example, routine tasks with no social value could be taken over by an automated 
system, whereas human-human interactions could be encouraged. Likewise, caregiv-
ers, family and friends could be involved in complex product operations; hard-to-use 
functions can then be shielded from elderly users. 

Goal 5: Facilitate adaptation in time 
User needs and skills change in time. When these changes affect acceptability of 
assisted living services, these services should be able to dynamically adapt to the 
changing contextual setting. Furthermore, since the changes in user needs might re-
quire a change in services, a service platform should enable dynamic reconfiguration 
in order to cope with altering user needs. 

 
To achieve these goals, designers need to carefully study the domestic routines, so-

cial network, experiences, needs, values, limitations and potentials of the elderly us-
ers. Designers can make more use of qualitative instruments such as interviews, diary 
studies, cultural probes and focus group sessions to elicit the required information. 
Information is needed not only on how people experience technology, but also on 
how people interact with products and people. Such insight enables designers to cre-
ate interactions that are embedded in the daily lives and routines of people, thereby  
 



 Designing Acceptable Assisted Living Services for Elderly Users 5 

creating natural experiences. Also, such studies provide a baseline measure that can be 
used when evaluating the interventions that result from the newly designed products. 

In order to understand the acceptability of design concepts, user studies with work-
ing prototypes need to be conducted. It is questionable whether or not user-product 
interaction with assisted living products and services can be studied in a laboratory 
setting. These products and services are generally linked to living routines, and the 
validity of studies of living routines in an artificial environment is not clear. Longitu-
dinal field studies are therefore considered an essential part of the design process of 
assisted living services. 

There is no single ‘right’ procedure for designing acceptable products and services 
for elderly. A central theme in the design process needs to be the involvement of the 
end users; the right tools and techniques depend on the problem at hand. The three 
cases as described in the next section serve as examples of how the design goals can 
be used to guide the design process. 

3   Example Cases 

Three example cases of ongoing work are described in the following sections. In these 
cases, end users have been involved in the early stages of the design process, in order 
to understand the user needs and reference framework. For each of the cases, the 
design goals as presented in section 2 have been used to guide the design process. The 
first example case has resulted in a prototype that has been tested in the field with 
users; the second and third case represent work-in-progress that yet has to be tested in 
the field. The findings are generally qualitative in nature; designers tend to be recep-
tive to qualitative input in their design process. 

3.1   CASE 1: Interactive Bulletin Board 

A first case study focused on creating a message-based interaction platform. The main 
goal of the case study was to develop an easy-to-use communication product for eld-
erly users [13]. The resulting design concept aims to create direct benefit for the end 
user (goal 1), is based on a known metaphor (goal 2) and aims to lower the threshold 
for communicating within the care network (goal 4) and family or friends at home. It 
was decided to consider multiple interfaces (goal 3) and adaptation in time (goal 5) in 
a later project. 

For the targeted user group of older seniors with little or no prior experience with 
computers, message-based communication using the Internet could help maintain or 
improve their social network. Furthermore, a message display could be used to pre-
sent system-generated messages, such as for example medicine reminders. A field 
exploration, which aimed to understand the user needs and the context of use, re-
vealed that the user group was reluctant towards adopting new technology; even 
though they acknowledged the value of communication, they indicated that even 
though new technology could help, it would surely be too complex to use for them. 

In informal interviews, five elderly care clients indicated that they regularly feel 
lonely, since the number of visits from relatives and friends is low. The feeling of 
isolation is strengthened by current developments in professional care that leave very 
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little time for social interaction. The interviewees point out that they would like to be 
actively involved and contribute to the lives of people they know, rather than being 
dependent and passive. Whereas many of today’s care products inflict stigmatization 
of the latter, they prefer products that do not underline their weaknesses. The care 
clients indicated a dislike of ‘modern’ interaction metaphors. Moreover, they were 
scared off by the complexity of new products in terms of for example functionalities 
and layered menu structures [9]. 

Towards finding existing products that could be used for creating an interaction 
metaphor for messaging systems, the designer visited the homes of the care clients. 
Participants were asked to describe objects in their homes that were valuable to them. 
Participants indicated that they most valued objects based on emotional value, in 
terms of memories and social ties. Souvenirs from abroad, drawings from grandchil-
dren, and pictures of family and friends were also considered valuable. The home 
visits were also used to get to know the living environment of the participants, and as 
a source of inspiration for the design phase. 

Three messaging metaphors were constructed and evaluated with a panel of three 
designers. First, a photo frame metaphor was considered. The photo frame represents 
social contacts; an enhanced photo frame could be used to display status information 
and to start communications. Second, a convenience chair based interaction metaphor 
was considered. Each participant had a convenience chair close to the television; since 
the chair was used a lot, it could be used as a central location for communication. 
Third, a bulletin board metaphor was considered. The bulletin board is a well-known 
mechanism to store reminders and notes. These three metaphors could be linked to 
context-aware technology, in such a way that the technical nature of the systems 
could be shielded from the users. The three concepts were evaluated based on ease-of-
use, functionality, and ‘naturalness’ of the chosen metaphor. The bulletin board was 
found to be the most intuitive and would fit best in the homes of the target users. 

In designing the electronic bulletin board, the functionalities and affordances of 
traditional bulletin boards were analyzed and mapped to electronic equivalents. Figure 
1 shows the resulting working prototype. A touch screen interface is mounted on top 
of a secretaire. Using the touch screen, users can view and remove notes. New notes 
can be added using a scanner built in the secretaire. The number of functions available 
to the elderly is limited in order to improve system understanding; therefore, notes 
cannot be archived or re-arranged. In order to be able to save notes, a printer is at-
tached to the system and integrated in the secretaire; a note can be printed by selecting 
an on-screen menu option on the touch screen. 

The bulletin board is linked to an intelligent reminder service. When needed, a 
medicine reminder can be displayed using multiple levels of intrusiveness. Further-
more, the bulletin board is linked to the Internet. Family members, friends or caregiv-
ers can view and modify the contents of the bulletin board via a website. Adding, 
removing and modifying reminders is only possible using the website; elderly users 
were not exposed to these management tasks. 

To assess the usability and acceptability of the design, the prototype was tested in 
the field. Field-testing was limited to two participants, four and seven days per par-
ticipant respectively, due to time constraints. Participants were senior citizens (76 and 
84 years old), both living independently in their own houses, taking medicines, and  
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Fig. 1. The interactive bulletin board provided the user with messaging functionality using a 
known interaction metaphor 

both relying on professional care. Each participant asked a non-professional caregiver 
to take part in the test; these caregivers were asked to check and update the bulletin 
board via the website. The bulletin board was placed in the living rooms of the par-
ticipants; the supervisor then gave an introduction to the bulletin board. 

When looking for participants, several potential candidates indicated that they 
thought they were unable to control an electronic messaging board. Proper presenta-
tion of the test was found to be crucial towards recruiting participants. When targeting 
‘young’ seniors rather than ‘old’ seniors, problems related to technophobia are ex-
pected to be of minor relevance. During the introduction of the bulletin board both 
participants indicated they were afraid of using technology repeatedly, even though 
they could not indicate why. 

Preliminary results indicate that both participants were positive about the way they 
could interact with the system, and the functionalities the system provided. They 
considered the system to be a bulletin board rather than a computer system. Since the 
bulletin board was not experienced as a computer, the fear of using new technology 
was not found to be a problem during the test. Even though both participants had not 
used a touch screen before, they were able to control the interface without significant 
problems. In case the participants did not know how to manage their goals using the 
bulletin board, a trial and error approach generally led to the desired results. One 
participant tended to forget the skills right away; he had to re-learn much of the inter-
face time and time again. 

The user studies did provide feedback that can be used to improve the design of the 
bulletin board. First of all, personalization of the content was found to an important 
facilitator of acceptability. Whereas automated messages were impersonal, content 
provided by caregivers was personal. The participants explicitly indicated that their 
enthusiasm in terms of using the prototype was encouraged by personalized content. 

Second, the touch screen was found to be a suitable interaction device for this spe-
cific application, as the users easily understood the link to the bulletin board meta-
phor. In order to fit in the user context and environment, some improvements could be 
made, e.g. regarding day/nighttime differences. One of the participants attempted and 
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succeeded in switching off the system at nighttime because the screen was too bright. 
A backlit screen device should therefore adjust the brightness to the environment. 

In terms of design goals, the bulletin board by nature scored high on short-term 
benefit (goal 1) and on leveraging the existing social network (goal 4); participants 
enjoyed the low-threshold communication to their care network that was provided by 
the system. The interaction metaphor was deliberately chosen based on the interviews 
and the home visits; the participants considered the system to be a bulletin board 
rather than a computer system, and intuitively knew how to use the system. This con-
firms the expected merits of using a known metaphor (goal 2). 

3.2   CASE 2: Physical Exercise Coach 

A second case study focuses on stimulating the physical activity of elderly people. 
The amount of physical activity of senior EU citizens tends to be below a healthy 
level. As a result, their physical condition deteriorates. Assisted living technology 
could be used to motivate elderly to exercise more. One solution might be to link 
coaching and motivations directly to the activities done by the elderly user. There are 
however practical obstacles towards deployment of automated motivational systems. 
First of all, the long-term benefit of physical exercise (i.e., a healthy body) often does 
not appeal to the short-term motivation. Secondly, the sensors and user interface that 
are inherent to automated solutions could scare off end-users. Third, from a technical 
point of view, it can be hard to measure actual physical activity levels that are needed 
to link an exercise coach to user activities. 

The main goal of this example was to develop a motivational system that appeals 
to the elderly user group and the naturally fits into their existing living patterns  
(goal 2). In terms of motivation, the resulting system would have to link to short-term 
gains rather than long-term goals (goal 1). It was decided to consider the use of multi-
ple interfaces (goal 3), social motivation (goal 4) and adaptation in time (goal 5) in a 
later project. 

Towards selecting an effective motivational mechanism, persuasive principles as 
described by Fogg [14] were studied. Based on these principles, multiple design goals 
were defined, including allow self-monitoring of physical activity, induce intrinsic 
motivation, act at the right time (kairos), and enhance accessibility and simplicity. 
Three conceptual designs were created and evaluated with a user panel in a focus 
group session. The first concept was based on goal setting; graphs were used to con-
tinuously show progress and goals. The second concept was based on rewards; new 
family photos would be released when goals were met. The third concept was based 
on social actorship; a flower that would be happy when the exercise levels were good 
represented the activity coach. 

Five elderly people were invited to join the focus group session. The goal of this 
session was to discuss the three concepts and to extract key elements of each concept 
that were or were not appreciated. The participants of the session explained that they 
would like to have a direct and simplified overview of their current status, so without 
too much detailed information. They also indicated that they would not like to have 
their family pictures linked to their activity, as it would seem an illogical link. They 
much rather would have the clear flower image, but with the possibility to ask for 
additional information when needed. 



 Designing Acceptable Assisted Living Services for Elderly Users 9 

Strong elements of each of the three concepts were integrated in a final design: a 
photo frame sized screen displaying a happy to unhappy flower (figure 2, left), with a 
second layer of detailed information on activity performance (figure 2, right). 

Fig. 2. A photo frame sized touch screen displaying a happy to unhappy flower (left) provides 
the user with up-to-date information on physical activity. Users can request a detailed overview 
of the activity levels in respect to preset goals (right). 

A working prototype has been developed and will be tested in the homes of three 
elderly users. Whereas ideally the system would use real-time activity data, the cur-
rent system is based on a FitSense ActiPed [15] pedometer that streams step-count 
data to a database on the Internet. 

Towards creating a final version of the system, several challenges yet need to be 
solved. First, the goal setting mechanism needs to be elaborated. Medical doctors are 
not yet consulted towards setting exercise goals that are balanced with daily activity 
levels. An understanding of optimal exercise targets in relation to day-to-day activi-
ties is needed. Second, an understanding is needed of how automated exercise 
coaches can be used to actually change user behavior. Third, a non-intrusive mecha-
nism is needed for real-time measurement of physical activity levels.  

Even though objective ratings of the design concept cannot be given at this stage of 
the project, the use of the design goals guided the process towards a concept that sup-
posedly easily fits in the homes and living routines of elderly people. User evaluations 
are planned to capture actual user experiences of participants for seven days in a row.  

3.3   CASE 3: Activity Journal 

A third case study focuses on creating a labeling mechanism for user activities. Activ-
ity recognition algorithms are increasingly being used not only to remotely monitor 
living patterns and detect irregular situations [e.g., 16], but also to link routine support 
to actual activities [17]. As described in section 4.2, one might even link a physical 
exercise coach to the actual activity levels based on activity recognition.  

Activity recognition is based on identification of recurring patterns in sensor  
data. In order to be able to automatically recognize activities, activity recognition 
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algorithms need to be trained using sensor data with activity labels. Since the sensor 
layout and user activities differ between people and between locations, algorithms 
need to be trained for each new setting. 

The process of labeling activities might be experienced as interruptive and unac-
ceptable by end users. The perceived cost of interrupted activities and requested effort 
can be high, whereas the short-term benefit might not be clear to the users. The main 
goal of the case study was to develop an acceptable activity-labeling interface. The 
resulting design concept aims to lower the cost (in terms of required user effort) of 
activity labeling (goal 1), and to improve the ease-of-use by using a known interaction 
metaphor (goal 2). It was decided to consider multiple interfaces (goal 3), linking to 
the social network (goal 4) and adaptation in time (goal 5) in a later project. A con-
ceptual design is currently under development and yet has to be finalized. 

In line with the first design goal, as stated in section 3, acceptability could be  
improved by increasing the immediate benefit, for example by developing a new 
service that uses activity information to support the user. In the present study, it was 
however decided to focus on the labeling interface only; therefore benefit could not be 
improved. 

Instead, the cost of labeling could be decreased. One option would be to delegate 
the labeling effort to a third party. For example, all labeling questions could be sent to 
a family member, thereby shielding the labeling process from the elderly users. This 
would be in line with goal 4, but a problem would be that a delegate has no clear 
overview of the situation at hand, resulting in false labels. For the present study, it 
was therefore decided to involve the elderly users in the labeling process. 

As the choice of interaction metaphor can affect the learnability and understand-
ability of the final design, the first stage of the design process involved an exploration 
of suitable metaphors. First, a calendar metaphor was studied. Because activities are 
linked to time frames, a calendar seemed a logical way to present activities. A calen-
dar-based concept was sketched and evaluated in a focus group session with five 
elderly users. The participants however indicated that a calendar metaphor led to false 
expectations and misunderstandings. They also stated that that they never write day-
to-day activities in their home calendar, since they do not consider these activities as 
appointments. Therefore, the calendar metaphor was rejected. 

A second concept is based on an activity journal metaphor, as a journal seems to be 
a logical place to write down activities. A journal-based interface could be used to 
present system suggestions and ask for user feedback. Furthermore, since the journal 
concept can easily be manifested in a mobile book-size device, technology does not 
seem to be a limitation for implementation. The journal could be placed on any loca-
tion where elderly have the time and willingness to use it, for example on a coffee 
table.  

This design process has so far resulted in a design concept (figure 3) that is focused 
on accessibility, understandability and direct feedback. This way, the design links to 
the design goals as described in section 3 in terms of relating to existing patterns and 
known metaphors (goal 2). As a next step, the concept is now being implemented in a 
working prototype, in order to collect user experiences in a realistic setting, and to 
iteratively improve the design. 
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Fig. 3. An activity journal enables elderly users to label activities while hiding system complexity 

4   Discussion and Future Work 

While assisted living technology is gaining attention of researchers and companies, an 
integrated user centered design vision in which the focus of user-product interaction is 
developed around end-user acceptability is lacking. Acceptability of current care 
products targeted at elderly users tends to be low.  

The case studies as described in the present paper show how acceptability of as-
sisted living products and services can be improved by a design vision targeted at cre-
ating short-term benefit, leveraging known interaction metaphors, and leveraging exist-
ing social networks. The design goals guide the design process, thereby making sure 
that the designer focuses on issues relevant to the domain and end user group. Even 
though the user studies so far were limited in duration and number of participants, the 
studies do suggest that the design concepts were acceptable; the elderly participants 
were willing to adopt the new technology, even though they were skeptical at first. 

Only three of the five design goals were covered in the example cases; multiple 
 interfaces, uniform interaction patterns (goal 3) and facilitate adaptation in time 
(goal 5) were not studied. Since none of the example cases resulted in a system with 
multiple user interfaces, uniform interaction was not an issue. Adaptation in time 
could not be covered by the case studies presented here; this goal will be studied as 
soon as a stable platform for longitudinal tests in the field is available. 
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Whereas the case studies were based on dedicated sensor systems and communica-
tion platforms, creating a generic activity-aware service platform could enhance the 
design process. A generic service platform is now being developed and will be de-
ployed in a series of houses towards facilitating the iterative design of future proto-
types. Furthermore, by linking multiple prototypes to a single platform, researchers 
will be able to study the use of multiple interfaces to a single system more easily, and 
they can better embed interactions in domestic routines of elderly users. 
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Abstract. In this paper, we address the dynamic recognition of basic fa-
cial expressions. We introduce a view- and texture independent schemes
that exploits facial action parameters estimated by an appearance-based
3D face tracker. We represent the learned facial actions associated with
different facial expressions by time series. Furthermore, we compare this
dynamic scheme with a static one and show that the former performs
better than the latter. We provide evaluations of performance using sev-
eral classification schemes. With the proposed scheme, we developed an
application for social robotics, in which an AIBO is mirroring the facial
expression recognized.

1 Introduction

Facial expression plays an important role in recognition of human emotions.
Psychologists postulate that facial expressions have a consistent and meaning-
ful structure that can be backprojected in order to infer people inner affective
state [7,8]. Basic facial expressions typically recognized by psychologists are:
happiness, sadness, fear, anger, disgust and surprise [9]. In the beginning, facial
expression analysis was essentially a research topic for psychologists. However,
recent progresses in image processing and pattern recognition have motivated sig-
nificantly research works on automatic facial expression recognition [10,11,12].
In the past, a lot of effort was dedicated to recognize facial expression in still
images. For this purpose, many techniques have been applied: neural networks
[16], Gabor wavelets [17] and active appearance models [19]. A very important
limitation to this strategy is the fact that still images usually capture the apex
of the expression, i.e., the instant at which the indicators of emotion are most
marked. In their daily life, people seldom show apex of their facial expression
during normal communication with their counterparts, unless for very specific
cases and for very brief periods of time.

More recently, attention has been shifted particularly towards modelling dy-
namical facial expressions. This is because that the differences between expres-
sions are more powerfully modelled by dynamic transitions between different
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stages of an expression rather than their corresponding static key frames. This
is a very relevant observation, since for most of the communication act, people
rather use ’subtle’ facial expressions than showing deliberately exaggerated poses
in order to convey their message. In [3], the authors found that subtle expres-
sions that were not identifiable in individual images suddenly became apparent
when viewed in a video sequence.

Dynamical classifiers try to capture the temporal pattern in the sequence of
feature vectors related to each frame such as the Hidden Markov Models (HMMs)
and Dynamic Bayesian Networks [20]. In [21], parametric 2D flow models asso-
ciated with the whole face as well as with the mouth, eyebrows, and eyes are
first estimated. Then, mid-level predicates are inferred from these parameters.
Finally, universal facial expressions are detected and recognized using the esti-
mated predicates. In [12], a two-stage approach is used. Initially, a linear classi-
fication bank was applied and its output was fused to produce a characteristic
signature for each universal facial expression. The signatures thus computed
from the training data set were used to train discrete Hidden Markov Models
to learn the underlying model for each facial expression. A Bayesian approach
to modelling temporal transitions of facial expressions represented in a manifold
has been proposed in [18]. However, the fact that the method relies heavily on
the gray level of the image can be a serious limitation.

As can be seen, most proposed expression recognition schemes require a frontal
view of the face. Moreover, most of them rely on the use of image raw brightness
changes. The recognition of facial expressions in image sequences with significant
head motion is a challenging problem. It is required by many applications such
as human computer interaction and computer graphics animation [13,14,15] as
well as training of social robots [5,6].

In this paper we propose a novel scheme for dynamic facial expression recog-
nition that is based on an appearance-based 3D face tracker [4]. Compared to
existing dynamical facial expression methods our proposed approach has sev-
eral advantages. First, unlike most expression recognition systems that require
a frontal view of the face, our system is view independent since the used tracker
simultaneously provides the 3D head pose and the facial actions. Second, it is
texture independent since the recognition scheme relies only on the estimated
facial actions—invariant geometrical parameters. Third, its learning phase is
simple compared to other techniques (e.g., the HMM). As a result, even when
the imaging conditions change, the learned expression dynamics need not to be
recomputed. The proposed approach for dynamic facial expression recognition
has been compared afterwards against static frame-based recognition methods,
showing a clear superiority in terms of recognition rates and robustness.

The rest of the paper is organized as follows. Section 2 briefly presents the
proposed 3D face and facial action tracking. Section 3 describes the proposed
recognition scheme. In section 4 we report some experimental results and method
comparisons. Section 5 describes a human robot interaction application that is
based on the developed facial expression recognition scheme. Finally, in section
6 we present our conclusions and some guidelines for future work.
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2 3D Facial Dynamics Extraction

2.1 A Deformable 3D Face Model

In our work, we use the 3D face model Candide [2]. This 3D deformable wireframe
model was first developed for the purpose of model-based image coding and com-
puter animation. The 3D shape of this wireframe model is directly recorded in
coordinate form. It is given by the coordinates of the 3D vertices Pi, i = 1, . . . , n
where n is the number of vertices. Thus, the shape up to a global scale can be
fully described by the 3n-vector g; the concatenation of the 3D coordinates of
all vertices Pi. The vector g is written as:

g = gs + A τa (1)

where gs is the static shape of the model, τa the animation control vector, and
the columns of A are the Animation Units. The static shape is constant for a
given person. In this study, we use six modes for the facial Animation Units
(AUs) matrix A. We have chosen the following AUs: lower lip depressor, lip
stretcher, lip corner depressor, upper lip raiser, eyebrow lowerer, and outer eye-
brow raiser. These AUs are enough to cover most common facial animations.
Moreover, they are essential for conveying emotions. Thus, for every frame in
the video, the state of the 3D wireframe model is given by the 3D head pose pa-
rameters (three rotations and three translations) and the internal face animation
control vector τ a. This is given by the 12-dimensional vector b:

b = [θx, θy, θz , tx, ty, tz, τT
a ]T (2)

where:

– θx, θy, and θz represent the three angles associated with the 3D rotation
between the 3D face model coordinate system and the camera coordinate
system.

– tx, ty, and tz represent the three components of the 3D translation vector
between the 3D face model coordinate system and the camera coordinate
system.

– Each component of the vector τa represents the intensity of one facial action.
This belongs to the interval [0, 1] where the zero value corresponds to the
neutral configuration (no deformation) and the one value corresponds to the
maximum deformation. In the sequel, the word ”facial action” will refer to
the facial action intensity.

2.2 Simultaneous Face and Facial Action Tracking

In order to recover the facial expression one has to compute the facial actions
encoded by the vector τa which encapsulates the facial deformation. Since our
recognition scheme is view-independent these facial actions together with the 3D
head pose should be simultaneously estimated. In other words, the objective is
to compute the state vector b for every video frame.
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For this purpose, we use the tracker based on Online Appearance Models—
described in [4]. This appearance-based tracker aims at computing the 3D head
pose and the facial actions, i.e. the vector b, by minimizing a distance between
the incoming warped frame and the current shape-free appearance of the face.
This minimization is carried out using a gradient descent method. The statistics
of the shape-free appearance as well as the gradient matrix are updated every
frame. This scheme leads to a fast and robust tracking algorithm.

3 Facial Expression Recognition

Learning. In order to learn the spatio-temporal structures of the actions associ-
ated with facial expressions, we have used a simple supervised learning scheme
that consists in two stages. In the first stage, continuous videos depicting different
facial expressions are tracked and the retrieved facial actions τa are represented
by time series. In the second stage, the time series representation of all train-
ing videos are registered in the time domain using the Dynamic Time Warping
technique. Thus, a given example (expression) is represented by a feature vector
obtained by concatenating the registered τa.

Video sequences have been picked up from the CMU database [1]. These se-
quences depict five frontal view universal expressions (surprise, sadness, joy, dis-
gust and anger). Each expression is performed by 7 different subjects, starting
from the neutral one. Altogether we select 35 video sequences composed of around
15 to 20 frames each, that is, the average duration of each sequence is about half a
second. The learning phase consists of estimating the facial action parameters τa
(a 6-element vector) associated with each training sequence, that is, the tempo-
ral trajectories of the action parameters. Figure 1 shows the retrieved facial action
parameters associated with three sequences: surprise, anger, and joy. The training
video sequences have an interesting property: all performed expressions go from
the neutral expression to a high magnitude expression by going through a mod-
erate magnitude around the middle of the sequence. Therefore, using the same
training set we get two kinds of trajectories: (i) an entire trajectory which models
transitions from the neutral expression to a high magnitude expression, and (ii) a
truncated trajectory (the second half part of a given trajectory) which models the
transition from small/moderate magnitudes (half apex of the expression) to high
magnitudes (apex of the expression). Figure 2 show the half apex and apex facial
configurations for three expressions: surprise, anger, and joy. In the final stage of
the learning all training trajectories are aligned using the Dynamic Time Warping
technique by fixing a nominal duration for a facial expression. In our experiments,
this nominal duration is set to 18 frames.

Recognition. In the recognition phase, the 3D head pose and facial actions are
recovered from the video sequence using the appearance-based face and facial
action tracker. We infer the facial expression associated with the current frame t
by considering the estimated trajectory, i.e. the sequence of vectors τ a(t) within
a temporal window of size 18 centered at the current frame t. This trajectory
(feature vector) is then classified using classical classification techniques that rely



Dynamic vs. Static Recognition of Facial Expressions 17

2 4 6 8 10 12 14 16 18 20
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Frames

C
on

tr
ol

 v
ec

to
r

Surprise

Lower lip depressor

Inner brow lowerer

(a)

5 10 15 20 25
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Frames

C
on

tr
ol

 v
ec

to
r

Anger

Outer brow raiser

Lip corner depressor

(b)

2 4 6 8 10 12 14 16
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Frames

C
on

tr
ol

 v
ec

to
r

Joy

Upper lip raiser

Lip stretcher

(c)

Fig. 1. Three examples (sequences) of learned facial action parameters as a function
of time. (a) Surprise expression. (b) Anger expression. (c) Joy expression.

on the learned examples. We have used three different classification schemes: i)
Linear Discriminant Analysis, ii) Non-parametric Discriminant Analysis, and iii)
Support Vector Machines with a Radial Basis Function.
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It is worth noting that the static recognition scheme will use the facial ac-
tions associated with only one single frame. In this case, the training examples
correspond to the apex of the expression or to its half apex.

4 Experimental Results and Method Comparisons

In our experiments, we used a subset from the CMU facial expression database,
containing 7 persons who are displaying 5 expressions: surprise, sadness, joy, dis-
gust and anger. For dynamical facial expression recognition evaluation, we used
the truncated trajectories, that is, the temporal sequence containing 9 frames,
with the first frame representing a ”subtle” facial expression (corresponding more
or less with a ”half apex” state, see the left column of Figure 2) and the last one
corresponding to the apex state of the facial expression (see the right column
of Figure 2). We decided to remove in our analysis the first few frames (from
initial, ”neutral” state to ”half-apex”) since we found them irrelevant for the
purposes of the current study. The results reported in this section are based on
the ”leave-one-out” cross-validation strategy. Several classification methods have
been tested: Linear Discriminant Analysis (LDA), Non-parametric Discriminant
Analysis (NDA) and Support Vector Machines (SVM). For LDA and NDA, the
classification was based on the K Nearest Neighbor rule (KNN). We considered
the following cases: K=1, 3 and 5. In order to assess the benefit of using tempo-
ral information, we performed also the ”static” facial expression recognition, by
comparing frame-wise the instances corresponding to half-apex and apex states
respectively. The results for LDA and NDA classifiers are reported in tables 1
and 3, respectively. The SVM results for the dynamic classifier are reported in
table 5. The kernel was a radial basis function. Thus, the SVM used has two
parameters to tune ’c’ and ’g’ (gamma). In this case we wanted to see how the
variation of parameters ’c’ (cost) and ’g’ (gamma) affect the recognition per-
formance. We considered 7 values for ’c’ and 3 for ’gamma’. Table 8 shows the
confusion matrix associated with a given ”leave-one-out” for the dynamic classi-
fier using SVM. Since we noticed that ’gamma’ doesn’t have a significant impact
on the classification results, for the study of frame-wise case we set this param-
eter to its default value (1/dim(vector) = 1/54) and considered only different
values for the ’c’ parameter. The results for the static classifier based on SVM
are presented in table 6. To conclude this part of the experimental results, we
could say that, in general, the dynamic recognition scheme has outperformed
all static recognition schemes. Moreover, we found out that the SVM clearly
outperforms LDA and NDA in classification accuracy.

Besides the experiments described above, we performed also a cross-check val-
idation. In the first experiment, we trained the static classifier with the frames
corresponding to half-apex expression and use the apex frames for test. We refer
to this case as ’minor’ static classifier. In a second experiment, we trained the
classifier with the apex frames and test it using the half-apex frames (’major’
static classifier). The results for LDA, NDA and SVM are presented in the tables
2, 4 and 7, respectively. By analyzing the obtained results, we could observe that
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Surprise

Anger

Joy

Fig. 2. Three video examples associated with the CMU database depicting surprise,
anger, and joy expressions. The left frames illustrate the half apex of the expression.
The right frames illustrate the apex of the expression.

the ’minor’ static classifier has comparable results to the static half apex clas-
sifier. This was confirmed by the three classification methods: LDA, NDA, and
SVM. This means that a learning based on data featuring half apex expressions
will have very good generalization capabilities since the tests with both kinds
of data (half-apex and apex expressions) have a high recognition rate. Also, one
can notice that the recognition rate of the minor static classifier is higher than
that of the major static classifier.
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Table 1. LDA - Overall classification results

Classifier type K=1 K=3 K=5
Dynamic 94.2857% 88.5714% 82.8571%
Static (apex) 91.4286% 91.4286% 88.5714%
Static (half-apex) 85.7143% 82.8571% 80.0000%

Table 2. LDA - Cross-check validation results for the static classifier. Minor: train
with half-apex frames and test with apex. Major: train with apex frames and test with
half-apex.

Static classifier K=1 K=3 K=5
Minor 82.8571% 85.7143% 85.7143%
Major 57.1429% 65.7143% 62.8571%

Table 3. NDA - Overall classification results

Classifier type K=1 K=3 K=5
Dynamic 88.5714% 88.5714% 85.7143%
Static (apex) 85.7143% 88.5714% 91.4286%
Static (half-apex) 82.8571% 80.0000% 80.0000%

Table 4. NDA - Cross-check validation results for the static classifier. Minor: train
with half-apex frames and test with apex. Major: train with apex frames and test with
half-apex.

Static classifier K=1 K=3 K=5
Minor 94.2857% 88.5714% 85.7143%
Major 65.7143% 62.6571% 60.0000%

Table 5. SVM - Overall recognition rate for the dynamic classifier

c (g=1/54) g/2 g 2 g
1 91.4285% 91.4285% 91.4285%
5 91.4285% 94.2857% 97.1428%
10 97.1428% 97.1428% 97.1428%
50 97.1428% 100.0000% 97.1428%
100 100.0000% 97.1428% 97.1428%
500 97.1428% 97.1428% 97.1428%
1000 97.1428% 97.1428% 97.1428%

This result may have very practical implications assuming that training data
contain non-apex expressions, specially for real-world applications. In human-
computer interaction scenarios, for instance, we are interested in quantifying
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Table 6. SVM - Overall recognition rate for the static classifier

Static type c=1 c=5 c=10 c=50 c=100 c=500 c=1000
Apex 82.8571% 97.1428% 100.0000% 94.2857% 94.2857% 94.2857% 94.2857%
Half-apex 82.8571% 82.8571% 85.7142% 94.2857% 94.2857% 94.2857% 91.4285%

Table 7. SVM - Cross-check validation results for the static classifier. Minor: train
with half-apex frames and test with apex. Major: train with apex frames and test with
half-apex.

Static type c=1 c=5 c=10 c=50 c=100 c=500 c=1000
Minor 80.0000% 80.0000% 85.7142% 85.7142% 82.8571% 80.0000% 82.8571%
Major 48.5714% 60.0000% 51.4285% 45.7142% 48.5714% 48.5714% 48.5714%

Table 8. Confusion matrix for the dynamic classifier. The results correspond to the
case when c=1 and g=0.0185.

Surprise Sadness Joy Disgust Anger
Surprise (7) 7 0 0 0 0
Sadness (7) 0 6 0 1 0
Joy (7) 0 0 7 0 0
Disgust (7) 0 0 0 7 0
Anger (7) 0 1 1 1 4

Fig. 3. AIBO showing facial expressions

human reaction based on its natural behavior. For this reason, we have to acquire
and process data online without any external intervention. In this context, it is
highly unlikely to capture automatically a persons apex of the facial expression.
Most of the time we are tempted to show more subtle versions of our expressions
and when we indeed show apex, this is in very specific situations and for very
brief periods of time.

5 Application for AIBO: Mirroring Human Facial
Expression

With the dynamic facial expression recognition scheme proposed in this paper,
we developed an application for human-robot interaction. For this purpose, we
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Fig. 4. Left column: Some detected keyframes associated with the 1600-frame original
video. Middle column: The recognized expression. Right column: The correspond-
ing robot’s response.
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have used an AIBO robot which has the advantage of being specifically designed
for interaction with people. Among its communication mechanisms, it is en-
dowed with the ability of displaying ’facial expressions’ (according to its inner
state) through a set of colored LEDs located in the frontal part of the head (see
figure 3).

From its concept design, AIBO’s affective states are triggered by an emotion
generator engine. This occurs as a response to its internal state representation,
captured through a multi-sensorial mechanism (vision, audio, and touch). For
instance, it can display the happiness feeling when it detects a face or it hears a
voice. But it does not possess a built-in system for vision-based automatic facial-
expression recognition. For this reason, the current developed application can
be considered as a natural extension of its pre-built behaviors. This application
is a very simple one, in which the robot is just imitating the expression of a
human subject. In other words, we wanted to see its reaction according to the
emotional state displayed by a person. Some extracted frames are depicted in
figure 4.

6 Conclusions and Future Work

In this paper, we addressed the dynamic facial expression recognition in videos.
We introduced a view and texture independent scheme that exploits facial action
parameters estimated by an appearance-based 3D face tracker. We represented
the corresponding learned facial actions associated with different facial expres-
sions by time series. In order to show even better the benefits of employing
a dynamic classifier, we compared it with static classifiers, built on the half-
apex and apex frames of the corresponding facial expressions. We also showed
that only by using half-apex frames to train the static classifiers, we still get
very reliable predictions about the real facial expression (test were done with
apex frames). With the proposed scheme, we developed an application for social
robotics, in which an AIBO is mirroring the facial expression recognized.

In the future, we want to further explore the results obtained in this paper
by focusing on two directions: using facial actions as a hint to assess persons’
level of interest during an event and trying to discriminate between a fake and
a genuine facial expression.
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Abstract. In this paper we present a novel approach to the integration
of humans into AmI environments. The key aspect of the concept which
we call human centered Ami is a dynamic and active user model which
creates a virtual doppelganger of the user on software level. This agent
not only complies to the specific characteristics of humans but directly
affects and triggers environmental activities. In fact the user’s persona
and behavior is mapped to system level. Utilizing this doppelganger we
introduce the integration of the users’ capabilities and skills into the
functionality of the environment. Human services enrich intelligent envi-
ronments and allow to overcome the “all-or-nothing” dilemma which we
identified in conventional approaches. The concept of human centered
AmI is put into effect within the perception-oriented intelligent environ-
ment FINCA. Results of a Wizard-of-Oz experiment with real users show
the benefits of the presented approach.

1 Introduction

With the availability of more and more powerful and cheap computing facili-
ties together with their substantially and continuously shrinking size one of the
most fascinating visions of computer scientists today appear to be truly realiz-
able: Ubiquitous computing systems integrated into and designed to permanently
support the users’ everyday life. The principle goal is the “disappearing com-
puter” [1,2] which silently serves humans whereby they are (most of the time)
not even aware of it. Consequently, it is the humans’ environment which becomes
more “intelligent” – the advent of Ambient Intelligence (AmI).

In the last few years tremendous progress in AmI research allowed for the
realization of impressive applications utilizing ubicomp techniques. Prominent
examples are so-called Smart Rooms and Smart Houses (cf. e.g. [3,4]). Here,
various sensors and actuators are integrated into the installations of buildings
aiming at the support of humans in their private home, or for elderly care, just
to mention two examples.

Compared to, e.g., standard desktop applications the key issue in all AmI
techniques is the permanent system awareness w.r.t. the global environmental
context which is necessary for generating appropriate system reactions. These
reactions often depend on hardly predictable actions performed by the very
humans to be served. In fact, permanent and reliable context awareness is the
main feature of the central AmI paradigm [5,6,7].

E. Aarts et al. (Eds.): AmI 2008, LNCS 5355, pp. 26–43, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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Reconsidering the aforementioned Smart Houses, a principle problem of cur-
rent AmI applications becomes manifest. For successfully realizing the neces-
sary context awareness at a global scale plus, in this case, the required physical
feedback of the system, significant effort for soft- and hardware deployment is
mandatory. Numerous sensors (e.g. microphones, cameras, tactile sensors etc.)
and, probably more importantly, actuators (automatic door openers, light dim-
mers, servos for diverse installation equipment like sun-blinds etc.) need to be
deployed and in collectivity provide intelligent functionality. If only certain parts
of this hardware “zoo” are missing or malfunctioning the overall Ambient Intel-
ligence will fail and the particular Smart House becomes useless. Furthermore
and probably more important, a transfer of certain AmI solutions to different
but related scenarios requires exactly the same high effort in hard- and software
installation. We call this the “all-or-nothing” dilemma which is, in our mind,
very obstructive for the generalization of AmI.

In our research we try to overcome the aforementioned “all-or-nothing” di-
lemma. The motivation for this is the development of AmI techniques which,
among others, should easily be transferable between related scenarios putatively
exhibiting different hardware settings. More specifically our work is directed to
the development of techniques for Smart Houses with special focus on the de-
ployment of perception-oriented approaches analyzing, e.g., visual and acoustic
data. Exemplarily integrated into a conference room equipped with, more or less,
standard hardware components, thereby explicitly avoiding special solutions like
automatic door openers etc., we target our vision of AmI “for the masses”.

In contrast to existing approaches for Smart Houses and as the key innovation
presented in this paper we propose the explicit integration of human users and
their physical abilities into the overall AmI system. Humans are an decisive part
of the context and capable of doing numerous things which – for the sake of keeping
a system running instead of complete malfunction (see above) – should be used
for the design and practical operation of AmI systems. As an example windows or
doors can easily be opened or closed by humans if they are – at the right time –
asked to do so. The common alternative in standard AmI settings is to integrate
some kind of artificial actuator allowing for the automation of the process – the
“all-or-nothing” dilemma. Basically, this kind of paradigm shift opens up ways
out of the dilemma. Clearly, the user of an AmI system must not be bothered by
the system to do anything which would contradict the general vision of AmI. We
propose to explicitly integrate humans into the architecture of AmI systems and
to make use of their physical capabilities whenever it is appropriate and necessary.
Consequently, our approach is directed towards human centered AmI.

The technical realization of Ambient Intelligence environments is in practice
based on a Service Oriented Architecture (SOA) [8] which allows for easy mo-
dularization and to handle the complexity and dynamics of the system. Related
software frameworks like OSGi (cf., e.g., [9]) or Microsoft’s .NET currently repre-
sent the state-of-the-art and enable transparent communication between certain
(software) services dedicated to specific tasks. In this paper we describe a tech-
nical realization of the proposed human centered AmI integrated into a Smart
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House management system which is based on OSGi. As a key contribution for
the technical integration of humans into the framework virtual doppelgangers
are created, which – at the software level – transparently represent users of an
AmI system as any other device. The specific (physical) abilities of humans are
modeled by a new class of software services – human services. It is important to
mention, that the roles of humans in an AmI scenario might change dynamically.
Thus, certain human services principally offered by this person might be disabled
(or enabled again). As an example, related to our smart conference room, a per-
son, who is principally able to open the door for a mobile service robot trying
to enter the room, should not be asked to do so when he is presenting a talk.
Once the person is back in the audience he clearly can be asked to open the door,
though. By means of the proposed technique of human services dynamic changes
of a person’s available capabilities are realized via design patterns allowing for
flexible reconfiguration of objects at run time.

In reality the user plays an active, central and determining role in every in-
telligent environment. However, the analysis of state-of-the-art projects in this
field as, e.g., the GatorTech Smart House [10], or the AMIGO platform [11] re-
veal the fact, that user modeling takes place only within a passive and integral
context model. Contrary, in our approach we separate this modeling process and
create a user model which adapts to the specific characteristics of humans. In
consequence user centered design also at system level is achieved.

In this paper we develop the concept of human services as a tool for the realiza-
tion of human centered Ambient Intelligence. Human services are designed as a
general concept for at least partially overcoming the identified “all-or-nothing”
dilemma in AmI scenarios. As a first concrete implementation of human cen-
tered AmI we integrated human services in our smart environment – the FINCA
which is briefly described in section 2. Following this in section 3 human services
are presented in detail. For a qualitative evaluation of the effectiveness of the
proposed human services we conducted a practical case-study in the FINCA.
Therefore, Wizard-of-Oz experiments with real users of the FINCA’s smart con-
ference room were performed and the cognitive load of the users was measured.
It is shown, that the application of human services lowers the cognitive load of
AmI users which makes the particular systems easier and more intuitive to use
(section 4). As a side effect this study shows the acceptance and the intuitive
understanding of the concept of human services by the user. The paper concludes
with a discussion.

2 A Perception-Oriented Smart Environment:
The FINCA

The work described in this paper was conducted within the greater context of a
research project aiming at the development of techniques for sophisticated and
natural human-computer interaction. Therefore, especially sensor data related
to human perception (visual or acoustic signals) are processed using statistical
pattern recognition techniques. Serving as an integration scenario for Ambient



Towards Human Centered Ambient Intelligence 29

Fig. 1. Overview of the FINCA (left) and inside view of the smart conference room.
Ceiling mounted microphones are marked with red circles whereas the active cameras
(also mounted at the ceiling) are marked with blue, dashed circles.

Intelligence applications a Smart House has been created – the FINCA, a Flex-
ible, Intelligent eNvironment with Computational Augmentation [12].

Basically, the FINCA subsumes two areas under one roof: a smart confer-
ence room and, connected to this, an open and flexible lab-space. Within both
areas various sensors, namely cameras, microphones, infra-red sensors etc. are
integrated. Electro-mechanical sensors (e.g. light switches) and actors (e.g. light
or sunblind control units) are integrated and connected via an EIB (European
Installation Bus) installation. All sensors and actuators are standard, off-the-
shelf components. The reason for this is, that we – for better transferability of
developed solutions – explicitly aim to avoid special solutions which are only
available for the FINCA. Furthermore, a mobile service robot is integrated into
the FINCA. According to its capabilities the robot is used as an “external sen-
sor” and actuator, e.g., for concierge services within the smart environment. For
general system integration an OSGi based middleware framework is used.

Ultimately an intelligent, cooperative house environment, which supports hu-
man users during various activities (conferences, information retrieval, communi-
cation, entertainment etc.) is created. For natural and thus intuitive interaction
with the environment special teaching of human users will not be required. There-
fore, the FINCA detects, locates and tracks communication partners by analyzing
visual and acoustic data. The results are combined allowing for multimodal scene
analysis aiming at a successful automatic interpretation of user’s intentions.

In figure 1 an overview of the FINCA (left hand side) is given plus an in-
side view of the smart conference room. The FINCA is integrated into a larger
laboratory including numerous machines and working places. Thus, a (realistic)
rendering of the actual smart house gives a better overview rather than an actual
photo of the Smart House.

3 User Modeling and Human Services

In everyday life humans are confronted with numerous different computer based
systems. It is the central aspect of AmI to combine their functions into
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intelligent environments whose emergent characteristics should generate substan-
tial benefits for the human thereby improving his experience. However, without
an integration concept this combination process results in a tangled mass of user
interfaces and usage concepts each demanding for specialized knowledge. Even-
tually, human computer interaction looses all its originally intended intuitiveness
and the central concept of assistance is doomed.

In the last few years various approaches addressing this integration challenge
have been developed where the focus is, basically, on the creation of context
aware AmI environments. The strong dependency on sensors and actuators,
however, results in the “all-or-nothing” dilemma as discussed in section 1. The
representation of humans at system level, i.e. within the particular middleware
frameworks integrating the different software services and hardware control, is
realized within in a passive context model. This traditional concept of context
awareness, basically, does not cope with the special characteristics of humans.

In this paper we present a new approach aiming at the integration of hu-
mans as active components into intelligent environments. The motivation for
this is to open up ways out of the “all-or-nothing” dilemma. We target on a
user representation within an intelligent environment’s middleware framework
which explicitly respects the characteristics and specific role of the user in the
real world. Thus, it allows for the dynamic integration of human capabilities into
the functionality of the environment.

As a concrete technical realization of the proposed concept we create a virtual
doppelganger of the user at software level. Separated from the standard passive
context model this concept allows for user integration at the service level – hu-
man services which represent the key aspect to overcome the “all-or-nothing”
dilemma. The functional gap of most intelligent environments substantially de-
pending on the existence of all required hardware devices is closed. The key idea
here is to transfer the approach for resolving software dependencies as known
from service oriented architectures (SOA) to hardware related dependencies. The
central aspect for filling the gap of missing sensors or actuators in an intelligent
environment is the dynamic assistance by humans.

In the following the concept of human centered AmI, namely the explicit mod-
eling of users, modeling the users’ behavior, and human services are discussed
in detail.

3.1 Explicit Modeling of Users

In the research field of ubiquitous computing and AmI the user context model
primarily consists of the user’s location and his social context. Recent studies,
however, argue that modeling only the external context does not comply with
the characteristics of humans in reality [13]. Accordingly, an explicit modeling
of the user separated from a general context model is discussed in the related
literature [14,15].

In fact a close relation between the user model and the environment model
exists which constitutes the specific context at system level as illustrated in fig-
ure 2. The environmental context (right hand side of the figure) influences the
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Fig. 2. There is a close relation between user and context model. The state of the
environment directly influences the role of the user and vice versa the user implicitly
determines the current state of the environment.

user model (left) and, vice versa, the state of the user model directly affects the
general context of the environment. In particular the role of the user within an
intelligent environment might change due to changes within the general context
model. Therefore, specific user activity is not necessarily to be observed. Simi-
larly, user actions might change the environmental context. In consequence the
user model and the context model have to be linked according to interference
and integrity rules.

In our approach human users are represented by software objects at system
level. This object oriented technique allows for modeling human characteristics
and their activities in detail as well as for providing methods for direct commu-
nication between the virtual doppelgangers and software modules. Furthermore,
intelligent user oriented system behavior becomes possible which accounts for
the user’s individual characteristics.

3.2 Modeling the User’s Behavior

The conceptual goal of virtual doppelgangers is to represent the active and dy-
namic character of the user within the software framework of an AmI environ-
ment. Integral part of this concept is the mapping of user activities to system
actions. Consequently, the user model not only consists of passive information
about the user and his present state – which corresponds to conventional AmI
designs – but, instead, is an active part of the system, able to trigger actions.
Changes of local user data as well as system activities are controlled by this
virtual doppelganger. As an example a single observed user action can lead to
a continuous sequence of system actions controlled by the user model. According
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Fig. 3. The decoration of objects, i.e. the representation of the human user, allows for
dynamic changes of their methods at runtime. Due to the use of abstract interfaces
even multiple decorations and different properties can be combined.

to its equivalent in the real world the virtual doppelganger becomes a system
component which actively and continuously determines the system behavior.

The implementation of the user model at the software level is based on differ-
ent design patterns [16] to achieve a highly dynamic and flexible virtual doppel-
ganger. The user’s attributes and methods can be decorated at runtime allowing
to adapt the model constantly (cf. figure 3). Based on abstract interfaces new
decorations can be provided by external modules and they can be applied to
already existing instances of the user model. By decoration not only static data
of the model can be changed but, additionally, the specific implementation of
methods. As an example methods which are responsible for the communication
between the real human user and his virtual doppelganger can change dynam-
ically allowing to adopt to context information or user characteristics (e.g. to
change the modality or language of communication). Consequently, a user cen-
tered intelligence emerges.

Utilizing the state pattern the active and continuous role of the user is mod-
eled. Each thread based state is able to use the framework’s functionality to
control the environmental conditions in accordance to the users activity. For ex-
ample, the virtual doppelganger could continuously adapt the lighting conditions
according to the current activity thus avoiding disturbances of the user.

3.3 Human Services

Generally, hardware devices and software modules propagate their functionality
as services within the middleware of an intelligent environment. According to this
paradigm of service orientation the idea behind the proposed concept of human
services is to analogously propagate the capabilities of humans dynamically and
dependent on the global context. Consequently, while holding all the user data the



Towards Human Centered Ambient Intelligence 33

Fig. 4. Abstract service interfaces can be implemented by conventional modules and
the user model. The service itself is completely described by the interface and no special
knowledge about a (human) service in needed. In consequence human services in usage
do not differ from conventional services.

user model itself represents the instance to decide which human service to offer or
to withdraw. Depending on the information about the human user, the environ-
mental context, and the current activities these decisions about dynamic offering
of human services are taken by the user model. In consequence the dynamics of
the model affects this process directly and determines the service offering.

The typical SOA of an intelligent environment (as implemented in our own
Smart House – the FINCA, see section 2) combined with the explicit user model
represent a perfect base for the realization of human services. In our case we use
the OSGi framework functions for propagating human services of the user model
which, in this case, are implementations of defined abstract Java interfaces. Note
that the proposed concept of human centered AmI incl. human services does not
rely on utilizing an OSGi framework.

In general those interfaces can be sorted by function in two groups which is
illustrated in figure 4. On the one hand there are service interfaces describing
skills and capabilities of humans. As an example for the case study presented
in this paper (see next section) a service interface describing a door-opening
service was defined and implemented. On the other hand there are so called
communication interfaces which account for the lack of a direct communication
channel between the system and the user. These interfaces provide abstract input
and output methods for software modules to contact the user. Dependent on the
user’s actual state these methods are mapped within the user model to sensor and
actuator based environmental functions. Examples of communication services
are speech- and handwriting-recognition, visual terminals and speech synthesis.
The communication interfaces provide context adaptive communication channels
encapsulated by the user model.
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Fig. 5. Human services allow for the integration of the user’s capabilities into the action
planning of intelligent environments and are the key feature of the approach developed
in this paper. On the left hand side the real user is shown, on the right his virtual
doppelganger. The integration of the user model into the system is accomplished at
service level. The role of the user shifts from being the trigger of system activities to
an active component within the overall system. The user model thereby controls the
intelligent communication between the user and his virtual doppelganger.

Human services extend the role of humans in AmI environments and lead to
the proposed user integration at service level which is illustrated in figure 5. In
consequence the user is no longer considered to be only the trigger of system
activities but, instead, the functionality of the environment is enhanced by the
user’s skills. Functional dependencies at hardware level as discussed above are
dramatically reduced by human services. The intelligence of the environment
extends beyond the boundary of physical sensor and actuator installations.

4 Human Services in Action: A Case-Study

Traditionally, AmI systems are evaluated by means of usability studies. Due to
the complexity of such systems the evaluation with (naive) users in the loop
in practice turns out to be a challenging task with numerous issues to be re-
spected. In particular methods used in HCI studies are not likely to be feasible
in situations with disappearing computing. As an example, the communication
interfaces are invisible and – at least partially – unknown to the user. Further-
more, often input methods tend to be error prone.
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In addition improving the usability in fact corresponds to a multidisciplinary
task and, unfortunately, no general solutions exist [17]. The evaluation of a gen-
eral concept like the one presented in this work raises further questions regarding
the methodology of experiments to be conducted. The goal of the evaluation is
to measure the overall influence of a system’s design on it’s usability rather than
limiting to some isolated functionality of certain components.

The hypothesis to be verified in the experiments are the following:

1. The concept of human services accompanied by intelligent user interaction
lowers the cognitive load of AmI users. In consequence the overall system
usability increases and the system becomes easier and more intuitive without
the need of precise user instructions.

2. The concept of human services is naturally understood by the untaught user
and specific user instructions are superfluous.

4.1 Experiment Design

In these premises we performed a case-study with human services integrated
into the FINCA. Therefore, real users were asked to interact with the smart
conference room of the FINCA. More specifically they should check and rate
environmental functions like speech and gesture recognition, localization and
control of lighting conditions. As an example while pointing to a specific light
source the user had to give a voice command to turn on the light. A reference
sheet explaining the available functionality was given to the subjects before the
experiment started. The underlying goal of these experiments was to encour-
age human users to perform realistic (and unconstrained) interaction with the
intelligent environment.

In addition to this rather simple task, in order to evaluate the usability in
a cognitively demanding situation, the subjects were given a more complex in-
teraction task. This advanced interaction task is triggered and defined by the
following occurrences and accordant solutions. Note that only the goals of this
task were pre-defined, the interaction between users and the FINCA remained
unconstrained.

– The mobile service robot, which at some point tries to enter the conference
room, must be assisted. Therefore, the door needs to be opened by the
subject.

– A software module occasionally malfunctioning during the experiment is
required to be restarted.

In order to minimize functional influences of (putatively error prone) input
methods and to concentrate on the evaluation of the new concept of human
services this study was designed as an Wizard-of-Oz experiment [18]. Thus,
speech and gesture recognition were simulated by an (invisible) operator whereby
the particular subject was in belief of using real intelligent functionality of the
conference room.
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Fig. 6. During the experiment the subject is interacting with the intelligent environ-
ment (it’s active components are marked blue). Interaction is accomplished via the
speech recognition and synthesis module based on an artificial head equipped with
stereo microphones and speakers. The operator remains in background out of view of
the subject.

Using installed cameras and microphones the operator monitored the subject
and coordinated system activities following a specified and detailed protocol.
Speech commands and gestures given by the subject were treated by the opera-
tor, outputs to the subject were entered in textform and processed by a speech
synthesis module. In order to handle unpredicted incidences the mobile service
robot was at some point during the experiment manually navigated into the
FINCA. The experimental setup is illustrated in figure 6.

After completion the experiment was evaluated by means of a questionnaire
survey. This survey was targeted on the subject’s role in the environment, the
complexity of the tasks and, finally, examined whether the concept of (offering)
human services (e.g. manually opening the door for the robot) were naturally
accepted or perceived to be distracting. Answers had to be given based on the
5-point Likert scale [19].

4.2 Dual-Task Interference

Although the role of the user in the environment as examined by the ques-
tionnaire survey is important concerning the goal of user integration, this sur-
vey does not provide a measure of neither the usability of the system nor, in
this context, the advantages over conventional AmI concepts. In consequence
some additional examination of how the subjects managed to fulfill the advanced
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interaction task is needed. Unfortunately, standard evaluation methods from
HCI applications are often inappropriate (see introduction of section 4).

In order to measure the usability of the smart conference room we additionally
performed an evaluation following the dual-task paradigm which evolved from
psychological research (cf. e.g. [20]). It addresses the analysis of the cognitive
load of humans while fulfilling given tasks. In fact, the cognitive load corresponds
to a direct measure of the usability: The lower the cognitive load the more
intuitive and, thus, higher is the usability of the smart environment. The basis
of this assumption is the fact that people tend to have problems when processing
multiple cognitively demanding activities in parallel. The reason for which lies
in the limited capacity of certain cognitive resources and the competition of
parallel activities for such. This mutual interference of activities is called dual-
task interference and is utilized in this study by giving the subjects a second,
cognitively demanding and measurable task – the control task – in parallel to
the advanced interaction task.

The memorization of unassociated information has been proved to be appro-
priate as control task [21]. In our experiments a multi-digit random number was
presented to the subjects and the memorization performance was measured at
the end of the experiment. Preliminary tests have identified a nine-digit number,
presented in three blocks with 3 digits each, as reasonable. To assure for equal
conditions w.r.t. cognitive elaboration the number is not visually presented but
read to the subject by the investigator until it was correctly repeated. For quan-
tifying the results the Levenshtein distance [22] is used which conforms to typical
errors made in such tasks.

This control task provides a simple yet effective measure for the cognitive
load of a subject during the experiment. By design these results correlate with
the complexity of the intelligent environment, which is directly connected to the
usability.

4.3 Test Procedure

We conducted experiments with 15 different participants (namely undergradu-
ate students), all of them being naive users w.r.t. AmI related research. Three
disjoint sub-groups were created by (randomly) splitting the cohort and assigned
to one of the following experimental conditions:

1. Subjects contained by the first group are not confronted with extended and
cognitively demanding interaction task. The results of the control task are
expected to be optimal as no cognitive interference will occur. The results
of the memorization task of this control group will serve as reference value.

2. Prior to the experiment the subjects of this group are given detailed instruc-
tions on how to solve the advanced interaction task (cf. section 4.1) but at
the time of occurrence no interactive help is given. Instead, the subjects must
recall the required information. The condition in this group complies with
conventional AmI design: The user does not offer a human service which can
be dynamically requested by the environment. In order to be able to handle
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certain situations – i.e. the door needs to be opened, a software module is
malfunctioning – the user needs specific and detailed knowledge.

3. The subjects of the last group do not have any detailed pre-instructions on
how to handle the advanced interaction task. At the time of occurrence, how-
ever, the user is given interactive help by the intelligent conference room.
Utilizing human services the environment is able to involve the user’s capa-
bilities in action planning, i.e. for opening the door for the robot a service is
used which is offered by the user – an instance of a human service. In con-
sequence the handling of the proposed advanced task – a task which exceed
the possibilities of conventional AmI – is managed by the environment itself
to disburden the user. This is what we call human centered AmI.

As already mentioned, at the beginning of an experiment the subjects received
short introductions about the functionality of the smart conference room. De-
pending on the sub-group the subject belongs to, the particular task description
was given to the user. During the experiment the subject was left alone within
the FINCA ensuring the completion of the task with as little disturbances as
possible. At the end of the experiment the performance in the memorization task
was measured and the questionnaire was filled out.

Reconsidering the initial assumptions w.r.t. the practical evaluation the effec-
tiveness of human services can be evaluated. The results of the memorization task
measure the cognitive load of the subject during experiment and, in consequence,
the complexity of the specific experimental condition. The acceptance of the con-
cept of human services is implicitly examined and further information regarding
the perception of the particular subject’s role is gathered by questionnaire.

4.4 Results

For the quantitative evaluation of the experimental results we utilized the well-
established ANOVA (analysis of variances) method (cf. e.g. [23]), a statistical
procedure which evaluates the differences of certain measurements in dependency
of the condition of the particular experiment. Basically, different experimental
conditions are compared aiming for the analysis of the effectiveness of the pro-
posed human services. By means of the analysis of certain statistical measures
differences between the experiments performed by the three sub-groups are in-
vestigated. In this case-study the group conditions differ in presence or absence
of the proposed human centered AmI (see previous section). Thus, results are
analyzed by means of one-factor ANOVA.

In the following the results for the evaluation of both the complexity of the
task itself and for the control task results are given.

Task Complexity. Although the complexity of both the standard interaction
task (see definition of the control group in section 4.3) and the advanced in-
teraction task (second and third sub-group assigned to the actual evaluation of
human centered AmI) are comparable, different subjects might differently per-
ceive its complexity. Since it is the general goal to evaluate the memorization
results such putative biases need to be eliminated.
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Table 1. ANOVA table of general task complexity – no significant changes are caused
by the introduction of the proposed human services which allows for direct comparison
of the memorization results to those obtained from the control group.

source of variance S2 df MS F p

human centered AmI 0.93 2 0.47 0.64 0.5462
random error 8.8 12 0.73

total 9.73 14 0.7

Table 2. Descriptive statistics of general task complexity. The results show no signif-
icant differences between either groups.

group N mean standard error standard deviation

1 5 4.6 0.24 0.54
2 5 4.2 0.58 1.3
3 5 4.8 0.2 0.44

total 5 4.53 0.22 0.83

In order to measure the complexity of the task to fulfill, a questionnaire –
completed by the test persons after conducting the experiment – was evaluated
thereby offering standardized numerical answers from the 5-point Likert scale.
In table 1 and 2, respectively, the results of this survey are summarized. Table
1 contains the ANOVA measures squared sum S2, degree of freedom df , mean
sum MS, F-test statistics F , and statistical significance p – each w.r.t. the
Likert based answers given in the questionnaires. The results of the first row
(human centered AmI) are averaged over the three sub-groups with different
experimental conditions. According to standard ANOVA presentations and for
completeness also figures for random error and total are given. In the second
table the descriptive statistics are given separately for the three sub-groups.

The influence of the experimental condition is given by statistical significance
of p = 0.5462 which is close to random and the mean differs only marginally.1

It can be seen that the introduction of human services does not change the
perceived complexity of the task – which justifies the overall evaluation approach.
The results obtained from control group experiments and those obtained when
human services are activated are, thus, directly comparable.

Control Task Results. In the previous section the general evaluation method-
ology was justified by verifying the comparability of the general task complexi-
ties. Consequently, we can now focus on the main evaluation of the effectiveness
1 According to ANOVA the statistics of significance is the probability that the dif-

ference in variance between groups is caused by random and not by experimental
conditions. The level of significance is defined as α = 0.05 and a difference of signif-
icance is given by p ≤ α. [23]
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Table 3. ANOVA table of error rates in control task (memorization of nine-digit num-
bers during the experiments). The results show a trend towards a significant difference
between the particular sub-groups of the case-study which gives evidence for the effec-
tiveness of human services.

source of variance S2 df MS F p

human centered AmI 22.8 2 11.4 2.9 0.0940
random error 47.2 12 3.93

total 70 14 5

Table 4. Descriptive statistics of control task results. The results show a substantial
improvement in memorization performance by human centered AmI (group 3) com-
pared to conventional AmI conditions (group 2).

group N mean standard error standard deviation

1 5 1.8 0.66 1.48
2 5 3.6 1.33 2.96
3 5 0.6 0.4 0.89

total 15 2 0.58 2.23

of human services. This means the measurement of the cognitive loads of the test
persons while conducting the particular experiments either using human services
or not. Therefore, the memorization performances of the subjects assigned to the
particular sub-groups are compared.

The ANOVA analysis of the mismatches, i.e. the Levenshtein distances be-
tween the nine-digit numbers to be memorized and those numbers which actually
were reproduced by the subjects, shows a trend towards a significant difference
(p = 0.094) between the sub-groups of the case-study. In table 3 the particular
measures are summarized accordingly. It can be seen that the proposed approach
of human centred AmI (group 3) reduces the error rate to a level similar to the
control group (group 1) where no cognitive interference was inducted (table 4).
Contrary to a conventional AmI system (group 2) the error rate is halved –
which gives strong evidence for the effectiveness of human services in related
AmI domains.

4.5 Conclusion

By means of an user-oriented case-study where naive users interacted without
constraints in a Wizard-of-Oz setup with an intelligent environment which was
designed according to the proposed approach, the effectiveness of human services
has been demonstrated. The results of the experimental evaluation show that
the new concept of human centered AmI not only enriches the environmental
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functionality as described in section 3. Furthermore, the usability of the intelli-
gent environment has become more intuitive. Evidence for these improvements is
given by means of the results of dual-task interference experiments. The quanti-
tative analysis of the memorization performance of test persons interacting with
the FINCA shows that their cognitive load is decreased when human services
are enabled – the AmI has become easier to use. To summarize, intelligent inter-
action, user guidance, and the integration of human services in action planning
processes allow for intuitive interaction with a complex intelligent environment
without the need for detailed pre-instructions.

Furthermore, this case-study shows a natural understanding for the proposed
concept by the user. None of the test persons responded irritated when he was
asked to help the robot or to restart a software module, i.e. when the subject
was asked for a human service. A qualitative analysis of the questionnaire sur-
vey unveiled the stronger integration of the user into the environment by the
presented approach: The role of the user shifts from a trigger of actions to an
integral component of the environment which in fact is the main goal of human
centered AmI on system level.

5 Discussion

The key to successful applications within the field of Ambient Intelligence is
the permanent system awareness w.r.t. the particular environmental context. In
contrast to, e.g., desktop applications, AmI scenarios are based on the integration
of various software services running in parallel on different computers.

In this paper we proposed a new concept for direct user integration into Ambi-
ent Intelligence environments resulting in human centered AmI. The motivation
for this is to overcome the “all-or-nothing” dilemma which we identified for
conventional AmI applications: If a certain application relies on specific soft- or
hardware services the overall application is hardly transferable to related scenar-
ios where the setup just slightly differs. As an example, AmI solutions developed
for Smart Houses substantially depend on the existence of the same hardware
“zoo”. Otherwise, i.e. if some device is missing or malfunctioning the application
will fail completely. We used the example of automatic door-openers allowing a
mobile robot to enter a room. If such a device is not available or malfunctioning
the robot cannot be used at all and the AmI probably becomes, at least partially,
useless.

In order to open up ways out of the “all-or-nothing” dilemma we explicitly
integrate human users and their physical abilities into the overall AmI system.
Within the software framework of AmI architectures human users are explicitly
represented by virtual doppelgangers. These objects are transparently integrated
as any other devices (i.e. sensors and actuators) thereby also offering services
– human services. Via software patterns dynamic role changes of the human
users – depending on their, now explicitly modeled, context and the state of the
environment – are realized at runtime. By means of an experimental evaluation
within a practical case-study in our own Smart House the effectiveness of the
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proposed approach has been shown. For a quantitative evaluation we utilized the
dual-task interference paradigm. Due to the integration of human services the
cognitive load of the users is lowered which indicates a more intuitive usability.

In this paper we presented the general framework for human centered AmI.
In order to concentrate on the new concept and to avoid getting stuck in certain
practical implementation issues its general effectiveness was evaluated by means
of Wizard-of-Oz experiments. Clearly, when entering the real-world such prac-
tical details have to be solved. Probably the most important module required
is the one which decides whether a human service or some (original) technical
service shall be used. In a worst-case scenario the proposed concept would de-
generate and human users offering human services are doing all the work – which
is far from the original AmI vision. Such decisions, however, can be solved very
effectively when integrating global reasoning modules (e.g. based on ontholo-
gies). By design such functionalities can easily be integrated into the framework
of human centered Ambient Intelligence.
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Abstract. Digital Picture Frames has received attention both research wise and 
by consumers, who are increasingly buying existing solutions. In this paper we 
investigate how to design improved picture frames through providing means for 
two-way communication and through exploring the potential in providing 
automatically generated context information. We report on the design and trial 
use of a HOMEinTOUCH, an experience prototype of a picture frame for do-
mestic environment, supporting two-way communication and context-
information around pictures. We tested this prototype, as well as two other 
commercial products during a journey and interviewed both the people travel-
ing and the ones at home after the completion of the journey. Based on this ma-
terial we provide design indications for future generation of such products. 

Keywords: Digital Picture Frames, Extended family members, context-
information, two-way ambient communication, and interaction design. 

1   Introduction 

“joy which we cannot share with others is only half enjoyed”  
- The Old Street Lamp by H.C. Andersen 

 
The potential for Digital Picture Frames in connecting people who are apart has been 
pointed out in a number of designs and studies [6][14]. In addition, digital picture 
frames have become a commercial success over the past years, and are expected to 
become even more in the years to come. In this paper we investigate the potential in 
supporting sharing of experiences between extended family members with HOMEin 
TOUCH a new type of digital picture frame, which explores the potential in  
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• Supporting better two-way communication than are offered in most com-
mercial picture frames 

• Integrating the communication mechanism in the physical home and in eve-
ryday life 

• Exploring the role of context-data for supporting the communication 
 

Thus while these aspects have been investigated separately, in this study we ex-
plore them in conjunction. Our investigation consists of the design of a prototype of a 
new type of picture frame HOMEinTOUCH, an experience prototype we have devel-
oped to explore the above themes. We set up a field trial where three different means 
of communication were explored on the same trip. One of the communication chan-
nels was HOMEinTOUCH. In addition an iGoogle site and a commercial Picture 
frame (Seeframe) were used. These three communication mechanisms were set up in 
three different households. After the trip all the parties involved were interviewed to 
investigate the strengths and weaknesses of existing solutions and to point towards 
potential future solutions.  

This paper outlines the rationale and experiences from designing the frame and re-
port on the experiences from the use of this frame and other related communication 
means during a travel. 

The experiences from the design and trial use lead to reflections about the experi-
ence prototype. This paper is a roundup on some of the outcome and discussions  
concerning two-way ambient awareness. One theme is concerning the two-way com-
munication in this specific case with one part being away and the other part being 
home, another theme is the obligations that the infected have towards each other when 
communicating and a last theme is the connectedness through this prototype. This 
paper outlines related work and puts the work in the context of a larger project inves-
tigating new means for people to make home where they are. It describes and moti-
vated the designed experience prototype and outlines experiences from a trial use. 
Finally design indications are synthesized from the experiment. 

2   Related Work  

A range of research has investigated how to support connections between people who 
are apart.  

Various devices supporting one-way communication have been suggested for the 
home. Examples include picture frames such as the Digital Family Portrait [14], 
which connects elderly people to their extended family members. Both the digital 
family portrait [ibid] and Tollmar and Persson’s 6th sense [16] conveys activity 
awareness from one home to another home and thus allows for the awareness between 
people in different homes. Both these concepts support one-way communication. 
These concepts concentrate primarily on the ambient awareness and not on the shar-
ing of experiences and contents. 

Examples of two-way communication systems include InTouch, which allows for 
synchronous and tangible connections between individuals. This is an early concept, 
which is not developed in particular for a home and does not hold considerations on 
how such a concept would fit into a home and everyday life.  
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Virtual intimate objects [7] also explore two-way communication between closely 
related people. This study investigates how extremely simple information and interac-
tion can support intimacy between couples in long-distance relationships. The concept 
explored consists of a small circle in the menu-bar on a desktop, which changes color 
as it is clicked. This research focuses on the desktop environment and is not particu-
larly focused on the specific context of use. 

A number of studies have explored the potential of situated displays, such as the 
HomeNote [13] and Whereabouts clock [3], which are both people-to-place commu-
nication displays. HomeNote supports communication between family members in 
the same household allowing text messaging or scribbling to a shared display in a 
kitchen. This device supports the daily contact and connections between people who 
live in the same house. Communication here is one way, from people to the display. 

The Whereabouts clock [3] conveys coarse-grained position information of house-
hold members on a situated display in the home, typically placed in the kitchen. This 
device has successfully used position information solely to support rich awareness 
about family members activities.  

Context photography [10] explores the potential in conveying context-information 
through modifying the pictures themselves in response to e.g. the sound level. This 
work uses the mobile phone as the platform for both capture and experience, where 
we are more interested in how this context information contributes meaning in the 
context of a remote household.  

In line with others, [1], we are concerned about the communication demands new 
devices can impose, but at the same time, several of the above cases point out how 
rich and complex interpretations are done over seemingly simple information [7][3] 
[11] and indeed provide value to the people using these systems. In particular, people 
who are closely connected interpret the data in the context of the knowledge they 
have about each other. We are intrigued by these findings and seek additional ways of 
supporting this. 

3   Connected While Apart 

HOMEinTOUCH has been developed as part of a larger project which seeks to inves-
tigate new means for supporting people in living a mobile and global life, through 
devising means for people to make home where they are. This perspective is inspired 
by the research of ethnographer Ida Winther [15] who is also interested in how people 
increasingly live a mobile life. She emphasizes that this does not mean that people are 
place-less nomades [ibid] but rather that our ability to make home in these changing 
circumstances is key to be in the world. Inspired by this perspective, the challenge of 
the increasing mobilization and globalization is to develop strategies for making home 
as a way of being in the world. To understand better the conditions, practices, every-
day life and advanced strategies developed by people who travel, we have conducted 
an ethnographic study of different kinds of people who are frequently on the move 
and have strong connections with people and places throughout the world.  

One of the people we followed as part of this study works as a steward, Paul who 
has a flat and a wife in London, a son in Copenhagen, Denmark, He was born in New 
Zeeland where his parents and brother still live, and as part of his job he flies 
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regularly between London, Los Angeles and Singapore. Figure 1 illustrates Paul’s 
desktop in his hotel room in Los Angeles, where he is waiting to take a flight back to 
London. He has carefully organized the desk in the room with his computer. On his 
desktop, he continuously has his messenger contacts as well as the current weather 
conditions in places where people he cares about live or in places where he is often 
traveling. 

 

 

Fig. 1. Paul pointing at his desktop where he monitors the weather in different places around 
the world. These are places where his loved ones are and where he is traveling often.  

4   Designing the Frame 

The aim was to create an artifact to support sharing of experiences between extended 
family members and friends. We were interested in designing an artifact for a home  
as “in homes, people are concerned first and foremost with other household members, 
followed by family members outside of the household and then, less importantly, 
friends and other relationships such as those of shared interest groups” [6]. We were 
interested in supporting the communication between close relatives. Further, as 
pointed out by Hindus et al [ibid], these new communication resources also poten-
tially impose new communication obligations. Thus we were interested in carefully 
designing the communication mechanism in the home in a way, which fits into the 
daily routines in this context. The intention was to support awareness of the relatives 
while they are traveling and to give the travelers a medium to communicate their 
experiences with their family and friends and for the receivers’ to communicate back 
to the travelers in a way that fits in with their everyday life in the home.  
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We constructed an experience prototype [4] to explore the potential qualities of 
supporting better two-way communication than are offered in most commercial pic-
ture frames, of integrating the communication mechanism in the physical home and in 
everyday life, and finally of exploring the role of context-data for supporting the 
communication. Our experience prototype consists of two artifacts. One is an aug-
mented digital picture frame and one is a mobile phone, which communicates with the 
picture frame. The experience prototype can be seen in figures 2 and 3. 

 

 

Fig. 2. HOMEinTOUCH picture frame during the field trial 

The prototype realizes the above qualities in the following way. The largest picture 
in the picture frame displays the picture sent by the relative. In this case the picture of 
a cruise ship. Above this to the right, there are three small pictures, a portrait of the 
person who sent the picture, a clock showing the current local time where the picture 
is taken, as well as the current weather. Below this is the position indicated on a 
globe. The black round spots on the sides of the frame are squeezable zones where the 
recipient of the photo can squeeze to indicate that she or he has seen the picture. As 
these are squeezed, the sender gets a small round icon on the mobile phone with the 
picture seen at the time of the squeeze.  

The intention with the squeezable sides on the frame is to allow for a way to ac-
knowledge that the picture has been seen, in a way that integrated with the situation of 
viewing the picture and in a way that did not impose a burden in terms of complex 
interaction on the viewer of the picture. The intention with the context-information 
was to support the ambient awareness about the distant locality of the relatives. In 
particular, we were also inspired by the steward Paul, discussed in section two, who 
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Fig. 3. Sending an image from the mobile phone in the left picture to the frame with the con-
tents depicted on the right side 

finds that the weather information is a useful way of establishing awareness on rela-
tives who are far away. 

5   Implementing the Experience Prototype 

Focusing on the potential qualities of the experience, we chose to implement an ex-
perience prototype using a combination of existing technologies and services. The 
prototype consists of the picture frame and a mobile device for taking and uploading 
pictures. 

The picture frame is a custom built case containing a tablet pc displaying a full 
screen .Net/Flash application (see Fig. 2 and 3). The application displays a picture 
slideshow fetched from PicasaWeb using the Google PicasaWeb API. Photos are 
refreshed at a given time interval and if new images have been uploaded the frame 
will give audio feedback. 

In addition to the picture slideshow the application also displays various contextual 
information related to the pictures. This includes the current location of the sender on 
a map, the current weather conditions fetched from Yahoo! Weather and the current, 
local time at the position where the picture is send from. For the purpose of the ex-
periment, some of this information was prepared and not truly updated real time. The 
clock was set to Philippine time and the weather was shown for the Capital Manila 
while Aviaja and her family was traveling around the Philippines. The location of the 
sender was basically a series of Google Maps screenshots displayed at a given time. 

Another feature of the picture frame is the possibility for the viewer to squeeze the 
frame to reply to the sender. We incorporated a Phidget pressure sensor to detect 
squeezing of the frame. An e-mail was then sent to the traveler when the pressure on 
the Phidget pressure sensor was above a certain threshold in the application. 

The other part of the setup was the mobile device. We decided to use a Nokia N95 
8GB smart phone. The only explicit hardware requirements to the phone are built-in 
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camera and Internet access, which are more or less standard equipment in today’s cell 
phones. 

For the purpose of taking pictures we decided to use the built-in camera (and cam-
era application) on the phone. In addition to this we used Shozu. Shozu is a photo 
sharing software program for mobile devices; it connects to social photo sharing sites 
on the Internet (like PicasaWeb, Flickr and Facebook) and it’s able to upload pictures 
taken with the camera and receive pictures uploaded by others. We used the combina-
tion of Shozu and build-in camera to upload the pictures to a PicasaWeb album dis-
played on the picture frame. 

An e-mail account was set up to give notifications if the picture frame was 
squeezed. An improvement of the prototype could be the ability to properly track 
location of the sender using the phone. This is part of giving the viewers of the picture 
frame an opportunity to follow the journey. Implementing this with current mobile 
phones would be a challenge due to poor battery lifetime when continuously tracking 
GPS and moreover, when traveling in areas with poor network as e.g. the Philippines. 
A solution could be to display the location of the current image being displayed on 
HOMEinTOUCH. But that would also mean losing the awareness of the current loca-
tion and conditions of the traveler. 

6   The Journey Experiment 

We conducted a qualitative experiment where we set up different means of commu-
nication between Aviaja and different members of her extended family. Figure 4 
illustrates the communication mechanisms, which were set up before the travel. All 
participants got introduced to the communication types immediately before Aviaja 
and her family went on their trip. Aviaja. Anders and Anton went on a holiday to the 
Phililppines for two weeks.  

6.1   Participants 

Aviaja lives with her husband, Anders and their one-year old son in a flat in a medium 
sized city in Denmark. They frequently see and communicate with their extended 
family on a weekly basis either face to face or via phone calls. Aviaja also communi-
cates via text messages with her father and more often her mother.  

Aviaja’s father and his younger daughter live in the same city. They were equipped 
with the HOMEinTOUCH prototype. Aviaja’s mother lives in the capital and she 
received a commercial digital picture frame (eStarling seeframe) in the airport where 
she came to send off the family. Aviaja’s mother in law got introduced to an igoogle 
website set up for the journey and her father in law was not introduced to any com-
munication means by Aviaja and her family, but discovered some of them during the 
travel. The four parents all live in each their household. Table 1 provides an overview 
of the qualities of the different communication types. 

Immediately after the journey was completed interviews were conducted with 
Aviaja, her father, her mother, her father in law, and mother in law. In the following 
we analyze these interviews to understand the strengths and weaknesses of these dif-
ferent communication mechanisms. 



 HOMEinTOUCH Designing Two-Way Ambient Communication 51 

 

Fig. 4. The communication ecology set up before the travel 

Table 1. The communication mechanisms explored in the field trial and the qualities repre-
sented by the different solutions 

 Physical 
artifact 

Displaying 
pictures 

Displaying 
metadata 

Two-way 
communi-

cation 

   HOMEinTOUCH 

(Carsten) 

X X X X 

iGoogle website 

(Jane and later Bent) 

 X X  

SeeFrame 

(Kisser) 

X X   

7   The Journey Experiences 

One of the immediate findings was that that in the course of the travel, the communica-
tion mechanisms introduced only formed part of an ecology of communication devices, 
which were exploited by the participants. Figure 5 provides a map of the communica-
tions during the trip and key statements from the interviews with the participants.  
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Fig. 5. Mapping of the communication during the travel 

All the relatives were pleased to be involved in the trip: 
 “It was nice to be engaged in the trip. Normally there is no contact when they are on 
vacation -they are just gone.” (Jane, testing the iGoogle version).  

Even though Bent, Anders’ father had not been introduced to the experiment, he en-
gaged in the material as he learnt about the iGoogle site from Anders’ mother. Both 
Bent and Kisser engaged very actively with the contents send by Aviaja. E.g. both 
Bent and Kisser uploaded some of the pictures to their own website / laptop and 
Kisser got motivated to further research the area where Aviaja and her family were 
travelling: “The pictures inspired me to do some background research about different 
things: When I saw a picture of the beach I looked up coco beach on the Internet to 
learn more about the place. When I saw that they were diving, I searched for diving in 
the specific area. It was a way of indirectly following the trip.” (Kisser, testing the 
commercial picture frame). 

The introduction of the communication channel imposed some expectations from 
the participants. Both Kisser and Carsten touched upon this during the interview. 
Carsten argued that he found that there were slightly too few pictures being sent to the 
frame. He speculated on the need to make an agreement beforehand regarding the 
frequency of pictures, but he also found that this could introduce unneeded concerns 
if this frequency for various reasons were not obeyed. Carsten argued that the com-
munication on his side (the touch on the frame) was not a burden. It was like a posi-
tive obligation. Kisser sent an SMS with her mobile phone each time she received a 
picture in this way trying to encourage Aviaja and her family to send more pictures. It 
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is interesting that the two people having the physical artefact were the ones who ex-
pressed the biggest expectations regarding new content. This suggests that centrally 
placed physical artefact is a powerful means for supporting continuous awareness, but 
on the other hand also potentially impose greater expectations.  

Aviaja, at the Philippines, found that all the SMS messages sent by Kisser was to 
some extend a burden in that they introduced expectations on her to communicate back. 

The attraction clearly was when new contents arrived. “I was joyous and humble 
for having the opportunity to follow the trip and the grandchild”and “I was full of 
elation every time a picture arrived” (Kisser, testing the commercial picture frame). 
But none of the solutions tried out offered good notification mechanisms when new 
contents had arrived. Carsten (HOMEinTOUCH) regularly gleaned through the whole 
sequence to see if new materials had arrived, and felt quite awkward having to do this. 
Kisser (commercial picture frame) adjusted the speed of the shifting of pictures on her 
frame. She set it to shift every 10 seconds when she expected new material to come 
and after the travel was completed, and she did not expect new contents she adjusted 
it to shift every 3 minutes. Kisser checked the frame several times every day. This 
clearly points to the need for investigating graceful notification mechanisms for this 
kind of material in the home. Jane (iGoogle website) established a routine where she 
visited the site one time every day. 

The context information seemed to support awareness well, but it was slightly hard 
to investigate the specific role it played through the interview. It did though seem to 
provide the context for the pictures explored and the idea about where Aviaja and her 
family were. For instance, Carsten was surprised to see when, according to the 
HOMEinTOUCH picture frame, Aviaja and her family had arrived back in Copenha-
gen prior to his expectations. He called Kisser to ask whether she knew about their 
position, and it turned out that they were not there yet, it was the frame, which had 
displayed it at a wrong time (it was pre-programmed). When asking directly about it, 
both Carsten, Jane and Bent, who had the weather conditions available had all noticed 
how great the weather had been though at times a bit cloudy. 

Kisser and Carsten with the physical frames were pleased with the way they inte-
grated in the home. Carsten argued: “This belongs to the home. It is a home-thing. It 
is good that it belongs here in the home. I did not think about it while in Copenha-
gen”. (Carsten was away from the home 2 days during the time of the trip) Kisser 
found it a luxury to have the frame. When showing it, one of her friends spontane-
ously pointed out, that is a real grandmother thing.  

8    Design Indications 

The experiment is an example of research-through-design [11] as we tested the poten-
tial in 

• Supporting better two-way communication than are offered in most com-
mercial picture frames 

• Integrating the communication mechanism in the physical home and in eve-
ryday life 

• Exploring the role of context-data for supporting the communication 
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This was done through the experience prototypes to understand the potentials of 
the design and to learn about the imprints it made in the family. Our findings lead in 
various directions where some of our assumptions were supported and others could be 
further developed in the next generation of prototypes. The following is a discussion 
about different design indications we find from the experience. In this way we can 
improve our design to make a product that improve the various communication 
strategies. 

8.1   Two-Way Communication 

The first strategy was our setup for two-way communication. All the receivers re-
sponded to new content (pictures) with a message to the senders. Using a separate 
media (text message) was not convenient in this setup, as it was a start of a conversa-
tion that obligated the travelers to respond again. The squeeze on the other hand was 
very straightforward and gave the sense of connection without further obligations. It 
can be discussed whether the feedback should be attached with a comment on the 
photo or the notification is enough. Another issue for further design investigation is 
the squeeze action – is it the right way to interact with the frame? Carsten said that it 
“gave a sense of connection” and that is interesting to follow. How can we support the 
semantics about the feeling of connection? There is an indication that we can embody 
this notion [8] without doing it in a 1:1 translation. A way to support it better may be 
to have both squeeze areas activated simultaneously as an electrical system, where 
you have to establish the connection, thereby establishing both the physical and the 
conceptual connection. It could also be further enhanced through haptic feedback as 
you push the frame and then you can physically feel the connection. One thing is clear 
and that is the potentials in supporting the connected feeling.  

The obligation theme came up several times and the participants expressed that it 
was a positive obligation to give feedback or not an obligation at all. The travelers on 
the other hand felt too obligated to answer all the text messages, which they were not 
interested in as they were on vacation. It is therefore an indication towards an open 
communication where neither of the participants should feel obligated to respond.  

8.2   Person-to-Place Communication 

Researchers from related fields have implied that there’s potential in designing for 
communication from person-to-place [12] specifically in a home context with several 
family members. HOMEinTOUCH is a home artefact and we have therefore decided 
to put it in the field of slow-design and slow technology [5] that doesn’t call for speed 
nor efficiency. HOMEinTOUCH is a way of making slow messaging [8] from person-
to-place that sometimes is instant, when traveler or the ones at home explore new 
content/feedback as it comes in.  

The experience prototype HOMEinTOUCH was integrated in a home setting as 
was the SeeFrame but not the iGoogle site. The biggest difference was that the pic-
tures were seen by others in the homes and became center for conversation, The 
frames were also checked for new content several times daily in the homes, but only 
once daily in iGoogle, as it was facilitated by the computer which was only used once 
daily. This made it more ambiently integrated through the physical object and the 
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people in the home were reminded about the ones being away in a peripheral sense. 
Carsten said that HOMEinTOUCH was best to have in a specific place, being in the 
home as it was “not a work thing”. He didn’t give it any thoughts while being away 
from it but stared at it often when being home. This supports our anticipation of it 
being integrated in the home settings. This then brings us to another issue concerning 
trust. The HOMEinTOUCH is a window to the world, but at the same time a part of 
the decoration of the home juxtaposed to picture frames. The sender/traveler can ex-
pose pictures that the receiver might not want to look at in their homes. This might 
not become a problem as it is made for people in close relationships, but it is an issue 
that we have to consider for future development.  

8.3   Visual Communication 

HOMEinTOUCH is a rapid way of communicating through pictures that is seamless 
and convenient while on the move. We experienced that the travelers started to think 
in new ways of picture taking –telling a story through the picture. In this way they 
didn’t have to write to tell where they were or what they did. They began to take pic-
tures that were self-explanatory e.g. in front of a sign (Figure 6) or illustrating more of 
an atmosphere. (Figure 7). 

 

 
 

                         Fig. 6.                              Fig. 7.  

Other research indicates that this kind of photosharing between family members 
and close friends is a culture itself (Kodak Culture) that have a need for more private 
sharing tool than for instance Flickr.com [12]. The Kodak Culture people use pictures 
to tell stories, stay connected with others and show different activities and experi-
ences. We suggest that HOMEinTOUCH is an answer to this need as it is direct from 
person-to-place and it provides a stage for the stories. It represents some kind of an 
enriched interactive postcard with several pictures telling the stories. This is further 
supported with the context for data shown. In that way it is possible to send a picture, 
just to show where in the world you are and what time it is at this longitude or show-
ing what the weather is like. We see HOMEinTOUCH as stage for several users. 
Perhaps the parents have several children traveling or living around the world. They 
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can then keep in contact/track of them via HOMEinTOUCH. That is why the picture 
of the sender is also being displayed. We would like to test this use in a future setup, 
letting it stay in the home for a longer period because it would be interesting to see 
how the receivers would like to be able to edit the content over time. This leads to 
another issue concerning ownership of the content. When a picture has been displayed 
for a while the receiver may either want to delete it or save it to another media. Both 
was actually seen in our testing of SeeFrame as Kisser deleted some pictures from 
testing the setup and saved some pictures to her computer as it then came under her 
ownership. We have to decide if we want to support this hacking of the digital content 
or try to avoid it. Most indications draw towards supporting it as it has already been 
edited and given as a gift/message from the traveler. It can then transform into a more 
persistent picture.  

9   Conclusion 

We have investigated design indications for HOMEinTOUCH and found that it 
should support two-way communication in a seamless way giving a notion of con-
nectedness. We also found it relevant to design for slow messaging from person-to-
place having a physical object in the home as a stage for storytelling. In that way 
HOMEinTOUCH is an enriched interactive postcard with context aware metadata 
displayed.  
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Abstract. This paper presents the results of a study on how elderly people per-
ceive an intelligent system, embedded in their home, which should enable them 
to live independently longer. Users of a motion sensor system were interviewed 
about their experiences. A sensor system that autonomously works as well as a 
manipulated version was studied. The manipulation contained a touch screen 
that informed the users if the gathered information was correct before sending it 
to caregivers, so more control over personal information was provided. To test 
the use intention of the motion sensor system Spiekermann’s Ubiquitous Com-
puting Acceptance Model of was used. This study shows that people, who per-
ceive more control over their wellbeing, show more use intention. And that the 
subjective norm influences their acceptance. This study shows that acceptance 
models for Ambient Intelligence application in care situations need to be  
developed. 

Keywords: ambient intelligence, user experiences, elderly, telecare. 

1   Introduction 

The vision of Ambient Intelligence (AmI) proclaims a future life filled with small 
computers embedded in environments of everyday life. The aim of AmI is that people 
in a particular environment will be assisted by the ubiquitous distribution of small 
computers in this environment [1]. Due to the context awareness of AmI, the environ-
ment should adapt itself to its present users and their needs. The users should interact 
with their environment in a natural way [1, 2]. The smart environment so provides 
more comfort and saves time and money, empowering the user and providing more 
entertainment [3]. The Institute for Prospective Technological Studies (IPTS) describes 
it as: “...'human centred computing’ where the emphasis is on user-friendliness, effi-
cient and distributed service support, user-empowerment, and support for human in-
teractions [2]. Thus, AmI should strengthen humans in their own environments. 

Together with these positive sides, some major concerns are frequently voiced as 
well. Loss of privacy, autonomy and control are often cited as downsides of the vision 
of AmI [2, 3, 4, 5]. 
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Up to this moment it is unclear whether these enrichments or threats will actually 
occur, since this has not been studied often and because the technology has not been 
presented yet. This study investigates whether the level of control influences the use 
intention of AmI. 

As the IST Advisory Group (ISTAG) forecasted, many intelligent systems will sur-
round humans in their daily lives and activities in 2010 [6]. These forecasts have been 
criticized on their sense of reality and optimistic vision [7], but this does not mean 
that the realization of the vision has been compromised. At present many major re-
search centres focus on the development of AmI, such as Philips, Microsoft and MIT. 
Also the European Commission and the Dutch government see many possibilities of 
AmI, for society and economy. Their policy focuses strongly on investing in ICT as 
an important part of, for example, health care and transport. 

Despite the ongoing development of AmI, user centredness and use intention have 
not been researched much. At the Ubicomp 2007 conference, only five of the twenty-
nine surveys focus partly on user experiences and expectations in their studies [8]. 
This is understandable, as the technology to realize the vision has not yet been fully 
developed. There are not many applications or settings that contain all the five key 
features of AmI [9]. To develop and test a technology that contains embedded net-
work devices and is context aware, personalized, adaptive and anticipates towards the 
users’ needs, is, at this moment, practically impossible. To be user centred, you must 
test how people perceive intelligent and assistive technology. Especially the equilib-
rium between personalized and assistive possibilities versus perceived invasion of 
privacy and threat to autonomy needs more attention and research. 

The first AmI-like environments are gradually appearing in daily life. Intelligent 
vehicles and home equipment trickle through to the consumer market. One example is 
the safety features to assist the driver in automobiles. Examples of intelligence at 
home are sensor technology to automatically adjust light or energy use, robot vacuum 
cleaners and remote controls for managing lighting. Especially the care for elderly 
people makes use of information and communication technology to help the elderly 
live more independently. The technology should improve their way of live.  

In spite of these technological improvements, the question remains how people re-
act to this integration of ‘smart’ technology in their daily life. How do they cope with 
the possible threats and new opportunities elicited by AmI? This study tries to gain 
insight in the attitude of elderly people who could live in an ‘assistive’ environment 
and how this influences their intention to use and accept such an environment. The 
goal of this study is to investigate whether the level of perceived control over well-
being influences the use intention of such an intelligent environment. A sub goal of 
the study is to look for indications of differences in use intention between Potential 
Users (PU), the ones that participated in the study, and Actual Users (AU).  

The next section highlights some of the methods of user studies within the field of AmI 
or Ubiquitous Computing1 (Ubicomp), followed by the introduction of the Ubiquitous 
Computing Services Acceptance Model (UC AM), introduced by Spiekermann [10]. 

                                                           
1 The two concepts are closely related [1, 2] and for the readability of the text only the term 

AmI will be used in the remainder of this paper.  
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2   Previous Research on AmI and Related Technologies 

The user studies in the field of AmI are mainly executed by using films or scenarios 
of a future with smart devices [11, 12] or by the use of single prototypes of systems 
that could be used in an AmI environment [13, 14]. These studies mainly focused on 
perceived effects of ‘smart’ devices on humans; in particular perceived control and 
perceived privacy were measured. They also show effects of the experiences people 
have with suggested scenarios or used prototypes. However, none of these studies 
used technology that is actually deployed in real life or that fits two or more key fea-
tures of AmI as stated by Aarts [1]. This could mean that the perception of the partici-
pants will not correspond with the perception of actual users of AmI-like technology. 
The perception of privacy and the level of control can be perceived differently by 
actual users than by potential users. Another way to study the perceptions of users in 
AmI-like settings is by the use of a living laboratory or a Smart Home. Such labora-
tory studies create real-time interaction with AmI technology and can provide in re-
sults of actual use experiences.  

The next paragraphs describe the research methods and results of other user studies 
of AmI-like technologies. 

Spiekermann [11] used a film showing the future of shopping, in which Radio Fre-
quency Identification (RFID) is used to provide personalized services. RFID is con-
sidered one of the important building blocks of Ubicomp [7], and therefore also of 
AmI. The results showed that people prefer to destroy the RFID tag, despite the per-
ceived value of after sales services which it could provide. It seems that people put 
the protection of their privacy above the possible benefits of the use of RFID technol-
ogy. There was also an indication that people did not prefer to manually activate the 
RFID tag (User scheme) over automatically determine the privacy settings of the user 
through a “watchdog” (Agent scheme). There was no difference in perceived control 
between the two settings, so an autonomous system was not seen as less preferable 
than the system with more user control. However, the results suggested that the level 
of information control provided by the User scheme does influence its appreciation. 
Perceived control appeared to influence the appreciation of automated personalized 
services. 

Another study by Niemelä, et al [12] used three scenarios of AmI environments to 
test the attitude of elderly people towards AmI applications that support the elderly in 
living independently. One scenario introduced a smart pillbox. A second scenario 
drew a sleep quality logger to check for sleep apnoea. The third scenario described a 
home equipped with several interlinked ambient sensors. Overall some privacy con-
cerns arose, as did questions about usability: The first two scenarios transferred per-
sonal data to someone else, which led to some worries. In two scenarios, it was 
required to interact with the system by using a mobile phone. Several participants 
considered this to be difficult and preferred an easier interface. But mainly the par-
ticipants did accept services and applications that improved their living and facilitated 
a more independent way of living. 

A study that also surveyed perceived privacy and presence was conducted by 
Brown et al [13]. They used a Whereabouts Clock (WAC) to investigate the experi-
ences of using a family locating system. The clock could, coarse-grained, track the 
whereabouts of relatives. The researchers investigated whether the WAC was 
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perceived as a helpful smart tool to enhance family values. This study showed that the 
technology can also help families to “be a family”: it can enhance social cohesion. 
The participants perceived the WAC as supporting their reassurance, connectedness, 
expression of identity and social touch. 

Janse et al [14] also studied perceived privacy and presence and looked at the pref-
erences for manual or automatic operation of the system. One result was that percep-
tion of privacy and level of control is a personal experience. This study also showed 
that people prefer to share their information with only a small group of closely related 
people, with whom sharing location information does have some benefits. So privacy 
concerns did influence their attitudes towards the system. 

Besides user studies that used scenarios or single service prototypes, there are also 
studies that used a simulated environment like the Philips HomeLab [15] or the 
Aware Home [16]. The aim of these smart homes is to discover the subtle characteris-
tics of human behaviour and experiences when interacting with technology in a home 
situation. The use of technology in a home setting is different than in a working envi-
ronment [16]. Creating realistic prototypes in a controlled but realistic environment 
[15] could gain insight into how people interact with and perceive a smart 
environment. 

The papers cited above contain good ways to study user behaviour in AmI, but de-
spite the high fidelity of the settings, they are still laboratory situations. To gain more 
insight into the role of smart technology, more field study is necessary [15] because 
“both the impact of the environment and the impact of time on the behaviour of the 
users of these applications must be considered.” [17]. Due to the laboratory setting of 
these methods the social environment of the user is mainly left out, and as the Unified 
Theory of Acceptance and Use of Technology [18] states: social environment does 
influence the intention of technology use. 

The user studies of AmI technologies described above showed that privacy does 
indeed somehow concern the users, especially the control over personal information 
and over who receives this information. Automatic situations were preferred in one 
situation, but not in others. Perceptual presence reassured people. Stimuli were used 
to invoke user perceptions. Live laboratory studies used actual stimuli, but lacked the 
social environment of the users. However, these studies did not apply to natural set-
tings. This study tries to avoid this pitfall with the use of a real time system that meets 
most AmI characteristics. 

3   Home Automation 

As the previous section shows, using scenarios, films, single prototypes or laboratory 
settings are helpful ways to gain insight in the perception and experience of users of 
AmI-like environments. But all these methods use unreal settings, so actual experi-
ences that form real intentions are not revealed. To avoid this, this study uses an envi-
ronment that is actually deployed with technology strongly related to AmI: home 
automation. 

Home automation can be seen as a precursor of AmI. The aim of home automation 
is the same as the aim of AmI: both should strengthen the users in their own environ-
ment. The Rathanau Institute describes the comparison between AmI and home 
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automation as follows: home automation is the integration of technology and services 
within the home, emphasizing the improvement of the quality of life by enhancing 
safety, comfort and better communication. With home automation as well as with 
AmI, the technology ought to be ‘intelligent’ and disappear into the background [24]. 
The system used in this study consists of motion detecting sensors. This motion sen-
sor system (MSS) approaches the five key elements of AmI. It is embedded in the 
environment, it is adjusted to the settings of the user, the monitoring makes it possible 
to detect differences in the context, and it informs care givers and relatives when 
differences are observed. Only the pro-active element is not yet deployed in the MSS. 

As stated before, AmI is seen as a worthwhile supplement in health care. It could 
provide personalized care and surveillance at home, especially for the care of elderly 
people. Home automation is seen as a way to maintain a good level of care for the 
elderly. The use of ICT is seen as one way to meet the rising demand for elderly care 
[16, 24]. This study used one of the latest forms of home automation. This consisted 
of monitoring devices that unobtrusively keep an eye on the behaviour of the elderly 
by using motion sensors. The MMS was installed in the home of the user. These sen-
sors registered daily habits, such as the pattern of taking medicine, eating, the 
sleep/wake pattern and the room temperature. By means of these patterns of behav-
iour a personalized care program could be facilitated. After about two weeks a life-
style pattern could be determined. When the MSS detected differences in this lifestyle 
pattern a signal was automatically given to a central care giving organization and to 
designated relatives. Detected differences in lifestyle patterns might indicate that the 
person’s abilities have started to degenerate or that some problem has occurred. The 
MSS used informed the care giving centre whether differences in sleeping pattern, 
kitchen use or room temperature had taken place. The MSS could generate an imme-
diate alert when a serious problem would take place, such as a fall in the bathroom. 
This MSS worked automatically and did not inform the elderly user whether an alert 
was transferred. 

In December 2007 a home care organization in the Netherlands started a field study 
to determine whether the MSS would be suitable for their clients. This created the 
opportunity to investigate the difference in use intention if the MSS would be less 
autonomous and to ask the user whether registered differences in lifestyle patterns are 
correct or not. As the previous studies [11, 12] indicated, control over information 
flow influenced the appreciation of a smart system.  

The model and the method used to measure the experiences in this setting are de-
scribed in the following sections. 

4   Measuring Use Intention and Acceptance 

To avoid the pitfall mentioned in section two, this research aims to study the influence 
of the level of control on use intention of an actually deployed home automation sys-
tem. In this way the real experiences of living in an assistive environment can be 
measured. These results can be compared with the expected experiences of potential 
users of the same system. The setting was described in the previous section. 

To measure the experiences with this technology, we used a new model: the Ubiq-
uitous Computing services Acceptance Model (UCAM) of Spiekermann [10]. 
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Spiekermann developed a model that predicts the acceptance and use intention of 
Ubicomp applications. As stated before, AmI is closely related to Ubicomp. Ben Al-
louch [19] described the differences and similarities between the two in her disserta-
tion. Spiekermann’s model could therefore be used for investigating the experience 
and acceptance of AmI. 

As AmI focuses on the empowerment of people in their everyday life, one needs to 
measure the elements that influence the experience of everyday life. Spiekermann 
tried to capture these elements in the following variables: usefulness, cognitive atti-
tude, affective attitude, privacy, control and risk. The model is shown below and the 
variables are explained in the following paragraphs.  

Perceived
Usefulness

Cognitive
Attitude

Behavioral
Intention to

use

Affective
Attitude

Perceived
Risk

Perceived
Privacy

Perceived
Control

 

Fig. 1. Ubiquitous Computing-service Acceptance Model, Spiekermann (2007) 

The UCAM is based on the Technology Acceptance Model (TAM) [20]. The TAM 
was developed to test the adoption of information systems in organizations. It was not 
designed for measuring the adoption of Ambient Intelligence. The variable usefulness 
is one of two used in the TAM. Spiekermann follows the TAM by treating it as a 
variable that influences the acceptance of UC, even though it is not in a professional 
environment. She leaves the second variable, ease of use, out of the model, because 
the vision of Ubicomp, and of AmI as well, describes an intuitive interaction with the 
system. This makes ease of use part of the system. Usefulness influences the cognitive 
attitude as well as the affective attitude. These attitudes are the centre of the accep-
tance model of UC. Spiekermann here follows Yang and Yoo [21], who have ex-
panded the TAM with cognitive attitude and affective attitude. The cognitive attitude 
describes the expected performance of the system and the affective attitude is closely 
related to the appeal and usability of the system. Both attitudes have their own effect 
on the use intention of the technology. 
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Spiekermann states that the dimension “compatibility” is an important missing 
variable in the TAM. Compatibility has been defined by Spiekermann as the degree to 
which an innovation is perceived as consistent with existing values, past experience, 
and needs of potential adopters. According to Spiekermann, the UC characteristics 
that potentially undermine privacy and control fall into this category. Perceived pri-
vacy concerns (privacy) influences both the cognitive attitude and the affective atti-
tude because privacy is formed through a cost-benefit rationale. Moreover, she states 
that privacy could influence the intention to use a system. Perceived control (control) 
is another part of the compatibility dimension and also closely related to privacy [6, 
5]. Although the vision of AmI states that people will have more control over their 
environment, an intelligent environment can be a threat to the autonomy of the user 
[3]. That is why Spiekermann estimates that perceived control influences the affective 
attitude and the intention to use intelligent technology. The last variable of the model 
is perceived risk. Spiekermann has chosen to measure an overall perceived risk (risk). 
She follows Featherman and Pavlou [22] who state that several types of risk, as iden-
tified by Kaplan, Szybillo and Jacoby [23], share a common core. That is why a uni-
fied risk perception is measured by the risk variable. Perceived risk influences the 
attitudes towards the technology and the intention to use the technology, as well as the 
cognitive and affective attitude. 

The main focus of this study was on the intention of elderly people to use a ‘smart’ 
environment. In this study we mean by ‘use intention’ the same as the variable inten-
tion to use in Spiekermann’s UCAM. The other variables of the UCAM were also 
taken into account to find out how they stand out in the care for the elderly. 

We wanted to study the use intentions of elderly people for a smart device and 
whether the level of control influences this use intention for an AmI application. This 
led to the following research question. 

 
RQ: How does the level of control influence the use intention of Ambient Intelligence 
technology by elderly? 

5   Methodology 

To study the use intention of the MSS, three groups were formed. One group con-
sisted of Actual Users (AU) of the MSS. These were participants in the field study of 
the home automation experiment. The two other groups both consisted of Potential 
Users (PU), and were named PU1 and PU2. The PU1 group received a description of 
an existing system, which works autonomously. The PU2 group received a descrip-
tion of an adjusted system, which means that it had a touch screen that could ask the 
participant a question about the registration. This adjustment is explained further 
below table 1, which shows the design of the research experiment. 

For this study a description of the MSS was used. The description was reviewed by 
two home automation specialists and a Dutch language specialist for accuracy and 
neutral tone of voice. 

A description of an existing home automation system was presented to the partici-
pants. It described the features of the system neutrally. The participants received a 
questionnaire with questions about perceived privacy concerns, perceived control, 
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Table 1. Research design 

Actual
Users

Potential
Users 1

Potential
Users 2

Autonomous system X X -

User control X - X

 

perceived usefulness, perceived risk and attitude towards such a system. This ques-
tionnaire was based on Spiekermann [6] and the text was translated into Dutch and 
adjusted to the home automation system used. The context of the question changed 
from a smart refrigerator and smart car to living safely and independently. The ques-
tions to measure the variables of the model could be taken over from the question-
naire. Only the question to measure the variable perceived control was changed from 
“I think that <with the system> I can decide any time on <the task> myself” and “this 
system leaves me sufficient control over my <task>” to “with the <name> I can do 
my daily tasks more safely” and “with the <name> I can do my daily tasks more inde-
pendent”. And the question “the <name> gives sufficient control over my wellbeing” 
was added in this study to test the difference between the actual used system and the 
adjusted version. 

The readability and comprehensibility of the questionnaire was tested by a test 
group (n=12, mean age=68.8). Only small textual adjustments had to be made. 

For the AU group the description of the system and text of the questionnaire were 
adjusted to the fact that they were familiar with the system and had actual use experi-
ence. For both PU groups the description as well as the questionnaire was formulated 
with the focus on potential use. 

The AU (n=18) were approached by people of the home care organization which 
conducted the field test with the system used. This test lasted five months. Fifteen 
persons agreed to participate. The participants of the PU groups (n=208) were over 
sixty and lived independently, but could move to a supported environment in the near 
future. All the participants were visitors of a Day Activity Centre (DAC) that helps 
them to be socially active. They all have an indication, which means that a low level 
of care is necessary and that the health insurance pays for the cost of the DAC. 

These PU were split into two equal groups. The PU1 group received the descrip-
tion of the MMS as it was deployed. The PU2 received an adjusted version of the 
description. This adjustment consisted of a user control function. If the system regis-
tered an irregularity in the patterns, it asked a question by means of a little touch 
screen monitor, mounted on the home central. For example if the system detected an 
irregularity in medicine use, it asked the user whether this detection was correct. See 
figure 2. 
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Fig. 2. Example question from the PU2 experiment 

Earlier work has indicated that autonomous systems were preferred above manual 
systems [12, 13, 14], but that the transfer of personal data led to privacy concerns [8, 
14]. That is why this extra level of control for the user was inserted in the scenario. 

After the results of the questionnaire were collected and analyzed, a focus group 
meeting was organized. The goal of the focus group meeting was to elaborate on the 
results of the questionnaire. The groups consisted of five to seven people who had 
participated in the study. This was smaller than suggested [25], but followed the rec-
ommendations of Zajicek [26] to minimize the number of participants in focus groups 
if they consist of elderly people. By using smaller groups, the participants could con-
tribute more easily and focus more on the discussion. 

6   Results 

The results of this study are divided into two sections. First we will present the results 
of the questionnaires, followed by the qualitative results of the focus group meetings. 

6.1   Quantitative Results 

This section presents the results of the questionnaires. First the variables used will be 
explained briefly, followed by the results of the study. 

Usefulness measured the perceived benefits of the system. The variable control 
checked the perceived control over well-being. The variable risk measured the per-
ceived risks of using such a system. The variable privacy measured perceived privacy 
concerns. The variables cognitive attitude and affective attitude measured the personal 
attitudes towards the presented or used system. The variable use intention measured 
the level of willingness to use or reject the system. 

The three research groups consisted of 15 (AU), 43 (PU1) and 40 (PU2) persons. 
To test the results of the questionnaire, a reliability check was done for variables of 
UCAM. Cronbach’s alpha (α) was used as an indication of how well a set of items 
measures a latent construct. A scale is regarded as reliable when Cronbach’s alpha is 
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at least between .60 and .70. Therefore all variables with α < 0.60 were not taken into 
further analysis. 

The variables that were usable for further processing were: usefulness (α = 0.76), 
affective attitude (α = 0.88), cognitive attitude (α = 0.95) and privacy (α = 0.87). For 
the Touch Screen setting, the variable privacy (α = 0.81) was the only reliable one. 
The variable use intention was formed by three questions, but these had a low alpha. 
That is why only one question was used to represent the variable use intention. The 
question I would naturally adopt the system, without any advice of others was used 
because its high face validity for measuring use intention. 

In the two other groups (PU 1 and PU2), all variables had an alpha between 0.64 
(affective attitude, PU1) and 0.87 (control in PU2). 

Table 2. Cronbach’s Alpha in groups PU1 and PU2 

Variable Cronbach’s alpha (α) 
PU1 

Cronbach’s alpha (α) 
PU2 

Usefulness 0.82 0.74 
Affective Attitude 0.77 0.64 
Cognitive Attitude 0.86 0.74 
Control 0.87 0.87 
Risk 0.76 0.78 
Privacy 0.73 0.69 

To test the correlation between use intention and the other variables of the UCAM, 
we used Spearman´s Rho. The results are shown in table 3 below. Only the significant 
correlations between the variables of the model are shown in the table. 

The results for the AU group show a positive association between cognitive atti-
tude and use intention (ρ = 0.62; p < 0.05). The association between usefulness and 
use intention was also positive (ρ = 0.62; p < 0.05). 

For the potential users who were offered a description of the actual, non-control, 
version of the system (PU1), the following results appeared after the Spearman’s Rho 
test. Only two variables of the UCAM had a significant association with use intention. 
Usefulness had a positive association with use intention (ρ = 0.34; p < 0.052) and 
control had a positive association with use intention (ρ = 0.38; p < 0.05). 

The results of the Potential Users who received a description of the system, con-
taining an extra control function, the Touch Screen (PU2), showed three significant 
associations between use intention and other variables of the UCAM. Usefulness had 
a positive association with use intention (ρ = 0.38; p < 0.05). Also risk had a positive 
association with use intention (ρ = 0.36; p < 0.05). But the most interesting result was 
the positive association between control and use intention (ρ = 0.54; p < 0.01).  

The results show that the association between control and use intention in the 
situation with the user control function was stronger than the association between 
control and use intention in the existing system. In table 3 below, all significant re-
sults of the correlations between the variables and use intention are presented. These 
results also clearly show that many relations, as predicted by the UCAM, were not 
found in this study.  
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Table 3. Correlations between the variables of the UCAM*  p < 0.05, ** p < .0.01 

 Use intention 
Actual Users 

Use intention 
Potential Users 

1 

Use intention 
Potential Users 

2 
Cognitive 
Attitude 
 

0.62* 
 

  

Usefulness 
 

0.62* 
 

0.34* 0.38* 

Control 
 

  
0.38* 

 
0.56** 

The subjective norm was also tested and it showed that this was positively corre-
lated with four variables of the UCAM within the AU group, namely use intention  
(ρ = 0.64; p < 0.05), cognitive attitude (ρ = 0.55; p < 0.05) affective attitude (ρ = 
0.58; p < 0.05) and usefulness (ρ = 0.65; p < 0.05). For the PU1 group also four posi-
tive associations were found between the subjective norm and variables of the model. 
These were cognitive attitude (ρ = 0.53; p < 0.01), usefulness (ρ = 0.33; p < 0.05), 
privacy (ρ = -0.32; p < 0.05) and control (ρ = 0.63; p < 0.01). The negative correla-
tion between subjective norm and privacy indicates that people who have low con-
cerns about their privacy rate high on the subjective norm. 

For the PU2 group five positive associations occurred between subjective norm and 
variables of the model. These were use intention (ρ = 0.60; p < 0.01), cognitive atti-
tude (ρ = 0.57; p < 0.01), usefulness (ρ = 0.58; p < 0.01), risk (ρ = 0.57; p < 0.01), 
and control (ρ = 0.83; p < 0.01). 

This shows that people in the social environment of the elderly influence their per-
ception, attitude and use intention towards such a system. Fulk et al [27] already pos-
tulated that the social environment influences the attitude towards communication 
technology. 

The Mann-Whitney U was used to test whether the differences between the control 
setting by the added touch screen and the system as it was actually deployed were 
significant. For the AU group this test could not be performed. Due to the low reli-
ability of the variables they could not be compared. 

For the PU groups the results show that there were significant differences in use-
fulness and control between both groups. There was a significant difference for per-
ceived usefulness (U = 618.000; p < 0.05) between PU1 (mean rank = 36.21) and PU2 
(mean rank = 47.05). The potential users with touch screen system (mean rank = 
47.08) also differed significantly (U = 621.000; p < 0.05) with regard to the perceived 
control of the system from the potential users who did not have the touch screen sys-
tem (mean rank = 36.44). These results indicate that the potential user group with the 
adjusted system perceived the system as more useful and that they perceived having 
more control over their well-being than the potential user group that had experienced 
the autonomously working system. 



 The Influence of Control on the Acceptance of Ambient Intelligence 69 

6.2   Qualitative Results 

To get more insight into the results of the questionnaires, three focus group meetings 
were scheduled with the user groups. Since the actual users lived dispersed and lack 
the mobility to come to a central place for a focus group meeting. That is why open 
interviews were conducted with them. For both PU groups a focus group meeting 
was held.  

First we will describe the results of the open interviews with the AU, followed by 
the results of the focus group meetings of PU1 en PU2. 

Five participants of the AU were randomly selected to answer some open questions 
about their experience with the system. Four of the five persons thought the system 
was useful as a precautionary system for living safely. One person had fallen during 
the research period and the system did not respond immediately. Thanks to her per-
sonal alarm trigger she could alert the care givers. None of the participants were both-
ered by the fact that the home care organization could monitor their life pattern. As 
one person said “I rely on them to be careful with it”. All participants also used a 
personal alarm trigger and stated that they preferred the direct action that occurs when 
the alarm button is pushed. Direct control over an alarm was appreciated over the 
sensor technology by the actual users. The personal alarm gave a greater sense of 
security to the elderly than the sensor system did. If the system would have a direct 
interaction possibility with care givers, or if the presented touch screen could facilitate 
mediated contact to check up on them, they would appreciate the sensor system more. 
All the interviewed persons said that they relied more on their personal alarm than 
they did on the sensor system. The tested system was seen as secondary by the inter-
viewed participants.  

These results correspond with the results of the questionnaires of the PU groups; 
the more control people perceived over their well-being, the more useful the system 
seemed to them. A higher level of personal control, for instance the possibility to 
contact a caregiver directly, increased their perception of the usefulness of the system. 
Communication via a screen or an alarm button could fill this need. 

The results of a focus group meeting with 5 participants of the PU1 group show 
that they perceived the presented system as useful. The system gave them the feeling 
of being less lonely and of being looked after. Three of them stated that the system is 
better than the personal alarm trigger that has to be worn around your neck. “People 
forget to wear those”, was their comment. 

Privacy was considered important by the elderly, but they stated that when you 
need help it becomes less important. The home care organization was trusted to deal 
carefully and discretely with the collected data. The participants stated that good 
agreements between the user and the organization are necessary. The cost of such a 
system was an important variable for them. If they live alone and if they can afford it, 
they would like to use and buy such a system. Relatives or other closely related per-
sons were another main variable. If those people would say that the system is useful, 
they would use it. So the subjective norm of family and others seemed to have a posi-
tive and strong effect on the intention of the elderly to use the system. 

The target group of the system would be elderly people who live alone, accord-
ing to most of them. Three persons also stated that it would be preferable if the 
system would also work outside their house. Control over their well-being provided 
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by their social environment was preferred by most of the participants. But the sys-
tem could also support their children in combining their own lives with taking care 
of their parents. Two persons saw this as a positive aspect of the system. If the care 
givers would visit them in case of a false alarm, it would not be a problem. It was 
important, though, that the care giver should be a person known to the care 
receiver. 

During the focus group meeting of 7 participants of the PU2 group the following 
results could be derived. The adjusted system was especially useful for people who 
live alone. It provided a secure feeling for the elderly. However, 5 participants stated 
that they preferred to be watched over by their social environment instead of being 
watched by ‘technical surveillance’. The fact that the system was able to check on 
medicine intake, mainly as a reminder, was appreciated by three persons. As someone 
said “everybody forgets something sometimes”. Two persons preferred the data being 
sent to the care giver automatically, without a control check. 

According to the elderly, the cost of such a system was an important variable in 
deciding whether they were going to use it or not. However, one person stated that 
security was more important than cost. Furthermore, privacy was also a concern for 
two persons in this group, but the care giver or volunteer aids were allowed to know 
‘everything’ in case of health situations. The other persons did not care much about 
their privacy. As someone said: “What does privacy matters at our age”.  

All of the participants were clear with respect to the fact that if a relative or closely 
related person would think that the system would be useful for them, they all would 
use the system. Within this group the subjective norm was also a strong variable for 
use intention. The system would be more useful if it were expanded with more alarm 
functions, as was the case in the bathroom, or with a personal alarm trigger. The eld-
erly thought that this would increase their level of control over their well-being in 
case of an emergency. 

The results of the focus group meetings and interviews show that, for most of the 
elderly, control over their well-being and contact with caregivers was considered 
important and the elderly’s social environment strongly influenced their intention to 
use the system. This corresponds with the findings of the questionnaires for PU1 and 
PU2, in which more control was preferred. The qualitative results also show that pri-
vacy for the elderly in a care situation was considered to be not very important. The 
results were similar with regard to the subjective norm: The results of the question-
naires and the interviews and focus groups show that the subjective norm played an 
important role for the elderly in their intention to use such systems. Summarized, 
elderly people perceived the subjective norm of family and other closely related per-
sons and the perceived control over their well-being as important variables for their 
intention to use intelligent systems in a care setting. Privacy seemed to play a less 
important role for the elderly. The results of the questionnaires already indicated this. 
However, the relevance of these results became clearer in the interviews and focus 
group meetings. 

In the next section we will present the overall conclusions, which will then be dis-
cussed further. 
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7   Conclusions and Discussion 

The aim of this study was to investigate how the level of control influences the use 
intention of an intelligent system for elderly people who might need it to live inde-
pendently. The main conclusion of this study is that the more control someone per-
ceives, the greater the use intention is. Another important result is that the subjective 
norm also has a strong influence on use intention. These results appeared in the ques-
tionnaire as well as in the focus group meetings. The next paragraph elaborates on the 
overall conclusions of this study. 

The subjective norm is found to play an important role in the use intention of the 
system by the elderly. This is shown by the results of the questionnaires and this was 
also clearly reflected by the elderly in the interviews. Based on these findings, it is 
clear that the attitude of closely related people and contact with care givers influence 
the use intention of the elderly with regard to an intelligent care system. To increase 
the acceptance of AmI in the care setting by elderly people, it is very important to 
involve the social environment of the elderly in the acceptance process. 

This study shows that the acceptance of ambient intelligence in a care setting is not 
completely comparable with the acceptance process of intelligent devices that are not 
meant directly for care settings. In the explorative interviews the Actual Users stated 
that if the system would integrate an alarm trigger, such as they were all using at the 
time, it would be more useful. The participants missed the direct control over their 
well-being. This indicates that actual users, as well as potential users, prefer more 
control over when to call for help or to contact care givers. This finding does not 
correspond with some earlier work [13, 14] in which ‘intelligent’ applications that 
worked automatically were preferred over a manual working system. This could be 
caused by the target group of this study and the goals of the used system. Maybe eld-
erly people prefer more control because their well-being is at stake. For example, in 
the work of Janse et al [14] families participate in the study, and not elderly people.   

Furthermore, more research into the role of control is needed to get a better under-
standing of its part in the acceptance process of ambient intelligence. The UCAM 
provides an ambiguous picture of the control variable. Sometimes the variable is used 
to measure personal autonomy and sometimes it is used to measure control over per-
sonal information. This study shows that more control, such as control over one’s 
well-being, leads to a higher use intention. Privacy, which is regarded to be an impor-
tant factor of success for the acceptance of ambient intelligence, can also be seen as 
the lack of control over personal information. In this study, privacy is not regarded as 
very important for elderly people in a setting in which they depend on care. By defini-
tion, when you come to depend on the care of someone else, you lose a bit of control 
over your well-being and also some privacy. Apparently, privacy seems less impor-
tant for the use intention of AmI-like systems by the elderly, if they need it for living 
independently. In the study of the after sale services provided by RFID [11], manual 
control was preferred over autonomous services. The study of Niemelä et al [12] also 
showed that automatically transferred personal information led to privacy concerns. 
However, the studies of the whereabouts clock [14] and the presence detecting lamp 
[14] show that an automatic system is preferred over a manual one. These differences 
between the results of different studies towards perception of control and privacy in 
different settings need more attention. Especially because AmI wants to empower 
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people in their own environment, control and privacy can play a vital role in that 
process.  

An explanation for the contradictory findings with regard to control in the different 
studies could be that the user in a care setting is not the care taker, but the care giver. 
So the actual user of the system is not always clear on first sight. Besides this, in a 
care setting you do not always want a user to have control over a system that should 
support them. If a person lacks the insight that he or she needs care, or just ignores it, 
then they could overrule the system. So it could be that AmI in elderly care could be a 
part of some kind of compassionate interference,  

This creates a thin dividing line between user in control and user centeredness. Es-
pecially in care for the elderly, more attention should be given to this issue.  

One of the limitations of this study is that the small group of actual users who par-
ticipated in this study all used a personal alarm trigger beside the sensor system. They 
did not completely have to rely on the system. This could influence their perception of 
the system. Future research should try to include more elderly persons, although their 
inclusion in research projects can prove to be very difficult. 

This study showed that financial risks also seem to influence the use intention of an 
intelligent system but this variable was only significant within the PU2 group. The 
interviews showed that costs are an important issue for the users, but the other types 
of risks, as identified by Kaplan, et al [23] were not frequently mentioned by the par-
ticipants of all the groups.  

Furthermore, the results of this study show that most relations, as predicted by the 
UCAM, did not appear in this study. In all three research groups, only a few correla-
tions were significant. This could indicate that the UCAM is not suited to predict the 
use intention of AmI applications that should enable assistive living for elderly peo-
ple. A possible explanation for this finding could be that the UCAM stems from the 
TAM. The TAM was designed for acceptance of technology in organizations and not 
for a domestic setting or a health care setting. The UCAM was originally used in a 
retail setting and not tested in a care setting. The specific target group of elderly peo-
ple could also have played a role in the outcome of this study. More research is 
needed to explore this finding in more depth. However, this study shows that we have 
to be careful with using general acceptance models of AmI which may not be suitable 
for specific contexts and specific target groups. Furthermore, more research is needed 
to investigate the relationship between use intention and actual use of specific ambi-
ent intelligent applications such as domestic health care applications or intelligent 
retail systems. 
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Abstract. The challenging context of Ambient Assisted Living (AAL)
demands for a service-oriented technological shift in the field of ubiquitous
computing. Recently, novel paradigms have been proposed, most of them
envisioning arbitrary pairs of peer application entities communicating and
providing services directly with each other and to users. In order to en-
force these paradigms even to systems which include devices with limited
processing and storage resources, lightweight middleware components are
required. JXTA-SOAP, a portable software component supporting peer-
to-peer sharing of Web Services, is a suitable solution. We illustrate its
features and a possible deployment to enable AAL services.

Keywords: ubiquitous computing, ambient assisted living, services,
peer-to-peer.

1 Introduction

The concept of ambient intelligence (AmI), which refers to a digital environ-
ment that proactively supports people in their daily lives, was introduced by
the information Society Technologies Advisory Group (ISTAG) of the European
Commission [11]. AmI overlaps with other concepts, such as ubiquitous comput-
ing, pervasive computing, context awareness, embedded systems and artificial
intelligence [21].

In the AmI context, the European Commission recently started the Ambient
Assisted Living (AAL) technology and innovation funding programme, aiming
at extending the time older people can live in their home environment by in-
creasing their autonomy and assisting them in carrying out activities of daily
living, feeling included, secure, protected and supported. AAL spaces are phys-
ical places featured with AmI enabling technologies, including the intelligence
which supports the services. Examples of AAL spaces are the home where the
user lives, the neighborhood, the town, but also the body of the user itself. The
technical challenge is to develop an integrated technological platform that allows
the practical implementation of the AAL concept for the seamless and natural
access to those services indicated above, to empower the citizen to adopt ambient
intelligence as a natural environment in which to live.

E. Aarts et al. (Eds.): AmI 2008, LNCS 5355, pp. 75–90, 2008.
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In this paper we mainly focus on AAL exploitation based on the concept
of ubiquitous computing, whose main objective is to provide globally available
services and resources in a network by giving users the ability to access them
anytime and anywhere. In particular, we consider novel paradigms for regulating
the interactions among the software entities of AAL-oriented AmI systems.

Recently, Gaber [7] has proposed two alternatives to the traditional client/
server paradigm (CSP) to design and implement ubiquitous and pervasive ap-
plications: the Adaptive Services/Client Paradigm (SCP) and the Spontaneous
Service Emergence Paradigm (SEP). In other words, the peer-to-peer paradigm
is completed respectively by the self-organization and the self-adaptation prin-
ciples. In SCP a decentralized and self-organizing middleware that implements
an intelligent network should be able to provide services to users according to
their availability and the network status. In SEP, spontaneous services can be
created on the fly and be provided by mobile devices that interact through ad
hoc connections without any prior planning.

In order to enforce these paradigms to systems which include devices with
limited processing and storage resources, lightweight middleware components
are strongly required. In [5], Bodhuin et al. compare some traditional solutions
for net-centric computing middleware, such as Jini, OSGi and CORBA, listing
their pros and cons. Not surprisingly, the survey does not include Sun MicroSys-
tem’s JXTA [25], probably due to the fact that in year 2005 an implementation
for mobile devices was not completed. JXTA is mainly the specification of a
set of open protocols for building overlay networks, independent from platforms
and languages. Currently there are three official implementation of JXTA proto-
cols: J2SE-based, J2ME-based and C/C++/C�-based. In particular, an almost
complete version of the JXTA Java Micro Edition (JXTA-J2ME, a.k.a. JXME)
has been recently released. It provides a JXTA compatible platform on resource
constrained devices using the Connected Limited Device Configuration (CLDC)
with Mobile Information Device Profile 2.0 (MIDP), or Connected Device Con-
figuration (CDC). Supported devices range from smartphones to PDAs.

How does JXTA cope with the service concepts characterizing the previously
summarized paradigms for ubiquitous computing? The Web Service community
considers services as the only mean for accessing resources (this concept has been
explicitly formalized in the WSRF specification [31]), yet centralized registries,
themselves exposed as services (like UDDI), are still deemed the primary tool to
support the publication and the discovery phases.

Unfortunately, a peer-to-peer network of Web Service providers with a publi-
cation/discovery infrastructure implemented as a set of interacting Web Services
would be absolutely unefficient due to the heaviness of the SOAP messaging
protocol. On the other side, in JXTA each peer’s service is just an example of
resource which can be exploited by the user which owns the peer, or shared
in the network, i.e. advertised by the user and exploited by other users. Re-
source descriptions have the shape of XML documents, namely advertisements.
A JXTA advertisement can be filled with any document, e.g. a WSDL interface
if the shared resource is a Web Service. In summary, JXTA provides a lot of
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flexibility by separating basic infrastructural services, mandatory for all peers,
from specialized services, with different levels of description and efficiency.

Within the context of JXTA and Web Service integration, we are responsi-
ble for the development and maintenance of the JXTA-SOAP component [12],
enabling Web Service deployment in JXTA peers, as well as distributed WSDL
publication and discovery, and SOAP message transport over JXTA pipes (i.e.
virtual communication channels which may connect peers that do not have a
direct physical link, resulting in a logical connection bound to peer endpoints
corresponding to available peer network interfaces with an example being a TCP
port and associated IP address). JXTA-SOAP is currently implemented in two
versions: J2SE-based (fully featured, extending JXTA-J2SE) and J2ME-based
(partially featured, extending JXME).

The remainder of the paper is organized as follows. Section 2 illustrates User
Activity Monitoring as emblematic example of complex AAL service, which re-
quires the cooperation of several components providing diversified information
and/or specific services. Section 3 describes related work on AmI (and in particu-
lar AAL) systems, middleware for peer-to-peer service-oriented ubiquitous com-
puting, and Web Services on resource-constrained devices. Section 4 illustrates
the internal design of the JXTA-SOAP component. Some interesting details of
the implementation, referring to both J2SE and J2ME versions of JXTA-SOAP,
are given in section 5. Section 6 describes how the component has been tested,
with several different settings. Finally, section 7 provides a conclusive discussion
and describes future work.

2 AAL Service Example: User Activity Monitoring

One of the most challenging AAL services is User Activity Monitoring, which
is transversal to every AAL scenario. The SCP and SEP paradigms illustrated
in section 1 are able to provide the flexibility required to deal with highly dy-
namic environments where devices continuously change their availability and
(or) physical location (e.g. those which are carried or worn by the user). This
complex problem of composing and decomposing connections among nodes is
abstracted in an overlay network where the Activity Monitor (AM) compo-
nent subscribes for raw context events coming from other distributed compo-
nents (sensors, specialized data filters, etc.), searches for remote services which
may provide useful information for its reasoning function, and publishes context
events which describe indoor and outdoor activity of the user, taking into account
different contour information such as medical prescriptions, planned agenda, etc
(figure 1).

A distinction between static and dynamic activities is necessary. Static activ-
ities like ”standing” or ”sitting” can be inferred directly from the low-level data
at a particular time instant (such as the pose of the person at a certain time
using some kind of thresholding mechanism on the pose estimate). By contrast
dynamic activities, such as ”moving around”, are usually composite activities
requiring a monitoring of a full sequence of low-level data (e.g. context events
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Fig. 1. User activity monitoring (indoor)

describing ongoing sub-activities). Low-level data needs to be stored for several
time frames (in a context buffer), as the whole sequence is needed to infer that
activity from an evolution of the low level data. For example: ”cooking” may
be composed of several low-level data at different time instances: ”opening the
fridge”, ”closing the fridge”, ”standing in front of the oven”, etc.

Outdoor user activities are even more challenging to detect. The user may
wear a personal mobile device (PMD) and sensors that monitor the level of
its activity. The PMD should have a mechanism to be called from an external
entity to deliver the activity level. Thus, the mobile device would be both ser-
vice provider and service consumer. Collected information, which is analyzed in
deferred time, may be useful for several other AAL services, e.g. planning the
weekly menu (the less activity, the less amount of calories to ingest).

3 Related Work

In the first part of this section we discuss four recent AmI projects that in our
opinion are the most advanced (one of them is clearly AAL-oriented). Then we
revise the state of the art of technologies for ubiquitous peer-to-peer sharing
of services. Finally, we discuss current middleware solutions for deploying and
consuming Web Services on resource-constrained devices.
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3.1 State-of-Art AmI Projects

The Agent-based Intelligent Reactive Environments (AIRE) project [1] is dedi-
cated to examining how to design pervasive computing systems and applications
for people. To this purpose, AIRE designs and constructs Intelligent Environ-
ments (IEs), which are spaces augmented with basic perceptual sensing, speech
recognition, and distributed agent logic. AIRE’s IEs have encompassed a large
range of form factors and sizes, from a pocket-sized computer up to networks of
conference rooms. Each of these serves as individual platform, or AIRE-space on
which pervasive computing applications can be layered. Examples of AIRE ap-
plications currently under development include a meeting manager and capture
application, contextual and natural language information retrieval, and a sketch
interpretation system [19].

The Reconfigurable Ubiquitous Networked Embedded Systems (RUNES)
project [22], funded by the EU Commission, envisions to enable the creation
of large-scale, widely distributed, heterogeneous networked embedded systems
that interoperate and adapt to their environments. The inherent complexity
of such systems requires a standardised architecture allowing self-organisation
to suit a changeable environment. To this purpose, RUNES aims to realize an
adaptive middleware platform providing a common language that simplifies the
application creation process. This should allow for a dramatic cut in the cost
of new application development and a much faster time to market, transform-
ing applications which are already technically possible into forms that are easy
and straightforward for designers to use, and enabling applications which were
previously unattainable. The project also examines the potential uses and im-
plications of the technology, develop demonstrator systems and design training
courses to aid in dissemination of RUNES technology. At this time, the theoret-
ical framework proposed by RUNES is really convincing, but the middleware is
almost uncomplete and has the strong limitation of being tailored for MANETs.

Another EU-funded AmI project is AMIGO [26], developing middleware that
dynamically integrates heterogeneous systems to achieve interoperability be-
tween services and devices. For example, home appliances (heating systems,
lighting systems, washing machines, refrigerators), multimedia players and ren-
derers (that communicate by means of UPnP) and personal devices (mobile
phones, PDAs) are connected in the home network to work in an interoperable
way. This interoperability across different application domains can also be ex-
tended across different homes and locations. The project develops applications
in different domains to show the potential for end-users and the benefits of the
service oriented-middleware architecture for application developers. These appli-
cations are: ”Home Care and Safety”, ”Home Information and Entertainment”,
and the ”Extended Home Environment” in which multiple homes are connected.
The enhanced service discovery and the semantic service composition methods
addressed in Amigo are interesting and fall inline with requirements for compos-
ability and interoperability of services in an AmI environment. One drawback is
the integration of input and output processing components into the middleware
(UI service), while support for pluggability whould have been a better strategy.
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Clearly AAL-oriented, the ASK-IT project [6] is driven by the vision of devel-
oping services that allow mobility impaired people to live more independently.
By means of a mobile phone or PDA, users should have access to relevant and
real-time information primarily for travelling but also whilst home, for work and
leisure services. ASK-IT has not the objective to develop a standard ambient
intelligence architecture. The emphasis is on a seamless service provision and a
device that is intelligent enough to address the personal needs and preferences
of the user. For example, information for a visually impaired person should be
given orally, while for an illiterate person mostly in graphics.

Finally, project PERSONA [3], funded by the European Commission, aims
at advancing the paradigm of Ambient Intelligence through the harmonisation
of Ambient Assisted Living technologies and concepts for the development of
sustainable and affordable solutions for the social inclusion and independent
living of Senior Citizen, integrated in a common semantic framework. Project
PERSONA seeks to develop a scalable open standard technological platform
to build a broad range of AAL services, which are the services that the end
user perceives as the final services and what he pays for. Each AAL service is
composed by a hardware infrastructure and software components together with a
user interface to communicate with the user. All accessible operations of software
components provided with a usable interface are atomic services. Atomic services
provided by the same component or by different components may be composed
according to one or more patterns, resulting in composite services.

In conclusion, the lesson we learned is that AmI systems require a light and
flexible middleware layer, providing facilities for building both client/server and
peer-to-peer applications, supporting standard data and service descriptions, and
allowing run-time component pluggability.

3.2 Ubiquitous Peer-to-Peer Sharing of Services

OSGi [18] is a Java-based technology which provides a service-oriented plug-in-
based platform for application development. The core component of the OSGi
Specifications is the OSGi Framework, which provides a standardized environ-
ment to applications (called bundles). On top of the Framework, services are
specified by a Java interface. Bundles can implement this interface and regis-
ter the service with the Service Registry. Clients of the service can find it in
the registry, or react to it when it appears or disappears. Advanced networking
features, such as e.g. peer-to-peer connectivity, are not provided by OSGi and
must be implemented on top of it. For example, in the PERSONA platform [3] a
middleware layer has been implemented (as a set of OSGi bundles), which hides
the distribution and enables collaboration and communication, whether using a
central registry or not.

To the best of our knowledge JXTA-SOAP is the sole open source project for
P2P sharing of Web services being actively maintained and updated. WSPeer
[10] is a J2SE toolkit for deploying and invoking Web Services in peer-to-peer
Grid environments, which wraps Globus Toolkit core libraries to support the WS
Resource Framework (WSRF) [31]. More interesting for ubiquitous computing
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environments is the Mobile Web Services Mediation Framework (MWSMF)
[23,24], an adaptation of Apache ServiceMix, which is an open source ESB (En-
terprise Service Bus). It provides an hybrid solution, since it must be configured
as JXTA-J2SE peer and established as an intermediary between Web Service
clients and mobile hosts, the latter being configured as JXME peers. Web Ser-
vice clients can invoke the services deployed on mobile hosts via the MWSMF,
which compresses SOAP messages (to BinXML format) and sends them through
JXTA pipes. The MWSMF also manages message persistence, guaranteed deliv-
ery, failure handling and transaction support. Unfortunately, the source code is
not publicly availble and few details are given about the realization of lightweight
Web Service providers running on mobile hosts.

3.3 Web Services on Resource-Constrained Devices

Besides hardware constraints, mobile devices introduce many other specific chal-
lenges which make difficult the deployment of Web Services on top of them [4].
Unlike dedicated servers, mobile devices will typically have intermittent connec-
tivity to the network. As a result, the services offered on a mobile device may
not be accessible all the time. An application that uses or composes such Web
Services needs to operate in an opportunistic manner, leveraging such services
when they become available. On the server side, Web Services on mobile de-
vices should also attempt to keep messages as short as possible. Another issue
to be addressed is the change of IP address which may arise when a mobile
device moves between different locations, and from one administrative domain
to another. However, with the P2P in place, the need for the Public IP can be
eliminated and the mobiles can be addressed with unique peer ID. Each device
in the P2P network is associated with the same peer ID, even though the peers
can communicate with each other using the best of the many network interfaces
supported by the devices like Ethernet, WiFi, etc. [23].

Since the WS message protocol, namely SOAP, introduces some significant
overhead, few toolkits support the deployment of Web Services on limited de-
vices, such as PDAs, smart phones, etc. One is gSoap [27], which provides a WS
engine with run-time call de-serialization. Unfortunately, gSoap is written in
C/C++, thus requiring a priori stub/skeleton generation by means of a specific
compiler, which also means lack of portability.

.NET Compact Framework [17] is a subset of the .NET platform, targeting
mobile devices. Its class library enables the development of Web Service clients,
but does not allow to host Web Services.

Looking at the Java Micro Edition (J2ME) platform, most libraries are only
for client side functionality. The Java Wireless Toolkit (WTK) provides J2ME
Web Services API (WSA) [29], based on JSR 172 [13], which specifies runtime
ServiceProvider interface to allow the generation of portable stubs from WSDL
files. The specification contains some notable limitations, most of them due to
the requirement for WS-I Basic Profile compliance. Conforming to the profile
ensures interoperability, but also prevents using alternative methods. Another
widely used solution is the kSoap2 [15] open source component, which is a parser
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for SOAP messages (with RPC/literal or document/literal style encoding), not
supporting the generation of client side stubs. kSoap2 is compliant with devices
lacking JSR 172 support, and allows to access non WS-I conformant services.

To the best of our knowledge, the unique solution enabling J2ME applications
(CLDC, CDC) as service endpoints is the Micro Application Server (mAS) [16].
It can be considered a lightweight version of Axis, by which it is inspired. For
this reason we have chosen it to implement the J2ME version of JXTA-SOAP.

4 Internal Architecture of the JXTA-SOAP Component

The JXTA-SOAP component extends JXTA which is a set of open, generalized
peer-to-peer protocols that allow a vast class of networked devices (smartphones,
PDAs, PCs and servers) to communicate and collaborate seamlessly in a highly
decentralized fashion. JXTA-SOAP has been designed having in mind ubiquitous
computing needs, such as those defined by the SCP and SEP paradigms [3].
JXTA-SOAP completes the JXTA framework (which defines a naming scheme,
advertisements, peergroups, pipes, and a number of core policies) with service
supporting mechanisms based on state-of-art software design patterns, with the
purpose to reduce the complexity otherwise required to build and deploy peer-
to-peer service-oriented applications.

In this section we shortly describe the internal architecture of JXTA-SOAP,
with the purpose of conceptualizing its main features at a high abstraction level.
Technical details are out of the scope of this paper, but the interested reader
may refer to [2].

4.1 Service Deployment

In order to deploy its services, a JXTA-SOAP based peer has to instantiate
and configure the related service objects (one for each hosted service), and to
advertise the service interfaces in the network. The diagram in figure 2 illustrates
the relationships among objects which are involved in this tasks. The Peer class
represents the generic peer application implemented by the developer, and relies
on JXTA-SOAP’s API which provides all the other classes illustrated in the
diagram.

At start-up, each peer bootstraps the JXTA platform, configuring basic con-
nectivity settings, such as TCP/IP and HTTP ports. Bridges to existing common
membership and access technologies allow the peer to establish its identity within
peergroups (the main one, i.e. JXTA public peergroup, and its subgroups). These
tasks are illustrated by the sequence diagram in figure 3, and detailed in the fol-
lowing of this section.

For each service to be deployed, a service descriptor must be istantiated and
filled with service-specific information, such as the service name, a brief descrip-
tion of the functionalities the service provides, the implementation class name,
the peergroup ID, the security tag. Moreover, the service descriptor accepts a
Context Object [14] (constructed by the user application) to the Web Service
class.
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Fig. 2. Objects involved in service deployment

Then, the service advertisement (i.e. a XML document describing a resource,
in JXTA jargon) must be filled with the service WSDL. Next step is to create
the context object, whose parameters are stored in a hashmap, and to pass it to
the service instance, along with the associated security policy.

Moreover, the initialization of the service triggers the creation and publica-
tion of the advertisement of a public pipe for the invocation of the service itself.
For each service implementation, the peer spawns a thread which waits for con-
sumers’ connections to that service, on the service public pipe, and creates a pool
of invocation threads to serve requests concurrently, according to the Threadpool
pattern [20]).

4.2 Service Publication and Lookup

The main enhancement of JXTA-SOAP with respect to traditional Web Ser-
vice frameworks is the adopted distributed approach for service advertising and
lookup. JXTA-SOAP allows to encapsulate WSDL interfaces in specific JXTA
advertisements, which can be spread into the network using one of the routing
policies which can be inserted in JXTA protocol stack.

Service publication is a distributed process, which uses network nodes as a
distributed repository (on the contrary, traditional UDDI registries are central-
ized interface description repositories). As for publication, service lookup is a
distributed process, which can be conceptualized as message exchange between
low-level JXTA modules.

JXTA’s default message routing protocol for advertisement sharing and dis-
covery is called SRDI. Its description is out of the scope of this paper, thus we
suggest the interested reader to read the paper of Traversat et al. [25] for details.
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Fig. 3. The service deployment process represented with a sequence diagram

4.3 Service Invocation

Figure 4 illustrates associations among objects which are involved in the service
invocation task, performed by a generic peer. The latter, once it has discovered
the service advertisement and the WSDL interface of the Web Service, creates a
SOAP transport deployer, which manages the transmission of SOAP messages to
and from the service using its pipe. Moreover, the peer creates a service descriptor
which is used by the call factory to instantiate a call (the adopted strategy
is the Factory Method [9]). Each call implements the Requestor pattern [28],

Fig. 4. Objects involved in service invocation
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which constructs a message from the absolute reference of the remote service,
the operation name, its arguments and return type.

5 Implementation of the JXTA-SOAP Component

We implemented two (interoperable) versions of JXTA-SOAP: J2SE-based, ex-
tending JXTA-J2SE, and J2ME-based, extending JXTA-J2ME. In the following
we describe their features and the different technological solutions they rely on.

5.1 JXTA-SOAP for Java Standard Edition (J2SE)

The J2SE version of the JXTA-SOAP component supports service deployment,
discovery, and invocation, with optional use of standard mechanisms to secure
communications among peers. The core of the component is the Apache Axis
engine (v1.4), which is a producer/consumer of SOAP messages. Usually Axis
is deployed in a Web application server, such as Apache Tomcat, together with
the implementions of the Web Services to be deployed, while client applications
use the Axis Java API to create request instances. The Axis engine provides
the processing logic, either client or server. When running, it invokes a series
of Handlers according to a specific order which is determined by two factors -
deployment configuration, and whether the engine is a client or a server. The
object which is passed to each Handler invocation is a MessageContext, i.e. is a
structure which contains several important parts: 1) a ”request” message, 2) a
”response” message, and 3) a bag of properties.

At runtime, for a service provider its service objects are deployed in the Axis
engine, which implements the JAX-RPC API, one of the standard ways to pro-
gram Java services, also supporting the lifecycle of service endpoint instances.
After being loaded and instantiated, the JAX-RPC runtime system is required
to initialize the service instance before any requests can be serviced. A context
parameter is pssed to the initialization function, enabling the service instance
to access the context provided by the underlying JXTA-SOAP based runtime
system. The context parameter is typecasted to an appropriate Java type. For
services deployed in a JXTA-SOAP based runtime system, the Java type of the
context parameter is defined by the developer that is using the JXTA-SOAP
API, and passed to the service object. The latter instantiates the Service De-
scriptor, creates and publishes the public pipe and the service advertisement,
and notifies itself to the Axis engine. Services can be deployed anytime, without
the need to restart the peer.

Once a service instance has been initialized, the Axis engine may dispatch
multiple remote invocations to it. After that, when the Axis engine determines
that the service instance needs to be removed from service of handling remote
invocations, it destroys it. In the implementation of the destruction functionality,
the service object releases its resources.

For remote service invocation, a consumer peer needs to intantiate a Call ob-
ject. JXTA-SOAP’s Call class extends Axis’ default one, overloading the use of
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service URLs with the use of the Service Descriptor and the public pipe advertise-
ment of the service. To create Call instances, the peer uses the implementation
of the Call Factory class provided by Axis.

We previously described the tasks which are performed when a Web Ser-
vice is deployed by a peer, and we mentioned that some parameters are put in
the Service Descriptor for further use by the Axis engine. In particular, one of
these parameters is the Web Service Deployment Descriptor (WSDD). When
the WSDD is sent to the Axis engine running in the peer, an Invoker [28] is in-
formed that it supports the new Web Service. Thus, when an invocation reaches
the peer, the Invoker looks up the class which implements the service, and lets
the instance handle the request message. In details, the Invoker reads incom-
ing messages and demarshals the parameters inserted by the consumer peer’s
Requestor (absolute reference of the service, operation name, arguments, return
value) and dispatches the message to the targeted service.

5.2 JXTA-SOAP for Java Micro Edition (J2ME)

The J2ME version of the architecture illustrated in section 4 supports Connected
Device Configuration (CDC) and Personal Profile. We implemented the API
which enables the development of peers that are able to deploy, provide, discover
and consume Web Services in a JXTA-SOAP network. Since Axis is not available
for the CDC platform, we adopted kSoap2 [15] as SOAP parser (for consumer
functionalities) and, for service provision, we integrated the mAS [16] lightweight
engine.

Service invocation is allowed by a kSoap2 based implementation of the Call
Factory class. The latter instantiates a kSoap2’s Soap Object, and sets all the
properties for message exchanging through JXTA pipes. Soap Object is a highly
generic class which allows to build SOAP calls, by setting up a SOAP envelope.
We have maintained the same structure of J2SE-based version for Call Factory, to
allow portability of service consumer applications from desktop PCs or laptops to
PDAs. Internally, the Call Factory class creates a Soap Object passing references
to the Service Descriptor, the public pipe advertisement of the service and the
peergroup as parameters for the creation of the Call object.

The Call Factory class also allows to create an instance of kSoap Pipe Trans-
port, the class we implemented to manage the transmission of SOAP messages
using service pipes. The kSoap2 API provides a Transport class that encap-
sulates the serialization and deserialization of SOAP messages, but does not
manage communication with the service; the HTTP Transport subclass, both in
CDC and CLDC version, allows service invocation over HTTP, setting up the re-
quired properties, but it uses URLs as absolute references of remote services, and
it is not suitable for usage in JXTA-SOAP, where services (as every resource)
are identified by JXTA-IDs and must be invoked through JXTA pipes. Thus,
we extended the Transport class with the implementation of a call functionality
that configures a JXTA pipe and creates the messages to be sent over it.

After instantiating the transport using the Call Factory class, the consumer
peer creates the request object, indicating the name of the remote method to
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invoke and setting the input parameters as additional properties. This object is
assigned to a Soap Serialization Envelope, as the outbound message for the soap
call; Soap Serialization Envelope is a kSoap2 class that extends the basic Soap
Envelope, providing support for the SOAP Serialization format specification and
simple object serialization. The same class provides a getResponse method that
extracts the parsed response from the wrapper object and returns it.

Referring to service provision, we integrated the Server class of the Micro
Application Server (mAS) into the basic service class of the JXTA-SOAP API.

mAS implements the Chain of Responsibility pattern [9], the same used in
Axis. It avoids coupling the sender of a request to its receiver by giving more than
one object a chance to handle the request; receiving objects are chained and the
request passed along the chain until an object handles it. Moreover, mAS allows
service invocation by users and service deployment by administrator; it also
supplies browser management of requests, distinguishing if the HTTP message
contains a Web page request or a SOAP envelope.

6 Experimental Evaluation

Using a simple, ping-pong like Web Service, we tested several point-to-point con-
figurations, combining different settings for each participant. JXTA-J2SE peers
have been deployed on laptops and desktop computers running either Windows
XP, Linux or Mac OS X, equipped with 1GB RAM and 1.6GHz processors.
A JXTA-J2ME peer has been hosted on an I-Mate JASJAR Pocket PC PDA,
equipped with 64MB RAM and 520MHz processor.

The memory footprint of a Java program is predominantly due to objects,
classes, and threads that the users create directly, and native data structures (like
the constant-pool, the string-table, etc.), native code, and the virtual machine
(JVM) itself that are loaded indirectly by the user. For JXTA-SOAP peers run-
ning on laptops and desktop conputers with J2SE v1.5, we measured a 22.5MB

Table 1. JXTA-SOAP test configurations

overlay peers data link multicast tr (s) ts (s) ti (s)
edge J2SE c, rdv J2SE p Ethernet off 2.5 0.5 0.1
edge J2SE c, rdv J2SE p Ethernet on n.n. 2.0 0.1
edge J2SE c, edge J2SE p Ethernet on n.n. 0.5 0.1

edge J2SE c, edge J2SE p, rdv J2SE b Ethernet off 2.5 0.5 0.1
edge J2SE c, rdv J2SE p WiFi off 2.0 0.5 0.7
edge J2SE c, rdv J2SE p WiFi on n.n. 2.0 0.7
edge J2SE c, edge J2SE p WiFi on n.n. 1.0 0.4
edge J2ME c, rdv J2SE p WiFi on n.n. 3.1 2.0

edge J2ME c, edge J2ME p WiFi on n.n. 2.5 2.0
adhoc J2SE c, adhoc J2SE p adhoc on n.n. 1.0 0.4

edge J2ME c, rdv J2SE p adhoc on n.n. 1.0 4.4
adhoc J2ME c, adhoc J2SE p adhoc on n.n. 1.0 0.4
adhoc J2ME c, adhoc J2ME p adhoc on n.n. 1.0 0.5
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footprint (at least 10MB are needed by the sole JVM). On the other side, the
peer installed on the Pocket PC with J2ME (personal profile v1.1) had a 7MB
RAM footprint (with 3MB for the JVM).

All tested configurations are listed in table 1. At the overlay network level,
i.e. JXTA level, a peer may be configured in one of the following modes:

– rendezvous supernode (shortly, rdv) - routes messages using the JXTA-SRDI
strategy [25]

– relay supernode (relay) - provides message relaying services, enabling cross
firewall traversal

– ad-hoc node (adhoc) - such peer will not use any infrastructure peers (ren-
dezvous or relay), but rely on ad-hoc multicast to discover other peers to
connect with

– edge node (edge) - in addition to supporting the Ad-Hoc behavior, an Edge
node can attach to an infrastructure peer (a Rendezvous, Relay, or both)

In our testbed, we did not use relays and we configured peers as service
providers (p), consumers (c), or bridge nodes (b) which store advertisments and
route messages but do not provide or consume Web Services. At the data link
layer we considered Ethernet, WiFi and ad-hoc mode.

Experimental results refer to the following sequential actions performed by
the consumer peer:

– elapsed time for rendezvous peer discovery (tr)
– elapsed time for service discovery (ts)
– elapsed time for service invocation (ti)

Rendezvous peer discovery is not necessary (n.n.) when multicast is active (on),
but service discovery requires much time with respect to the multicast off case.
Without multicast, a list of rendezvous hosts must be used to allow peers join
the network at bootstrap. Once an edge peer is connected to its rendezvous,
if the service has been advertised (and replicated among rendezvous peers) the
discovery process is very fast.

Test results are encouraging, being performance significant in almost all ex-
amined cases. It appears that, when hosts are connected in ad-hoc mode, best
performance is achieved if also at the application level peers are configured in
ad-hoc mode.

7 Conclusions and Future Work

To design ubiquitous and pervasive applications, the traditional client/server
approach is being superseded by new emerging paradigms, such as the Adap-
tive Services/Client Paradigm (SCP) and the Spontaneous Service Emergence
Paradigm (SEP), based on a peer-to-peer approach. JXTA middleware is a viable
solution to implement such architectures. In this paper we presented the JXTA-
SOAP component, which enables Web Service deployment in JXTA peers, as well
as distributed WSDL publication and discovery, and SOAP message transport
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over JXTA. Particularly, the JXTA-J2ME implementation enables Web Service
invocation from mobile platforms in a JXTA P2P Network.

We proposed JXTA-SOAP as a powerful solution for building service-oriented,
peer-to-peer ubiquitous platforms, for which Ambient Intelligence is a natural
application field.

Future work on JXTA-SOAP will mainly focus on supporting the Web Service
Resource Framework [31], in order to provide peers the ability to access and
manipulate state, i.e. data values that persist across, and evolve as a result of,
Web Service interactions. This is particularly important for AAL services like
User Activity Monitoring, which requires to collect contextual data but also
historical information from services dispersed over the network.
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Abstract. Although several context-aware systems have been devel-
oped within the past 15 years that use contextual info captured from
the physical environment in combination with system usage context and
personalization data, it seems that a breakthrough has not been achieved
yet, because still more and more research projects work on adequate so-
lutions for supporting context-awareness. It seems that the major dif-
ficulties have to do with a hurdle called context modeling and its ex-
tensibility as well as the open nature of such systems that must allow
for dynamic pluggability of components distributed over several physical
nodes. This paper presents the related work results from the EU project
PERSONA that feature remarkable conceptual solutions for the above
issues. It consists of a middleware solution for open distributed systems
dealing with seamless connectivity and adequate support for interoper-
ability that makes use of ontological technologies and defines appropriate
protocols along with an upper ontology for sharing context. A set of stan-
dard platform components together with a general conceptual solution
for binding ultra-thin nodes top off the presented approach.

1 Introduction

An open distributed system is a system with several communicating physi-
cal nodes, each possibly hosting several logical (software) units, that allows to
dynamically add and remove components – physical as well as logical – and
nevertheless guarantees a certain level of operation without having to recompile,
reinstall or restart any part of the existing and running system. The components
of an open distributed system may be “redundant”, competing with other, exist-
ing components or bring new functionality with them. To join to such a system, a
component must follow the provided specifications and be somehow authorized.
The WWW is the largest known open distributed system constantly in dynamic
evolution. As components are removed and added, WWW continues to work

E. Aarts et al. (Eds.): AmI 2008, LNCS 5355, pp. 91–108, 2008.
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without essential affection even if some end-points and users may experience
difficulties with certain changes.

AmI environments can be realized using the paradigm of open distributed
systems, because a typical AmI environment is inherently comprised of several
physical nodes and logical components, on one hand, and, on the other hand,
an open solution in the above sense would perfectly meet the requirements of
dynamic configurability and system evolution.

As context-awareness is considered a major feature of AmI environments, the
question that arises when realizing an AmI environment as an open distributed
system is how to arrange for context-awareness within the system so that the
independence of the pluggable components from each other remains untouched.
In this paper, we describe our answer to this question. The solution is called
“a framework for supporting context-awareness”, because it consists of not only
architectural building blocks but also communication protocols and ontologies
that altogether guarantee the expected reactivity and configurability of open
distributed systems.

Considering the definition of context as “any information that can be used to
characterize the situation of an entity” [7], where an entity may be “a person,
place, or object that is considered relevant to the interaction between a user and
an application, including the user and applications themselves” [ditto], support
for context-awareness should particularly include the acquisition and publishing
of context data from physical “things”, such as human beings, locations, and
devices. The second important aspect is the provision of mechanisms for inter-
preting context and triggering appropriate actions on the side of the system when
context changes. These two features altogether account for the “intelligence” of
the surrounding space, the “ambient intelligence”.

The presented solution and the related concepts has been developed within
the EU project PERSONA (PERceptive Spaces prOmoting iNdependent Aging),
which has started in January 2007 under IST-FP6-Call6 “AAL1 in the Aging
Society”. PERSONA follows an open source philosophy and aims at developing
an AmI-based scalable open platform for building AAL Services on top of it.
Example services under development within the time frame of the project range
from support in daily life activities to early risk detection, through personal
protection from health-related and environmental risks and support in mobility
and moving within the town, among others.

In the following, after a short survey of related work in the past, we first
outline our solution for supporting context-awareness in the context of the gen-
eral architectural design in PERSONA and then try to deal more deeply with
specific building blocks in this framework. Section 3.4 focuses on the underlying
ontological approach for modeling and exchanging context. The last major part
finalizing this discussion is the introduction of the general-purpose solution used
in PERSONA for binding extremely thin sensors and actuators that are not
directly programmable due to resource limitations.

1 Ambient Assisted Living: a European technology and innovation program to support
older people still living in their home environment. [http://www.aal169.org/]
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2 Related Work

Since the PARCTAB project [18] in the beginning of 1990s there have been
many research activities in the field of context- and situation-aware computing
for “breaking out of the virtual realm and extending into the physical world”
[4]. Thus, we consider a comprehensive survey of all related research results
within this paper as unrealistic and discuss here only those solutions that have
influenced our work more directly. The interested reader may refer to existing
surveys in the field of context-awareness, such as [3], [5], [6], [16], [19], and [21].

One of the solutions with considerable impact on PERSONA was provided
within the German national project EMBASSI (1999-2003), even if this influ-
ence relates more to the general architectural design than the specific support for
context-awareness. The EMBASSI architecture described in [11] foresees several
instances of a context manager storing the environmental data and the profiles
of users, applications, and resources and three different communication buses
with (1) a sensor protocol for obtaining biometrics and environmental informa-
tion, (2) a resource protocol for keeping resource profiles up-to-date, and (3) a
context protocol supporting both pull (queries) and push (notifications) inter-
faces for providing consumers with contextual info. The push interface supported
subscriptions based on the so-called event-condition-action (ECA) rules, which
served as the means for context aggregation and reasoning, as well. In addition
to guaranteeing a certain level of persistence, each context manager instance was
supposed to act as a specialist in translating some of the low-level events on the
sensor and / or resource buses into the high-level representation appropriate for
the exchange on the context bus. In practice, because the “normalized” data
exchange on the sensor and resource buses made the “transformation special-
ists” unnecessary, EMBASSI provided just one centralized context manager as
to guarantee persistence of sensory and profile data and allow to easily aggregate
using logical combinations over all available data, .

The Amigo project2 supports context-awareness using a set of “Intelligent
User Services” built upon the Amigo base middleware [17]. Among these ser-
vices, there are two that provide most of the context-awareness functionalities:
the Context Management Service (CMS), and the Awareness and Notification
System (ANS). In the CMS, which uses ontologies for context modeling, compo-
nents that provide context information are abstracted as Context Sources with
three concrete component types: Context Wrappers that wrap low-level sensory
data, Context Reasoners that use low-level context and infer high-level contex-
tual info (there is only one rule-based implementation of it called the Context
Interpreter), and Context Stores that provide persistence and long-life histo-
ries of the data produced by the two other component types (also here only
one specific component called the Context History was provided). Once context
sources are connected, they have to present themselves to the Context Broker,
which maintains a registry of them. Context clients may ask the broker for a

2 Amigo: Ambient intelligence for the networked home environment, an EU-funded
integrated project (2004-2008), www.hitech-projects.com/euprojects/amigo/
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specific source using an RDF3 description of the required capabilities; in return,
they receive references to matching context sources, which they can query using
SPARQL4 or subscribe to. The clients always receive SPARQL results both in
reply to queries and when receiving notifications. The ANS works as a perma-
nent client for all context sources and lets the subscribers create ECA rules for
context triggering. A client can subscribe a rule to the ANS that will fire an
event to the client whenever the context conditions expressed in the rule are
met. The language used for defining these rules is specific to AMIGO5.

MobiLife6 defines its Context Management Framework (CMF) based on a
thorough understanding of context providers (CPs) and augments it with specific
functions, namely reasoning and personal and group contexts, to form the whole
context-awareness function (CAF) within MobiLife (cf. [13]).CMF deals with
context data modeling, representation, and reasoning and provides a registry-
based discovery mechanism that facilitates the exchange of context between con-
text providers and consumers (CCs). A CP encapsulates some context sources
that may be out of the control of MobiLife – i.e. accessible only over a spe-
cific protocol with an arbitrary data representation. CPs may be a CC at the
same time. That is, a generic consumer / producer model is used that facilitates
different levels of context usage so that CPs from different domains and of dif-
ferent types can co-exist and even depend on each other. Other components are:
Context Representation modeling CP advertisements and interfaces and specify-
ing the format of context subscriptions, notifications, queries and query results,
Context Interpretation covering the expression of context in terms of the under-
lying ontology, and a Context Broker that takes care of registration of CPs and
provides a single point of entry for CCs.

SOCAM (Service Oriented Context Aware Middleware) [10] defines a formal
context model using Semantic Web technologies and provides support for acquir-
ing, discovering, interpreting and accessing context. By taking a service-oriented
approach, the SOCAM architecture is composed of a set of independent ser-
vices that can be easily added to augment the system capabilities. They are
organized in three levels, namely the Context Sensing Layer, the Context Mid-
dleware Layer and the Context Application Layer. The middleware layer consists
of Context Providers offering OWL-based abstraction over the sensing layer that
are categorized in external context providers (e.g. weather forecast Web services)
and internal context providers acquiring context directly from local sensors, a
Service Locating Service to which the context providers register, and a Con-
text Interpreter responsible for logical reasoning, detecting inconsistencies, and
resolving conflicts. The middleware layer uses the SOCAM ontology divided
3 Resource Description Framework, www.w3.org/RDF.
4 SPARQL Protocol and RDF Query Language, www.w3.org/2001/sw/DataAccess/
5 It seems that apart from the different rule languages, the difference between ANS

and the singleton Context Interpreter described in D4.7 as part of the CMS is that
the CI handles only a predefined set of rules, whereas the ANS allows for dynamic
registration of rules to be provided directly by the context clients.

6 MobiLife: Life goes mobile! – wireless world initiative, an EU-funded integrated
project (2004-2006), www.ist-mobilife.org
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into a common upper ontology for general concepts of smart environments, and
domain-specific ontologies (i.e. Home-Domain, Vehicle). Service Locating allows
users and applications to discover and locate providers – no matter if the context
interpreter or normal context providers – based on RDF statement templates.
The advertisement of capabilities by context providers can be based on OSGi
service templates, Java/Jini objects or OWL expressions.

Based on an analysis of the common concepts and specific strengths of the
above solutions, the following statements could be concluded:

– The major operational needs of context-aware components (context con-
sumers – CCs) are twofold: (1) they may want to be notified promptly when
the state of a context element of interest changes, and (2) they may want to
query contextual data not only for the most up-to-date states but probably
also for “historical” data.

– In order to facilitate the extensibility of context-awareness and the free plug-
and-play of context providers (CPs) and CCs, the interdependencies at the
development time should be reduced to using a shared understanding of con-
text data, a unique language for the exchange of such data, and a brokering
service. All of the above solutions chose ontological approaches, mostly us-
ing the Semantic Web technologies RDF and OWL. With the exception of
EMBASSI buses that broker messages, all the other chose an object broker-
ing approach which additionally necessitates to standardize the interface of
context providers.

– The above abstractions imply that most of the sensors or components that
controll the state of some context elements must be wrapped in order to be
bound into a system, unless the component was originally developed using
the above abstractions.

– The context model may suggest context elements whose states neither are
under the control of any components nor can be sensed or measured directly.
Then, special CPs may be needed as to derive the state of such context
elements using aggregations, statistical analysis, and / or logical rules, to
name the most common methods. Such CPs are normally called context
reasoners or interpreters. They are the major use case for playing both of
the CP and CC roles simultaneously.

3 The PERSONA Framework for Supporting
Context-Awareness

The PERSONA framework for supporting context-awareness (CASF) can be
understood best when we start with an overview of the PERSONA middleware
as the main building block in the general architectural design of PERSONA.

3.1 The PERSONA Middleware

From the point of view of the PERSONA architecture, open distributed systems
are physically equivalent to a dynamic ensemble of networked physical nodes.
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Fig. 1. The four global buses provided by the middleware hide the distribution of
functionality through cooperation of instances in the whole ensemble

Each physical node may host several logical components that share a piece of
software called the PERSONA middleware, which is responsible for seamless
connectivity among the nodes and the interoperability of the components dis-
tributed on these nodes. In order to solve the problem of interoperability, PER-
SONA chose a message brokering approach using virtual communication buses,
quite similar to the EMBASSI architectural style [11]. As shown in figure 1, the
middleware provides four “buses” called the input, output, context, and service
buses7. Instances of the middleware start single instances of each bus type ac-
cording to specific configuration parameters. As middleware instances discover
each other, the bus instances of the same type cooperate with each other, and
provide a view of the system as being composed of four global buses, thus hid-
ing the distribution of the system. When the software components on the nodes
register with these buses as sender or receiver of messages, they provide a descrip-
tion of their capabilities to the corresponding buses. The distributed dispatch
strategies of the buses use these descriptions in the course of ontological match-
making to find the appropriate receivers and dispatch received messages directly
to them.

The middleware is currently implemented as a set of bundles (pluggable soft-
ware components packaged as JAR files) on the OSGi platform [www.osgi.org].
It is organized in three logical layers (cf. figure 2):

– The lowest layer, the abstract connection layer (ACL), is responsible for the
peer-to-peer connectivity between instances of the middleware. It is pop-
ulated by several bundles implementing the P2PConnector interface. This
interface provides uniform access to different discovery and message transfer

7 The input and output buses are responsible for interoperability in regard to capturing
user input and presenting output to the user. All other inter-component communi-
cation needs should go over the context bus (for event-based communication) and
the service bus (for call-based communication). See also [1] and [8].
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Fig. 2. The internal architecture of the PERSONA middleware

protocols, such as UPnP, R-OSGi or Bluetooth, that can be used to provide
competing solutions for network connectivity. A bridging solution is also
available to guarantee interoperability among the different connectors.

– The Sodapop8 Layer is the core of a middleware instance (peer). It uses the
P2PConnector interface to discover all the connectors available on the plat-
form and to communicate with the remote peers. It introduces the concepts
of bus (either event-based or call-based), bus strategy and message along
with an interface for message serialization.

– The topmost layer implements the PERSONA specific approach to modeling
the AAL spaces. Using an RDF serializer for the exchange of messages among
peers, it extends the abstract bus concept from the Sodapop layer to provide
the PERSONA application layer with the input, output, context, and service
buses, each with its specific distributed bus strategy.

The PERSONA middleware and its four communication buses aim at the provi-
sion of mechanisms that facilitate the independent development of components
that nonetheless are able to collaborate in a self-organized way as they come
together and build up an ensemble. Therefore, the buses act as brokers that
resolve the dependencies at runtime using the registration parameters of their
members and semantic match-making algorithms.

3.2 Basic Concepts Underlying the PERSONA CASF

At an abstract level, we understand context as a characteristics / features space,
in which there are resources that can be perceived or recognized based on their
properties. The types of these resources and their properties must be modeled in
an ontology containing also the conceptual relationships between them, probably
along with some significant instances shared widely in the underlying domain.
Based on this elementary assumption, we define here a set of basic concepts
serving as the mainstay of the PERSONA CASF:

8 Self-Organizing Data-flow Architectures suPporting Ontology-based problem decom-
Position, a middleware model proposed by Thomas Kirste, see [11] and [12].
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Context Element. A distinct characteristic or feature of a distinct resource.
Using the RDF representation techniques, a context element in this sense
can be identified uniquely by a pair of URIs, namely the URI of the resource
and the URI of the corresponding property.

Context Event. A statement reporting the state of a context element at a
specific time where the state was changed into the reported value. In terms of
RDF, this could be as simple as an RDF statement – the two URIs identifying
the underlying context element would form the subject and predicate of the
RDF statement and the state value would be the object of the statement –
however, as a reporting statement bound to a specific time, a context event
should be treated as a reified statement in order to be able to specify the
associated time, too. Additionally, listeners to such events may need to also
know who is reporting this value with which level of confidence and / or
temporal validity. If the reported value is the result of a measurement, its
accuracy could also be of importance.

Context Publisher. The functional role of a software component that pub-
lishes context events to the context bus.

Context Provider. The functional role of a software component that provides
info about the state of context elements by publishing context events onto
the context bus and / or answering context queries on the service bus. Ma-
jor subgroups of context providers are (cf. figure 3): (1) Controllers that
have the states of some context elements under their control, like a com-
ponent controlling the lights in a place that can also provide info about
the state of the controlled light sources, (2) Gauges that wrap a sensing
or measurement device, and (3) Reasoners that estimate the state of some
context elements by combining different known information and applying
certain methods of aggregation, statistical analysis and / or logical deduc-
tion. The values reported by gauges could be measured dimensions. If so,
the concepts DimensionMeasure or MultiDimensionMeasure from figure 3,
or subclasses of them, can be used for building the object part of the reified
statements.

Context Consumer. The functional role of a software component that uses
info about the state of context elements by subscribing to the context bus

Fig. 3. Summary of major concepts related to the provision of context
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for context events and / or querying context on the service bus. A component
playing this role is considered to be context-aware.

3.3 The Role of the Middleware in PERSONA CASF

The middleware is the cornerstone of the PERSONA CASF, which in turn goes
beyond the inherent capabilities of the middleware and provides additional capa-
bilities to be discussed later. The push interface of CASF provides a publisher/
subscriber mechanism using the broadcasting strategy of the context bus. The
CASF pull interface, however, uses the service bus, which is a caller/ callee bus
allowing for direct utilization of (remote) services.

The context bus provides a lightweight communication channel which can be
used for publishing context events to local and remote end-points. In order to
act as a context publisher, a component must find the OSGi service realizing
the context bus and register with it. Components acting as context subscribers
must additionally specify a filter for context events they are interested in as their
registration parameters. The context bus strategy is as simple as broadcasting
a received event to all peers, then each peer does a local match-making with
limited ontological inference capabilities to find interested subscribers. Therefore,
the registration parameters of the subscribers are stored only locally by each
instance of the context bus. Alternatively, one single node could play the role
of a permanent coordinator that gathers all registration parameters from all
subscribers to all peers, where a peer that has received an event from a locally
registered context publisher, would forward the event only to the coordinator
which in turn would forward the message only to those peers that had at least
one local subscriber interested in that event. Of course, other strategies are also
possible, but in the first version we chose the broadcasting strategy to avoid a
single point of failure, accepting the relatively increased messaging traffic.

On the service bus, callees provide service profiles in OWL-S9 at the regis-
tration time. The callers request services using “service queries”. The service
bus finds the appropriate callee(s) by examining its repository of service profiles
using the same limited ontological inference as in case of the context bus, calls it
(them) by providing the required input extracted from the original query, gets
the output and prepares it as the response to be returned to the caller. The
details of the service bus strategy, however, go beyond the scope of this paper.
Interested readers are invited to read the project deliverable mentioned above.
The pull interface provides the following functionalities:

– context query with limited ontological inference, whether recent or older
data, from one source or involving several sources, using simple wildcards or
complex SPARQL queries (see the sections 3.4 and 3.5)

– adding new reasoning rules to CASF for short term or long term storage (see
section 3.5)

– checking for availability of context elements with request to switch on event
publishing onto the context bus (not discussed further in this paper)

9 An OWL-based ontology for describing services. See www.daml.org/services/owl-s/.
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3.4 Some Insights into the Ontological Approach

The context elements of interest for PERSONA components, services and appli-
cations cover a wide range. Among these are the information directly related to
the user (e.g. identity, location, activity or health status), information about the
surrounding area (like weather, light level and available resources) and informa-
tion regarding the system (e.g running dialogs). They originate from different
sources with no strict limitation or division posed. Parts of such information must
be gathered from the real world and made available to the framework. Obviously,
this can be achieved by sensors of many different types; example sensors relevant
for the PERSONA applications are heart rate monitors and pulsioximeters for
health-care, accelerometers assisting activity and fall detection, cameras helping
location and posture recognition, scales, light sensors, and flooding detectors.

In order to overcome the resulting complexity and enable extensible interop-
erability, the PERSONA CASF has adopted / provided three elementary tools:
(1) the knowledge representation technologies of the Semantic Web consisting of
RDF and OWL, (2) an upper ontology with appropriate programming support
consisting of those concepts that all users of the middleware must know, and (3)
a general conceptual solution described in section 4 with certain shared tools for
integrating thin devices and embedded sensors and transforming the tapped data
into an appropriate ontological representation. Using this framework, providers
and consumers that share the same ontological concepts can achieve the needed
level of interoperability without the need for the middleware to know those con-
crete concepts. Still, the middleware is able to adopt ontological reasoning, to
some extent, in its brokerage function.

Figure 4 summarizes the Java class hierarchy used by the middleware for
handling ontological resources. The class ManagedIndividual is the root of all
ontology classes that register with the middleware. This way, each instance of
the middleware will have a repository of ontological classes that are relevant
for the local members of its buses. The repository provides a mapping between
class URIs and their Java representation and enables the middleware to infer
hierarchical relationships between the registered classes and check class mem-
berships at Java level. This reveals the previously mentioned limitations of the
ontological reasoning within the middleware: the limited knowledge stored about
the underlying ontologies and match-making to the extent supported by Java.
The reason for this way of realizing the first version of the middleware is to be
spare of the resources needed by the middleware, in order to reach the widest
portability by keeping it as small as possible, even at the level of Java 1.3. As
a trade-off for these limitations, the middleware supports not only the whole
capacity of the OWL class expressions but also enhances it by supporting more
specific restrictions that can be posed on the properties of classes.

The context upper ontology consists of two major concepts, namely Con-
textEvent, already discussed in section 3.2, and ContextEventPattern, which is
basically an OWL class expression (see figure 4 for the powerfulness of class
expressions) that specifies a subset of context events by restricting certain prop-
erties of them. Context consumers may use such patterns both to specify the
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Fig. 4. The Java class hierarchy used and exported by the PERSONA middleware for
handling ontological resources

set of context events for which they subscribe to the context bus and to query
context on the service bus. Context providers may use them for specifying the
set of context events they have in their repositories when they register as a con-
text query handler with the service bus. In case of the context bus, whenever
a concrete context event is published onto it, each instance of the bus checks
which locally registered context patterns match the event. This way, the bus can
determine the set of local subscribers that should receive the context event at
hand. In case of the service bus, the match-making is done between two context
event patterns: the “query pattern” provided by the context consumer and each
of the patterns provided by the context query handlers for describing their ca-
pabilities. If the compared patterns are compatible, the corresponding context
provider is selected to answer the query. Obviously, both match-making methods
benefit from the inference capabilities described in the previous paragraph.

3.5 Special Components Enhancing the PERSONA CASF

The PERSONA platform provides three concrete components that share a cen-
tral repository of ontological facts and rules and enhance the capabilities of the
PERSONA CASF. These are the Context History Entrepôt (CHE), the Situation
Reasoner (SR), and the profiling component.

CHE gathers the history of all context events in the central repository not
only to fill the gap caused by context publishers that provide no query interface,
but also to provide a fallback solution for those context providers that cannot
maintain the whole history of data provided by them. Additionally, it guaran-
tees the essential support to reasoners that perform statistical analysis and need
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context stored over time10. As a singleton component, CHE takes care of logging
every context event that is published in the context bus by specifying a “pass-
all” filter (an empty context event pattern) when subscribing to the bus. In
order to have the growth of the repository under control, CHE also implements
a deletion policy based on the likeliness of the data to be needed further on;
the policies consider a time-based threshold as well as the abstraction level of
the data11. For making the context history available to context consumers, CHE
registers with the service bus as a callee supporting two kinds of context queries
by accepting both context event patterns and full-fledged SPARQL queries. The
latter is possible just because CHE relies on such a repository containing data
from all possible sources. It is worth repeating that the existence of CHE with
its central DB does not negate the possibility for context providers to keep their
own repositories of specific context data if they have enough resources for storing
and managing the data or even for acting as a concurrent context query handler.
Context consumers may also keep their own histories of needed context data in
a purposeful way that is more appropriate for them and guarantees a better
performance.

As already discussed, different reasoners may adopt different methods for de-
riving the states of context elements that are not readily controlled or measured.
Due to the variety of inputs (and their sources), on which the reasoners may de-
pend, as well as the variety of logical methods (and their complexities) that
could be used for deriving new context elements, it won’t be possible to cover
all possible context reasoning needs with just one universal reasoner. Therefore,
PERSONA classifies the reasoners in two major categories: the general-purpose
reasoners and the special-purpose reasoners. According to this categorization,
a special-purpose reasoner has a topical focus in which it is specialized. The
PERSONA project is developing some of such reasoners, like a location reasoner
that uses different sources – e.g. the position of personal and wearable devices,
the location of a microphone that has caught the user voice, computer-vision
based location estimation, and still user appointments from his / her personal
calendar – for reasoning about the user location and an activity detector that
combines computer-vision based info with the system usage context and the info
from personal agenda to estimate the current activity of the user. A general-
purpose reasoner, however, is a configurable reasoner without any topical focus
that covers a relatively large class of high-level context elements by applying
specific logical methods to data from specific sources. The configurability of
general-purpose reasoners is a major characteristic of them, because they do not
hard-code the topic-specific logic so that the set of the concrete context elements,
whose values they derive, can be decided over configuration parameters; espe-
cially, such reasoners should be able to derive the states of new context elements
by just adding new rules / instructions without needing any re-compilation.

10 Many of reasoners that predict context need even long term histories that pluggable
context providers may not be able to maintain, as discussed in [15].

11 The latter is based on the assumption that the time-based threshold for more detailed
data already aggregated into more abstract data could be reached sooner.
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The PERSONA Situation Reasoner (SR) is a general-purpose reasoner that
uses the database of CHE and infers new contextual info using the logical power
of the RDF query language SPARQL. It stores “situation queries” persistently
and indexes them based on context events that must trigger its evaluation – as
they are not meant as a one-time query that are answered and then forgotten, but
they must generate related situational events whenever appropriate, depending
on changes in the context. It provides two services on the service bus, one for
accepting new situation queries and the other for dropping them. These services
are also used by a graphically interactive tool for administrators in order to
facilitate the introduction of new relevant situations for human users. It provides
an overview of existing context providers, allows drag-and-drop interaction based
on widgets representing context elements, catches logical errors made by the
user, and generates the appropriate SPARQL query string, to name a few of its
features. The SR takes its name from a modeling theory for situations introduced
in [20]. The power of the SR for recognizing situations is limited by the two
following restrictions: (1) the source of data that can be used in the declaration
of a situation is limited to the history of reported context events and (2) only
situations that can be derived by a single SPARQL query can be recognized.

The profiling component uses an OWL-based user model for handling user
identity, capabilities, constraints and preferences. It provides specific interfaces
on the service bus and may publish certain context events onto the context
bus. But, apart from this, sharing its data with the two other components,
CHE and the SR, empowers them to combine context and personalization data
to respectively answer complex queries and infer the state of more high level
context elements. The other way around, the profiling component can let the
SR to derive conditional preference values when a user preference value was not
specified directly but by a rule leading to different values in different situations.

A fourth component called the Dialog Manager (not shown in the above figure)
that is responsible for the system-wide dialogs with the user – such as provision

Fig. 5. Summary of the PERSONA framework supporting context-awareness
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of the user with possibilities to navigate through the available services – comple-
ments the picture drawn so far by caring about the overall system reactivity. It
manages a configurable repository of rules that associate service calls with situa-
tions. For each added rule, the Dialog Manager subscribes to the context bus for
the corresponding situational event and calls the associated service as soon as it
is notified by the context bus that the situation holds. Also here a graphically
interactive tool should help the administrators to configure the system behavior.

4 Binding Thin Context Sources

The PERSONA middleware targets small but reasonably powerful devices, there-
fore not all the components can be integrated by using an instance of the PER-
SONA middleware. Typically, wearable components as well as nodes of wireless
sensor networks (WSN) or Home Automation Systems (HAS) require a special
approach because of their limited computational resources. In such cases a gate-
way solution can be adopted. It allows the PERSONA application layer to share
information by communicating with other application layers residing on different
network infrastructures (e.g. ZigBee [1] or Bluetooth applications).

4.1 Integrating WSN Nodes

Wireless Sensor Networks [2] are an important technological support for smart
environments and ambient assisted applications. Up to now most applications are
based on ad hoc solutions for WSN, and efforts to provide uniform and reusable
applications are still in their youth. General requirements for the use of WSN
include (1) integration of different sensor network technologies, such as ZigBee
or IEEE 802.15.4 standard, and Bluetooth, (2) sharing communication medium
by concurrent sensor applications, (3) management of different applications on
the same WSN, (4) management of multiple instances of the same application,
(5) dynamic discovery of sensor applications, (6) management of logical sensors,
and (7) Configuration and calibration of sensor applications.

The first requirement above is usually faced by enabling the dynamic de-
ployment of ad hoc network drivers in the system, while we can assume that
requirements 2 to 5 largely depend on the operating systems and middleware
used for the sensor nodes programming. However, the addressing of the require-
ment 6 is still an open issue because, on one side, the sensor nodes should locally
pre-process and transmit aggregated data as much as possible in order to reduce
the power consumption. On the other side, to arrange such a processing on the
network is not always possible, due to the available computational power. Then
an integration layer should enable the combining and aggregation of the sensed
data before to pass them to the application layer, namely a part of the sensor
network application resides on the server side.

In a first attempt to provide a uniform model for sensor applications, we de-
signed the SAIL architecture [9] based on three layers, namely the Access, Ab-
straction, and Integration layers. This architecture aimed at defining a shared
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sensor model at Abstraction level for different WSN solutions integrated with
SAIL. As a result, client applications could ignore the effective sensor model pro-
vided by the network drivers at access layer. SAIL adopted also a data-centric
approach using query-oriented TinyDB [14]. Data-centric approaches assume al-
most an arbitrary number of sensors with homogeneous features and capabilities.
However, smart environments are generally indoor and limited, hence the size of
the WSN hardly scales up to hundreds of sensors, and the network often has a
small diameter (in some cases it may even be a star). For this reason and because
of the general tendency in PERSONA towards the ZigBee industry standard, we
decided to design an optimized version of SAIL tailored on ZigBee.

4.2 Integrating ZigBee Networks

Maintaining the same three-layered architecture introduced in [9], we developed
a ZigBee Base Driver for the SAIL access layer that uses native libraries im-
plementing the ZigBee Application Layer. In fact, while Bluetooth drivers are
usually integrated with different operating systems and platforms, the standard-
ization process of the network interfaces for ZigBee is still in progress. Therefore,
we chose to adopt USB ZigBee dongles available on the market which come ei-
ther with a simple AT command-like interface or a more elaborated API (the
native driver).

Interestingly, the ZigBee Alliance publishes application profiles that allow
multiple manufacturers to create interoperable products. The current list of ap-
plication profiles, either published or in progress, are: Home Automation, ZigBee
Smart Energy, Telecommunication Applications, and Personal Home and Hos-
pital Care. In general, those profiles use a combination of clusters defined in the
ZigBee Cluster Library. Vendors can define their custom library for devices not
defined by the ZigBee Alliance. According to this, the PERSONA project is now
working on the definition of a PERSONA Cluster Library and Profile in order
to integrate most of the existing profiles and special devices like the smart glove
or the smart carpet that will be developed by the consortium partners.

A diagram of the current SAIL architecture is depicted in figure 6. The ZigBee
Base Driver is a network driver in charge of executing the scan of the network,
getting the description of the various nodes and registering a proxy service for
accessing the discovered remote services. This proxy is a generic ZigBee service,
registered with the OSGi Platform that exposes the properties retrieved during
the network inquiry. It allows to access the remote service by means of simple
primitives that have to be filled by the proper clusters. Thus, in contrast to the
more generic model used by the previous version of SAIL, we have defined a
specialized model tailored on an extension of ZigBee profiles, namely the PER-
SONA profiles. The components on the upper layers may act as Refinement
Drivers (in OSGi terms). Thus, the second layer is specialized to represent the
service according to a specific profile, e.g. the Home Automation profile. The
topmost layer is the final step for integrating the ZigBee services within PER-
SONA. It is composed of Sensor Technology Exporters (STE) that discover the
services implementing standard or extended profiles and register proxies that are
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Fig. 6. The SAIL layered architecture

PERSONA-aware components. At this level, the mapping between the services
compliant with the ZigBee model and PERSONA OSGi services is realized by
sending events through the context bus and by registering service bus mem-
bers according to the PERSONA protocols. In a nutshell, the abstract layer is
populated by custom drivers that may combine and process the sensed data to
instantiate logical sensor services (e.g. a sensor providing the user’s position by
elaborating RSSI measurements – Received Signal Strength Indication – coming
from different stationary sensors), as well as refine the cluster-based services.
Finally, we believe that with this solution we can easily realize, at PERSONA
application level, the user interfaces addressing the last requirement from the
previous section, namely the provision of a uniform way of configuring sensor
applications.

5 Conclusions

Referring to the conclusions on the related work in section 2, we can argu-
ment that the solution provided within PERSONA (1) satisfies the operational
needs regarding push and pull interfaces, (2) handles the interdependencies be-
tween the pluggable components in a way that enables development teams to
work independently from each other and focus on the business behavior of their
components, while keeping the ability to seamlessly integrate them on an exten-
sible base using well-defined protocols, (3) provides a concrete mechanism for
wrapping legacy and resource-limited nodes, and (4) establishes the needed base
for realizing special-purpose reasoners that complement the standard rule-based
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reasoner provided by the PERSONA platform as a configurable general-purpose
reasoner.

A remarkable feature of this solution is that even the platform components
follow the same interoperability framework as the pluggable components so that
the provided platform components may actually be challenged by competing
components that can be plugged into the system at any point in time. Even the
middleware is built in such a modular way, that different parts of it, such as the
distributed bus strategies, can be replaced by new modules without affecting its
function. The neutrality of the middleware regarding concrete domain ontologies
and its portability onto a wide range of devices are other essential characteristics
of the provided framework.

The PERSONA CASF is still under development so that selective parts of
the framework may be improved. A still open challenge is the completion of the
domain- and application-specific ontologies. The difficulty consists in the lack of
well-established (sub)ontologies that causes us to work them out from scratch,
with additional latency for them to get mature enough. A possible improvement
concerns the situation reasoner that may use additional data sources other than
the context history in order to enhance its coverage of recognizable situations.
A second area for future work is the benchmarking of the provided solution re-
garding scalability and performance. The general configurability of the situation
reasoner and the dialog manger altogether opens a door towards meaningful end
user programming. The administrative tools to be provided within PERSONA
can be seen as a preliminary milestone in this direction.
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Abstract. Alzheimer’s disease makes great demands on care by caregivers, 
since they cannot distract their attention from patients while they are managing 
records at the same time. For this reason, technologies to complement this  
process need to be considered. In this work we propose to adapt Near Field 
Communications (NFC), applying it to an Alzheimer’s day centre. With a sim-
ple interaction, which involves touching tags with mobile phones, it is possible 
to manage the information easily. In addition, a complement for Alzheimer care 
visualization activities at home and monitoring is presented.  

Keywords: NFC, Ambient Assisted Living, Context-Ontology, DTT. 

1   Introduction 

AmI promotes environments where humans will be surrounded by intelligent inter-
faces, supported by computing and networking technology that is embedded in every-
day objects. These environments will adapt to the needs of users and will be capable 
of responding intelligently to any human form of communication. [1]. This is an evo-
lution from Ubiquitous Computing, a vision originating in Mark Weiser [2], where 
computers disappear, being embedded into the background. Weiser’s vision has to do 
with Ubiquitous Communication, which takes place between objects and users and 
whose main goal is to get the information at the time and place that users need it. This 
vision is also related to Natural Interfaces, which make the interaction friendlier and 
closer to the user. Basically, users are focused on the task and not on the tool, so that 
the technology should disappear. Using a computer to support daily activities is not 
yet a reality nowadays. The reason for that may be related to the interaction required. 
In healthcare contexts, workers do not have time to manage daily routines. Moreover, 
they complain about the difficulties of using healthcare applications [3]. Another 
important aspect is the great percentage of time that workers in a care-giving envi-
ronment consume in managing patients’ information [4]. This time should be invested 
in care activities rather than in using computers.  
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Care of elderly people and the increasing occurrence of chronic conditions among 
the ageing population are major social and economic challenges for the European 
society and its healthcare systems. Thus, the AAL Joint Programme [5] aims to find 
out innovative Information and Communication technologies for elderly people with 
identified risk factors and/or chronic conditions. The economic aspect for caring eld-
erly people in Europe also has to be considered. For example, one year’s stay of an 
Alzheimer patient in a nursing home costs $64,000, while staying at home costs only 
$20,000. This fact, added to the estimation that the number of elderly people will 
double by 2050, is a basic one in finding appropriate AAL solutions. 

This work presents a solution which aims to improve and complement Alzheimer’s 
care based on the use of two technologies NFC (Near Field Communications) [13] 
and DTT (Digital Terrestrial Television). The main idea behind it is that care givers 
interact trough NFC enabled mobile phones by touching tags attached to equipment or 
patients with their mobile phones, i.e. through a very natural and easy to use touch 
computing paradigm [14]. Additionally, Alzheimer’s therapy through the use of DTT 
is also suggested.  

The structure of the paper is as follows. Section 2 gives an introduction to two  
application scenarios; a day centre environment and a home-based setting is given. 
Besides, a description of the technology used in each case is offered. Section 3 de-
scribes an ontology which allows us to model the context gathered on the Alzheimer 
scenarios considered upon which aiding services are offered. Section 4 presents the 
actual prototypes we have carried out applying NFC technologies in day-care centres 
and DTT for home-based monitoring and therapy. Finally, section 5 draws some con-
clusions and suggests further work. 

2   The Context 

The technological contributions proposed by this work address issues on Alzheimer 
care in two kinds of environments: day centres and homes. In the former one, patients 
go to a day centre every day from 9 am to 4 pm in order to receive some therapy that 
reinforces their memory. The aid received in the day centre is often complemented by 
other in-house based therapy exercises. Besides, it is important to be in contact, dur-
ing the whole caring process, with family members in order to have better knowledge 
about the patients’ behaviour in both places. In the next section we describe these 
activities and the related exchange of information.  

2.1   Day Centre 

These care environments relieve families from the continuous daily care of an Alz-
heimer patient. In the care centre we have studied for this work, namely Alzheimer 
Day Centre of Ciudad Real (Centre II), patients are divided into several groups, of 
about seven people, where they develop their activities in different rooms. Once the 
patients arrive to the centre, by using the daily transport service, they eat breakfast 
together. Then, the different therapy activities are started: 

• Rehabilitation / Physiotherapy. The objective of this therapy is to observe patients 
behavior and to promote activities which will delay their loss of movement and 
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agility. For that, patients have several exercises for their hands, arms, legs, feet and 
torso. In this activity, caregivers need to know about recent injuries caused by falls 
or domestic accidents. In addition, information about patient profiles and the phy-
sician’s recommendations are also relevant.  

• Therapy. This is the main activity that seeks to reinforce the patient’s memory 
through the recognition of relatives and objects.  Patients are asked details about 
their families, e.g. names of children, wife or husband, parents  they have and so 
on.  In the object recognition exercises, patients are asked to recognize pictures 
with the aid of their assistants. Also, a few games to reinforce memory are included 
in this activity. 

• Handwork (Occupational Therapy). Here patients do some handwork, cutting out 
drawings painted on cardboard, sticking different parts together and finally creat-
ing figures. In this activity, the place where each patient sits down is particularly 
important, as well as whom they are sitting next to, because affinities are crucial 
for proper development. 

• Visual. Once a week, patients watch films and documentaries in the projection 
room. Meanwhile, the staff manages the weekly information in order to draw rec-
ommendations for the families in their weekend care.  This can be done because 
this activity does not require great deal of attention. Two people are enough to 
monitor about twenty patients.  

• Lunch. Finally, lunch is considered another important activity as it includes the 
patient’s behaviour when eating. Patient attitudes and reactions at lunch time, such 
as rejection of food, have to be monitored by care-assistants. Facts such as menu 
acceptance, refusal to eat, affinities with other patients or fights are important as-
pects in the centre’s daily life. 

The information collected from these activities and the occurring incidents are cur-
rently written in a patient notebook. In addition, assistants record the corresponding 
recommendations in that very book, which is handed to the patient’s family at the 
weekend. Noticeably, many incidents are also transmitted informally just by speaking. 
This means that some things are often forgotten since there is no corresponding anno-
tation in the notebook. 

2.2   Home 

At the moment, therapy activities are managed by relatives or home care staff in col-
laboration with the day centre’s caregivers. Daily, relatives provide care assistants 
with information concerning the behaviour of the patient at home, receiving, at the 
same time, information of the patient’s activities in the day centre. In addition, fami-
lies provide information concerning the patients’ memory in order to build personal-
ized exercises to reinforce their minds. Finally, families receive recommendations 
from the caregivers towards safety for patients at home or with suggestions regarding 
possible therapies to apply at home.  

2.3   Technologies for Alzheimer Care Support 

In our work we have experimented with four core technologies which we deem can 
aid in the Alzheimer care giving process. Taking into account the two contexts of 
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Alzheimer care considered: a) day centre and b) home, the technologies regarded are 
as follows. As far as the home is concerned the only realistic approach is to consider a 
minimal introduction of new technologies. In this regard, we think that the adoption 
of DTT-based interactive services through which therapy to Alzheimer patients can be 
provided are a good option. Additionally, both at home and in a day centre the adop-
tion of patient wandering systems with lowering prices such as the Agotek’s Gerotek 
[15] product with which we have experimented is a very good option. However, the 
work described in this paper has focused on two key technologies: 

• Context Modelling through Ontology. As it has been described in the previous 
two sections in order to provide a personalised and valuable service to Alzheimer 
patients it is paramount to know as much information as possible about their cur-
rent status and daily therapy exercises and reactions to them. A common current 
approach is to adopt semantic technologies to model such knowledge given the 
flexibility such technologies offer in terms of new knowledge inference and rea-
soning.  

• Context Sensing and Phone-mediated natural interaction with NFC. If there is 
a truly pervasive device, this is the mobile phone. Therefore, if there is a device 
that a care giver is ready to use is a mobile phone. The integration of NFC  
technology into the latest mobile phones eases the pairing between users and  
surrounding tagged devices. Based on this promise we have carried out some ex-
periments for improving the care given in a day centre, which are described in the 
following sections. However, before concluding this section we offer a brief over-
view of this technology and its capabilities.   

In order to create applications for supporting daily activities in an assisted envi-
ronment, it is necessary to adapt sensorial capabilities. Our approach on this regard 
has always considered identification technologies. Initially, we used Radio Frequency 
Identification technology (RFID). By placing readers and antennas appropriately in 
the environment, it is possible to be closer to Weiser‘s vision, as this system offers an 
easy method for interacting with the environment [6], establishing bindings between 
users and tagged objects. By just wearing tags, people can obtain services relevant to 
the context in which they are living. However, some disadvantages have to be consid-
ered. Firstly, even a single interaction requires the patient to pass near an antenna. The 
fixed nature of such antennas and readers carries associated infrastructure costs. On 
the other hand, the NFC technology changes the model (see Fig. 1). While in the first 
case both readers and antennas are fixed, in the second one, they are mobile. In addi-
tion, in the first case, tags are mobile, while in the second one, they are either mobile 
or fixed [7]. Thus, we deem that a key technology to support Alzheimer caregiver’s 
work in day centres is NFC. 

NFC [13] is a short-range technology using a frequency of 13.56 MHz. The system 
consists of two elements: the Initiator, which controls the information exchange 
(called reader in RFID); and the Target, which responds to the promptings of the 
Initiator (called tag in RFID). Furthermore, two operation modes are available: Active 
and Passive. In the Active one, both devices generate their own field of radio fre-
quency to transmit data (peer to peer). In the Passive one, only one of these devices 
generates the radiofrequency field, while the other is used to load modulation for data  
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Fig. 1. RFID vs. NFC models 

 

Fig. 2. NFC devices and operation modes 
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transfers. Fig. 2 shows the three types of NFC devices: mobile phone, tag and reader. 
It also shows the Active and Passive interaction modes.  

A very interesting feature of NFC in Java ME devices is that by just bringing a 
mobile phone near a tag, the information contained in the tag can activate the execu-
tion of the corresponding mobile phone application automatically. This is due to the 
PushRegistry of the JSR 257 API of NFC. Registration for mobile application or 
service enacting start-up is based on the record type name and format of the NFC 
Data Exchange Format (NDEF) record. There can be one application for each record 
type name and format pair registered for start-up at a time. If the data on the target 
contain more than one NDEF record, the start-up is based on the record type name 
and format of the first matching record in the data. When a target is discovered, the 
application management software checks the PushRegistry entries. If there is an entry 
for the NDEF record type name and format in the target, the application having that 
entry is started. An example NDEF record would be the following: MIDlet-Push-
1:ndef:mime?name=App/Therapy,Presentation.VisualMIDlet_IN
CIDENCES,*.  

3   Ontology-Based Context Modelling for Alzheimer Care 

As mentioned in the previous section a key requirement to offer a better Alzheimer 
care support is to gather, model and process patient related information, i.e. their 
current and past context. According to A. Dey, context is “any information that can 
be used to characterize the situation of an entity. An entity is a person, place, or ob-
ject that is considered relevant to the interaction between a user and an application, 
including the user and application themselves” [8]. 

This definition, together with Dogac’s idea about the creation of context ontology 
to achieve a better scenario understanding in Ambient Intelligence [9] made us con-
sider the division of a caring setting (day centre or home) in four important aspects 
defined as follows: 

• User. The user is an active entity requiring and consuming services that interact 
implicitly with an intelligent environment, which is aware of the user’s identity, 
profile, schedule, location, preferences, social situation and activity.  

• Services. When we talk about services, we are referring to all the activities that the 
system might offer users to satisfy their needs. 

• Environment. The environment is everything surrounding the user; that is, all the 
physical entities that could be found. 

• Device. Mechanisms capable of modifying the context, by the explicit or implicit 
interaction of the user, or collecting information about the context or users. 

Each and every one of these aspects or concepts is, in turn, composed of a set of 
entities or instances that depend on the scenario, thus distinguishing between the day 
centre and home.   

3.1   User 

The number of users taking part in a day centre is considerably higher than that in a 
home and, what is more, there are some entities in the day centre ontology that are not 
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considered in the home ontology. We will start by defining the entities shared by both 
scenarios. 

• Dependant person. A user with a degree of dependency who requires special care. 
These will be those favoured by the services available. 

• Visitor. A user who gets in contact with the system temporarily. 

Now we indicate the entities bound, specifically, to the day centre ontology.  

• Assistant. A user who helps in particular tasks related to patient care. 
• Physician. A doctor entrusted with the monitoring of the dependant person’s state 

of health. 
• Nurse. A user with enough professional training to take specialized care of the 

dependant person. 
• Relative. A user who belongs to the family or caring circle of the dependant per-

son. This user receives specific information from the incidence service. 
• System administrator. A user who maintains and operates a computer system. 

The entities described above are not included in the home ontology; however, the 
home ontology has its own two entities:  

• Primary physician. Refers to someone with a medical degree who visits the de-
pendant person daily. 

• Caregiver. A user who takes care of the dependant person. This person related to 
the patient or not, is in charge of carrying out the exchange of information with 
the day centre staff (when the dependant person arrives or leaves the centre). 

3.2   Services 

At first glance, the two scenarios present the same classification on the service ontol-
ogy. All the services defined can be included in one of the following three general 
services: 

• Information management. This means processing and filtering context information 
so that it can be visualized and understood for later decision making. Most of the 
users would benefit from this service. Services of this type offered in the day cen-
tre differ from the ones offered at home. In the day centre there is more informa-
tion to manipulate and some of the activities do not exist at home. The activity 
support service is especially important, as it tries to avoid the advance of the dis-
ease. Incidence management is also a key term. Both concepts will be explained in 
depth further on in this document. 

• Monitoring. To understand what is happening in the environment, it is necessary to 
know the origin of the information, using sensors. Users, as well as the environ-
ment, need to be monitored, and this is done by taking their life signals (patient 
tele-monitorization service) and by controlling their location. 

• Decision making. Reactive care in AAL environments implies that actions  
should be taken based on the information available at the exact moment an incident 
happens. 
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3.3   Environment 

In the environment ontology, there are slight differences between both scenarios, at 
least at first sight. The main entities that take part in this ontology are now listed. 

• Door. In a place like a day centre, it is necessary to control doors to avoid the pos-
sibility of patients escaping (or intruders entering). 

• Outside area. Places outside the building.  
• Room. The day centre is composed of a group of rooms. Each of them would have 

certain attributes to differentiate them from each other.  

The room types we can find in a day centre differ from the ones found at home. As 
shown in Fig. 3, at the day centre there are specific rooms for the activities carried out 
(emphasized with a green square), while at home, the rooms correspond to the com-
mon places of a simple house. Another difference is the orientation panel used to 
facilitate the movement of the dependant person between the different rooms (see 
home diagram in Fig. 3). 

3.4   Devices 

The types of devices used to modify the home context are more than those deployed 
in the day centre. This is due to the fact that not only NFC technology has been intro-
duced, but also RFID, so as to know where the dependant person is at every single 
moment so that incidents related to the person can be avoided. Once the differences 
have been explained, we can begin defining the devices found in both scenarios: 

• Tag. It is a near field RFID tag that contains information about the place, object or 
person it is attached to. Depending on the kind of tag (for place, object or person) 
the information stored in it and its structure will vary. 

• NFC Mobile Phone. Device capable of reading near RFID tags. It is a special type 
of mobile phone that contains an NFC reader and allows information exchange be-
tween two mobile phones, as well as reading and writing of information stored in 
RFID tags. 

• Sensor. Bluetooth-enabled devices recording the dependent person’s state of 
health. 

• Visualization system. System used to show the information needed by the user. In 
the home ontology there is a specialization of this entity used to visualize exercises 
that slow down the Alzheimer’s disease. 

• Door actuator. Its function is related to the Door control service. This service will 
send an opening signal to the device, so that it executes the order. 

An additional entity is defined in the day centre ontology: the server, which is 
similar to the computer entity defined in the home ontology with the only difference 
being its central role as information gatherer. Further entities only included in the 
home ontology are listed below: 

• Reader. Device capable of reading RFID tags. It is useful for finding where the 
dependant person is. This device is used in the orientation and location services. 

• RFID tag. It is a device similar to the one called tags. They differ in their reading 
distance range. 
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Fig. 3. Ontology entities for the day centre (top diagram) and the home environment (bottom 
diagram). The differences between both diagrams are marked with green boxes in the day 
centre ontology and with red boxes in the home ontology. 

• Tele-Alarm. Mechanism used for help requests. It is associated with the telephone 
and works by pressing a button that immediately contacts with an emergency ser-
vice. 

• Alarm. It is a composition of an alarm and an RFID tag. The alarm starts ringing 
when a danger is detected.  

3.5   Context Ontology 

Our context ontology results from merging the four types of concepts mentioned. The 
User (physician, dependent person, assistant, etc.) is in the Day centre, being able to 
use the active Devices and, at the same time, to benefit from the Services offered. The 
most significant part of the resulted context ontology is shown in Fig. 4.The figure 
shows where the activities take place (Activity Support is developed in a Room) and  
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Fig. 4. Resulting context ontology 

how the incidences are linked with the activity being done. In addition, we can ob-
serve that the door is linked with the services containing the name. 

4   An Approach to Home and Day Centre Services 

Next, we detail some of the main services defined which make use of the knowledge 
modelled by our context ontology. Prototype versions of all these services for Alz-
heimer care support have been developed. 

4.1   Simple Interaction 

Elderly people are not familiar with new technology. Thus, interaction methods as 
simple and natural as possible are highly desirable. This is also applicable to caregiv-
ers or relatives, whose hard work taking care of the patient does not allow them to 
waste their time with annoying common interactions. Stopping their work to write 
records in a PC is not an option. They (both patients and caregivers) must interact 
with the system in a transparent way, with the simplest possible actions. Technology 
should be at the service of the users and not the other way around. 

We can achieve this objective by using a Bluetooth-enabled NFC mobile phone. 
The interaction is as simple as bringing the mobile phone close to the device or person 
that will take part in the action: life signal monitoring devices, displays, computers to 
store data or, even, the patients. Examples will be detailed in next sections. 

In order to use a device or to get the information of a patient, a person has to touch 
the corresponding NFC tag with the phone in order to launch the needed mobile 
phone application, as it was explained in §2.3.  
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4.2   Incident Management 

The management of patient incidents is a key service to be offered by an Alzheimer 
care support system, because it facilitates the inherently difficult job of the caregivers. 

At present, when a patient incident is noticed, caregivers have to stop doing their 
job, leaving their patients with another caregiver and writing the incidence in a note-
book manually. There are many clinics and centres that follow this protocol, which 
causes numerous problems, such as the interruption of daily work, lack of formalism 
and the impossibility of searching for the information and generating accurate reports 
for physicians at a later date.  

This problem has to be addressed in a way that will help caregivers with the  
simplest possible interaction, without making their job even harder. Reaching this 
objective is discussed in the following three stages. 

The first step in accomplishing our task successfully is to formalize the type of  
incidence a patient may have. It is not a good idea for each member of the staff to 
record the same incident in a different way. Therefore, a long list of all possible inci-
dents and issues has been devised. In this list, we have separated each area of the day 
centre into a separate category (see Fig. 5). In addition, each centre could add its own 
incidents through a common server interface or even a website. This is a concept that 
we have called meta-incidents. 

With the incidents already formalized, a form is offered to the user to fill in a  
consistent way. NFC technology is used to simplify this task. In combination with a 
mobile phone, NFC technology allows a user to “insert” the incidence about the pa-
tient via the NFC tag. This can be then accessed easily by others caregivers, assistants 
or relatives. 

On the other hand, users should receive the personalized data needed to avoid the 
extra effort of reading incidents that may not be related to their job. Physicians would  
 

 

Fig. 5. Incidents by area captured after the formalization process 
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Fig. 6. Different information is displayed depending on the interest of each person 

receive clinical information, while assistants and caregivers would obtain just the 
behavioural incidents. Moreover, this information should be shown as clearly as pos-
sible, trying to summarize all related incidences and put them together. In a further 
step, these summaries should be mixed with the patient’s clinical information and 
previous reports, so that professionals could receive valuable recommendations. Fig. 6 
describes the proposed idea. 

4.3   Therapy Activity Support 

Day centres use different services to help their patients. One of the most important 
services is occupational therapy. Therapy activities are focused on stimulating the 
patient’s memory, orientation, calculation, language, and so forth. 

Normally, there are general games that help the dependant person without the in-
teraction of a caregiver. However, if we want to make personalized games or activi-
ties, we need to keep the patient’s personal knowledge in mind as well as an assistant 
who knows all this data, in order to ask the correct questions with their corresponding 
clues (e.g., “What is your wife’s name?”, “It starts with M…”). This knowledge is, in 
fact, the most helpful when we want to improve the capacities of the patient.  

At day centres, all of these activities could be carried out under a general concept; 
referring to all the patients staff look after, as well as to the particular patients them-
selves. In other words, the recognition of objects, people and places, as well as other 
activities, may be valid for every patient, as they could be done about general knowl-
edge. On the other hand, referring to the home context, these activities would be 
mostly centred on questions for the specific individual because, at home, there would 
be just a few patients to take care of, as it was mentioned in the ontology previously 
presented.  

For each activity, the system will then ask its corresponding question and wait for 
the answer of the patient. In case the patient does not know the answer (the patient 
may become a bit nervous for that), the system will offer the possibility of visualizing 
some clues composed of text, video, audio or images, or even, the correct answer to 
stimulate the patient’s learning. 

Therefore, caregivers or relatives should be able to define different kinds of activi-
ties from their work places or homes, through a Web environment. They could make 
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it through predefined formularies or by building their own ones. To achieve this, 
server applications used to get data for therapy activities must provide enough 
mechanisms to allow the introduction of different kinds of information, whether it is 
personal or general. 

As an example, they could introduce into the system information related to some 
patient’s relatives, along with some clues to help the patient’s memory when remem-
bering them. Here is where an activity plan could be taken into consideration, avoid-
ing the patient’s disconnection from their closest environment. This will stimulate 
their identity as well as their self-esteem. 

They can also create general questions that will be useful for every patient; for in-
stance, information about celebrities, books, TV series, etc. A patient could thus 
watch a piece of a film or listen to an animal sound to recognize it. In case the prede-
fined activities may not be enough for caregivers, they could use an open form to 
enter any question they want, defining the question itself, its answer, and its clues. 

Moreover, assistants could build their own activity through meta-forms, defining 
tags and contents, which correspond to the custom activities considered by each cen-
tre. These meta-forms will help them to create forms that could be filled in by anyone 
with the personal data of each patient. 

In accordance with the rest of services, we propose a simple interaction to get ac-
tivities displayed in any screen from the server. It is possible to visualize an exercise 
on any public display knowing just the activity and the patient tag. The exercise, con-
tained within the server, is sent to a display, thanks to a wireless video sender. Those 
taking part in the exercise wear some tags, which makes the interaction possible. This 
device can show different data, such as video, voice, text, etc. In addition, the corre-
sponding navigation through an exercise structure is given by just touching tags.  

Regarding the home case, this device could be a common television with DTT en-
abled. This complement to therapy could be managed at the patient’s own home too. 
For this reason we have implemented some applications through DTT. These have 
been developed with the MHP [11][12] language and their content is automatically 
generated from the information provided by the day centre server using the XML 
markup language.  Hence, relatives wishing to help patients only have to interact with 
a television set, using the remote control. 

The device used to send the application to the DTT television is a DVB-T (Digital 
Video Broadcasting – Terrestrial) decoder with MHP technology. This device will 
decode the interactive application distributed in a television channel and will offer the 
interactivity demanded by our activity plan. This technology provides the possibility 
of developing applications in which the user could interact using a simple remote 
control. The system, of course, allows us to show multimedia content (video, audio or 
images) to the user. As an example, Fig. 7 shows an object recognition activity, where 
a user can watch clues, answer or, even the user’s own experiences with this object, 
just by touching the colour buttons on the remote control. 

The MHP application reads from the served XML file and, through an MHP de-
coder, shows on the television screen an interactive activity played by the patient or 
his/her companion via a remote control. They can navigate across the therapy activi-
ties, while the patient will be practicing with the corresponding exercises. This kind of 
system offers us a technological environment at minimum cost, just a DVB-T decoder  
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Fig. 7. Object recognition activity through DTT 

ready to understand MHP code, and a display or television, which joins multimedia 
content with an easy interaction. 

4.4   Patient Tele-monitoring 

In order to keep control the patients’ health when they are at home or at the day cen-
tres, it is necessary to monitor their vital signs, which are measurements of the basic 
functions of the body.  

There are several available Bluetooth enabled devices that support monitoring of 
vital signs in the market. For instance, the electrical activity of the heart can be con-
trolled with a Bluetooth ECG device. To monitor the Peak Expiratory Flow Rate 
(PEFR) and for diagnosing lung conditions like asthma, a Bluetooth Spirometer can 
be used. The oxygen saturation in the blood (SpO2) can be measured with a Bluetooth 
Pulse Oximeter, in the same way that blood pressure can be measured with a Blue-
tooth Blood Pressure Monitor. People with diabetes can check their blood sugar with 
a Bluetooth Glucose Meter. The weight can also be daily controlled with a Bluetooth 
Weight Meter.  

Communicating with these devices should not involve a complex interaction with 
common personal computers. To use a monitoring device, a person (the patient or 
assistant) should be able of just touching its NFC tag with the phone, in order to 
launch the mobile phone application. As a result, the monitoring device should be 
activated and the measurement sent to the mobile phone through a Bluetooth connec-
tion. When the mobile phone obtained the measurements, it could make recommenda-
tions and send the corresponding alert messages, if necessary. Hopefully, this king of 
Bluetooth- and NFC-enabled vital sign devices will emerge soon. 

According to the patient medical records and other data, like age or measurement 
limits are set. When the mobile phone gets a measure from a monitoring device,  
it checks the limits and performs an action. When the measurements are inside the 
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patient’s predefined thresholds, the mobile phone will play a voice message telling the 
patient that everything is all right. However, when the measurements are over the 
limits it means that something is going wrong and, therefore, it is very important to 
calm the patient, mainly when he or she is alone at home. When this happens, the 
mobile phone tells the patient what to do. The patient will hear a voice message with 
the recommendation of the mobile phone. This recommendation will depend on the 
patient’s medical record. A recommendation example would be “your pulse rate is 
very high, you must rest” or “your glucose levels have increased, you should go for a 
walk for about 30 minutes”. However, the most common scenario when dealing with 
Alzheimer’s patients is the one in which their companion (a relative or a caregiver) is 
near them, so that they will receive such recommendations as well. In addition, since 
they can understand our offered data better, these recommendations could be more 
complete than those provided to the patient alone. 

When the measurements are dangerous, the mobile phone will send a message to 
the primary doctor. The doctor will see in her computer the patient’s medical record 
and the dangerous measurement, assessing the incident and deciding what treatment 
of special care the patient should receive. Moreover, the doctor can give a simple 
recommendation to the patient via the mobile phone. The physician can also prescribe 
some pills to the patient and the prescription will be saved on the mobile phone. If 
needed, the doctor can also send an ambulance. Fig. 8 summarizes this process. 

Finally, all the information is always included in the patient medical record and 
saved into the mobile phone. This is very important because in this way patients (or 
their caregivers) will always carry medical records updated in the mobile phone. 
When the patient (or caregiver) goes to the chemist or to the doctor, the authorized  
 

 

Fig. 8. Patient Tele-monitoring Process 
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professionals can see the patient’s medical information just by touching a NFC reader 
with the patient’s mobile phone. 

Hence, in our proposal, the only devices needed are the mobile phone and monitor-
ing devices. Home computers are not necessary because the mobile phone can man-
age all the data and communicate with the health assistance centre when required. 
However, in the day centre case, an additional server is very convenient since it  
could store every patient measurement in order to make logs and statistics for future  
consulting. 

5   Conclusions and Future Work 

This work has described how the application of NFC technology to Alzheimer care 
can significantly improve both the caring services received by patients and the daily 
activities of caregivers, both at day centres (nurses, doctors and so on) and homes 
(relatives or home caregivers). Only the adoption of natural interaction mechanisms 
can encourage the use of technology by the very busy caregivers. The services sug-
gested by this work are a clear sample of the capabilities of NFC technology to im-
prove Alzheimer patient care. In addition, all the information gathered both from 
caregivers’ mobile devices and vital sign devices has to be modelled and analyzed to 
offer even better services to patients.  Thus, the use of data modelling instruments 
such as the context ontology describe are required. The application of semantic mod-
elling techniques enables a very flexible and evolutionary knowledge repository upon 
which incident management, patient tele-monitoring or therapy support services can 
be provided. Referring to this last type of services, we have described our experiences 
applying DTT technology to transfer and continue part of the therapy process from 
day centres to homes. Future work will assemble our current prototypes into an NFC-
enabled chronic disease support framework which we aim to deploy for evaluation in 
local care giving centres. Thus, we will be able of assessing the suitability of the 
mechanisms proposed and to add further improvements. 
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Abstract. Despite the wealth of information and communication technology in 
society today, there appears to be a lack of acceptable information services for 
the growing elderly population in need of care. Acceptability is not only related 
to human factors such as button size and legibility, but rather relates to per-
ceived value and harmony in relation to existing living patterns. This paper de-
scribes the design of an asynchronous interactive communication system based 
upon a bulletin board metaphor. A panel of end-users was involved in various 
stages of the design process. To improve ease of use, functionality exposed to 
elderly users is limited, while caregivers are given extended control. A pilot 
field study with a working prototype showed a high degree of user acceptance. 
The user centered approach resulted in a design concept that was acceptable for 
the elderly participants. 

Keywords: Product design, asynchronous communication, interactive message 
display, elderly users, acceptability. 

1   Introduction 

In most industrialized countries, the number of elderly people is steadily growing. 
According to EuroStat, for every 100 EU citizens between 15 and 64 years old in 
2005, there were 24.7 persons aged 65 and older. The old-age dependency ratio is 
expected to increase to 39.8 by 20301. Many elderly people indicate they prefer to live 
independently in their own homes as long as possible, which was confirmed in inter-
view sessions held by the researchers involved in this study. In many cases, however, 
support is needed to continue their everyday living routines. Whereas support is 
nowadays typically given by both formal and informal caregivers, support could also 
be given by technology. This assistive technology is expected to play an increasingly 
important role in the coming years.  

Various kinds of technological solutions can already be deployed to support elderly, 
in which communication has been recognized as a central theme [6, 17, 19, 21, 23]. 
Existing communication means available to elderly include traditional telephones, 

                                                           
1
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mobile phones, and video communication. In recent years, services have been devel-
oped for monitoring behavior and for providing automated feedback to users, e.g., 
giving medicine reminders. Even though these solutions might eventually contribute to 
the quality of life of elderly clients, elderly users still seem to have a hard time using 
modern technology. 

Low acceptability of new technology might be partially caused by usability  
problems. Most ICT-based products require a basic understanding of computer appli-
cations, whereas many elderly have little experience with this type of systems. The 
very fact that functionality is hidden in menus and layers, for example, can be hard to 
grasp for elderly users. Furthermore, devices such as mobile phones require fine mo-
tor skills, whereas these abilities tend to be limited for elderly users. Such usability 
issues form a practical barrier towards acceptance by the elderly target group. 

Apart from usability issues, other reasons can be found for elderly users having 
difficulties adopting new technology. For example, it can be difficult to change exist-
ing living patterns, thereby making it hard to introduce new procedures and products. 
Even though the added value of new technology appears to be obvious to the care-
givers, elderly users tend to be skeptical and hesitant. Product designers therefore 
face the challenge of creating products that support the elderly user that make use of 
the possibilities offered by new technology, while maintaining appropriate accept-
ability levels. 

2   Related Work 

The design of assistive technology to support elderly users in living independently has 
been studied before. In the next section, existing work in the area of acceptability, 
cognition, perceived control, implementation and design in relation to designing assis-
tive technology will be described. 

2.1   Acceptability 

Most existing projects in the area of assistive living share a common goal in terms of 
increasing the independence of elderly people [1, 4, 15, 19]. Supposedly, an increase 
in independence results in a decrease in professional care per client, which in turn 
would result in a cost reduction. From an economic perspective, the need for techno-
logical solutions seems obvious.  

A major obstacle towards deployment of assistive living technology, however, ap-
pears to be acceptability [10, 15, 23, 25]. As will be discussed in the following para-
graphs, existing studies revealed multiple issues that were found to be crucial towards 
creating acceptability. 

Acceptability is a subjective construct that varies between users and in time. For 
example, personal circumstances, such as education and income, could influence the 
attitude towards new technology [10]. Absolute age, on the other hand, is expected to 
be of minor relevance. 

Acceptability has also been found to be related to perceived benefit [23]. Suppos-
edly, when elderly users experience little added value, acceptability is low. When new 
products would better link to everyday problems, the perceived benefit is expected to 
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be higher, and consequently acceptability is expected to improve. Guiliani et al. [10] 
studied the attitude of elderly towards technology, and found that technological inno-
vations are likely to be accepted when the practical benefits are clear. Similarly, Czaja 
and Lee [6] studied the use of e-mail amongst elderly women, and concluded that 
perceived usefulness was an important factor with respect to usage. 

Next to perceived benefit, reliability has been found to be important by McCreadie 
and Sanchez et al. [15, 22]. In a study on the acceptability of assistive technology, 67 
people aged over 70 were interviewed. No participants were found to be technopho-
bic. However, reliability of technology was judged to be an important condition for 
product adoption. In line with the studies above, elderly were found to be willing to 
use assistive technology, despite opposite expectations, if only the system would 
address their needs correctly. 

Finally, to increase acceptability, technology might also have to be pleasurable in 
use. Interview data collected by Selwyn [23] showed that elderly are less involved in 
the pleasures of ICT than younger users, which makes it hard to fit ICT solutions into 
their everyday lives. 

2.2   Cognitive Aspects 

Several cognitive issues might underlie the control problems that elderly users en-
counter when using new technology. For example, the ability to learn new skills relies 
on fluid intelligence, which is the capacity to associate, independent of previous spe-
cific practice or instructions [9]. Since the capacity to learn new skills to operate tech-
nology decreases when people get older, elderly people can have difficulty using new 
products [6]. Furthermore, the spatial memory capacity of elderly users tends to be 
reduced. It is therefore suggested that designers should aim to reduce demand on the 
spatial memory resources of elderly [6, 11]; this could be achieved by using simple 
and flat interface structures. Thirdly, elderly users were found to be sensible for fail-
ures and inconsistencies; young users tend to be less affected by usability problems 
than elderly users [6, 11, 22]. The learning process should be simple. Inconsistencies 
in the interface may slow down the learning process, especially for elderly users, and 
should therefore be avoided.  

2.3   Interaction Issues 

Whereas humans are capable of interpreting contextual information and providing 
feedback, computer based systems tend to offer limited data, often lacking desired 
qualitative information. Combining human input with raw data collected by sensors, 
is a complex issue [3]. In the CareNet study of Consolvo et al., the suggestion to en-
rich data with background information (adding a “human touch”) made potential users 
anxious, because they were suspicious of being given extra responsibility. Implemen-
tation of ‘common sense’, which appeals most to the perception of inexperienced 
users, into autonomous products is still complex [8]. 

When designing pro-active systems, controllability could be a challenge. Even 
though people tend to accept a large degree of system autonomy [2], the sense of 
being in control has great value to elderly users [3]. Perceived control is, amongst 
others, related to the predictability of a product behavior. 
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2.4   Role of Designer 

The difficulties elderly experience accessing modern technology could partly be 
caused by the fact that product designers are not aware of the special characteristics of 
the target group, or do not know how to implement the needs of elderly in the design 
process [6]. Sanchez et al. introduced the expression ‘imperfect automation’, which 
represents the design of ‘perfect’ products, not performing according to the criterion 
of the task, and, consequently, not satisfying its users [22]. Elderly users form a user 
group with special needs and desires, which need to be addressed by designers.  

Research by Irizarry on promoting the use of modern technology and Internet ac-
cess for Australian people over 55 indicated that elderly preferred to use technologies 
that are recognizable in everyday use [12], which could be a motivation to use exist-
ing interaction principles. However, recent ambitions to provide elderly with ICT 
technology are often based on the assumption that ICT is useful and desirable for 
everyone, while in reality, seniors are often not served by these technologies [23]. 
When designing assistive technology for elderly users, designers should consider the 
specific needs of the target group in terms of, for example, understandability, control-
lability and perceived benefit, in order to create acceptable products. 

2.5   Social Network 

Interaction with modern ICT solutions could be stimulated by members of the social 
network of an elderly person. Involvement in a social network is also beneficial in 
terms of well-being [17]. In a user and concept study on the acceptability of mobile 
communication services for elderly, future services where perceived as beneficial 
when social relationships were maintained, as well as health and the ability to live at 
home. Besides this benefit, engagement and connectedness could have “powerful 
health benefits” [5, 18], which is another motivation to stimulate social commitment. 

Several applications of communication services for elderly have been studied. An 
example of a communication device involving distant relatives can be found in the 
study of Mynatt et al., in which a Digital Family Portrait was tested in household 
environments [19]. This picture frame, which is an augmented domestic object, pro-
vides back-story information about geographically distant people. They found that the 
target group of elderly users demands the complexity to be restricted. The study re-
sults also emphasize the importance of supporting ageing adults, in terms of peace of 
mind for all members of the care network.  

2.6   Medicine Reminders 

An interesting application of assistive technology is providing care clients with medi-
cine reminders [7, 14]. Reminders could be dynamically linked to user activities, 
which can be monitored using various sensors. An example is the iCabiNet [14], 
which is designed to select the most appropriate communication device for each re-
minder. Whereas iCabiNet creates a flexible mechanism for reaching users, the sys-
tem has so far only been tested using a mobile phone. 
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2.7   User Experiences 

User experiences with interactive technology are often studied inartificial settings  
[13, 14]. User experiences in a home situation can be quite different [24]. If target group 
users participate in user studies in a lab setting, they are often requested to reproduce 
every-day activities, which is hardly realistic. Bringing the prototype to the user is likely 
to initiate more natural behavior, which contributes to the validity of the findings. 

2.8   Project Goal 

Even though new technologies might support elderly in their everyday lives, accept-
ability of existing systems tends to be low. The goal of the present case study is to 
find out how existing technology can be made accessible to elderly users in an ac-
ceptable way. In the case study, the focus is on the design of an interactive product 
that enables communication between elderly people and their care network, which can 
be applied to present medicine reminders as well. 

3   Design Steps 

3.1   Field Exploration 

To get insight in the application domain and user needs, technology suppliers, poten-
tial users and caregivers were interviewed. Ten experts in hard- and software for 
technological care solutions, promoting their products on a Care&ICT fair, were 
asked about the problems and challenges in their domain. They indicated that many 
companies are guided by the availability of modern technology in developing their 
products. Involvement of elderly end users in the design process tends to be very 
limited; requirements are generally set by care companies. In the near future, the main 
focus seems to be on developing integrated support systems, rather than developing 
new products for each single need. However, the vast number of “standard” commu-
nication protocols slows down the development of integrated support systems. 

To explore how new technology can be implemented in the life of elderly care cli-
ents in an acceptable way, a care giver was observed in her morning round, and the 
target sample group (n=5) was interviewed. The informal interviews were held with 
elderly care clients living at home or in a protected housing environment. In terms of 
user needs, all elderly participants indicated a desire to remain living independently 
as long as possible. This desire is complicated by the understanding that they are 
starting to, or may soon start degenerating mentally and physically. The interviewees 
also complained about people in their surroundings who slowly but surely change 
their attitude towards them. Relatives and friends tend to visit the elderly less  
frequently, which leads to an increase in loneliness. Loneliness could contribute to 
the mental degeneration of elderly individuals. Having influence on their social  
environment and being involved in every-day activities was preferred over being a 
passive client of care. 

The interviewed care clients stated that being confronted with inevitable degenera-
tion creates a despondent feeling, in spite of the fact that one has much time to pre-
pare for this. The elderly complained that many available care solutions stress their 
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weaknesses, because usage is similar to admitting one’s degeneration. This is alleged 
to be a difficult psychological coping process, which is hard to imagine for younger 
adults. The interviews showed that elderly prefer to use products that do not directly 
confirm their limitations and carry a negative connotation for them. New support 
technology could thus best be based on familiar interaction principles, preventing 
stigmatization. 

During the field exploration, care clients as well as caregivers underlined an un-
wanted development in the care context. Due to efficiency improvements, there is less 
time available for social interaction between caregivers and clients; this consequence 
is supported by neither caregivers nor clients. 

In general, the elderly expressed their appreciation for contact with family  
members and friends, as well as caregivers. Elderly enjoyed the interaction, and the 
attention made them feel safe and respected. The effort of the other party to establish 
contact is highly appreciated. Communication features can contribute to the accept-
ability of new devices, since elderly seem willing to communicate. 

An interesting example of modern ICT in the context of elderly users is the mobile 
phone. A large part of the elderly participants recognize the added value of being 
reachable, and having the possibility to call someone in case of emergency. However, 
few actually use the mobile phone. One older individual, who owns a mobile phone 
and recognizes its advantages, did not know how to use the device. This attitude to-
wards modern technology is representative for the acceptability problems that need to 
be challenged. 

3.2   Concept Development 

In the interviews, the elderly participants indicated their dislike of ‘modern’ interac-
tion metaphors, such as Windows-like layout details. These are tempting to be ex-
ploited by a younger group, but would almost certainly not appeal to elder users. Even 
worse, they tend to be scared off by the complexity of new products, even though the 
benefit of these products is recognized. In designing new products for elderly, one 
should therefore conceive interaction principles that are already familiar to the target 
group. The interaction should have an intuitive character, which needs only short 
introduction. 

3.2.1   The Interaction Metaphor 
To provide the elderly users with communication possibilities, an asynchronous mes-
saging product is being developed. Since product designs based on familiar metaphors 
are expected to lower the threshold to start using new technology, an appropriate 
metaphor had to be found to present information, specifically for in a domestic envi-
ronment. First, a photo frame metaphor was considered (similar to the Digital Family 
Portrait of Mynatt et al.), since the interviewed elderly had many pictures of relatives 
and friends in their homes. Although each frame could symbolize contact with the 
person in the picture, the mental step required to perceive it as an interactive device 
was expected to be too abstract. As a second step, a bulletin board metaphor was 
considered. A bulletin board is a central place for physical notes and reminders, which 
are somehow interesting for passers-by (figure 1). A bulletin board display could  
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Fig. 1. The interactive bulletin board resembles a traditional bulletin board 

easily be linked to context-aware technology and does not stress the technical nature 
of context-aware systems. 

3.2.2   Functionalities 
The usability of a bulletin board with (too) many functions would probably be low. In 
designing the product functionality, complexity and usability need to be balanced. 

In developing the electronic bulletin board, the affordances [20] of a traditional 
bulletin board were mapped to functions of the interactive bulletin board. Affordances 
can be described as a product’s properties defining how it could possibly be used, to a 
reasonable extent.  Table 1 shows the affordances of a bulletin board. Re-arranging 
items and pinning/removing thumbtacks have not been mapped to the interactive 
bulletin board, in order to improve the ease-of-use of the system. 

To create an interactive bulletin board, an LCD monitor could be linked to a key-
board and a mouse. However, these modern devices could nullify the perception of 
the bulletin board metaphor. Therefore, a touch screen was used as the interaction  
 

Table 1. Affordances of a bulletin board 

Affordances 
Traditional 

Bulletin Board 
Electronic 

Bulletin Board 

Read √ √ 

Pin (=add) items √ √ 

Remove items √ √ 

Re-arrange items √ - 

Pin/remove thumb-
tacks √ - 
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Fig. 2. The basic components of the electronic bulletin board, all controlled by a personal  
computer 

 

Fig. 3. The context menu enables the user to delete and print items. The last option is hiding 
this menu. 

medium to make sure users have to touch the items on the bulletin board physically 
(figure 2). A webcam is used for adding messages to the bulletin board. The snapshots 
from the webcam automatically appear on the board as new items. Electronic items 
can be stored by sending it to a printer; items can not be stored electronically, since  
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Fig. 4. The web site enables family and friends to inspect the bulletin board (bottom half), and 
to add messages and pictures (top half) 

this would unnecessarily increase the system’s complexity. Figure 3 shows the op-
tions that are displayed when an item is selected by the user. 

3.2.3   Development of the Prototype 
The monitor, webcam and printer have a distinct modern and technologic appearance, 
which could have a negative impact on the user. A secretaire, selected for its tradi-
tional appearance, was used to shield the technical parts. The main interaction device 
of the prototype, the touch screen, was placed on top of the secretaire (figure 5). The 
webcam, the printer and speakers, were visible to the user. A laptop, adapters, (exten-
sion) leads and hubs were hidden behind the doors of the secretaire. The visible side 
of the secretaire was free of redundant wiring and other electronic connections. 

The software runs on the laptop, and all data is centrally stored on a web server; 
communication with the bulletin board is via the Internet. 

To keep the elderly user socially involved in the everyday lives of others, connec-
tivity to the Internet offers possibilities. To realize social contact, family and friends, 
as well as caregivers, can consult and adjust the contents of the bulletin board by 
using a website (figure 4). 

Compared to the bulletin board, located in the homes of the elderly user, the web site 
offers more complex functionalities. The system offers the possibility to enter and dis-
play reminders, of which the presentation can be adapted to the urgency of the reminders. 
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Fig. 5. The final prototype. New messages could be added using a webcam (with the yellow 
button). Messages could be printed using a printer. 

4   Pilot Study 

4.1   Services 

To create a ‘live’ prototype, two realistic messaging services have been linked to the 
bulletin board. The first service enables family and friends to add messages using the 
Internet. Since the elderly interviewees enjoyed displaying personal knickknacks of 
relatives and friends around the house, reminding them of valuable people and experi-
ences, photographs could be added to the messages as well. 

Secondly, a context-aware reminder service is linked to the prototype. Reminders 
are automatically generated whenever the user forgets to take medication, in reference 
to a predefined medicine schedule. A micro-switch sensor was linked to the medicine-
box in order to monitor the intake of medication. Each reminder gradually asks for 
more attention, until the user touches the reminder of the bulletin board, or medication 
is taken. Eventually, an alarm message could be sent to a caregiver. This alarm-
function has not been implemented in the prototype. 

4.2   Goal and Procedure 

A small-scale pilot study was conducted to collect user experiences with the prototype 
in a realistic setting. Given the time constraints on the project, the study was limited 
to two participants. 
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Participants for the pilot study were selected on the basis of being older adults, liv-
ing at home, receiving professional care, and taking medication on a regular basis. 
Two subjects were recruited (76 and 84 years of age). The first subject had to take 
medication twice a day, and was slightly forgetful. The second subject had to take 
eye-drops twice a day. Both participants were asked to indicate which person they 
were most involved with. The first participant selected her daughter as the most im-
portant person in her daily life. The domestic helper was chosen as the most important 
helper for the second participant. These persons were involved in the test. 

Before starting the field test, the prototype and procedure were demonstrated in the 
homes of the participants. The participants were shown how to add, print and remove 
items. During the test, interaction with the bulletin board was monitored through an 
online log-file. In the course of the field test, the supervisor contacted the participants 
every other day to check if everything was in order. After the test, an evaluation inter-
view was held, in which the experiences of the elderly users and their problems con-
cerning usability and perception were discussed. 

In both tests (which lasted for four and seven days, respectively), the bulletin board 
was placed on a central position in the living room. When awake, both subjects spent 
most time of the day in the living room, and thus in viewing distance of the bulletin 
board. 

5   Results and Discussion 

Both participants perceived the usability of the prototype as being clear and uncom-
plicated, which made their general opinion positive. The participants understood the 
applied metaphor; they literally indicated to be using a bulletin board, and did not 
label the prototype with a technology-oriented name. 

5.1   The Metaphor 

The affordances of a traditional bulletin board that were mapped to the interactive 
bulletin board were easily accepted; the participants understood its functions without 
explanation. An example of adopting an original affordance can be given by explain-
ing an automatic action of the second subject. To select an item, he touched the 
thumbtack rather than the message. Physical interaction with notes on a bulletin board 
starts by pulling out the thumbtack, which could be an origin of this behavior. This 
shows that the affordances of a traditional bulletin board create certain expectations. 
This link between physical and virtual interaction has added value for the elderly user, 
since it relies less on their fluid intelligence. 

During the second test, a pop-up window appeared for a software update. The test 
subject chose to add a question about this event to the bulletin board, in which he 
claimed that the pop-up window was just another item on his bulletin board. The 
subject was found to be completely unacquainted with the concept of Windows-based 
computer interfaces. In this case, the bulletin board metaphor was fully accepted. 
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5.2   User Expectations 

A general hesitation towards technology was found to be a recurring theme through-
out the study. During the introduction of the study, both subjects stressed their fear of 
technology repeatedly. Afterwards, both participants claimed that this attitude had not 
changed. However, they both had to admit that their hesitation towards the bulletin 
board in particular was low. At this moment, it is difficult to grasp what influenced 
their hesitation most. 

5.3   Perceived Control 

The test subjects were offered continuous control over the content of the bulletin 
board. However, lack of control was displayed during the first night of the first test. A 
medicine reminder was displayed in combination with a subtle sound, but the test 
subject did not dare to stop the reminder, being afraid that something might break. 
Consequently, the bulletin board continued playing the sound. The test subject com-
plained about this to her neighbor and daughter, who simply stressed that touching the 
relevant item would solve the problem. In this situation, absence of interaction with 
the user interface resulted in lack of user control. 

The feeling of being in control was found to be related to how smooth an interac-
tion was experienced. Just before the end of the second study, a server-side problem 
caused the bulletin board to stop functioning. The screen got a static appearance and 
all functionality was lost. The failure made the participant doubt his own skills to 
control the bulletin board, while it was totally due to external parties. 

5.4   Usability 

A touch screen was used for display and manipulation of the items on the bulletin 
board. Barriers for actually touching the screen were found to be anxiety and forget-
fulness. Although both subjects had not used a touch screen before (even though the  

 

 

Fig. 6. A participant using the prototype 



138 E.R. van Veldhoven, M.H. Vastenburg, and D.V. Keyson 

second subject knew the term), this interaction skill was easily mastered. Moreover, 
the participants indicated that the bulletin board offered sufficient usability clues 
(figure 6), which improved their skillfulness with the prototype in general. The test 
showed that even a trial-and-error process led to desired results, since the first subject 
tended to forget the instructions. 

5.5   Social Network 

The role of friends and family was found to be decisive when looking at the hesitant 
attitude towards technology of the elderly subjects. The personal items provided by 
members of the social network and the subsequent enthusiasm were found to be a 
catalyst for using the prototype.  

Finding suitable participants for this study appeared to be difficult. Several poten-
tial test subjects eventually decided not to participate, since they were scared of new 
technology. The communication between the elderly participants and their social 
network gave problems grasping each other’s frame of reference. Caregivers, family 
and friends often assigned computer characteristics to the prototype, in the presence 
of the elderly user. These subconscious contributions might have caused confusion. In 
introducing the prototype to potential participants, it therefore seems important to use 
plain language. 

5.6   Test Setting 

An event during the second night of the first study illustrated the unpredictable nature 
of a realistic environment. In the belief that the subject’s wishes were met, the 
neighbor of the elderly user dropped by to put off the bulletin board. The neighbor did 
not realize that she was not able to turn the bulletin board on again (it was expected to 
be impossible to turn it off as well), as she had planned to do the next day. The 
neighbor applied her basic computer knowledge to reason how the prototype should 
function. This event is a clear example of the structural difference between a lab envi-
ronment and the field; it would probably not have happened in a lab. 

5.7   Design Process 

Based on the results of the pilot study, one might conclude that designers should get 
to know the reference framework of the target group, by exploring the user’s earlier 
experience, in order to design acceptable solutions. Even though a wide range of 
technologic possibilities are available, and tempting for designers to implement in the 
context of elderly users, the early involvement of elderly care clients catalyzed a 
process in which modern technology was cut down to a basic and accessible concept, 
while at the same time avoiding stigmatization. 

6   Conclusions and Future Work 

This pilot study shows that new technology can be presented to elderly individuals in 
an accessible manner, by understanding the context of use, user needs and experi-
ences, and by leveraging existing interaction metaphors. 
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The technology used in current ICT applications might well be used for applica-
tions for elderly users. When these applications are designed without considering the 
user group appropriately, acceptability problems might occur. These acceptability 
problems are partly caused by poorly chosen interaction principles of applications for 
the elderly. Familiar interaction principles can contribute to usability. 

The case study showed that by involving the target group early in the design proc-
ess, the interaction principles applied could be better linked to user needs. As a result, 
the complexity of the prototype could be limited to a basic level, thereby improving 
the usability. Where ‘upgrading’ products seems to be the tendency for modern elec-
tronic devices, in terms of user needs and system functionality, ‘downgrading’ would 
be more appropriate designing products for elderly users. 

The bulletin board might be a future solution to allow elderly to live independently 
at home longer. It is explicitly not designed to replace personal contact, but rather to 
encourage social involvement of elderly users. 

The question remains how far designers should go in providing the oldest old with 
new technology, considering the fact that coming generations of elderly users may be 
more capable of handling computers. However, problems related to reduced fine mo-
tor skills and limited cognitive resources shall always be an issue. For the current 
elderly, designers should be looking for solutions that fit the experience and percep-
tion of this group of users. 
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Abstract. To improve the performance and wellbeing of humans in complex 
human-computer interaction settings, an interesting challenge for an ambient 
(or pervasive) agent system is to recognise the emotions of humans. To this end, 
this paper introduces a computational model to estimate the process of emotion 
generation based on certain triggers. The model has been implemented and 
tested using the modelling language LEADSTO. A first evaluation indicates 
that the model is successful in estimating a person’s emotions, and is robust to 
different parameter settings. 

1   Introduction 

Ambient Intelligence [1], [2] represents a vision of the future where we will be sur-
rounded by pervasive and unobtrusive electronic environments, which are sensitive, 
and responsive to humans. Such an environment has a certain degree of awareness of 
the presence and states of living creatures in it, and supports their activities. It analy-
ses their behaviour, and may anticipate on it. Ambient Intelligence (AmI) integrates 
concepts from ubiquitous computing and Artificial Intelligence (AI) with the vision 
that technology will become invisible, embedded in our natural surroundings, present 
whenever we need it, attuned to the humans’ senses, and adaptive to them. In an am-
bient intelligent environment, people are surrounded by networks of embedded intel-
ligent devices that can sense their state, anticipate, and when relevant adapt to their 
needs. Therefore, the environment should be able to determine which actions have to 
be undertaken in order to keep this state optimal. For this purpose, it has to be 
equipped with knowledge about the relevant physiological and/or psychological as-
pects of human functioning. 

In Cognitive Science and many other human-directed scientific areas (such as psy-
chology, neurosciences, and biomedical sciences), models have been and are being 
developed for a variety of aspects of human functioning, among which visual atten-
tion, emotional processes, stress and workload. If such models of human processes are 
represented in a formal and computational format, and incorporated in the human  
environment in devices that monitor the physical and mental state of the human  
(cf. [19]) then such devices are able to perform a more in-depth analysis of the hu-
man’s functioning. This can result in an environment that may more effectively affect 
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the state of humans by undertaking - in a knowledgeable manner - certain actions 
that improve their wellbeing and performance. For example, the workspaces of naval 
officers may include systems that, among others, track their eye movements and 
characteristics of incoming stimuli (e.g., airplanes on a radar screen), and use this 
information in a computational model that is able to estimate where their attention is 
focused at; see [8]. When it turns out that an officer neglects parts of a radar screen, 
such a system can either indicate this to the person or arrange on the background that 
another person or computer system takes care of this neglected part. In these types of 
applications, an ambience is created that has a better awareness and understanding of 
humans, based on computationally formalised knowledge from the human-directed 
disciplines. 

Within the last decade, the literature in Cognitive Science and Artificial Intelli-
gence shows an increasing amount of attempts to develop (computational) models of 
processes related to emotion [3]. In general, two classes of approaches can be distin-
guished: those that focus on emotion elicitation processes e.g., [5], [13], and those 
that focus on emotion regulation (or coping) processes e.g., [10], [20]. The first proc-
ess addresses the way how human beings develop emotions, based on stimuli from the 
environment e.g., [14] whereas the second process addresses the way how humans 
control their emotions in case they do not correspond with the emotions they desire to 
have e.g., [17].  

The current paper focuses on the former, i.e., on emotion generation processes. Its 
main aim is to present a generic model of emotion generation, which can be used by 
ambient systems to get insight in the emotion generation processes of a human.  

Moreover, the model should be adaptive, i.e., it should be able to learn individual 
characteristics of a person, based on experiences with this person. The idea is that the 
ambient system observes the environment (e.g., which positive and negative events 
happen?) and the behaviour (e.g., which emotional expressions and actions does the 
human show, and for how long?) of a human in a certain scenario for a certain period, 
and uses this information to determine the characteristics of this person with respect 
to emotion generation. Examples of conclusions that the system may draw are “this 
person is in the process of becoming angry”, or “this person is so angry that (s)he 
must be calmed down immediately”. This information will allow the system to con-
tinuously estimate the emotional state of the human, but also to predict its emotional 
state in future situations. When necessary, it will then use this information for adap-
tive support. For example, in settings where humans and machines have to cooperate 
in complex and dynamic environments (e.g., the naval warfare case described above), 
the system could encourage the human when it predicts he will become sad, or take 
over some of his tasks when he is becoming angry. 

In Section 2, the model for emotion generation is described at a conceptual level, 
using the modelling language LEADSTO [6]. The idea is that the model is so generic 
that it can be applied to any arbitrary domain. Section 3 described the model to esti-
mate emotion generation, based on the concept of Theory of Mind. In Section 4, a 
number of simulation results are shown that were generated based on this model.  
Finally, in Section 5, the model is evaluated and conclusions are drawn. 
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2   A Model for Emotion Generation 

In this section, the model for emotion generation will be described at an intuitive, 
conceptual level, using the agent-based modelling language LEADSTO [6]. This 
language allows the modeller to integrate both qualitative, logical aspects and quanti-
tative, numerical aspects. In LEADSTO, direct temporal dependencies between two 
state properties in successive states are modelled by executable dynamic properties. 
The format is defined as follows: let α and β be state properties of the form ‘conjunc-
tion of ground atoms or negations of ground atoms’. In LEADSTO the notation  
α →→e, f, g, h β  means: 
 

If  state property α holds for a certain time interval with duration g, 
then  after some delay (between e and f) state property β will hold 
  for a certain time interval of length h. 

 

Here atomic state properties can have a qualitative, logical format, such as an ex-
pression desire(d), expressing that desire d occurs, or a quantitative, numerical format 
such as an expression has_value(x, v) which expresses that variable x has value v. For 
more details, see [6]. 

In Section 2.1, first a global overview of the model will be provided. Next, Section 
2.2 will present the formalisation of the model in LEADSTO. 

2.1   Emotion Generation Based on a Body Loop 

In this and the next section the model to generate emotional states for a given stimulus 
is introduced. It adopts from [13] the idea of a ‘body loop’ and ‘as if body loop’, but 
extends this by making these loops recursive. According to the original idea, emotion 
generation via a body loop roughly proceeds according to the following causal chain; 
see [7], [13]: 

 

sensing a stimulus  →  sensory representation of stimulus  →  
(preparation for)  bodily response  → sensing the bodily response  →   
sensory representation of the bodily response  →  feeling the emotion 

 

As a variation, an ‘as if body loop’ uses a causal relation 
 

preparation for  bodily response  →   
sensory representation of the bodily response  

 

as a shortcut in the causal chain. In the model used here an essential addition is that 
the body loop (or as if body loop) is extended to a recursive body loop (or recursive as 
if body loop) by assuming that the preparation of the bodily response is also affected 
by the state of feeling the emotion (also called emotional feeling):  

 

feeling the emotion  →  preparation for  bodily response   
 

as an additional causal relation. Thus the obtained model is based on reciprocal  
causation relations between emotional feeling and body states, as roughly shown in 
Figure 1. 
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Fig. 1. Recursive body loop 

Both the bodily response and the emotional feeling are assigned a level or grada-
tion, expressed by a number, which is assumed dynamic. The causal cycle is modelled 
as a positive feedback loop, triggered by the stimulus and converging to a certain 
level of emotional feeling and body state. Here in each round of the cycle the next 
body state has a level that is affected by both the level of the stimulus and of the emo-
tional feeling state, and the next level of the emotional feeling is based on the level of 
the body state. In the more detailed model described below, the combined effect of 
the levels of the stimulus and the emotional state on the body state is modelled as a 
weighted sum (with equal weights 0.5 in this case). This implies that the pattern of 
generation (and extinction) of an emotion upon a stimulus is as shown in Figure 2 
(where the horizontal axis denotes time and the vertical axis denotes the level of ex-
perienced emotion). 

 

Fig. 2. Pattern of emotion generation and extinction by a recursive body loop 

2.2   Formalisation of the Emotion Generation Model 

The specification (both informally and formally) of the model for emotion generation 
based on a recursive body loop is as follows. This model is based on dynamic Local 
Properties (LP), expressing the basic mechanisms of the process. 
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LP1  Sensing a stimulus 
If a negative stimulus occurs, then a sensor state for the negative stimulus will occur. 

neg_stimulus →→ has_state(human, sensor_state(neg_stimulus)) 
 

LP2  Generating a sensory representation of a stimulus 
If a sensor state for a negative stimulus occurs, 
then a sensory representation for the negative stimulus will occur. 

has_state(human, sensor_state(neg_stimulus)) →→ has_state(human, srs(neg_stimulus)) 
 

LP3  From sensory representation and emotion to preparation 
If a sensory representation for a negative stimulus occurs and emotion e has level v,  
then a preparation state for facial expression f will occur with level α * v + (1-α) * 1 

has_state(human, srs(neg_stimulus)) & has_state(human, emotion(e, v))  →→ 
has_state(human, preparation_state(f, α * v + (1-α) * 1 )) 

 

If no sensory representation for a negative stimulus occurs and emotion e has level v,  
then a preparation state for facial expression f will occur with level v/2. 

not has_state(human, srs(neg_stimulus)) & has_state(human, emotion(e, v)) →→ 
has_state(human, preparation_state(f, v/2)) 
 

LP4  From preparation to body modification 
If a preparation state for facial expression f occurs with level v, 
then the face is modified to express f with level v. 

has_state(human, preparation_state(f, v)) →→ has_state(human, effector_state(f, v)) 
 

LP5  From body modification to modified body 
If the face is modified to express f with level v, 
then the face will have expression f with level v. 

has_state(human, effector_state(f, v)) →→ has_state(human, own_face(f, v)) 
 

LP6  Sensing a body state 
If facial expression f with level v occurs, 
then this facial expression is sensed. 

has_state(human, own_face(f, v)) →→ has_state(human, sensor_state(f, v)) 
 

LP7  Generating a sensory representation of a body state 
If facial expression f of level v is sensed, 
then a sensory representation for facial expression f with level v will occur. 

has_state(human, sensor_state(f, v))  →→  has_state(human, srs(f, v)) 
 

LP8  From sensory representation of body state to emotion 
If a sensory representation for facial expression f with level v occurs, 
then emotion e is felt with level v. 

has_state(human, srs(f, v)) →→  has_state(human, emotion(e, v)) 

3   A Theory of Mind Model to Estimate Emotion Generation  

So far, a model was presented that describes a person’s mental states and the relations 
between them at a global level. However, to be able to provide some intelligent support, 
an ambient system somehow needs the capability to attribute instances of these mental  
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states to a human, and to reason about these. In psychology, this capability is often  
referred to as Theory of Mind (or ToM, see, e.g., [4]). According to [9], (human and 
software) agents can exploit a ToM for two purposes: to anticipate the behaviour of 
other agents (e.g., preparing for certain actions that the other will perform), and to ma-
nipulate it (e.g., trying to bring the other in a certain state in which he will perform cer-
tain desired actions, or not perform certain unwanted actions). 

A number of approaches in the literature address the development of formal mod-
els for ToM, e.g., [9], [21]. Usually, such models focus on the epistemic (e.g., beliefs) 
and/or motivational states (e.g., desires, intentions) of other agents. However, since 
the concept of emotions nowadays is receiving more and more attention, such models 
ideally also address emotions. This idea is in line with the theories of many Cognitive 
Scientists like Gärdenfors [15], who claims that humans have a ToM that is not only 
about beliefs, desires, and intentions, but also about other mental states like emotional 
and attentional states [15]. Based on these ideas, this paper proposes to apply a ToM 
to a model for emotion generation as described in the previous section. 

3.1   Formalisation of a Theory of Mind Model to Estimate Emotion Generation 

In order to obtain a Theory of Mind model for generated emotions, the idea of recur-
sive modelling is used [21]. This means that the beliefs that agents have about each 
other are represented in a nested manner. To this end, each mental state is parameter-
ised with the name of the agent that is considered, creating concepts like 
has_state(human, emotion(e, 0.5)) and has_state(AA, performed(remove_neg_stimulus)). In 
addition, a number of meta-representations, expressed by meta-predicates are intro-
duced. For example, has_state(AA, belief(has_state(human, emotion(e, 0.7)))) states that the 
Ambient Agent (AA) believes that the human has an emotion level of 0.7. The agent 
AA has also beliefs about relationships between mental states of the human. This is 
represented in the format: 

 has_state(AA, belief(leads_to_after(I, J, D))) 

which expresses that when state property I occurs, then after time duration D state 
property J will occur. An example of a specific case of this is when it is taken: 

I has_state(human, srs(f, v))  
 J  has_state(human, emotion(e, v)) 
 D 1 

With these instances for the variables the representation becomes 

 has_state(AA, belief(leads_to_after(has_state(human, srs(f, v)),  
             has_state(human, emotion(e, v)), 1))) 

This expresses that agent AA believes that when for the human state property  
srs(f, v)  occurs, then after one time unit state property emotion(e, v) will occur. In such a 
way it is expressed that agent AA believes that the emotion generation model pre-
sented in Section 2 holds. Temporal reasoning based on this model is performed by 
agent AA using the general reasoning rule 

 has_state(AA, belief(at(I, T)))   ∧  has_state(AA, belief(leads_to_after(I, J, D)))  →→ 
 has_state(AA, belief(at(J, T+D))) 

This rule can be considered a temporal forward simulation rule. 
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3.2   Adaptive Aspects in the Model  

The model for emotion generation discussed in Section 2 includes a parameter α for 
the persistence of an emotional state. The value of such a parameter may not be easy 
to determine, and may differ between different individuals. Therefore a more realistic 
approach should include capabilities to adapt and fine tune the value of this parame-
ter. Such a capability has been incorporated in the model. To this end, first the emo-
tion generation model was rewritten to a differential equation model, as follows. 

      emotionlevel(t+1) = α emotionlevel(t) + (1 – α) s(t) 
      emotionlevel(t+1) – emotionlevel(t) = - (1 – α) emotionlevel(t) + (1 – α) s(t)  

= (1 – α) (s(t) – emotionlevel(t)) 
      d/dt (s(t) - emotionlevel(t)) = - (1 - α) (s(t) – emotionlevel(t)) 
Here s(t) is the level of the stimulus over time. Note that the time unit here covers 

exactly one cycle of update of the emotion level (that is 6 time steps in the simula-
tion). This differential equation has the following solution: 

      s(t) - emotionlevel(t) = (s(0) - emotionlevel(0)) e –(1 – α)t 
     emotionlevel(t) = s(t) - (s(0) - emotionlevel(0)) e –(1 – α)t 
The next step is to identify the sensitivity of the emotion level with respect to a 

change of α. To this end the partial derivative with respect to α is: 

     ∂/∂α emotionlevel(t) = ∂/∂α (s(t) - (s(0) - emotionlevel(0)) e –(1 – α)t) 
=  - (s(0) - emotionlevel(0))  ∂ /∂α (e –(1 – α)t) 
=  - (s(0) - emotionlevel(0)). t . e –(1 – α)t 

When at time point t a difference d(t) = Δ emotionlevel(t) in observed emotion 
level1 and calculated emotion level is detected, then based on the derivative w.r.t α 
this Δ emotionlevel(t)  can be related to a difference Δα in α, as follows: 

    d(t) = Δ emotionlevel(t) = ∂/∂α emotionlevel(t) . Δα 
= - (s(0) - emotionlevel(0)). t . e –(1 – α)t. Δα 

So  
Δα = - d(t) / (s(0) - emotionlevel(0)). t . e –(1 – α)t.  

This is used in the adaptation process of α with adaptation speed factor γ as follows: 

new α  = α  + γ  Δα  =  α  - γ  . d(t) / (s(0) - emotionlevel(0)). t . e –(1 – α)t   
When at time 0 the stimulus is 1 and the emotion is 0, this becomes: 

new α  = α  + γ  Δα  =  α  - γ  . d(t) / t . e –(1 – α)t   

Here, for example, γ can be taken 0.9. If t and d(t) are given, the new α can be cal-
culated using this formula. Within LEADSTO, this mechanism is modelled via the 
following rules: 

 
LP9  Adapt estimated alpha 
Adapt the estimation of α based on the difference in observed and calculated emotion 
level. 

real_emotion_available & estimated_alpha(a) & current_time(t) & has_state(human, emo-
tion(e, v1)) & has_state(AA, belief(has_state(human, emotion(e, v)))) →→  
estimated_alpha(a - gamma * (v1-v2) / (t * 2.71828 ^ (-1 * (1-a) * t))) 

                                                           
1 Hence, this approach assumes that every now and then the real emotion level can be observed. 
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LP10  Take over observed emotion level 
If the real emotion level can be observed, use that level in the model (instead of the 
calculated level). 

real_emotion_available & has_state(human, emotion(e, v)) →→ 
has_state(AA, belief(has_state(human, emotion(e, v)))) 

4   Simulation Results 

To test the behaviour of the model to estimate emotion generation, it has been used to 
perform a number of simulation runs within the LEADSTO simulation environment 
[6]. The model was tested in a small scenario, involving an ambient agent and a hu-
man (indicated by AA and human, respectively). The agent AA was equipped with the 
model to estimate emotion generation. The central emotion used in the scenario is 
anger. In order to simulate this, every now and then certain events take place, which 
influence the level of anger of the human either positively (e.g., a request for an an-
noying task) or negatively (e.g., the removal of an annoying task from the todo list). 
The main goal of the agent is to estimate the level of anger of the human. To this end, 
it starts with some default model of the human’s emotion generation dynamics, and 
then keeps on updating this using the strategies explained earlier. When the human 
becomes too angry, the ambient agent can take measures to calm him down (e.g., re-
moving an annoying task from the todo list, or taking away an annoying stimulus). In 
Section 3.1 it was explained how in the model representations of the form 

 
 has_state(AA, belief(leads_to_after(I, J, D)))   
 

together with one forward simulation rule were used. For the sake of simplicity within 
the simulation the general rule was replaced by instantiated versions, some of which 
are shown below (i.e., LP12-LP19; note that the explicit temporal dependencies have 
been left out as well). The first property specifies how the agent AA observes that the 
human senses a stimulus. 

 
LP11  Observing human’s sensing negative stimulus 
If the human senses a negative stimulus then the ambient agent AA will observe this. 

has_state(human, sensor_state(neg_stimulus)) →→ 
has_state(AA, observed(has_state(human, sensor_state(neg_stimulus)))) 
 

LP12  Belief generation of human’s sensing negative stimulus 
If the ambient agent observes that the human senses a negative stimulus, then it will 
generate a belief on it. 

has_state(AA, observed(has_state(human, sensor_state(neg_stimulus)))) →→ 
has_state(AA, belief(has_state(human, sensor_state(neg_stimulus)))) 
 

LP13  Generating a sensory representation of human sensing negative stimulus 
If AA believes that the human senses a negative stimulus, then it will generate a belief 
that the human will have a sensory representation for this stimulus. 

has_state(AA, belief(has_state(human, sensor_state(neg_stimulus)))) →→ 
has_state(AA, belief(has_state(human, srs(neg_stimulus)))) 
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LP14  From sensory representation and emotion to preparation 
If AA believes that the human has a sensory representation for a negative stimulus 
and AA believes that the human has emotion e with level v, then it will generate the 
belief that the human’s preparation state for facial expression f will occur with level  
α * v + (1-α) * 1. 

has_state(AA, belief(has_state(human, srs(neg_stimulus)))) & 
has_state(AA, belief(has_state(human, emotion(e, v)))) →→ 
has_state(AA, belief(has_state(human, preparation_state(f, α * v + (1-α) * 1 )))) 

 

If AA believes that the human has NO sensory representation for a negative stimulus 
and AA believes that the human has emotion e with level v, then it will generate  
the belief that the human’s preparation state for facial expression f will occur with 
level v/2. 

not(has_state(AA, belief(has_state(human, srs(neg_stimulus))))) & 
has_state(AA, belief(has_state(human, emotion(e, v)))) →→ 
has_state(AA, belief(has_state(human, preparation_state(f, v/2 )))) 

 

LP15  From preparation to body modification 
If AA believes that the human’s preparation state for facial expression f with level v 
occurred, then it will believe that the humans’ face is modified to express f with 
level v. 

 
has_state(AA, belief(has_state(human, preparation_state(f, v)))) →→ 
has_state(AA, belief(has_state(human, effector_state(f, v)))) 
 

LP16  From body modification to modified body 
If AA believes that the human’s face is modified to express f with level v, then it will 
believe that the human’s face will have expression f with level v. 

has_state(AA, belief(has_state(human, effector_state(f, v)))) →→ 
has_state(AA, belief(has_state(human, own_face(f, v)))) 
 

LP17  Sensing a body state 
If AA believes that the human’s face has expression f with level v, then it will believe 
that the human will sense this facial expression. 

has_state(AA, belief(has_state(human, own_face(f, v)))) →→  
has_state(AA, belief(has_state(human, sensor_state(f, v)))) 
 

LP18  Generating a sensory representation of a body state 
If AA believes that the human has sensed facial expression f with level v, then it  
will believe that the human has a sensory representation for facial expression f with 
level v. 

has_state(AA, belief(has_state(human, sensor_state(f, v)))) →→  
has_state(AA, belief(has_state(human, srs(f, v)))) 
 

LP19  From sensory representation of body state to emotion 
If AA believes that the human has a sensory representation for facial expression f 
with level v, then it will believe that the human has emotion e with level v. 

has_state(AA, belief(has_state(human, srs(f, v)))) →→  
has_state(AA, belief(has_state(human, emotion(e, v)))) 
 

In addition, a number of other rules have been established to model the behaviour 
of the human and the ambient agent, and its effect on the world: 
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LP20  Intervention by the Ambient Agent 
If AA believes that the human has emotion e with level v which is higher than a cer-
tain threshold th1, then it will remove a negative stimulus. 

has_state(AA, belief(has_state(human, emotion(e, v)))) & v ≥ th1 →→ 
has_state(AA, performed(remove_neg_stimulus)) 
 

LP21  Effect of intervention in the world 
As long as AA does not remove a negative stimulus, it persists in the world. 

not has_state(AA, performed(remove_neg_stimulus)) →→ neg_stimulus 
 

LP22  Performance of human 
If the human has emotion e with level v which is higher than a certain threshold th2, 
then (s)he will show bad performance. 

has_state(human, emotion(e, v)) & v ≥ th2 →→ has_state(human, performed(bad_performance)) 
 

If the human has emotion e with level v which is lower than threshold th2, then (s)he 
will show good performance. 

has_state(human, emotion(e, v)) & v < th2 →→ has_state(human, performed(good_performance)) 

Based on the model, a number of simulations (under different parameter settings) 
have been performed, and some of the simulation traces are included in this section 
for analysis; see Figure 3 to Figure 6. In all of these figures, where time is on the 
horizontal axis, the upper part shows the time periods, in which the binary logical 

 

 

Fig. 3. Simulation Trace 1 - Estimated α is equal to real α 
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Fig. 4. Simulation Trace 2 - Estimated α is higher than real α 

state properties hold (indicated by the dark lines); for example; neg_stimulus, esti-

mated_alpha(X), and has_state(AA, belief(has_state(human, sensor_state(neg_stimulus)))). 
Below this part, quantitative information is provided about the human’s actual emo-
tion level, and the Ambient Agent’s estimation of this emotion level, respectively. 
Values for these levels for the different time periods are shown by the dark lines. For 
example, in Figure 3, at time point 10 AA estimates that the human’s emotion level is 
0.5, but this increases to 0.75 at time point 15 and further. The graphs show how the 
recursive body loop approximates a state for emotion with value 1. Note that only a 
selection of relevant state properties is shown. 

Trace 1 
This trace (see Figure 3), shows a normal situation, in which the estimated α is equal 
to the real α indicated in the upper part of the Figure 3, by state properties esti-

mated_alpha(0.5) and alpha(0.5) respectively. As shown in the figure, the Ambient 
Agent removes the negative stimulus exactly at the right moments (i.e., at time point 
22, 59, and 95). As a result, the human never shows bad performance. Note that, in 
this trace (as well as the next two), threshold th1 for intervention (see LP15) was set to 
0.8, and threshold th2 for negative performance (see LP17) was set to 0.95. 
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Fig. 5. Simulation Trace 3 - Estimated α is lower than real α 

Trace 2 
This trace (see Figure 4), shows a situation in which the estimated α (0.8) is higher 
than the real α (0.5), as indicated in the upper part of the Figure 4. As shown in the 
figure, the Ambient Agent estimates the level of emotion of the human much too low,  
 

so that it is too late in removing the negative stimulus, indicated in the upper part by 
state property has_state(AA, performed(remove_neg_stimulus)) at time point 52. This is too 
late, because, as shown in the “actual emotion” graph below, the human’s emotion 
level has gone too high already at time point 32. As a result, the human shows bad 
performance at time point 33 (as indicated by the state property has_state(human, per-
formed(bad_performance)) in the upper part of Figure 4). 

Trace 3 
This trace (see Figure 5) shows a situation in which the estimated α (0.2) is lower 
than the real α (0.5), as indicated in the upper part of the Figure 5. As shown in the 
figure, the Ambient Agent estimates the level of emotion of the human too high, so 
that it is a bit too early in removing the negative stimulus, as indicated in the upper 
part by property has_state(AA, performed(remove_neg_stimulus)) at time point 11. This is 
not a crucial error (the human does not show bad performance), but it is a waste of 
energy. 

Trace 4 
This trace (see Figure 6) shows a situation in which the estimated α is learned. In this 
trace, speed factor γ (see LP9) was set to 0.9, threshold th1 was set to 0.5, and th2 was  
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Fig. 6. Simulation Trace 4 - Estimated α is adapted 

set to 0.95. As shown in the figure, the Ambient Agent initially estimates the level of 
emotion of the human much too low, indicated in the upper part by the state property 
estimated_alpha(0.8). As a result, at time point 32, the human’s emotion level has gone  
too high (shown in the “actual emotion” graph below), so that AA is too late in re-
moving the negative stimulus. However, after information about the real emotion be-
came available (at time point 35) (shown by state property real_emotion_available), AA 
changes its estimation of α (from 0.8 to 0.65). As a result, from then on the agent es-
timates the emotion much better, and removes the stimulus at the right moments (at 
time points 67 and 93), so that the human does not show bad performance anymore. 

All in all, the model has been used to generate a large number of simulation traces, 
using different parameter settings for the real and estimated parameter α. Due to 
space limitations, not all of these results are shown here. However, the simulation 
experiments pointed out that the model in general is successful in estimating a (simu-
lated) person’s emotion generation dynamics, and is robust to different parameter 
settings. 

The obvious next step is to test the model in a real world setting. This can be 
done, for example, in a laboratory experiment where a person is asked to perform a 
computer task during which certain emotion-eliciting events occur. To measure the 
person’s emotional reactions to these events, recent methods to recognise levels of 
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emotion based on facial expressions may be employed e.g., [11], [12], [16], [18], 
[22], [24]. 

5   Discussion 

To improve the performance and wellbeing of humans in complex human-computer 
interaction settings, ambient systems need to assess many aspects of the human’s 
state. In addition to its state of awareness, stress, and motivation, the system needs to 
assess the human’s emotional state, and more specifically, its emotion generation ca-
pabilities. One step further, the system requires the ability to reason about these emo-
tion generation capabilities, and to make predictions based on them. For example, if 
the system knows that the human is very quick in developing a state of anger, this will 
be useful to determine how to communicate with the user for the next hours. 

As a first step in this direction, the current paper introduces an adaptive computa-
tional model to estimate emotion generation processes. The model combines two 
main components, namely a model for emotion generation (inspired by [13]) and a 
model for Theory of Mind cf. [21]. The model has been implemented using the mod-
elling language LEADSTO, and has been tested under different parameter settings.  

The model is based on several important assumptions. For one, it is assumed that it 
is possible to measure a person’s emotional reactions to certain events. The simulation 
runs, abstract from a specific technique that may be used for this, but in real world 
experiments, obviously this cannot be done anymore. For future research the plan is to 
test the model in laboratory experiments; here emotion recognition approaches like 
[11], [12], [16], [18], [22], [24] may be used. In recent years, such approaches have 
proven to be very adequate in recognising emotion elicitation processes in humans. 
Future work should point out how different types of approaches can be compared. 
One of these differences may be the possibility to reason over time about the emotion 
generation process, for example, to predict future emotions, or to predict effects of a 
certain intervention on the emotion level. 

Another interesting direction for further research is to explore the possibilities to 
apply the model to computer-computer interaction instead of human-computer inter-
action settings. For example, a recent trend in the development of intelligent virtual 
agents (IVAs, see [23]) is to equip them with emotions and emotion generation 
mechanisms (e.g., [5], [20]). As soon as such IVAs start to communicate with each 
other, it will be useful for them to have insight in each other’s emotions, and to make 
predictions about them. It may be expected that the generic setup of the model pre-
sented here allows it to be equally well applicable to software agents as to humans. 
Therefore, it may eventually be applied in larger systems where a number of real hu-
mans and virtual humans have to cooperate. 
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Abstract. This paper presents the concept of ambient narratives to rep-
resent dynamic open ambient intelligence environments and an end-user
software engineering approach that supports retail designers to create,
simulate, deploy and maintain interactive immersive retail spaces in this
model. We present the user-centered design approach that led to this
implementation and the user evaluation of the end-user authoring envi-
ronment for an intelligent shop window installation with a group of retail
designers, consultants and retailers.

1 Introduction

With the growing popularity of wireless home networking, mobile devices and
other information appliances in our homes, the home forms a natural application
domain for research on ambient intelligence and ubiquitous computing. Over the
past decade, many Ambient Intelligence systems have been developed in a user-
centered way to support specific types of tasks like programming the washing
machine, checking goods in the fridge, listening to music, watching a movie and
other activities inside and outside our homes e.g. [10,1,6,22]. In a typical Ambient
Intelligence environment, multiple users at different locations are involved in
several activities at a time and use a variety of networked computing devices
and other tangible objects to support them in these tasks. This provides a major
challenge for the design of such environments. Existing technology (e.g. context
sensing, artificial intelligence and distributed computing infrastructure) is not
mature enough. In addition, this approach raises questions about privacy and
control. Rather than deciding for the end-users, much recent focus has gone into
systems and applications that allow end-users to create and configure the way
the environment responds and interacts with them [2,9, 24].

In this paper we investigate how we can support end-users in the retail domain.
There are a number of reasons for looking at this domain: First, shopping has
become a major leisure time activity. People not just go to stores to buy things,
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they also go to stores and shopping malls to see and discover new things. Second,
stores need to differentiate themselves from the competition in order to stay
competitive. Each store has a unique brand identity it tries to convey through
its products and the physical layout and architecture of the store. Third, retailers
need to change the appearance of their store frequently for seasonal changes, new
fashion trends, large events taking place and so on.

Electronic environments that are sensitive and responsive to the presence of
shoppers have also been proposed for the retail domain. For example, the SM-
MART system [11] is a ubiquitous system for mobile interactive marketing that
facilitates shoppers in finding correct matches between their buying preferences
and the products on sale in a store. Smith describes Object AURAs [20], a mo-
bile retail and product annotation system that associates a URL to products
and objects on display in a store that can be read by a mobile device. In [23]
the authors describe a set of display cubes that responds to the presence of peo-
ple. Commercial solutions to track people and objects and log their actions also
exist. VideoMining [28] offers a system based on computer vision that can track
people in a store. WiseTrack [29] is an asset tracking and management system
for objects tagged with RFID chips or bar codes. In contrast with the home do-
main, less work has been published on end-user customization and programming
for retail environments.

This paper seeks to design a system that supports retail stakeholders (store
owners, consultants and designers) in creating and customizing immersive, inter-
active retail environments that enhance the shopping experience. We focus par-
ticularly on the entire lifecycle of creating, simulating, deploying and maintaining
such interactive retail experiences. Although end-user programming paradigms
and strategies that have been validated for the home domain could also be suit-
able in a professional context like retail, many differences exist between these
application domains in terms of users and their needs and goals. Therefore we
conduct a number of interviews and workshops with retail designers to come up
with user requirements placed on the design.

This paper is organized as follows. Section 2 presents the ambient narrative con-
cept as a conceptual model to represent open, complex, dynamic Ambient Intel-
ligence environments that should be authored by end-users. Section 3 discusses
the results of a series of workshops and interviews conducted with this target user
group to verifiy whether end-users can understand this concept and to collect feed-
back on four different end-user programming paradigms for writing such ambient
narratives. Section 4 shows how these findings are translated into a system that
enables end-users to create, simulate, deploy and share intelligent shop window
environments as a subclass of smart retail environments. Section 5 presents the
results of the user evaluation study, we conclude this paper in Section 6.

2 Authoring Ambient Narratives

The goal of Ambient Intelligence is to help people in performing their daily
activities better, by making these activities more convenient and enjoyable using
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Fig. 1. Ambient narratives and ambient intelligence

technology. Performances are not just seen in the theatre, music, dance and
performance arts in general but also in our everyday lives: We perform the role of
a father or son in our private lives but maybe also that of a doctor, judge or police
agent, for example in our professions. Goffman [7] already recognized in the 1950s
that people follow culturally specified social scripts that influence each other.
Viewing life as social theatre is interesting because if people behave according
to social scripts, we may try to detect these scripts and connect actions to these
events. The presence of social scripts is also recognized by service marketing and
brand management professionals for commercial and public spaces. Fisk and
Grove [8] describe a theatre framework for service marketing, in which services
are seen as performances, front-end service personnel as actors, the service setting
as the stage on which the service is performed, products used in the services as
props and the business process of the service as the script. Just as lighting and
sound effects add to the overall drama of a theatre play, Ambient Intelligence
may thus be applied to enhance the performance described by these social scripts.

If we break down an Ambient Intelligence environment into these small, in-
terrelated media-enhanced performances, the resulting structure can be seen as
an ambient narrative, see Figure 1. With ‘ambient narrative’ we refer to the
script of a story told in mixed reality. Or, to be more precise, as the exact story
is not predefined but evolves in response to people’s behaviour, it is really an
interactive narrative situated in mixed reality. Ambient Intelligence and ambient
narratives are related in the following way: By performing in the environment,
i.e. by doing things, the reader of the ambient narrative implicitly sequences
predefined ambient media presentations into a coherent personal story (depicted
in blue in Figure 1) that is being perceived as ambient intelligence by the reader,
provided the ambient narrative is designed well by its author. At the same time,
multiple people can be active in the environment so multiple storylines can be
active at any time. For more details we refer to [25].

Because social scripts differ from time to time and place to place, ambient
narratives are also very much location and time dependent. Rather than design-
ing for the end-user, we propose to place end-users in control and give them the
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tools and infrastructure they need to create, run and share their own ambient
narratives in an easy way.

3 Learning from Users

This paper investigates the question whether retailers can understand this am-
bient narrative concept, and which authoring strategy they would prefer? To
answer these questions we conducted a series of interviews and workshops with
retailers, retail consultants and designers to generate user insights. The goal of
the interviews was twofold. One goal was to get a better understanding of their
current way of working with respect to designing, configuring and programming
(interactive) lighting, media, ambient effects for as far as applicable and the dif-
ferent parties involved in this process. The other goal was to elicit feedback on
four different end-user programming approaches. The purpose of the subsequent
workshops was to find out if people could understand the ambient narrative con-
cept and apply it to their own practice. In total we interviewed 17 participants
in 13 sessions and organized 13 workshops (with the same people). Of this group
8 people were retailers running their own store or managing a chain of stores.
5 participants were professional consultants with a background in implementing
retail, hospitality and general experience strategies and concepts. 4 people were
lighting or interior designers with an interest in retail.

3.1 Ambient Intelligence in Retail

The design and implementation of new retail concepts and strategies can involve
many different parties. This depends on the size of the store. If a large store or
chain of stores is looking for a new store concept, they often hire a consultancy
bureau. These consultants analyse the current business, identify business goals
and translate these goals into a store concept and layout. The store layout and
retail concepts are further worked out by interior and lighting designers. Once
the design is completed and agreed upon by the retailer, a team of building con-
structors and installers will build up the new store or remodel the existing store
and install and configure the immersive, interactive technology. This technology
is supplied by component suppliers (lighting, LED panels, LCD display) and
system integrators. For small stores, the retailer takes on one or more of these
roles. Figure 2 shows these different parties involved in store concept design and
implementation.

In terms of designing, configuring or programming interactive ambient effects,
people commented that they had little or no experience except for setting the

Fig. 2. Parties involved in store concept design and implementation
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lighting levels or basic climate control in their store. Although people report a
clear wish to change the appearance of their stores at least four times a year,
they wish they could do this faster because it is currently too cumbersome to
change the environment. Lack of standard technology and high costs of devel-
oping tailor-made solutions are also seen as bottlenecks. An exception form the
so-called flagship stores of companies like Apple, Nike and Nokia. In addition
to selling products, these stores situated in strategic locations around the world
are designed as places where people can see, hear and feel the story (brand)
the company has tell. The interactive, immersive environments of these flagship
stores are tailor-made and custom-built.

Workshop participants viewed ambient effects, interactive media and other
software applications as an important part of the overall retail concept, and
these should therefore be taken up from the concept phase. During the differ-
ent stages in the design of a new store concept, there is a continuous dialogue
between retailers, designers and consultants, on site or in the office. Designers
use story and mood boards, drawings, lighting plans, and 3D visualizations to
communicate their ideas to retailers. The designer checks with the installer if
his light plan is implemented correctly. Another function of a system for de-
signing and configuring interactive, immersive retail experiences is supporting
communication between its different users.

3.2 Deriving Ambient Narratives Examples

The abstract notion of ambient narratives as multi-user, cross-modal, interactive
narratives tightly integrated in a mixed reality environment is difficult to explain
to non-technical people. Instead of trying to explain this concept directly, we
took a more indifferent approach in the workshops we organized. First, we asked
people to imagine their own store or a store concept and draw the layout of this
store (concept) on a large piece of paper. Next, they had to write down a number
of use-case scenarios from the shopper’s point of view. From the interviews we
knew that many designers and consultants already work with experience maps
and story boards. Not all participants were equally good at coming up with user
scenarios in the limited time we had. If people had difficulty in imagining sce-
narios, we helped them by asking them what would happen if somebody would
walk by the store, stood still in front of the shop window display, entered inside,
browsed through the store, stand still in front of a product etc. After this step
we presented them with the theatre service marketing framework (see section 2)
and asked them what they thought of this framework. Most of the participants
liked this model and one of the consultants reported they used this idea of retail
scripting already in their practice. Because an ambient narrative contains differ-
ent intertwined storylines, we then asked them to decompose the user scenarios
into theatrical scenes, each having an action and situation description, and write
these scene descriptions on a post-it, which they had to position on the story
layout. Although we structured the process to get results out, we gave the par-
ticipants freedom to fill in the different tasks because we wanted to see how they
would approach these tasks and how they would for example write down these
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Fig. 3. Two example ambient narratives

scene descriptions. In total this approach resulted in 13 ambient narratives, each
designed for a particular store. Figure 3 shows two examples we collected, one
for a fish outlet store (left), the other for a furniture store concept (right).

Case 1. The idea behind the ’fish outlet store’ ambient narrative was to trans-
form an ordinary store where you can buy fish and other seafood into an ex-
perience store where people are educated about our relationship with the sea
and fishing, learn how to prepare fish and other seafood, and, of course, buy sea
products. Rather than replacing the real thing with 3D simulations or videos, the
idea is to use immersive, interactive technology to emphasize the authenticity of
the products on sale. In the center of the store, an aquarium with living fish and
sea creatures gives shoppers the feeling that the products sold here will be fresh.
In the top-left corner, there is a restaurant area where people can taste fish.
In the top-right area there is a kitchen workshop where people can learn how
to prepare seafood. This example shows that experience design takes a holis-
tic approach that integrates product, interior and graphic design and ambient
technologies. Many of the post-its in this example do not even require ambient
technologies (e.g. fish tanks, in-store restaurant, kitchen workshop). This exam-
ple also makes explicit how stores convey a message to bind people to them, by
telling a story that resonates with shoppers. Clearly, the physical environment
can play an important role here!

Case 2. The ’furniture store’ example on the right is much more concrete. The
first post-it for example (scene 1) (meebewegende duidende etalage (langslopen))
describes that if people walk past the store, moving images and sound in the
shop window will try to attract attention. Scene 3 is a tunnel with projections
on both sides where people walk through and learn what the store has inside.
By interacting with the projections they indicate their preferences. In Scene 5 a
shop employee gives shoppers a portable device that shows a personalized route
through the store based on their preferences, very much like a guided audio-tour
familiar from many museums. Scene 7 describes active zones that react with
light, sound or tactile feedback if a person picks up a product from the table.
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Discussion. The workshops resulted in dozens of use-case scenarios and over
a hundred post-its with scene descriptions. We therefore have reason to believe
that people can get used to the idea of writing ambient narratives to describe
the how a store will react to the presence and activity of users.

The store layouts on paper, the text on the post-its and their positioning
on the store layout reveal information for further analysis and research. We
already mentioned that some examples were more on an abstract conceptual level
whereas others were more concrete. We found that designers work top-down, they
like to start from abstract vague descriptions and only worry about the details
later. The place of the post-its in the shop layout is an indication for whether
people think in terms of controlling devices or creating effects. As computer
scientists we like to view devices and systems as state machines that can be set
to different values, designers like to create a particular effect somewhere.

In the next section we will look deeper into the design of an ambient narrative
system, but first we still need to find out how people would want to write such
ambient narratives.

3.3 Feedback on End-User Programming Scenarios

As part of the retail interviews we proposed four different programming strate-
gies to author ambient narratives to our group of users and asked them what
they thought about these individual strategies. Three of these four end-user pro-
gramming strategies came from the domestic domain so this was also a test to
find out whether these approaches were also applicable to this domain. To make
sure everybody understood it was not about the scenario but about the way the
scenario was programmed, we choose the same scene to start from in each of the
four cases and explicitly mentioned this. The scene we picked is one in which a
transparent display on a shop window shows an interactive shop catalogue if a
person is standing close in front of it.

Programming in a 3D Simulation. Figure 4 shows a scenario where the
retailer or designer sits in front of his PC and looks at a 3D simulation of his store
(left). The corresponding programming strategy is based on the idea of using a
3D simulation for rapid prototyping of context-aware system as put forward
by e.g. Shirehjini and Klar [19]. The user sees the 3D environment and walks
with his virtual character to the shop window and sees that nothing happens.
The user switches to his programming environment and gets an overview of
the location of people, devices and objects in his store and which scenes are

Fig. 4. Programming the shop window scene in a 3D simulation environment
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Fig. 5. Programming the shop window scene in-situ on a portable device

currently active (middle). The user presses a button to create a new scene for
the shop window. First he draws the stage in front of the shop window, then
he associates a customer actor and shop window device prop to this stage. He
then sets the shop window to ’interaction’ and saves the newly created scene.
The user switches back to the 3D simulation and sees a picture of the interactive
shop catalogue on the virtual shop window (right).

Like many other examples of end-user programming systems, see e.g. [9, 16,
21,24], scenario 1 involves using a graphical user interface for helping users com-
prehend the program structure through visualization. We follow however the
performance metaphor discussed in Section 2, instead of modelling applications
as jigsaw puzzles that can be connected as in [9], visual rule-based languages as
in [21,17] or fridge door magnets [24]. The idea of a theater metaphor has been
applied by Finzer and Gould [4] to help nonprogrammers create educational
software. In their programming model, the components of the interface are per-
formers who interact with one another on a stage by sending and responding to
cues. Laurel [13] also uses a theater metaphor to describe human-computer in-
teraction for graphical user interfaces. In our approach for ambient intelligence,
we allow end-users to define context-aware rules by specifying the situation in
terms of restrictions in terms of stage, performance, actor, prop and script and
associate device actions to this situation description.

In-situ Authoring Using Portable Device. Instead of designing the inter-
active shop window scene behind a PC, Figure 5 presents a scenario where the
retailer or designer is physically walking through the store and experiences the
environment. The user is detected by the first shop window, but nothing hap-
pens (left). The user picks up a portable device and is presented with a real-time
overview of the situation in the store and which scenes are currently active (mid-
dle). Like in the previous scenario, the user sets the context situation and device
actions using the graphical user interface and saves the newly created scene. The
user then walks up to the first shop window and sees that the transparent display
in the shop window switches to the interactive shop window catalogue (right). The
user interface for specifying the context-aware scenes is identical to scenario above
but the programming takes place on location using a portable device. Examples of
in-situ authoring environments have been described in [12,14] for mobile context-
aware devices and showed good results in evaluations with users.

Tangible Programming. Figure 6 illustrates a scenario the retailer or de-
signer is using a tangible programming language to specify the interactive shop
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Fig. 6. Programming the shop window scene using tangible objects

window scene. The retailer or designer is physically walking through the store
and experiences the environment as in the previous scenario (left). Instead of
taking a portable device, the user walks up to a tabletop interface and sees an
overview of the location of people, devices and objects in the store and which
scenes are currently active. To create a new scene, the user demonstrates the de-
sired context situation to the system by physically placing tagged objects that
represent actors, props and stage corners (middle). When the user is done, he
can save the scene and remove the tagged objects. The user walks up to the first
shop window and sees that the transparent display in the shop window switches
to the interactive shop window catalogue (right). The AutoHAN [2] system is
one example in the domestic domain that employs tangible programming. Their
Media Cubes language allows the user to associate behavior directly with a con-
crete representation. If e.g. an association has been made between a Media Cube
and a CD player’s play/pause function, pressing the button on the Media Cube
will play/pause the music. The StoryRoom [15] and Pogo [5] systems are ex-
amples of tangible programming languages where children can create physical
interactive environments that enhance storytelling.

Programming in Augmented Reality. The final scenario we presented to
our target group is visualized in Figure 7. Sandor et al. [18] describe a demo
where end-users can configure the setup of a distributed user interface based on
a shared augmented reality. This scenario extends this idea further. The user
puts on an augmented reality interface and sees through these glasses which
scenes are currently active and deactive and real-time information about people,
devices and objects (middle). To create a new scene, the user uses gestures to
draw a zone in front of the first shop window and selects from a menu actors
and props to associates to the newly defined stage. The user then takes off the
augmented reality interface and walks up to the shop window to see that it
presents the interactive shop window catalogue (right).

Fig. 7. Programming the shop window scene in augmented reality
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Discussion. The participants prefered the 3D simulation and portable device
scenarios. Designers had a slight preference for the 3D simulation programming
strategy because they could do the design at home, retailers liked the portable
device scenario more because it allowed them to see the effects in the real world.
Light designers commented that realistic light rendering in 3D simulation was
not nearly accurate enough to replace light setting customization in a real world
environment. The augmented reality scenario was seen by most participants
as too futuristic. The tangible programming strategy was considered to be time
consuming and therefore not adding value to their way of working. This feedback
confirmed our hypothesis that tangible programming would be more suitable for
domestic environments and children than for professional environments where
efficiency is important.

Both designers and retailers commented that they would also like to use the
3D simulation and portable device strategies in combination. They would use
the 3D environment for creating and testing the desired interactivity of the retail
environment and the in-situ authoring tool for finetuning later. This supports
recent work in end-user software engineering where the idea is to be make end-
user programming software more reliable using concepts from software engineer-
ing [3]. This is not done by transforming these end-users into software engineers,
but by supporting these end-users with systems to create software in a software
development paradigm that combines different stages in the software lifecycle
(such as planning, specification, design, implementation, testing, deployment,
maintenance) into an integrated environment. Another reason we believe end-
user software engineering makes sense for retail environments in particular and
business to business in general is total cost of ownership. If a system is easy to
program but costly in terms of installation and maintenance, the overall costs
may not lead to a positive return on investment in the end for the retailer. In
the next section we will therefore look at how we can support the workflow and
communication between retailers, consultants and designers using an end-user
software engineering approach for retail ambient narratives that combines the
3D simulation and portable device scenarios.

4 Intelligent Shop Window System

To avoid spending a large amount of work implementing sensors and actuators
we decided to limit ourselves to a subset of retail ambient narratives situated
around an intelligent shop window application described in [27]. When nobody
is close, the entire shop window front projects images that express the type
and style of the shop (signage mode) on the transparent shop window displays,
as shown in Figure 8. If a person stands still in front of one the windows, the
shop window can be used to get additional information about the products in
the store (interaction mode). Simply by looking at the products in the shop
window or touching the screen, users can bring up extra product information.
This intelligent shop window ambient narrative set-up in ShopLab, the feasibility
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Fig. 8. Intelligent shop window set-up in ShopLab

and usability center for retail on the High Tech Campus in Eindhoven, received
a lot of positive feedback of both retailers and users that were invited.

4.1 User Workflow

Figure 9 shows how the workflow and communication between different actors
in the design process of smart retail environments is supported by the prototype
system we implemented. Behind a dekstop PC, users can create and modify am-
bient narrative fragments that they can simulate in a 3D simulation of ShopLab
(simulation phase). Once they are done testing, they can download the ambi-
ent narrative from the simulation environment and save it to a shared drive or
web directory. The same tool (connected to the live system) can be used to up-
load an ambient narrative from this directory into the live system (deployment
phase). Users can then experience the intelligent shop window ambient narrative
as they programmed it in the simulation environment (operation phase). If the
user wants to modify existing scenes or create new scenes, he can use the same
authoring tool but now on the portable device to program the desired effects on
location as well.

4.2 User Interface

The user interface of the authoring tool has two main functions. First, it gives
a real-time overview of what is happening in the environment in order for users
to be able to understand what the system is thinking that is going on. The user
can see the location and identity (if available) of people, objects and devices on
the shop layout. Furthermore, the user sees which ambient narrative fragments
(scenes) are currently active and deactive.

Second, the tool allows users to manage the ambient narrative. Users can
create new scenes, edit existing ones or delete scenes. If a scene is modified or
created, a scene overview screen appears that enables the user to see in more
detail what the scene is about. Each scene consists of a description, action time-
line and context part. The description part gives users the possibility to change
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Fig. 9. End-user software engineering support

the name of the fragment or take a visual snapshot. The action timeline part
presents a timed list of device actions, similar to a time-based hypermedia pre-
sentations in a multimedia authoring tool. The context part enables the user to
set the preconditions for scene activation and associate device actions. We let
users articulate these context restrictions in a natural familiar way by present-
ing them with an interface where they can set the stage (location), performance
(activity), actors (users), props (devices and objects) and script values (scenes
dependencies). It is also possible to test on the non-existence of an actor or prop
to write scenes that trigger when a user or device is no longer within a particular
area in the store.

4.3 System Architecture

The system architecture is illustrated in Figure 10. The central component is
the ambient narrative component, an interactive storytelling engine that deter-
mines given the available context information, session state and available plot
material which scenes should become active and inactive. Each scene is stored
in an XML document and can also be accessed through a web server. The ren-
dering engine controls timing and synchronization of media, ambient effects and
applications over the rendering devices based upon action fragments it receives
from the narrative engine. The rendering devices and applications control how
the commands from the rendering platform are executed. In total 24 rendering
devices are used: Four shop window applications written in Java with a Flash
UI running on four different PCs connected to a transparant holographic foil,
four DMX LED wallwashers, ten DMX LED tiles, four directional audio devices
and two spot lights. The context server collects, filters and aggregates sensor
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Fig. 10. System architecture

data for the ambient narrative engine. A pressure sensitive floor mat (Tekscan)
and a tag-based UWB location system (Ubisense) provide sensor input (posi-
tion and identification of people, objects) to the context server. The authoring
tool updates its real-time overview of the people and objects in the environment
using sensor data received from the context server. When a scene becomes ac-
tive or inactive, the ambient narrative engine forwards this information to the
authoring tool so that it can update its view (by parsing the document URL in
the message). When a user adds a new scene or modifies an existing scene, the
authoring tool updates the existing scene document or creates a new one and
sends this to the ambient narrative. The ambient narrative engine recalculates
which scenes should become active (or inactive). The same holds true when a
user deletes a scene using the authoring tool.

For more information about the language model and ambient narrative engine
we refer to [26].

5 Evaluation

To further validate the ability of our system to support people in creating and
modifying scenes for the intelligent shop window environment, we conducted
a user study with 18 participants. Again the participants were not computer
scientists but retailers, designers or consultants, many of them had also partic-
ipated in the workshops. We spent about 10 minutes with each individual user
to explain the intelligent shop window environment and introduce them to the
authoring environment. We gave each user the same four tasks: Modify an exist-
ing scene in the simulation, create a new scene in the 3D simulation, modify an
existing scene in the live system using the portable device and creating a new
scene in the live system using the portable device. The tasks differed slightly
in terms of device settings for the 3D simulation and live system. In the 3D
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Fig. 11. Results user evaluation

simulation modification task we aksed them for example to set the light tiles
behind the products to red while in the live system case they should set them
to a blue color.

After they had conducted these four tasks we asked them to fill in a ques-
tionnaire with 12 questions about the intuitivity, efficiency and expressiveness of
the authoring environment. Each question had to be given a score on a 5 point
scale. The questions and results are stated below.

The questions in the intuitiveness category were: How clear did you find it to
get an overview of the scenes present (Q1)? (Mean:3.73,St.Dev.:0.88). How easy
did you find it to modify existing scenes (Q2)? (Mean:4.00,St.Dev.:0.53) How
easy did you find it to create new scenes (Q3)? (Mean:4.33,St.Dev.0.49) How
simple did you find it to set context restrictions for scenes (stage, actor, prop
preconditions) (Q4)? (Mean:3.8,St.Dev.:0.94) How simple did you find it to set
actions for scenes (Q5)? (Mean:4.4,St.Dev.:0.51)

For the efficiency category we asked the following questions: What did you
think of the number of steps to modify existing scenes in the simulation (Q1)?
(Mean:3.40,St.Dev.:0.82) What did you think of the number of steps to cre-
ate new scenes in the simulation (Q2)? (Mean:3.53,St.Dev.:0.83) What did you
think of the number of steps to modify existing scenes in the live system (Q3)?
(Mean:3.87,St.Dev.:0.64) What did you think of the number of steps to create
new scenes in the live system (Q4)? (Mean:3.87,St.Dev.:0.64)
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The questions in the expressiveness category were: Does the system give you
enough freedom to set scene preconditions (stage, actor, prop restrictions) (Q1)?
(Mean:3.93,St.Dev.:0.46) Does the system give you enough freedom to set scene
actions (Q2)? (Mean:3.87,St.Dev.:0.83) Does the system give you enough free-
dom to set the content of actions (Q3)? (Mean:3.2,St.Dev.:0.94)

In general participants appreciated both the 3D simulation and portable de-
vice authoring strategy in terms of ease of use, efficiency and possibilities. Al-
though they had many remarks for improvement, they did not question the
concepts and learned to use the system quickly. In terms of ease of use, people
had some difficulty with setting the preconditions of a scene in terms of stage,
actor and prop restrictions. Our user interface would allow people to add actors
and props even if there was no stage defined. Our program however did not
support this. Some people also said the overview screen could have been better
if it would read from left to right and was larger. With respect to efficiency the
scores were a little bit lower. To select the context situation screen from the
scene overview screen we placed an icon in the top of the scene overview screen,
people wanted to click directly on the context area in the scene overview screen
to select this context situation screen. To set device actions for multiple devices,
people had to redo the same actions. This also slows down the process. In terms
of the expressive power, which is hard to evaluate because people can only tell
what they see and not what the system could also do, participants were gener-
ally quite happy with the possibilities we showed them in terms of setting stage,
actor and prop constraints and setting scene actions. The only aspect that was
rated considerably less was the possibility to set the content of actions. We had
no built-in editor or import function to change the content on the shop window
display, people could only choose between presets.

6 Conclusions

In this paper we presented the concept of ambient narratives as a conceptual
model to represent open dynamic Ambient Intelligent environments based on
social theory. Because the social scripts ambient narratives augment with digital
ambient media are highly situated and culturally dependent, it is difficult for
the designer or producer of an intelligent environment to design ambient narra-
tive in advance. To understand whether end-users could understand the ambient
narrative concept and come up with examples, we conducted a series of work-
shops with retailers, retail designers and consultants which resulted in a dozen
user-generated ambient narratives that we analyzed to come up with a hypertext
model to represent ambient narratives. What we found was that many end-users
found it useful to view their store as (improvisation) theatre and could therefore
find themselves in the ideas of writing theatrical scenes.

One of the scenarios in the generated set was an intelligent shop window
that would react to the presence of people and their activity. We decided to
implement this intelligent shop window scenario in the ambient narrative system
architecture and asked our target group which of four end-user programming
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strategies they would prefer. Designers had a preference for a 3D visualization
scenario where they could write and simulate ambient narratives in advance
while retailers liked an in-situ authoring tool that would help them to correct
errors and finetune the interactive ambient experience on location. Based on
these results we decided to implement both end-user programming strategies and
connect the two to cover the entire lifecycle (create, run, share) of interactive
scene-based immersive retail environments and support an end-user software
engineering approach.

In a user satisfaction evaluation we tested both end-user programming envi-
ronments by letting the participants perform four simple tasks and found that
people were able to successfully accomplish these tasks in most cases. Although
they had many remarks for improvements they did not question the concept and
found the system intuitive to use. In terms of efficiency the two authoring envi-
ronments scored slightly less, mainly due to some button choices and placement
in the user interface. Our aim is to further lower the barrier for retail designers
to create, simulate, run and adapt interactive immersive retail environments to
improve the shopping experience.
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Abstract. The advancement of Ubicomp technologies leverages mobile interac-
tion with physical objects and facilitates ubiquitous access to information and 
services. This provides new opportunities for mobile interaction with the real 
world, but also creates new challenges regarding the complexity of mobile ap-
plications, their interaction design and usability. In order to take advantage of 
this potential beyond simple interaction with single objects and tags, this paper 
investigates mobile interaction with multiple objects, tags and associated infor-
mation. It introduces Collect&Drop as a generic technique for Multi-Tag Inter-
action that supports the collection, storage and management of information 
from the real world as well as its usage with different services. This paper de-
scribes the concept, architecture and interaction design of Collect&Drop and 
presents a user study that evaluates its features. 

1   Introduction 

Ever since 26th June 1974, when a pack of chewing gum was the first commercial 
product labeled with a barcode [1], everyday objects have been tagged for automated 
identification and access to associated information. Since then, the advancement of 
Ubicomp [2] technologies has increased the possibilities for mobile interaction with 
objects, information and services from the real world. NFC, RFID, visual markers or 
GPS make it possible to tag “people, places and things” [3], make them machine-
recognizable and associate them with additional information. That way, physical  
objects can act as bridges into the digital domain, as they advertise ubiquitous infor-
mation and services, facilitate their discovery and support the interaction with them. 
Complementary, mobile devices provide increasing technical capabilities for discov-
ering, capturing and using information and services from the real world. 

Physical Mobile Interaction (PMI) [4] takes advantage of these developments and 
uses mobile devices for physical interaction with tagged objects in order to facilitate 
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the interaction with associated information and services. Due to its increased direct-
ness and simplicity, physical interaction can make mobile interaction more intuitive 
and convenient. Real world objects can serve as physical interfaces that complement 
mobile interfaces and adopt some of their features. Mobile applications are less  
confined to the constrained input/output facilities of mobile devices. Instead, users 
can interact with information and services by touching or pointing at physical objects, 
respectively by touching NFC-tags or by taking pictures of visual markers with their 
mobile devices.  

Mobile interaction with physical objects is adopted by a growing number of appli-
cations for service discovery and invocation, ticketing, mobile payment, advertise-
ment, information services or games: Visual markers are used as two-dimensional 
barcodes to identify consumer products or to tag objects with encoded URLs (e.g. 
Semapedia [5]). Mobile interaction with places is the foundation for location based 
applications and games like geo-tagging [6] or geo-caching [7]. NFC and RFID [8] 
are rapidly establishing as technologies for mobile ticketing (e.g. Octopus card [9]) or 
payment (e.g. iMode Felica [10]) as they reduce them to simply swiping a smart card 
or a mobile phone over a reader.  

The further advancement of systems enabling or using PMI provides new opportu-
nities for mobile interaction with a growing number of tagged physical objects and an 
increasing amount of information that is available from them. The impact of this de-
velopment has been antedated by Mark Weiser: “When almost every object either 
contains a computer or can have a tab [inch-scale machines that approximate active 
Post-It notes] attached to it, obtaining information will be trivial.” [2].  

However, most Physical Mobile Applications (PMA) – mobile applications using 
PMI - make only little use of this growing potential. They are often restricted to the 
interaction with single tags to facilitate the first step in an interaction workflow which 
is then continued on the mobile device, suffering from its usability constraints. Fur-
ther interaction with physical objects is usually neglected. In most cases, the informa-
tion from a tag is coupled with a specific service and cannot be combined with other 
information or reused with different applications. Similarly, mobile services are often 
confined to specific tasks, are not interoperable and don’t exchange information. 

In order to take better advantage of the increasing opportunities for mobile interac-
tion with objects and information from the real world beyond Single-Tag Interaction 
(STI), Physical Mobile Applications have to be able to interact with multiple objects 
and tags, combine their information and (re)use it with different applications and ser-
vices. This paper investigates Multi-Tag Interaction (MTI) - PMI with multiple tags 
that are targeted at the same interaction process. It presents Collect&Drop as a generic 
technique for MTI that facilitates the collection, management and usage of informa-
tion and services acquired from the real world in order to improve their combination, 
reuse and interoperability. 

The next section provides an overview of related work about enabling technologies 
and interaction techniques for mobile interaction with physical objects as well as  
different applications using Multi-Tag Interaction. Section 3 presents the concept and 
interaction design of Collect&Drop as a technique for MTI in more detail. Section 4 
describes the design and features of its mobile and physical interfaces while section 5 
explains the architecture of Collect&Drop. Section 6 presents an evaluation of Col-
lect&Drop, its interaction design and its features. Section 7 concludes the paper. 
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2   Related Work 

Physical Mobile Interaction relies on various enabling technologies to implement the 
tagging of objects with information as well as its acquisition with mobile devices: In 
1999, Want et al. [11] presented one of the first systems for tagging objects like 
books, documents or business cards with RFID-tags. By touching an object with an 
RFID-reader, users could open a corresponding virtual representation, e.g. a website, 
with further information on an attached tablet-PC. 

Cooltown [3] augments people, places and things with infrared beacons to transmit 
URLs that point to the web presence of an object. Mobile devices can use these URLs 
to get more information about objects from a web page or send them to web-enabled 
appliances for further usage. 

The recognition of two-dimensional visual markers with mobile phone cameras has 
become one of the most established technologies for PMI: Rohs and Gfeller devel-
oped the Visual Codes system [12] that implements a lightweight visual code recogni-
tion algorithm that is adapted to the technical constraints of mobile phones (e.g. low 
resolution and image quality, limited processing power).  

Another visual marker system is CyberCode [13] that has been used for direct-
manipulation techniques in physical environments. One example is InfoStick [14] that 
implements a physical drag-and-drop operation. It uses CyberCodes to identify ob-
jects and pick up digital information from them with a wand-like camera device. That 
way, digital information can be moved between different physical objects and devices 
(e.g. monitors, printers, projectors) that are also identified by CyberCodes. 

Välkkynen and Tuomisto [15] use a laser pointer attached to a PDA to implement 
the PointMe interaction technique which has light sensors in the physical object react 
to the laser beam. An advantage of using a laser pointer for interaction is the observ-
able feedback that users get when pointing into the direction of an object. 

Different techniques have been built on top of these and other technologies in order 
to make the interaction with them more familiar and intuitive: In [16] Rukzio et al. 
compare the interaction techniques Touching (using NFC) Pointing (using a laser-
pointer) and Scanning (using Bluetooth) that are used for the selection and usage of 
smart-home appliances in different contexts of location and activity (e.g. sitting, lying 
or standing). The choice for an interaction technique was dependent on the location of 
the user, his motivation and his activity. 

Several applications already show how to use the interaction with multiple objects 
and tags as input for mobile applications: Pac-Lan [17] implements an outdoor ver-
sion of Pac-Man where RFID-tags in the real world replace the pills in the game. 
Players have to touch them in order to update their position. Players are also tagged 
with RFID-tags in order to identify them.  

The mobile interaction technique Point&Shoot [18] relies on a coordinate system 
implemented with a grid of visual codes in order to determine the absolute position of 
objects on a large display.  

The SmartTouch [19] project developed a multi-tag application that lets elderly 
people choose from alternative meals for home-delivery by touching different NFC-
tags on a menu-card. In addition, the delivery personnel mark their delivery route by 
touching NFC-tags at different locations.  
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In [20], Reilly et al. present a prototype that allows the selection of different re-
gions on a map by touching attached RFID-tags. The prototype also supports different 
techniques for the selection of tags including path-select, multi-select or lasso-select. 

3   Introducing the Concept of Collect&Drop 

Collect&Drop is a generic technique for Multi-Tag Interaction (MTI) - Physical Mo-
bile Interaction with multiple tags that are targeted at the same interaction process. 
Multi-Tag Interaction increases the scope of mobile interaction with the real world: 
While Single-Tag Interaction is by definition confined to the interaction with single 
tags on single objects, Multi-Tag Interaction implies the interaction with multiple tags 
on the same or on different objects for a collective purpose. In this context, Col-
lect&Drop tries to take advantage of the diversity of real world information that is 
provided by the interaction with multiple objects and tags. For that purpose, it imple-
ments a generic mechanism for the collection, management and usage of information 
and services from the real world in order to improve their interoperability and to en-
able their (re)use and combination across different objects and applications. 

3.1   A Use Case Scenario for Multi-Tag Interaction 

In order to illustrate the concept of Collect&Drop, this section gives a short overview 
of a use case scenario that was chosen for its implementation with a mobile client pro-
totype. This scenario demonstrates mobile interaction with three augmented posters 
for mobile ticketing and sightseeing. Each poster is associated with a specific Web 
Service and comprises multiple tags that provide parameters for its invocation. Users 
can interact with these tags and use their mobile devices to collect information about 
services and parameters (see Fig. 1). Collect&Drop supports the management of this 
information as well as its usage for the invocation of the Web Services. 

The movie ticket-poster (Fig. 2a) allows the interaction with a Web Service for or-
dering movie tickets and provides four groups of parameters (movie, cinema, time, 
number of persons) for invoking it. These groups are arranged in a numbered order to 
guide users through the interaction workflow.  

 

Fig. 1. Collect&Drop enables mobile interaction with multiple objects and tags 
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Similarly, the public transportation-poster (Fig. 2b) offers the possibility to buy 
tickets for a public transportation system and is associated with a corresponding Web 
Service. The poster comprises numbered groups of parameters to select a departure 
zone, a destination zone, the validity of the ticket and the number of passengers.  

Finally, the city guide-poster (Fig. 2c) presents 10 popular sights in Munich, Ger-
many. Users can select the sights they are interested in and send them to a Web Ser-
vice to receive additional information about each object. The design of the poster 
highlights the beginning and the end of the interaction workflow, but does not number 
the different sights or suggest any order in which users should interact with them. 

 
a) 

 
b) 

  
c) d) 

Fig. 2. Posters for mobile ticketing (a, b) and sightseeing (c). Each tag includes graphical 
symbols (d) to indicate and support the physical interaction with it by touching its NFC-tag, 
taking a picture of its visual marker or typing its numeric identifier into a form.  

Each poster comprises multiple tags that contain or reference XML-encoded in-
formation that can be used to invoke the Web Service that is associated with  
the poster. Each tag is augmented with an NFC-tag, a visual marker and a numeric 
identifier which are indicated by different graphical symbols (see Fig. 2d). Users can 
interact with these tags and acquire their information by touching them with their 
NFC-enabled mobile device, taking a picture of the visual marker or typing the nu-
meric identifier into a form. 



180 G. Broll et al. 

3.2   Information Typing for Flexible Interaction 

In order to allocate services, tags and parameters from the use case posters correctly 
and to enable their combination and usage across different objects, Collect&Drop 
builds upon the PERCI-framework [21] for PMI with Semantic Web Services and 
uses some of its technologies. The use case scenario for Collect&Drop reuses Web 
Services from the framework in order to guarantee the compatibility with these tech-
nologies. Opposite to the first mobile client for the PERCI-framework which imple-
mented MTI in a rigid way (see [21]), Collect&Drop supports a much more flexible 
interaction with tags and information from physical objects. 

The interaction design of Collect&Drop adopts the concept of Abstract Parameter 
Types from the PERCI-framework. Abstract Parameter Types are a generic typing-
mechanism that adds semantic meaning to information from tags and marks it as a 
certain type with specific properties, e.g. as a cinema, movie or transportation zone. 
Collect&Drop uses this typing-mechanism with two kinds of information items that 
can be acquired from tags on physical objects: 

• An Action Item describes a service or an application and provides information 
that is necessary for its execution. This information specifies a reference to the 
application/service (e.g. a URL), the interaction protocol (e.g. Web Service, 
Bluetooth …) and the types of parameters that are necessary for its invocation. 
For example, the cinema service needs information about a movie, cinema, time 
and the number of visitors. Fig. 3 shows a fragment of the XML-description of 
the Action Item for this service. The params-tag contains each of the necessary 
parameters with a label and its Abstract Parameter Type that is needed for find-
ing matching parameters. 

• A Data Item contains parameter information that can be used to execute applica-
tions or services. Data Items use the same Abstract Parameter Types to specify 
the type of their information for matching them with Action Items but also pro-
vide a specific parameter-value, e.g. the title of a certain movie. 

 

Fig. 3. XML-description of an Action Item including the parameters for its execution 
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Using the same typing-scheme for both Action and Data Items makes it possible to 
map applications/services and parameters to one another correctly. Information items 
can be independent from each other which again supports their combination and reuse 
- as long as their parameter types match. For example, a service from an Action Item 
can be invoked with any Data Item from any tag on any object, as long as their Ab-
stract Parameter Types match. In the same way, Data Items that have been collected 
from one object can be reused with different Action Items to execute their services or 
applications. That way, Collect&Drop realizes mobile interaction with tags and in-
formation across different objects and improves the interoperability between informa-
tion and services. Separating actions and parameters on the level of information items 
also makes it possible to combine Action Items and Data Items on the same tag (Hy-
brid Tags) and to map several of them to the same tag. 

3.3   Basic Interaction Design of Collect&Drop 

Fig. 4 shows the interaction workflow of Collect&Drop which is divided into two 
phases: During the Collect-phase, mobile devices interact with tags (indicated by a 
black frame) on physical objects in arbitrary order to acquire their Data Items and/or 
Action Items (blue and red squares). Each tag can contain or reference one or more 
Action Items and/or Data Items, respectively service-URIs and parameters. The cur-
rent Collect&Drop client supports the interaction techniques Touching (using NFC), 
Pointing (using the recognition of Visual Code markers) and Direct Input (typing of 
numeric identifiers) for mobile interaction with tags on physical objects, respectively 
the use case posters.  

 

Fig. 4. The interaction workflow of Collect&Drop: collection, management and usage of in-
formation items 
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Collect&Drop stores and manages acquired Data Items and Action Items in  
Collections on the mobile device. Collections are data containers that facilitate the or-
ganization of information items and support the execution of applications and services 
specified by Action Items. Collect&Drop creates a new Collection for each Action 
Item that is acquired from a tag and adds Data Items according to their Abstract Pa-
rameter Types. This mechanism implements the matching between Action Items that 
require parameters of a certain type for their execution and available Data Items that 
provide these parameters. That way, an application that needs a certain type of infor-
mation (e.g. a location) for its invocation, can use any Data Item as long as it matches 
the requested type. Whenever a new Data Item is collected, Collect&Drop automati-
cally checks whether its Abstract Parameter Type matches the Abstract Parameter 
Type of all parameters that are required by any Action Item and adds matching Data 
Items to its collection. The system informs the user as soon as sufficient Data Items 
for the invocation of an action are available. Collections store information items be-
yond their immediate usage which provides the foundation for their combination and 
(re)use with different applications or services. 

During the Drop-phase, Collect&Drop again relies on different technologies to 
execute applications or services from Action Items, respectively to “drop” Data Items 
from a collection to its Action Item. The name “Collect&Drop” tries to imply a cer-
tain mental model that when interacting with tags on a physical object, users can col-
lect Data Items from different tags and then drop them to a tag with an Action Item in 
order to invoke its application/service. Technically, Collect&Drop does not really 
drop Data Items to a tag but rather picks up its Action Item to initiate the invocation 
of its application or service with collected Data Items. That way, a Web Service can 
be invoked via GPRS or UMTS, Data Items can be transferred to other devices via 
Bluetooth or NFC, a web page can be opened or information can be written to PIM-
applications on the mobile device.  

Applications and services can return a Data Item as the result of their invocation 
(see the return arrow from the Web Service action in Fig. 4). This item is again col-
lected and stored by Collect&Drop and can be used with other applications. For ex-
ample, the movie ticketing service returns a movie ticket-Data Item which can be 
used to order a transportation ticket to the cinema, using the location information 
from the ticket-Data Item. 

4   Mobile and Physical Interfaces for Collect&Drop 

The interface of Collect&Drop comprises both the Collection-interface on the mobile 
device as well as the physical interface that users interact with in the real world (e.g. 
the use case posters). The last section introduced Collections as data containers that 
manage information items acquired from tags on physical objects and support the 
execution of Action Items. For that purpose, the interface of the mobile Col-
lect&Drop-client comprises four main elements: 

• Collection List: The Collection List presents the different Collections to the 
user. Fig. 5a shows an example with three Collections for different services. 
When the user starts the application for the first time, an empty Collection List 
is displayed that briefly explains how to use the different interaction techniques. 
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As users interact with physical objects and their tags, different Collections for 
acquired information items are automatically added to the list to facilitate the in-
teraction with them. Whenever information has been collected from a tag, Col-
lect&Drop provides feedback through vibration and a visual pop-up. 

• Item List: This interface shows all information items in a Collection when it is 
opened from the Collection List. All information items in a Collection are sepa-
rated into Action and Data Items. As Fig. 5b shows, there is only one Action 
Item in a Collection which lists all parameters, respectively Data Items that are 
available or missing for its execution. A traffic light visualization informs users 
about the individual states of all information items. Data Items are always yel-
low. Action Items are marked as red as long as there are parameters missing for 
their execution. As soon as suitable Data Items have been collected, they are 
added to the Collection. When enough Data Items - either stored or collected - 
are available for executing the action, it is marked as green (see Fig. 5c). The 
purpose of this visualization is to provide a better overview of collected infor-
mation items and the status of actions that can be executed with them. 

  
a) b) c) d) 

Fig. 5. Screenshots of a Collection List (a), two Item Lists (b, c) and an Action Execution 
Screen (d) 

• Action Execution Screen: This interface asks users to confirm the execution of 
an action and presents an overview of the Data Items that have been selected for 
that purpose (see Fig. 5d). In case there are multiple Data Items with the same 
Abstract Parameter Type that can be used for the execution of the action, the 
item is highlighted with a yellow traffic light and the user can select from the al-
ternatives. 

• Action Specific Screens:  After pressing the “Execute” command on the Action 
Execution Screen, the user interface control is handed over to the respective ac-
tion component. Thus, it can present individual screens and control commands 
to the user, e.g. to indicate the transmission of data via GPRS or Bluetooth, to 
ask users to touch another NFC-device for data exchange or to execute addi-
tional steps in the interaction with a Web Service. 

In order to fully realize MTI, the mobile Collect&Drop-client is complemented with 
physical interfaces that provide the input for the interaction with services and applica-
tion. The separation of Data Items and Action Items, their association through the 
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Abstract Parameter Types as well as the concept of Collections to manage informa-
tion items on the mobile device persistently makes the interaction design of Col-
lect&Drop very flexible. The design of the use case posters relies on this flexibility to 
implement different features for the interaction with multiple tags and physical 
objects. 

The movie ticket-poster uses Hybrid Tags that combine Action Items and Data 
Items on the same physical tag. Apart from its specific parameter-information, each 
tag on this poster contains the same Action Item that provides information for invok-
ing the movie ticketing service. This Data Item is implicitly collected whenever the 
user interacts with any tag on the poster. The idea behind Hybrid Tags is to make the 
interaction process less complex for the users as they don’t have to collect a separate 
tag that is dedicated to the Action Item for the service. Since all tags are the same, the 
users can interact with them in arbitrary order. In addition, the Data Items of the  
cinema tags on this poster also provide location information. The Web Service that is 
associated with the public transportation-poster can use these Data Items as input to 
provide tickets for getting to the cinema. 

Contrary to the movie ticket-poster, the public transportation-poster does not use 
Hybrid Tags but separates Data Items and Action Items by putting them onto different 
tags. A tag that is thus dedicated to a single Action Item is called Drop Tag. Opposite 
to Hybrid Tags which provide Action Items implicitly, users have to collect the Drop 
Tag explicitly in order to invoke the ticketing service. The added complexity of inter-
acting with a dedicated Drop Tag might be useful for applications or services that rely 
on explicitly triggering an action by collecting its tag, providing some kind of closure 
for this process. Dedicated Drop Tags also make it easier to use the same Data Item 
on a physical object with different services. That way, the movie ticket-poster could 
easily be extended with Drop Tags for additional services to get further information 
about its movies or to buy merchandising for them. 

In addition to the dedicated Drop Tag, the public transportation-poster also features 
a so called Quick Drop-tag that includes all Action Items and Data Items for request-
ing a standard ticket (1 person, 1 day, start zone defined by poster location), except 
the Data Item that specifies the destination of the journey. This tag implements a 
shortcut that only requires its users to drop a single Data Item from the poster or other 
objects to complete the request to the Web Service. The missing Data Item can be 
taken from Collections on the mobile device. That way, a user who has interacted 
with the movie ticket-poster and has collected a Data Item for a movie or a ticket, can 
use the location information from this Data Item with the Quick Drop-tag to easily get 
a transportation ticket to the location of the cinema for which he bought a ticket. 

The city guide-poster also features a dedicated Drop Tag in order to provide some 
kind of closure with which users can finish their interaction with the poster. All other 
tags provide Data Items about sights and Data Items about their location that can be 
used with the Public Transportation Poster. 

The three use case posters offer a wide range of different features for MTI: The 
movie ticket-poster features implicit interaction with Hybrid Tags while the public 
transportation-poster and the city guide-poster implement explicit interaction with 
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dedicated Drop Tags. Data Items from the movie ticket-poster and the city guide-
poster can be reused with the Drop Tag and the Quick Drop-tag from the public trans-
portation-poster thus realizing cross-object interaction. 

5   Collect&Drop Architecture 

The concept of Collect&Drop brings out three main requirements for its system archi-
tecture regarding the interaction with physical objects, data management as well as 
the execution of different actions (see Fig. 4). Collect&Drop is a client-side mecha-
nism that was implemented as a J2ME-midlet on the Nokia 6131 NFC mobile phone. 
It handles the interaction with physical objects and uses their information to invoke 
associated Web Services that are part of the PERCI framework (see [21] for details). 
The architecture of the mobile Collect&Drop application (see Fig. 6) comprises the 
following components: 

 

Fig. 6. The architecture of Collect&Drop including its components for PMI, data storage, man-
agement and the execution of actions 

The Interaction Manager supports different PMI technologies and techniques 
through specialized sub-components and is responsible for receiving information 
through interaction with physical objects or other devices. The current implementation 
of the mobile Collect&Drop-client supports interaction through reading NFC-tags, tak-
ing pictures of visual markers and decoding them as well as the input of numeric identi-
fiers. The Interaction Manager forwards information from tags to the Data Manager for 
further processing. When tags - especially visual markers - do not have enough capacity 
to store one or several information items directly, they only provide an identifier or a 
reference to this information, e.g. a URL. In that case, the Interaction Manager has to re-
solve this reference and download information items from a server. 

The Data Manager provides different functionalities to parse and check informa-
tion items, create new Collections and integrate new data with existing ones. The Data 
Manager must provide interfaces for other components to request or to delete data. It 
informs other components about the arrival of new data and the change or deletion of 
items and Collections. Other components can request data e.g. in order to present 
items and Collections to the user, to check whether new Data Items are available for 
an action or to use new items for action specific functionalities.  
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The Action Manager is responsible for mapping suitable Data Items to Action 
Items, checking whether Action Items are executable and finally organizing their fi-
nal execution. This component has to manage the different Data and Action Items 
(which can be requested from the Data Manager) and check whether there are 
enough suitable Data Items for the execution of an Action Item. Actions can be exe-
cuted automatically or manually from the user interface.  

For every type of action there is an Action Component that describes the logic for 
executing a specific action. The Collect&Drop prototype currently supports the fol-
lowing actions, but can easily be extended with new ones: 

• The PERCI Web Service Action component connects the Collect&Drop-client 
with Web Services from the PERCI-framework and handles their invocation.  

• The Open Web Browser Action component uses the mobile device’s standard 
web browser to open a website. The request is generated from an Action Item, 
providing the URL, and several Data Items, providing the request parameters. 
The resulting HTTP-GET request is processed by the server which generates 
and returns a web page according to the provided parameters. 

• The BTSPP Send Action uses the Bluetooth Serial Port Profile (SPP) to send 
data to another Bluetooth device. Similar to the Open Web Browser Action, the 
Bluetooth address is taken from an Action Item and the data is assembled from 
Data Items.  

• The NFCIP action is intended to send data to other devices via NFC. However, 
in this case no target address is specified. The generated data is sent to an NFC 
device which has to be touched after an NFCIP Action Item has been executed.  

6   User Study and Evaluation 

In order to evaluate Collect&Drop and its approach to Multi-Tag Interaction, a user 
study was designed and conducted with a working prototype and the use case posters. 
This section summarizes the design, setup and results of this study. 

6.1   Scenario Design 

For the evaluation of Collect&Drop, the subjects of the study had to carry out five dif-
ferent tasks for which they had to use the mobile Collect&Drop-client in order to in-
teract with the use case posters. 

• The first two tasks asked the subjects to interact with the movie and transporta-
tion posters separately. Apart from the overall interaction design and usability, 
these tasks tested whether the layout of the posters or the numbering of their op-
tions influenced the order in which the subjects collected them. In addition, the 
tasks tested whether users preferred interacting with dedicated Drop Tags (on 
the transportation poster) or with Hybrid Tags (on the movie poster).  

• The third task evaluated cross-poster interaction as the subjects had to drop the 
movie ticket-Data Item they had received from the movie ticketing service to the 
Quick Drop-tag of the transportation poster.  
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• For the fourth scenario, the subjects had to drop the same movie ticket-Data 
Item to an NFC-tag that simulated a tag-reader at the entrance of a cinema. This 
task tested whether the subjects understood how to use a Data Item which they 
had received from a Web Service with other objects and applications. 

• For the last task, the subjects had to collect tags for different sights from the 
sightseeing poster. Upon executing the action associated with the poster, Col-
lect&Drop opened the web browser of the mobile phone and presented a web 
page with descriptions of these sights that was returned from a server. This task 
tested whether subjects got along with a different kind of action and a poster that 
allows the selection of an arbitrary amount of items. 

6.2   Setup and Demography of the User Study 

At the beginning of the study, each subject was shortly introduced to the Col-
lect&Drop concept and the 5 tasks. The study was conducted with a panel of 15 sub-
jects. Five of them were female, ten were male. The average age of the subjects was 
25.5 years. 13 subjects were students: Nine of them had a background in computer 
sciences; four were studying other subjects like economics, geography, physics or sta-
tistics. The remaining two subjects worked as research associates that were not in-
volved with the PERCI-project. All of the subjects owned a mobile phone and have 
done so for an average of about 6 years. The average skills with mobile phones were 
rated with 3.9 on a scale from 1 (not experienced at all) to 5 (very experienced). Gen-
eral technical skills were rated with an average of 4.1.   

6.3   Results and Discussion 

This section summarizes the results of the user study and the evaluation of Col-
lect&Drop. Average values were calculated from Likert-scale ratings ranging from 1 
(“do not agree at all”) to 5 (“fully agree”).  

6.3.1   Collect&Drop Concept 
The concept of Collect&Drop was accepted by the subjects, as 13 of 15 would use it 
if it was available. The subjects considered it to be very practical, easy, quick and 
time-saving. The comprehension of the Collect&Drop concept was rated with an av-
erage of 4.7. Several users stated that the whole application and the concept become 
clearer after the first usage. They said that it was a bit confusing at first and that they 
felt unconfident with the handling of the interaction and the application. But after they 
had seen how it worked, it became easier, clearer and more intuitive.  

The design and the navigation of the Collection List and the Individual Item List 
were rated with an average of 4.1. Most subjects did not spend much time on the In-
dividual Item Lists. During the interaction, the posters got more attention than the ap-
plication. However, after every interaction with a tag, most of the subjects had a brief 
look at the list to check whether the collected Items had been added. The traffic light 
visualization did not get much attention and was not commented. The idea of manag-
ing information items in Collections was rated with an average of 4.5.  
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6.3.2   Comparison of Invisible Drop and Explicit Drop 
A narrow majority of eight subjects was aware of the difference between posters with 
Hybrid Tags (movie poster) and a dedicated Drop Tag (transportation poster). A com-
parison between the two approaches shows that Hybrid Tags consistently got better 
results regarding simplicity, speed, intuitiveness and comprehensibility. Fig. 7 sum-
marizes the results (rating from 1=worst to 5=best): 

• Simplicity: Both systems are rated as easy to use, with Hybrid Tags scoring an 
average rating of 4.7 compared to 4.2 for the explicit Drop Tag. 

• Speed: As expected, the results regarding the speed of both approaches show 
the biggest difference between them. The interaction experience without a dedi-
cated Drop Tag is rated with 4.9, the one with a Drop Tag only with 3.4. This 
can be referred to the time that is needed to interact with the additional Drop 
Tag on the transportation poster.  

• Intuitiveness: The explicit Drop Tag got an average rating of 3.7 and the Hy-
brid Tag 4.5 regarding intuitiveness of use. The results confirm that a Drop Tag 
does not make the system more intuitive, as assumed in the first place  

• Comprehensibility: In terms of comprehensibility, the Drop Tag achieved a 
4.1, the Hybrid Tags a 4.7. As Hybrid Tags always contain Action Items, their 
Collections always show information about their actions and missing parame-
ters. One user stated that it was a very good idea to give such kind of feedback.  

 

Fig. 7. Comparing Drop Tag and Hybrid Tags regarding simplicity, speed, intuitiveness and 
comprehension 

When a Hybrid Tag has been collected, the usual pop-up showed the reception of 
two or more new information items. At the beginning, this information confused some 
users, as a single interaction resulted in the collection of two or more information 
items. However, after showing the Individual Item List, the concept became clearer or 
did not bother anymore. 
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6.3.3   Cross-Object Interaction and Quick Drop 
Similar to the comparison of Hybrid Tags and Drop Tags, the subjects were asked to 
evaluate the concepts of Cross-Object Interaction between the posters and Quick Drop 
regarding speed, simplicity, intuitiveness and comprehension, again on a scale from 1 
(worst) to 5 (best). 

Cross-Object Interaction was rated as very quick with an average of 4.8, which can 
be explained with the fact that Data Items are already available on the phone and did 
not have to be collected again. The simplicity of Cross-Object Interaction was rated 
with an average of 4.2. Several users noted that it might get confusing if too many 
Data Items with suitable parameters were already on the phone. The average ratings 
for comprehension (3.9) and intuitiveness (3.3) were a bit lower. The posters were  
regarded as independent use cases and are more related to their individual services. 
Interoperability between posters seemed to be quite strange and unnatural at first. 
However, many subjects stated that the concept of Cross-Object Interaction became 
much clearer, more comprehensible and even quicker after the first try.  

The results from the evaluation of Cross-Object-Interaction were similar to the re-
sults of the Quick Drop evaluation. This is not a surprise, since Quick Drop incorpo-
rates the idea of Cross-Poster-Interaction. The usefulness of Quick Drop was rated 
with 4.2. Problems appeared at the beginning of the Quick Drop scenario. Several 
subjects did not know how to start and asked if they were supposed to touch the 
Quick Drop tag first or do anything else. Another problem was that it was not clear to 
the subjects what would happen if more suitable Data Items were on the phone. If 
there are too many suitable Data Items for an Action Item to choose from, the users 
fear confusion and the loss of overview. Quick Drop still got a good rating for its 
simplicity (4.6). It might be an unnatural and unfamiliar process at first, but if some-
body knows how to use it, it will be quite easy and practical. This was confirmed by 
many subjects, who said that after one try the functionality becomes much clearer and 
easier. The last category, speed, does not reveal any surprising results. As expected, 
the Quick Drop scored a high rating of 4.7 regarding the speed of interaction. 

6.3.4   Poster Numbering 
Four of the 15 subjects did not follow the numbering provided by the posters. In all 
cases, this phenomenon happened with the transportation poster during the first sce-
nario. When asked about their preferences, all subjects advocated posters with num-
bering and a given order of interaction. They considered these as much easier and 
more intuitive as they are led through the process and no option can be forgotten. The 
provided orientation also prevents mistakes and is particularly helpful for beginners. 
Some subjects also stated explicitly that it was indeed a useful idea to provide a num-
bering, but it was also very practical that the order could be burst and an individual 
order of interaction could be applied.  

6.3.5   Data Items as Output and Input 
Receiving a ticket as the result of invoking a service and validating the movie ticket at 
the simulated tag reader caused no problems and was well understood (average 4.6). 
Subjects noted that it was a very good idea to have an electronic ticket on the phone 
as it avoids queuing at the cinema and is thus considered to be time-saving, very easy 
and intuitive.  
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7   Conclusion 

This paper investigated the opportunities and challenges for mobile interaction with 
multiple physical objects, tags and information as it presented and explored the con-
cept of Collect&Drop as a generic technique for Multi-Tag Interaction. 

The evaluation of Collect&Drop provided interesting results about its own interac-
tion design as well as MTI in general: One the one hand, the study showed that users 
basically understood and accepted the concept of Collect&Drop as well as its differ-
ent features which confirms its approach to MTI. Users intuitively understood the 
rather abstract collection of information items on and between different objects and 
quickly learned how to use features that were unfamiliar to them at first. On the other 
hand there is still room for improving the interaction design and usability of Col-
lect&Drop as some users still did not know how to start the interaction with the poster 
or had problems with the interaction workflow. 

Probably the most interesting result of the study is that users quickly learn to use 
Multi-Tag Interaction, despite its increased complexity compared to Single-Tag Inter-
action. At different occasions during the study it could be observed that users did not 
understand the concept of MTI or the features of Collect&Drop at once. Nevertheless, 
users quickly learned how to use them and then even embraced them. In this context, 
the comparison between interaction with Hybrid Tags and a dedicated Drop Tag 
showed that MTI has to retain the simplicity of PMI, despite its added complexity.  
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Abstract. In this paper, the potential role of a sport tracking application is ex-
amined in the context of supporting tracking outdoor sporting activities. A user 
study with 28 participants was conducted to study the usage habits and user ex-
periences evoked. The application consists of a mobile tracking tool and a re-
lated web service. It collects and stores workout data such as the route, speed 
and time, and compiles a training diary that can be viewed in many ways during 
the exercise and afterwards. Data can be uploaded into a web service for further 
analysis or for sharing it with others. The results show high interest in tracking 
outdoor sports with a mobile phone application – the participants used the ap-
plication during almost all exercise sessions and stated that they would continue 
using the application after the study. Sharing data was not perceived as valu-
able, although some usage scenarios for social sharing arose. 

Keywords: Sports, tracking, GPS, user experience, mobile application, web 
service. 

1   Introduction 

Use of computing devices for supporting everyday tasks has become common with 
mobile and personal computing devices. Digital tools help people by storing, distrib-
uting and processing information that is useful in managing the complexity of every-
day life (even though sometimes themselves contributing to the complexity of every-
day life). During recent years, mobile devices and applications that aim at supporting 
people doing sports and other physical activities have emerged – heart rate monitors 
and pedometers to name the most common ones. Being physically active is one of the 
most important factors in maintaining a good state of wellbeing. Digital tools can 
help, for example, in providing means for social support, visualizing the perceived 
benefits of being active, giving feedback about the workout and in setting appropriate 
goals. All these have been shown to contribute towards more satisfaction in sport 
activities [2, 21, 22, 23, 25, 38, 48]. In addition, tracking, saving and storing data of 
physical exercises motivates people to increase their level of physical activity and 
keep their current motivational level high [41, 43].  
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During the last decade, mobile phones have become an integrated part of everyday 
life. The high adoption rate of mobile phones means that they provide a computing 
platform that accompanies people in all their everyday activities, including sports. 
Mobile phones offer a suitable platform for applications supporting physical workout 
tracking, analysis and storing. Mobile phones typically fit comfortably into a pocket, 
and people have developed the habit of taking them along while on the move [18]. 
This eliminates the need to carry separate devices around while doing sports. 

This paper examines the user experience evoked by the sports tracking application 
integrated in a mobile phone and the related web service. The research questions are: 

• How can a mobile application and web service for sports tracking support the 
users in their outdoor activities – both in personal and social use? 

• What are the design issues to be taken into account in the further design of 
similar systems? 

In the following sections we describe the current state-of-the-art in the field of mo-
bile sport applications, introduce the Sports Tracker mobile application and the web 
service, and present the results of a user study with 28 participants that was arranged 
to evaluate the application and service concept. 

2   Related Work 

During last decade, both commercial and research contributions on applications that 
can be used to support sport activities have emerged. Presented here are a summary of 
related work and a categorization of application features. 

2.1   Current Practices and Beyond 

Today, heart rate monitors have become common assistive technology for people 
during sport and fitness activities. They are used to increase awareness of the healthy 
training level, user’s physical condition as well as calorie consumption and changes in 
these over time. In addition to information about the user’s physical condition, loca-
tion has become a key input for sport applications. GPS technology enables recording 
attributes of the route, speed and altitude. GPS and other positioning technologies 
have been used for location-aware mobile applications for several years now. These 
are generally used for navigation and route-planning, e.g., Navicore [31] and Route 
66 [40]. Nowadays, there are also special services and devices for outdoor sports 
tracking. Several wrist computers can be used together with GPS receivers to track 
different aspects about the route. Garmin Forerunner 305 [15], for example, is a de-
vice with wrist-watch design meant for tracking speed, distance, heart rate etc. It 
works with a web portal where the workouts can be downloaded and viewed with 
various charts, pictures and maps. In addition, the workouts can be shared with other 
persons on the web portal. Other corresponding wrist computer models for outdoor 
sports are available, e.g., from Suunto [47] and Polar [39]. More advanced wearable 
sport products have also been introduced, by e.g., FRWD [14]. Also, applications that 
utilize the mobile phone as a location-aware platform have emerged, for example 
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SportsDo [44] that provides both mobile application for tracking and a web service to 
share the data with a community, and Bones In Motion [6].  

In addition to the use of gadgets designed for collecting information of the physical 
activity, keeping a diary about personal performance is a common practice for many 
people devoted to their sports training. Typically, personal training logs containing a 
variety of information of the workout, e.g., date, duration, activity type and some 
additional notes exist both in paper and electronic format, such as Excel sheets. While 
the technology offers possibilities to track physical exercises automatically and in 
detail, several web services offer different kinds of training diaries [24, 30, 39]. There 
are various different ways to view and analyze the data, e.g., graphs and charts. The 
portals also support long-term data collection and observing the progress over time.  

In addition to commercial products, the research community has introduced novel 
mobile concepts, e.g., for specific outdoor sports. In [16], Hachet et al. present a 3D 
mobile navigation assistant at a conceptual level. It is a location-based service meant 
for hikers, which offers a rendered panorama scene that fits with the real surround-
ings, and information nodes, e.g., names of mountains. Schöning et al. [42] present 
conceptual work with location-based services for climbers, which concentrates on 
navigation, communication, weather forecasts and the climbing community. Counts & 
Smith [12] have presented a prototype of sport tracking tools very similar with  
the application used in the study presented here. Consolvo et al. have studied  
motivational factors towards physical activity in different contexts with mobile phone 
applications called Houston [9] and UbiFit [11]. The former utilizes step counter 
information which is used in exercise goal setting and sharing the progress with other 
users and the latter presents a new visualization for the physical activity, i.e., the 
flower garden. Similar solution and study as Houston is presented also in [49]. Ander-
son et al. [1], on the other hand, present an application for tracking physical activity 
based on the GSM cell signal strengths.  

2.2   Categorizing the Current Applications to Support Physical Activity 

The features of current applications and solutions that are designed to support physi-
cal activity can be roughly categorized to four categories: 

• Logger 
• Virtual personal trainer 
• Gaming and entertainment 
• Community and social sharing 

Logger is a simple approach for supporting physical exercise. They are able to 
measure one or several parameters related to the exercise, and store measurement 
information into logs. Pedometers offer easy to use and inexpensive tools for assess-
ing physical activity. The basic models of the heart rate monitors also act as loggers, 
as they save the data about the pulse, but do not offer any tools for the analysis or 
interpretation, or do not give any guidance.  

Virtual personal trainer-approach usually includes a logger feature and in addi-
tion, analysis functionality. Also, they can provide feedback on the performance. In 
[7], Buttussi et al. focus on the ability of GPS-enabled mobile devices to offer loca-
tion-aware feedback. Their solution employs GPS for location information, and PDA 
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is used for viewing maps and the animated, human-figured 3D fitness trainer. The 
trainer offers real-time feedback about how the user is proceeding during the exercise 
in graphical and audio format, and gives directions for the navigation and assistance 
of performing fitness tasks. Another example is presented by Asselin et al [3]. They 
developed a wearable Personal Wellness Coach to support a variety of activities such 
as health data collection, interpretation, feedback and self-monitoring. Mobile Coach 
[28] is a mobile application that assists users by giving training programs based on 
their current fitness and activity level. It analyzes how effective the workouts are and 
tunes the training program for the user when his/her schedules change. 

Physical gaming and entertainment approach is utilized in many concepts related 
to physical activity. Mokka et al. [29] present the Virtual Fitness Center, which is a 
combination of an exercise bicycle, a computer and a large screen. The idea is that the 
user exercises while exploring new surroundings or playing fitness games in the envi-
ronment seen on the screen. Physiological inputs have been used in [32] where real-
time heart rate information controls an interactive biathlon computer game and in 
Shadow Boxer [17], a game that is controlled by body movements detected by a web 
camera. Commercial products that utilize physical gaming are, for instance, the Dance 
Dance Revolution and the Wii Fit [34]. Music can be used to help exercisers move in 
the correct way and reach their goals. Oliver & Flores-Mangas [37] present a mobile 
application that uses music in enabling users to reach their exercise goals more easily 
by fitting the tempo of the music with the heart rate of the user. A commercial exam-
ple of combining music player and training is Nike+ IPod Sport Kit [33]. 

Social sharing of the exercise-related data is an important motivator to do more 
sports [48]. Encouraging results have been gained with a mobile phone prototype 
application sharing step count with a community consisting of friends [9, 49] and 
presenting auditory cues of a friend “jogging over distance” in another geographical 
location [35]. Bickmore et al. [5] report that even sharing information of physical 
activity with a PC-based animated conversational agent that acts as an exercise advi-
sor increases the motivation to exercise more. 

3   User Study 

The goal of the user study was to collect and analyze user experiences evoked by the 
mobile sports tracking application, and related web service that can be used for shar-
ing the workout data with other people. The focus was on subjective experiences that 
are dynamic [13] and highly context dependent [4]. The user experience findings can 
be used for deriving guidelines or design implications that can be used in designing 
applications that aim supporting sport activities. This chapter explains the technology 
and applications used in the study, how the participants were selected, and what re-
search methods were used to collect user experience data. 

3.1   Background 

The mobile application that was used in this study is called Sports Tracker. At the 
time of the user study, the Sports Tracker mobile application had already been 
launched one year ago, and quite a few people were using it. The application features 
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were updated in a regular basis during the first year after the launch. The participants 
for the user study were recruited based on how long they had been users of Sports 
Tracker, as we wanted to study user perceptions in the different phases of the usage 
lifecycle. The web service, on the other hand, had been launched only one month 
prior to the study, so at the time of the user study it was quite a new service for all 
participants. 

3.2   Description of the Sports Tracker Application 

Sports Tracker is a mobile application that runs on the Nokia S60 platform phones. 
The expected benefits of integrating the sports support application with a mobile 
phone were the following:s 

o The platform offers an ultimately accessible way, enabled by the high penetration 
rate of mobile phones – close to 100% in many industrialized countries [50].  

o The use of mobile phones offers a familiar user experience – people are already 
used to the input and output characteristics of mobile phones and have made it a 
habit to carry them along [18]. 

o Mobile phones have inbuilt communication features, i.e., data can be transferred 
between devices and shared with other people. 

o Mobile phones offer additional, device-integrated applications which are some-
times considered useful when doing physical exercises or outdoors sports, e.g., a 
music player and a camera. 

The main features of the application are the following: 

o The application corresponds to people’s need for recording personal exercise data.  
o The application provides feedback to the users to support them in monitoring pro-

gress [7]. 
o The application provides an engaging user experience to motivate people to con-

tinue using the application. This can be created by offering gaming type features, 
e.g., beating your own records. 

o The application supports in sharing personal exercise related data with others. 

Technology. Sports Tracker is a GPS based activity tracking application which runs 
on Nokia S60 3.x mobile phones. Data measured by the application includes location, 
horizontal speed over ground as well as course over ground, altitude and exact time.  

The application can broadcast live measurement data over a 2G or 3G data connec-
tion to the back-end server using ordinary IP traffic. Real time connection to a web 
server enables features like real time location sharing with other users by showing the 
user’s positions on a dedicated web page. In several tests, it has been found that the 
latency is in the order of one second when live tracking is in use and location data is 
transferred from the measuring terminal to viewers via the web server. The live con-
nection to network can also be used the other way around – the application can be 
updated over the air, for example, to provide new features. 

User interface and features. The mobile application can be used for tracking, brows-
ing, viewing, storing and comparing user’s personal exercises in outdoor sports. It 
collects information such as the route, speed, pace, distance, time and altitude. The 
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information is saved in a training diary and can be viewed in a variety of ways during 
the exercise and afterwards. The Sports Tracker application is available for download-
ing at [45].  

Tracking is started by selecting ‘New workout’ on the main view. Users can then 
select the type of the exercise and make other settings, such as activate ‘Auto lap-
feature’ or a previously saved route for comparison. After activation, the application 
informs about the GPS state. As the user starts tracking, the default view of the appli-
cation shows the pace, distance and time of the ongoing workout (see Figure 1). The 
default view also shows a small map. User can scroll between different views both 
during and after the workout, for example between a full screen map, several graphi-
cal views (Figure 1) and views showing numerical data about the workout. 

 

Fig. 1. Two examples of views during the workout: 1) a map and numeric information of the 
current workout and 2) a graph of the change of altitude vs. distance  

The workouts are saved in a training diary, which can be opened on the main view 
of the application. The training diary offers a standard calendar monthly view where 
the workouts are indicated with colored squares. The different workouts of the same 
day appear in different colors. After selecting a workout, the user sees the workout 
summary as a default view and he/she is able to switch between similar screens as 
during the workout. Users can also view different kinds of workout summaries, i.e., 
per week, month, year and in total. In addition, users can to save workout routes, 
rename them and use them later for comparison while doing same exercises if they 
want to see their progress over time.  

Configuration possibilities include, e.g., adding new sports types, switching be-
tween miles and metric system, selection of the map material source (no map, phone’s 
default maps, maps downloaded from network), selection between street and satellite 
maps, and enabling a possibly built-in accelerometer for the step counting. 

In the web portal [46], users can monitor and share their personal workout data 
with others after joining and logging in to the service. Uploading the data from the 
phone to the web can be done either in real time with ‘live sharing’ functionality or 
after the exercise with ‘upload to service’ feature. The user can define information to 
be publicly visible for all registered users, own pre-defined community or visible only  
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Fig. 2. The Sports Tracker web service - a page showing shared workouts of different persons 
on the map and list 

for him/herself. All stored data can be shared, including the user’s location and exer-
cise route on a map. Figure 2 illustrates the overview of the shared workouts on a map 
interface provided by the web service. 

Participants. 28 voluntary participants were recruited to participate in the study. We 
focused on 3 different user groups, based on users’ previous experience in using the 
Sports Tracker application: 

• Group 1: nine participants had used the application for less than one month. 
We call them ‘Novice users’. Their user experiences reflect the initial use of 
the application. 

• Group 2: eight participants had used the application for between 1-6 months. 
They are called ‘Experienced users’. Their user experiences reflect relatively 
short-term use of the application. 

• Group 3: 11 participants had used the application for more than six months. 
We call them ‘Veteran users’. Their user experiences reflect long-term use of 
the application. 

The participants used the Sports Tracker application in the mobile phone they used 
daily, so it was easily available for them. All participants had daily access to internet 
as well. All participants were already Sports Tracker users, i.e., they had made the 
decision to start using the application independently from the study. 

The participants were experienced mobile phone users. The age distribution of the 
participants was as follows: 21-30 years 30%; 31-40 years 50%; 41-50 years 20%. 
Participants were from all over the world, i.e., Scandinavia (43%), rest of the Europe 
(40%), North America (7%) and Asia (10%). 15% of them were females. Most of the 
participants had a technical background. All participants reported doing sports activi-
ties in their leisure time. Their average frequency of doing physical workouts was 4 
times per week. 68% of them used heart rate monitors and 75% had previous experi-
ence in GPS devices. 
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Method. The study was arranged in field settings, where 28 participants used the 
Sports Tracker mobile application and the related web service. The goal was to dis-
turb the usage patterns as little as possible, because altering the usage situation has 
effects on the user experience. Of course, this is impossible to achieve perfectly as 
there is strong evidence that mere knowledge of being studied affects user behavior 
and related user experience [26].  

The participants were already users of the application, so they used the application 
with their own mobile phone, and they could continue using the application also after 
the study period. The hypothesis was that as the application is highly context depend-
ent and is used as a tool that is highly intertwined and integrated into the everyday life 
of its user, collecting information from field settings can reveal experiences that can-
not be explored in controlled or laboratory settings [10]. 

The data collection methods aimed at collecting user experience data about recent 
experiences [19] during the experiment to avoid recall problems. User experience data 
was collected by utilizing two methods: semi-structured interviews and text-message 
(SMS) questions. The data collection methods did not require the users to carry addi-
tional data collection instruments with them, and were designed to not to disturb the 
actual use.  

Here, we explored only the subjective user experience expressed by the partici-
pants, i.e., we analyzed how the application was perceived by the participants directly. 
Application or server logs were not available at the time of the study. 

Semi-structured interviews were conducted by phone, as the participants attending 
the study were located all over the world. The interviews focused on the following 
issues, including the mobile application and the service: 

• In which sports activities is the application used and how well does it fit for 
them? 

• The estimated frequency of use. 
• What things on the Sports Tracker are liked most? Which features are used 

most actively? Why? 
• What things on the Sports Tracker are disliked? Why? 
• Motivational issues for the use of the Sports Tracker. 
• Feedback for the future development. 

Text-message based questionnaire inspired by Experience sampling method (ESM) 
[20] was used to collect user experience data over a period of two weeks. The ques-
tions were sent to the participants as text messages (SMS). The number of SMS ques-
tions sent was 8-10 depending on what participants replied to two questions; i.e., in 
certain cases they received an additional question. Following are some examples of 
the issues that the SMS questions focused on: 

• Considered order of importance of the features. 
• Usage of ‘live sharing’ feature. 
• Usage of ‘upload to service’ feature. 
• Most actively used features. 
• Frequency of use for both the mobile application and the web service. 
• Ideas for additional features. 
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Two questions were qualitative, and free text responses were expected. Others had 
3 to 6 predefined choices, and the user only had to select one to answer. The response 
rate for the qualitative SMS-questions was 73%. For the multi-choice or quantitative 
questions it was even higher (89%). 

The collected data was analyzed by the research group using content analysis 
methods. 

4   Results 

The findings related to usage habits and analysis of usage for personal versus social 
purposes is discussed here. To conclude, feedback for the future development of simi-
lar systems is given. All findings are based on the evaluation of the subjective user 
experience, e.g., application logs or other direct measurements of use were not used in 
this analysis.  

4.1   General Usage Habits and Motivation 

In order to understand the common use cases of the application and web service, data 
about typical use situations, their frequency and the most used features was gathered. 
Being designed for outdoor activities, the results reflect the common exercise forms 
there. The mobile application was clearly most used with biking by 80% of the par-
ticipants. The second and third most popular sport activities were running (60%) and 
walking (40%), followed by hiking and skiing (both 15 %).  

The SMS question “During the last 7 days, how many times did you use the Sports 
Tracker A) mobile application and B) the web service revealed that during that week 
(beginning of August 2007) the average weekly frequency for the mobile application 
was 3.3 times (Novices 2.9, Experienced 3.6, Veterans 3.3.), which is quite close to 
the initial estimation of the users about their average weekly exercise frequency, i.e., 
four times per week. For the web service the usage frequency was 1.5 times during 
that week (Novices 1.9, Experienced 1.9, Veterans 0.7). This indicates that they used 
the mobile application almost every time they were exercising but the web portal less 
frequently. 

Half of the participants stated that they used the mobile application as a data logger 
during the exercise and viewed the results only after the workout. The most valued 
parameters of the exercise were the route, distance, speed, duration and altitude. 40% 
of the participants used the application both during and after the workout and 10% 
used it mostly during the exercise to check different aspects about the workout, espe-
cially the distance covered so far, speed, duration, altitude, lap time and location on 
map. The ability to get additional data to complement the information provided by the 
conventional equipment was valued: 

“The altitude is quite interesting because it’s not so easy to get the same informa-
tion from map. On the map you can see where you are but not how high the place is.” 
(Male, 41-50, Japan) 

There were basically three different positions where the participants kept the  
mobile phone during the workout: pocket, hand or backpack. Some of them had  
also built holders so that they could attach the phone to the bike. Some participants 
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commented that Nokia N95, which at the time of the study was one of the rare models 
with integrated GPS, was too big and heavy to be carried along while running, be-
cause of the small pockets sizes of running pants. On the other hand, those partici-
pants who used a relatively small S60 mobile phone, e.g., Nokia 5500, commented 
that it was convenient to keep it along during the workout - it fit in the pockets of 
running pants and could even be kept in hand.  

Participants seemed to be motivated to use the mobile application. In the interview, 
the participants were asked about their current perceived degree of motivation to use 
the application in a scale 0-10, where 0 referred to ‘no motivation’ and 10 ‘very high 
motivation’. The average degree of motivation for all participants was 8.3 and it was 
quite consistent between the groups - Novices 8.1; Experienced 8.3; and Veterans 8.6. 
The same parameters for the web service were 6.6 (whole sample) - 6.6. (Novices), 
6.3 (Experienced) and 6.8 (Veterans). This indicates a higher perceived usage motiva-
tion for the mobile application than for the web service. All users stated that they 
would continue the usage of the Sports Tracker after the user study. 

4.2   Personal vs. Social Use 

This section presents the findings related to how the participants perceived the two 
different modes of use 1) using the application solely for personal purposes, e.g., 
tracking and viewing own exercises, and on the other hand 2) using the features sup-
porting social aspects, e.g., sharing data with other users. The results indicate that, in 
general, for this sample of participants, the personal use seemed to be prevailing and 
more valuable.  

Table 1 presents the three most common combinations of answers to the SMS 
question: “What is the order of importance of the following features in Sports Tracker 
to you?” (Options: A: Follow up on your own workouts, B: Share your workouts, C: 
View other users’ workouts). The most important aspect of the system for the partici-
pants clearly was following up on their own workouts (option A). This is well illus-
trated by the fact that all three most common combinations start with option A, and 
the third most common combination was to select only option A. In fact, only two 
users rated some other feature more important over option A. For most Novices, 
viewing others’ workouts was the second most important and sharing their own 
workouts was the least important aspect. For the Experienced and Veteran users, 
sharing their own workouts was the second most important and viewing others’ was 
the least important.  

Table 1. The distribution of answers to the question: " What is the order of importance of the 
following features in Sports Tracker to you?”, n=25 

 ABC (follow up 
own, share own, 
view others’) 

ACB (follow up 
own, view others, 
share own) 

A only (follow 
up own) 

Novices 1 5 1 
Experienced 5 1 1 
Veterans 5 3 3 
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Personal use. The automatic tracking and logging of own exercises seemed to be, 
simply enough, the main motive to use the application. Some of the participants 
commented that they would keep track of their exercises anyway, so the application 
on the mobile phone just offered an effortless way to do it. For some participants the 
mobile application replaced their former tracking techniques, such as noting down on 
paper, in Excel spreadsheets or bike speedometer. It was emphasized by the partici-
pants that the mobile phone was a natural device for workout tracking because in 
most cases the phone was carried along anyway when doing outdoor sports - for ex-
ample for emergency purposes -  so it did not cause an extra burden to have the device 
along. The participants also emphasized the benefit that only little action was required 
from the user while using the application. The application was considered quite easy 
to use. However, the Novices reported more usability problems than the other groups, 
for example related to the start-up of GPS and the terminology. 

The training diary feature was valued highly by the participants. They considered it 
very important to get the exercises saved in the diary. The diary was used to check 
later what exercises they had done and where they had done them. Also, a possibility 
for creating mementos with the application was mentioned. Doing sports played an 
important role in the lives of the users, and many users sought unique experiences by 
exercising. For example, when taking part in an once-in-a-lifetime hiking trip, the trip 
could be saved to be recalled later on: “Tracking hiking trips is like photos and videos 
– a way to remember an experience.” (Male, 31-40 years, Singapore) 

The possibility to compare (own) previous and current workouts was considered an 
important aspect. Participants liked to challenge themselves with their previous  
workouts on the same route and see if they were faster or slower, and break their own 
records. The Veteran users seemed to value more than the other user groups the pos-
sibility to do trend analysis by comparing their own data with the personal history 
data. Also, they used the personal history data for setting goals for personal develop-
ment: “I can challenge myself with my previous workouts, to see if I’m faster or 
slower.” (Male, 41-50 years, Denmark) 

Social use. With an SMS question the participants were asked about the use of ‘Live 
sharing’ function, i.e., the possibility to share the exercise-related data in real time 
(options and the counts among all participants: A: never tried – seven users, B: tried 
once or twice but not using actively – six users, C: using occasionally – 10 users, D: 
using frequently – two users, E: do not know what it does – no-one). A relatively high 
number of users had not tried this function at all. Most of them had tried it but were 
not using it frequently. The interviews revealed that quite a few participants had a 
negative attitude towards ‘Live sharing’. They were suspicious why anyone would be 
interested in following their workout, because they could not imagine who would like 
to see, for example, where they are running at the moment. And if there was no one to 
view this information, they saw no value using the feature. On the other hand, a cou-
ple of users saw possible value in ’Live sharing’ in emergency situations: “If I got lost 
in the forest and was sharing the route with a trusted person, he could save me.” 
(Female, 21-30 years, Finland) 

The participants were also asked about the use of ‘Upload to service’ function, i.e., 
the possibility of transferring the exercise data to the web service (Options and the 
counts among all participants: A: never tried – three users, B: tried once or twice but  
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Fig. 3. The distribution of answers to the questions: "Your use of ‘Live sharing’ function in 
Sports Tracker" (n=25) and "Your use of ‘Upload to service’ function in Sports Tracker" 
(n=25). The options: A) never tried, B) tried once or twice but not using actively, C) using 
occasionally, D) using frequently, E) do not know what it does. 

not using actively – six users, C: using occasionally – three users, D: using frequently 
– 13 users, E: do not know what it does – no-one). Half of participants stated that they 
frequently uploaded their data to the web service. They commented that it was nice to 
be able to look at their routes and maps on the bigger screen and also share the routes 
with other persons. Figure 3 presents the distribution of answers to the questions 
about the use of ‘Live sharing’ and ‘Upload to service’. The ‘Upload to service’ 
seems to be more popular among the participants than ‘Live sharing’ feature. 

The participants seem to be divided into two groups based on their opinions about 
the social use: 1) those that do not see any value in sharing their exercises and 2) 
those who consider the social aspect as a motivating factor. The first group of users 
seemed to feel that the exercise related data is private, and did not see value in sharing 
it. These participants did not obviously use the sharing functionalities of the applica-
tion. Some participants also considered sharing as a security risk. On the other hand, 
those who considered the social aspect as a motivating and interesting issue, stated 
several reasons for sharing their workouts. First, sharing own data with familiar per-
sons and viewing their data can be seen to be an additional new way for keeping in 
touch with friends and other people the users already knew and maintaining social 
networks. Also, competing against others was mentioned several times. Second, some 
users found it interesting to see if anyone had been exercising in the same area or 
even taken the same routes. Third, the users mentioned situations when they had trav-
elled to an unfamiliar place and in those cases it was useful to be able to look at where 
people have been exercising there, and plan their own routes accordingly (supporting 
findings in [12]).  

An important aspect of the social use was that a large enough community of famil-
iar persons was needed before that could act as a motivating factor. Most users found 
it interesting to follow the exercises of other people only if they already knew the 
persons they were following. The participants were not, in general, interested in view-
ing workout data of strangers. However, many users found it interesting to see routes 
of other people (including strangers) in the areas they were doing sport themselves, or 
in new areas they were planning to visit. 
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4.3   Participant Feedback for Future Development 

The interview included a participatory design component, when the participants were 
asked to brainstorm ideas about the aspects and features of future sports applications. 

The participants liked getting updates to the features of the mobile application. 
They stated that it would be important to get regular updates to the content, i.e., new 
features and improvements, to keep the usage motivation high. This is possible when 
taking into account the mobile phone as a platform - the application can be updated 
over the air. They also commented that they would like to have better possibilities for 
personalizing the sports application to better suit their own sports activities. Not all 
of the currently available data was necessary in all sports activities, and on the other 
hand, in some sports activities even more information would be beneficial. For exam-
ple, using the application for tracking regular running activities differs a lot from 
tracking a hiking trip - different features and views are needed in these activities.  

Automatic acquiring of data from different sensors, e.g., heart rate monitors and 
biking meters was requested by several participants. That would allow all the data 
related to the exercise to end up being analyzed and stored in one application. During 
the development of the Sports Tracker, the usage of the sensors was demonstrated. 
These sensors included heart rate to give additional useful information during sports 
exercises. 

Users who did indoor sports in addition to outdoor exercise wished that they could 
also track these with the same application and device.  

5   Discussion 

The user experiences revealed several factors that indicate that combining the sport 
tracking application with a mobile phone has its benefits. Especially, the following 
issues were mentioned by several participants:  

• Mobile phone is carried along anyway when doing sports. Combining sports 
tracking application with a mobile phone removed stress as users did not need 
to remember to take extra equipment with them when doing sports, provided 
an easy-to-access storage space for the exercise related data, and lessened dif-
ficulties in finding suitable places to store multiple devices while doing sports. 

• In-built communication features make uploading data and updating the fea-
tures of the application easy and transparent. Several participants stated that 
new features raised motivation to do exercise for a short period of time. There-
fore, the possibility to update the product features was valued. 

Only the largish size of certain phone models was seen as a barrier for tracking 
sports with a mobile phone.  

Users valued the data that was stored about the workout, e.g., route, distance and 
length. Many of them had recorded similar information manually and had used other 
technical solutions prior the use of the application. The application saved their time 
and effort in automating tasks related to storing exercise related data, and provided 
better means for analyzing and visualizing the information. In addition, amount of 
details and the quality of the saved information were considered better than manual 
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recording, and the phone was considered an easy-to-access integrated storage space 
for exercise related data.  

Using the Sports Tracker for personal use, i.e., tracking and logging own exercises 
to be viewed during and after the workout, and comparing with their own previous 
workouts was the primary use case and clearly the most valued feature of the applica-
tion. The following benefits were observed:  

• The application created new opportunities by providing detailed, concrete data, 
that was used to support the users to make new kinds of concrete goals (such 
as real time comparison of lap times) that help them attain more abstract goals 
related to doing sports, and raise motivation by introducing new ways for 
monitoring exercised and progress (e.g., monitoring data about altitude). 

• Reliable and relevant data about exercise can help the users to make perform-
ance corrections in time, or it can provide the user the feeling of being in con-
trol. Both increase the feeling of satisfaction during and towards exercise. 
More reliable and detailed cues on the progress can increase the possibilities of 
success in pursuing goals, as in goal-oriented actions, humans automatically 
monitor, appraise and evaluate goal-relevant external and internal cues for 
evaluating progress [27] and correct performance to meet their goals [8]. 

The users were clearly divided into two groups according to their attitudes towards 
the social features of the application – the first group of users thought that they only 
exercise for themselves and would not like to anyone else to see the exercise related 
data. Their attitude towards the social features was rather indifferent; they saw no 
value in sharing exercise data with anyone. However, the other group considered the 
social use, i.e., sharing and viewing other users’ exercises valuable, and thought that 
social sharing could motivate them in exercising. The most valued social features (by 
the latter group) were: 1) sharing data with familiar persons, 2) viewing if anyone has 
been exercising nearby and what kinds of routes he/she has taken, 3) viewing what 
kinds of routes people have taken in unfamiliar areas and planning own routes based 
on this information. For the first case, a large enough community consisting of famil-
iar persons was needed. This finding is in line with other studies, such as [9] and [49] 
who studied the motivating aspects of the friend groups attending physical activity. 

Generalizations about the findings related to the perceived value of social features 
of the sports tracking solution should be made cautiously. At the time of the study, the 
web service for social sharing had been launched only one month ago, while the mo-
bile application had been available for a year. Being more accustomed to using the 
mobile application for personal purposes, rather than the social features, might have 
affected the user perceptions of personal vs. social aspects. However, the perceived 
value of the web service did not differ significantly between the novice and more 
experienced users, even though for novice users the service had been available from 
the beginning of their Sports Tracker usage time. More research is needed to study the 
personal and social aspects with different user groups, e.g., those who are not active 
in doing sports, as they might seek for group support in pursuing their goals for being 
more active. 

Our results have raised design considerations that can be exploited by designers and 
researchers who are exploring the design space of mobile applications that support peo-
ple in doing sports. To summarize, our findings indicate that the most valuable features 



206 A. Ahtinen et al. 

and support functionalities that should be addressed by a sports tracking application are 
the following: 1) supporting personal use, e.g., by offering a comprehensive training 
diary feature and possibilities to compare the ongoing exercise with the previously re-
corded ones, 2) supporting the social use by enabling community building especially 
with familiar persons, 3) offering content and feature updates for the software to keep 
the usage motivation high and 4) supporting proper customization possibilities for the 
application, as different sport activities require different data sets and views. 

6   Summary and Future Work 

This paper presents findings on the use of mobile application integrated with a web 
service that can be used to support exercising outdoors. The application can be used 
as a personal tool, or it can be additionally used for sharing exercise related data with 
others. The findings indicate that a mobile application can both replace and enhance 
existing practices related to exercising (such as keeping an exercise diary) and pro-
vide new features that can support and provide sources of motivation for the end user 
(such as planning tracks).  

As a future work, the authors are planning to conduct more research on the domain 
of sports applications. A more controlled setup will be arranged with a more versatile 
user group to study the aspects related to personal and social use of sport applications. 
Ongoing and future work will include, for example, exploring the use of sport appli-
cations in different cultures, and exploring the features that can contribute towards 
motivating users for being more active in sports. 
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Abstract. In this paper we assess the potential of rich tactile notifications on 
mobile phones. Many mobile phone users use vibration output for various types 
of notification on their phone. Currently, tactile output in phones is limited to 
one single actuator that can potentially present patterns based on different vibra-
tion intensity over time. To explore the possible design space, we conducted 
experiments with up to 6 actuators included in a phone prototype to find out 
about the user experience that can be created with multi-vibration output in a 
handheld device. The dimensions of the resulting design space are comprised of 
the location of the active actuators, the intensity of the vibration, and the varia-
tion of these parameters over time. Based on several user studies and inter-
views, we suggest design guidelines for rich tactile output facilitated by several 
distinct actuators. We show where vibration motors should optimally be placed 
and that different information can be reliably communicated by producing dif-
ferent patterns of vibration output using a small number of actuators. 

1   Introduction 

For mobile phones, notification is of great interest as many functionalities of a phone 
are triggered externally and require the attention of the user. Audio notification is the 
most commonly-used form of notification; however it is not suitable in many contexts 
as it may disturb others or may be inaudible due to environmental noise. 

As audio engineering on mobile phones has become more and more sophisticated, 
using ringtones have become a popular way to personalize one’s cell phone and there-
fore became a standard feature offered by cell phone providers. According to 
M:Metric1, who measures the consumption of mobile content and applications, the 
number of users who say they made their own ringtone grew from 11.3 percent in 
May to 12.3 in November 2006 in Germany, from 10.2 to 12.6 percent in France, 
from 17.1 percent to 19.1 percent in the UK, and from 5.1 percent in to 6.6 percent in 
the U.S. Another standard feature of recent mobile phones is the option to configure 
different ringtones as event notification (e.g. incoming call, SMS, and alarm). With 

                                                           
1 http://www.mmetrics.com/press/PressRelease.aspx?article=20070110-ringbacks (accessed July 

2008) 
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incoming calls, ringtones can even reveal a caller’s ID by using different ringtones for 
individuals or contact groups.  

In contrast, the means of personalization with tactile output is still very limited and 
not commonly used. Tactile output is used as a means of discreet notification and of-
fers an alternative to audio output. Tactile or cutaneous sense is defined as a combina-
tion of various sensations evoked by stimulating the skin [14]. In combination with 
kinesthesia, tactile feedback is often referred to as haptic [19] and is crucial for us to 
interact with our physical environment. The vibration stimulus is an unobtrusive way 
to find out about incoming calls, messages, or reminders without disturbing others. 
Vibration pulses are a widely-used output mechanism in current phones and a com-
mon part of the phone interface.  

Haptic interaction offers many potential benefits for the users of mobile devices, as 
these devices are designed to be carried or worn by users wherever they go. This may 
include noisy and busy environments where users have to multiplex their visual, audi-
tory, and cognitive attention between the environment and the information device [1]. 
In such cases, haptic interaction offers another channel. Due to nature of tactile recep-
tion, it is a private medium that provides for unobtrusive modality for interaction. So 
by redirecting some of the information processing from the visual channel to touch, 
we can take advantage of this ability to reduce the cognitive load and make it easier to 
operate mobile devices. Skin is the largest human sensory organ (~1.8m2) and with 
the exception of water and heat regulation, most of it is unused [14]. Since touch re-
ceptors can be found all over the body, it is usually possible to find a suitable location 
to provide a haptic stimulus without environmental interference [2].  

2   Design Space for Multitactile Output 

Skin sensation is essential for many manipulation and exploration tasks. To handle 
flexible materials like fabric and paper, we sense the pressure variation across the 
fingertip. In precision manipulation, perception of skin indentation reveals the rela-
tionship between the hand and the grasped tool. We perceive surface texture through 
the vibrations generated by stroking a finger over the surface.  

Geldard et al. [15] in 1956 developed a vibrotactile language called Vibratese to 
transmit single letters and digits as well as the most common English words and dem-
onstrated that trained subjects were able to receive a complex message up to 38 words 
per minute. This showed that with proper encoding, messages could be transmitted 
through the skin. We can take advantage of this while designing mobile interfaces. 
The message, however, does not necessarily need to be symbolic: touch has a strong 
emotional impact. Running a finger into a splinter, touching a cat's fur, or immersing 
into some unknown sticky substance all bring intense, though very different, emo-
tional responses. Hence, touch is a very strong "break-in" sense: cutaneous sensations 
are highly attention demanding especially if they are used in unusual patterns [16]. 
Tactile feedback provides superior temporary discrimination, e.g. when rapidly suc-
cessive data needs to be resolved, the feel of touch is about five times faster than vi-
sion [17]. Hence, it allows for precise and fast motor control: When we roll a pencil in 
our fingers, we can quickly and precisely readjust the 3D positions and grasping 
forces of our fingers by relying entirely on touch [18]. 
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Particularly, mobile phones typically are still not aware of the contexts in which 
they are being used. Many cell phones support profiles that allow the user to manually 
set an appropriate response for different context, however the user should remember 
to set the correct profile. So providing vibration (silent) feedback and output is needed 
in mobile phones. There are many possibilities for tactile feedback in mobile inter-
faces. Here, we are particularly interested in a small subset of this design space: using 
touch as the ambient, background channel of output and feedback. In a mobile setting 
the user's attention is not fixed on the device, but on real-world tasks. 

To understand the current use of audio and vibration feedback with mobile phones, 
we surveyed 30 people about their personal use of each type of notification. Our sur-
veys consisted of 13 females, 17 males, 21 to 42 years in age with an average age  
of 26. We found that 80% use vibration as a form of notification for incoming call (as 
silent mode). However, a great majority of the users used the preset vibration output. 
Furthermore, 70% of the participants were not aware that their own phone model sup-
ported the use of different vibration alerts for different events such as incoming calls, 
receiving SMS or MMS, and low battery.  

Vibration alerts found in mobile phones are generated based on a vibration actuator 
made of a small motor with an eccentric weight on its shaft. The rotation of the motor 
then generates the vibration stimuli. The control signal can switch the motor on and 
off; and in some cases; it is possible to control the intensity of the vibration by con-
trolling the speed of the motor (typically using pulse-width modulation). Thus, using 
different pulse intensities and timings with a single motor, as present in many current 
phone models, seems to either leave little impression on users or is processed subcon-
sciously.  

The idea in this research was to integrate more than a single vibration motor in a 
mobile phone and to find out if multi-tactile output/feedback is achievable and can be 
used to enhance the interaction between users and the device. As previous research 
showed that providing tactile feedback and output increased the performance of inter-
action (see the next section), our hypothesis is that multi-tactile feedback in different 
locations on a mobile phone is feasible for users. Having more than a single motor for 
generating the vibration alert helps us to have stimulus all over the surface on the 
phone (of course it depends on how the motors are integrated in the mobile phone), 
and provide multi-tactile output and feedback as well as different vibration patterns. 
Based on how many motors are used, different patterns can be defined and each one 
can be associated to a special feedback, output, or event.  

Looking conceptually at tactile output we can discriminate 3 distinct dimensions 
that describe the basic design space: 

- Temporal change in the vibro-tactile output signals 
- Spatial arrangement of vibro-tactile output elements 
- Qualitative sensation created by an output element 

To create rich tactile output, those dimensions are combined. In Fig. 1 this is ex-
plained for temporal and spatial aspects. 
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Fig. 1. Time-Space complexity to generate vibration stimuli. By increasing the number of the 
motors, the space complexity is increased too. Also providing vibration patterns has a higher 
time complexity than simple vibration output. 

With a larger number of motors it is obvious that the space complexity is increased. 
However the overall number of motors is limited by the physical properties of the de-
vice and the ability of the user to discriminate different vibrating locations. On the 
other hand, the time complexity of a single motor setup is limited by the switching 
frequency that is feasible (with regard to the device capabilities and the user's ability to 
recognize it). Having a larger number of motors and generating a distributed vibration 
pattern has the highest complexity in terms of time and space (Fig. 1).  

To explore the design options in detail, a series of experiments were conducted. 
We created a prototype with multiple vibration actuators in the form factor of a cur-
rent mobile phone matching dimensions as well as weight and report on two studies. 
In our work, we investigate ways to increase the options for tactile output to provide a 
richer and more personalized user experience. 

3   Related Work 

If we look at previous research, it is widely recognized that haptic interaction offers 
another channel to provide output to users as they may be in a context where they 
have to multiplex their cognitive attention between the device and context, and that 
performance can be improved in interactions with mobile phones and handhelds. 
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Brewster et al. [4] investigated the use of vibrotactile feedback for touch screen 
keyboards on PDAs to simulate the physical button presses. They found out that with 
tactile feedback users made fewer errors, and corrected more of the errors they made. 
They also designed a tactile progress bar indicating the progress of a download and 
found out that users performed better with tactile progress bars than standard visual 
ones [4]. Brown and Kaaresoja developed a set of distinguishable vibrotactile mes-
sages by using Tactons (tactile icons) to customize alerts for incoming calls, SMS, 
and MMS [5]. Poupyrev et al. [7] embedded a TouchEngine – a thin miniature low-
power tactile actuator – in a PDA and conducted user studies that demonstrated 22% 
faster task completion when the handheld’s tilting interface is enhanced with tactile 
feedback.  

One example that uses different sequences in buzzing is the VibeTonz2 technology 
developed by Immersion for enhancing ringtones and games in mobile phones. Other 
examples integrate vibration with sound, such as with Motorola’s Audio-Haptic ap-
proach, which enhances ringtones with haptic effects using a multifunction transducer 
[13]. Williamson et al. [11] designed a system for mobile phones called Shoogle, 
which implements different real-world metaphors that reveal information about the 
state of the phone. For example, using Shoogle, users can determine the content of 
their SMS inboxes by shaking their phones, which activates vibration feedback. 

All these approaches show that there are clear opportunities and advantages for us-
ing tactile output. The aforementioned projects focus on a single vibration actuator 
and look at the design space that is given by changing the intensity of the vibration. A 
more complex example is described by Chang et al. [6] who designed a tactile com-
munication device called ComTouch. The device is designed to augment remote voice 
communication with touch, to enrich interpersonal communication by enriching voice 
with a tactile channel. In this case, tactile patterns and timings are immediately taken 
from the user and do not need to be generated. In [12], a tangible communication sys-
tem using connected roles is described. The author demonstrates that having such a 
channel could improve the user experience in remote collaboration setting. 

Haptic output has already been successfully applied in other areas. Tan et al. [8] 
combined the input from pressure sensors mounted on the seat of an office chair with 
tactile actuators embedded in the back of the seat to create an input device with haptic 
feedback. They also integrated the system into a driving simulator to determine when 
the driver intended to change lanes and alerted the driver with vibrotactile pulses 
about danger based on observed traffic patterns. This is an example of how haptic 
feedback can communicate information with low cognitive overhead, and this moti-
vated us to further investigate the design space of mobile devices. In the domain of 
wearable computing, there have been projects, such as [9] and [10] that suggest using 
vibrotactile output for communicating information discreetly without disturbing oth-
ers. Similar to our approach, multiple actuators were used. However, the authors re-
quired the actuators to be at a specific position on the body (e.g. around the waist or in 
the hands).  

                                                           
2 Immersion ViboTonz system, http://www.immersion.com/mobility/  
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Our motivation to further investigate multi-tactile output for mobile devices is 
based on the results of existing systems using single or multiple actuators mounted to 
specific places on the body. For our investigation we designed and implemented a 
prototype mobile phone with actuators as descried in the next section. 

4   Prototype for Rich Tactile Output 

We decided to develop a prototype that allowed us to create rich, tactile output in a 
device equivalent in size and shape to a typical mobile phone. As current mobile 
phones are highly integrated and tightly packed, we chose to use a dummy phone and 
concentrate on the vibration output functionality, see Fig. 2. A dummy phone is a 
plastic mobile phone with the same dimensions as a real one without any functionality 
and electronic boards inside. With this prototype, we set out to explore the impact of 
multi-tactile output on the user experience. 

 

Fig. 2. Six vibration motors integrated in a dummy mobile phone, placed to maximize the dis-
tance between them. The motors can be controlled using a Bluetooth connection. 

For the prototype, we designed a printed circuit board with one microcontroller 
(MCU), six controllable vibration motors and one Bluetooth module. The Bluetooth 
module was chosen so that the microcontroller, and hence the vibration motors, could 
be remotely controlled over a Bluetooth connection using another phone or a PC. We 
took a Nokia N-70 dummy phone, removed all its internal parts and integrated our 
multi-vibration system. Therefore, the resulting prototype looks and feels just like a 
real Nokia N70 mobile phone without any phone functionality. The N-70 Nokia mo-
bile phone’s physical specifications are:  
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- Volume: 95.9 cm³  
- Weight: 126 g  
- Length: 108.8 mm  
- Width (max): 53 mm  
- Thickness (max): 24 mm 

The actuators are standard vibration motors that are used in mobile phones to gen-
erate vibration alert. Four motors are located at the four corners of the phone, and two 
more in the center of the phone (see Fig. 2). Within the device, the actuators are lo-
cated close to the back cover. The location of the actuators was chosen to maximize 
the distance between them. Using the prototype, we can therefore generate vibration 
pulses on the body of the mobile phone in six different areas and with varying inten-
sity. During our experiments, we used a Bluetooth connection to control the vibration 
sequences of the motors. 

 

Fig. 3. PCB Architecture: a PIC microcontroller is responsible controlling all modules. Six 
motors are connected to the PIC via PhotoMos. A Bluetooth module is used to establish the 
connection to the PIC and send/receive data. 

The microcontroller unit (a PIC18F2550) runs at 20MHz, and each motor is con-
trolled using a PhotoMOS switch connected to the microcontroller. After a Bluetooth 
connection is established, the vibration intensity of all six motors can be controlled 
independently with no perceivable delay. The intensity is controlled using pulse-width 
modulation (30%-100%). The software running on the microcontroller receives com-
mands that specify which motors should be switched on with what intensity over the 
Bluetooth connection. A Java-based application was implemented to run on another 
mobile phone and generate these commands. Using the prototype, we can generate 
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vibration pulses on the body of the mobile phone in six different areas and can control 
duration and intensity. The architecture of the board is shown in Fig. 3. 

5   Experiments 

To explore the design space in detail, we conducted two studies using the prototype. 
In the first study, we investigated how easy it is for users to identify individual actua-
tors. The second study looked at the user experience provided by different vibration 
patterns and how easy it is to distinguish between them. In both cases we asked users 
to hold the device in their prefer hand. We also considered having a condition where 
users have the phone in a pocket; however, the variation in how people prefer to carry 
their phone would seemingly require a very large sample to make useful conclusions. 
If the phone is carried in a pocket or bag, the initial vibration is felt there. Then the 
users can seize the phone but do not necessarily have to take it out or even look at it 
as it was argued in [11]. Hence testing in the hand appears reasonable. 

Study 1: Locating a specific actuator 
In the first study, we asked the participants to tell the position of the vibration stimuli. 
This three-part study was conducted with 15 persons (5 females and 10 males), aged 
21 to 30 with an average of 26 years.  

In the first part, the users were asked if the vibration pulse was on the right or left 
side of the phone. In the second part, users were asked if the stimulus was on the top, 
middle or bottom of the mobile phone. Finally, in the last part, users were asked the 
position of the pulse in two dimensions: top/middle/bottom (on the y-axis) and 
right/left (on the x-axis). In this part the stimulus was generated just with a single mo-
tor. For example the pulse could be addressed like top-right (if motor 1 was on) or 
middle-left (if motor 2 was on). The motors’ configuration is shown in Fig. 2. Turning 
motors 1, 3, and 5 on, simultaneously generated the stimulus on the right side and 
motors 0, 2, and 4 generated the stimulus on the left side. The stimulus on top was 
generated by turning motors 0 and 1 on, in the middle by turning motors 2 and 3 on, 
and on the bottom by turning motors 4 and 5 on at the same time. The experiment was 
repeated 10 times (5 times each for the right and left sides) in the first part, 15 times 
(5 times each for the top, centre, and bottom) in the second part, and 30 times (5 times 
for each motor) in the last part. All the vibrations were triggered randomly and re-
motely. The duration of each stimulus was chosen to be 300ms.  

The experiment showed that users could discriminate between left and right, as 
well as top and bottom, with a recognition rate of 75% on average. Participants 
showed a similar detection rate for actuators in the four corners (with an average rate 
of 73%). However, recognition for the actuators in the middle of the device (as a 
group or individually) was significantly lower. One reason could be the lack of 
enough space between the motors in the middle and motors in top and bottom of the 
phone although in our design the motors were located with maximum distance from 
each other.  

Therefore, the overall recognition rate of locating the vibration of a single actuator 
was only 36%. In Fig. 4, an overview of the results is given. The results indicate that 
it is preferable to place actuators for vibration in the corners of the device. One point  
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Fig. 4. The results show that users could better locate the active actuators in the corners than in 
the middle of the device 

that was not taken into account here in processing the result and drawing conclusions 
were potential differences between holding the phone in the right and left hand (in our 
survey, 80% of the participants were right-handed and held it in their preferred hand). 
As shown in Fig. 4, recognition rates between actuators on the right and left side are  
 

close. On the other hand, the results also depend on the motors’ configuration which 
we will consider and test in future work. 

Study 2: Discriminating between vibration patterns 
In the second study, three vibration patterns were defined and the focus was on how 
well the participants can distinguish between these patterns. The main difference be-
tween the patterns is the number of motors that are switched on in a particular point in 
time. The first pattern called “Circular” meant that in each moment one motor was 
on, the second one was “Top-Down” with two motors on, and the last pattern was 
“Right-Left” with three motors on at the same time. To generate the patterns, each set 
of motors (1, 2, or 3 motors, depending on the pattern) was switched on for 300ms 
and then followed by the next set. 

This study was conducted with 7 users from the previous study and 6 new users  
(in total 4 female, age range 20-42, average age 27 years). At the beginning of the 
experiment, all patterns were played to the users and they asked to memorize them. 
Additionally we include random patterns to see whether the user could locate the pre-
defined patterns. First we tested the recognition of each pattern separately against 
random patterns. During this phase in the experiment, users indicated if the played 
pattern was the pattern shown at the beginning or not. Each experiment was repeated 
10 times (i.e. 5 times the predefined pattern and 5 times a random pattern, in random 
order). Overall users correctly identified the specified patterns and the random pat-
terns with 80% accuracy for all three patterns. 

In the next phase, we compared the detection of the patterns using all patterns in 
the experiment. Users had to indicate if the vibration stimuli constituted one of the 
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predefined patterns or random vibration and potentially identify the pattern. In this 
part, each pattern appeared 5 times at random places in the sequence. Based on the 
results, the accuracy rate for the first pattern “Circular” was 82%, the second pattern  
 
“Top-Down” 51% and the last one “Right-Left” 68%. The results show that the recog-
nition is independent of the number of active vibration actuators in one particular 
moment. This showed that different patterns could be defined as default in mobile 
phones and could be used as feedback or any other usage in mobile devices as users 
could understand and discriminate different patterns. For instance, most mobile 
phones have a feature that let users assign a specific ring-tone to a number or group of 
numbers in the contact list. Instead of that, they can use patterns and assign different 
patterns to different contact items. 

Limitations 
During the user studies, we could not explore the interaction with real mobile phones 
as these devices are tightly integrated and is hardly possible to integrate extra actua-
tors without altering the form factor. Once integrated within a functional phone, we 
expect that there are interesting aspects with regard to multimodality (e.g. visual 
navigation relating to tactile output).   

Although the user studies were conducted with a limited set of users, we see a clear 
trend that shows the potential of rich tactile output. In our experiment, we focused on 
situations where users have the device in their hand and the results only apply to these 
use cases. As we are aware that people often have their phones in pockets or bags, we 
are currently looking into experiments to assess how feasible rich tactile output is for 
such scenarios. 

The generated sensations and the quality of the tactile output are strongly depend-
ent on the actuators used. In our prototype, we used common actuators present in 
typical mobile phones to show that rich tactile output can be achieved with these 
components. Nevertheless, we expect that specifically designed output elements may 
even improve the user experience. Hence our results can be seen as a bottom-line 
from which to improve. Such improvements could be achieved on all dimensions in-
troduced earlier. 

The vibration stimuli created in a device are not exactly limited to the spot where 
they are created. These signals also pass through the shell of the phone depending on 
the material. Hence, stimuli from different motors may influence each other. Again, a 
more targeted design of the device covers may help to reduce ambiguities and create a 
better user experience.  

6   Conclusion and Future Work 

One of the main issues in user interface engineering is presenting clear and under-
standable feedback and output during the interaction with a system. Advances in 
technology made mobile devices ubiquitous and enabled users to employ them in 
many contexts. However, they often employ naive alerting policies that can transform 
them into nuisances as users of mobile devices are bombarded with alerts and notifi-
cations.  
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Rich tactile output creates new options for providing information to the user. Cur-
rently, this modality is used only in its very basic form. Analogous to the develop-
ments in ringtones, there is a potential for personalization in tactile notification. Using 
a customized prototype with multiple, independently-controllable vibrating actuators, 
we explored the effectiveness of multiple haptic output in a suite of experiments.  

From our experiments we conclude that multiple actuators can be used to create a 
richer user experience and users are able to feel and recognize different forms of tac-
tile output in a single handheld device. Users were able to understand stimuli gener-
ated with motors in different locations in a mobile phone while holding it in their 
hands. In particular, based on the motor’s configuration, our research findings indi-
cate that the corners of the handheld device provide the most effective places for 
mounting vibration actuators. 

While testing dynamic actuation patterns with different durations, we found out 
that discriminating between vibration patterns is feasible for users. We consider this a 
new potential mechanism for providing tactile output and personalizing the mobile 
phone in parallel with audio ring-tones and offer a new dimension for a richer user 
experience. 

The results of our study and the interviews carried out indicate that having several 
vibration elements in a handheld device is feasible and understandable and can be 
suggested to be used as an effective way to provide richer tactile feedback and output, 
improve the user interface, and offer a new dimension for a richer user experience. In 
our future work, we are investigating the use of multiple vibration output elements as 
a feedback mechanism also during visual interaction on mobile devices. In addition to 
the tests we have conducted, we look at the recognition rate of multi-tactile output on 
a mobile phone when it is in a pocket or bag attached to the body. 

So far this research shows the potential tactile output for mobile devices. To explore 
it further, we suggest testing other configurations with different numbers of motors. 
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Abstract. For an ambient intelligent agent to support a human in demanding 
tasks it is important to be aware of the progress made in a given workflow. It 
would be possible to interact with the human about this, but this may disturb 
task performance. In this paper an ambient agent model is presented that is able 
to obtain such an awareness of the human’s progress in a workflow by 
performing model-based analysis using available workflow models and 
available observation information. Simulation experiments for the presented the 
ambient agent model for a case study are discussed, and evaluated by automated 
formal verification.  

Keywords: Ambient agent, workflow model, task progress, awareness, model-
based reasoning. 

1   Introduction 

Ambient agent systems may provide means to support a human in demanding tasks 
(e.g. [3; 2; 13]). To realise these potentials it is useful if such an agent system has 
some awareness of how the human task is progressing. This awareness enables 
dedicated support by the ambient agent system. For example, the ambient agent 
system can provide dedicated support for the task being performed, and while 
performing a very intensive task the human is not disturbed.  Not always a registration 
system is available where it is documented on the fly at which points in time a certain 
(sub)task is started and at which time it is finished. Direct communication about this 
with the human often would disturb the human’s process. One of the challenges for 
ambient intelligent agents is to obtain such information about a human’s progress by 
an analysis based on observation information and a workflow model. In some other 
approaches the use of objects in activities is exploited; detecting an object reveals 
information about the activity of the human; see, e.g., [12], [16]. In contrast, the 
approach put forward in the current paper does not assume any use of objects, but 
exploits available workflow models.  

Often workflow models are nondeterministic, and the human’s choice for a certain 
branch may depend on circumstances and on his or her preferences, which may be 
unknown. Therefore it may not be clear at forehand which of the branches of such a 
workflow model are actually followed, and at least some observation information is 
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needed. In this paper an ambient agent model is presented that is able to perform 
model-based analysis using available workflow models and available observation 
information, to obtain more detailed information on the human’s progress in task 
execution. The (possibly partial) observation information may come from sensors 
detecting location, posture, movements of the user, or when a computer system is 
used. 

The model has been designed as a specialisation of the generic agent model for 
human-like ambience presented in [5], and incorporates formally specified model-
based reasoning methods as presented in [4]. As part of these reasoning methods, a 
focussing approach was applied to control the reasoning. This allows the ambient 
agent to limit the amount of processing and information within itself. An important 
aspect of the approach developed is that model-based reasoning methods, as known 
within Artificial Intelligence and usually applied to causal models, are now applied to 
workflow models. To this end a representation format for workflow models was 
chosen that unifies with usual formats for model-based reasoning. 

This paper is organized as follows. In Section 2 the case study is introduced. 
Thereafter, Section 3 introduces the formal modelling language that has been used, 
whereas Section 4 uses this language to express the reasoning method used. Section 5 
addresses how to use focusing mechanisms, and in Section 6 a simulation model is 
presented. Simulation results are shown in Section 7, and verified in Section 8. 
Finally, Section 9 is a discussion. 

2   The Case Study Addressed 

In order to get a better understanding of the idea, the case study is introduced first. It 
concerns two mechanics on board of a naval vessel, namely Michael and Pete. The 
ambient agent of Michael has knowledge of the workflow Michael is currently in, as 
shown in Figure 1. Hereby, the nodes indicate states whereas the arrows represent 
possible transitions. Furthermore, the specific control mechanism Michael uses to go 
through the workflow is represented by the box in the figure, connected to the 
workflow via dashed arrows. It is assumed that this control mechanism is a black box, 
i.e. it is not known by the ambient agent. The mechanic Michael is currently trying to 
solve an alarm about a critical system when Pete wants to call him to ask for advice 
about his own task. That triggers Michael’s ambient agent to start reasoning (using 
the workflow) about what Michael is doing at the moment in order to determine 
whether to disturb him with the call or not. The current time is 10:04; the last time the 
ambient agent received input on what Michael was doing 9 minutes ago at 09:55, 
when Michael accepted the alarm and started working on it (subtask B1 in the figure 
below). The average time in minutes it takes Michael to perform the different 
processes are shown in Figure 1. Note that these times can be determined depending 
on the specific situation (e.g. subtasks performed before, the particular human’s state, 
etc.). Given the scenario sketched, the example leaves two possible positions in the 
workflow: O5 (path 1: B1, O1, B3, O3, B5, O5) and B6 (path 2: B1, O1, B2, O2, B4, 
O4, B6). Furthermore, the ambient agent knows that Michael cannot be disturbed 
during tasks B2, B3, B4 and O5 (shown in figure 1 by the grey nodes).  
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Fig. 1. Representation of a workflow. The numbers above the arrows indicate the average time 
it takes to complete one task and start the next. The grey nodes represent subtasks during which 
the operator cannot be disturbed. 

The next sections describe a formal approach how the ambient agent can reason to 
derive what Michael has been doing. 

3   Formal Languages Used 

In order to execute and verify human-like ambience models, the expressive 
language TTL is used [7]. This predicate logical language supports formal 
specification and analysis of dynamic properties, covering both qualitative and 
quantitative aspects. TTL is built on atoms referring to states, time points and 
traces. A state of a process for (state) ontology Ont is an assignment of truth values 
to the set of ground atoms in the ontology. The set of all possible states for ontology 
Ont is denoted by STATES(Ont). To describe sequences of states, a fixed time frame T 

is assumed which is linearly ordered. A trace γ over state ontology Ont and time 
frame T is a mapping γ : T → STATES(Ont), i.e., a sequence of states γt (t ∈ T) in  
STATES(Ont). The set of dynamic properties DYNPROP(Ont) is the set of temporal 
statements that can be formulated with respect to traces based on the state ontology 
Ont in the following manner. Given a trace γ over state ontology Ont, the state in γ at 
time point t is denoted by state(γ, t). These states can be related to state properties via 
the formally defined satisfaction relation |=, comparable to the Holds-predicate in 
the Situation Calculus: state(γ, t) |= p denotes that state property p holds in trace γ at 
time t. Based on these statements, dynamic properties can be formulated in a sorted 
first-order predicate logic, using quantifiers over time and traces and the usual first-
order logical connectives such as ¬, ∧, ∨, ⇒, ∀, ∃. A special software environment has 
been developed for TTL, featuring both a Property Editor for building and editing 
TTL properties and a Checking Tool that enables formal verification of such 
properties against a set of (simulated or empirical) traces. Especially the possibility 
to use variables and quantifiers, also over numbers, makes TTL more useful in 
practical applications, compared to, for example, propositional and modal temporal 
languages. 
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Executable Format. To specify simulation models and to execute these models, the 
language LEADSTO [8], an executable sublanguage of TTL, is used. The basic 
building blocks of this language are causal relations of the format α →→e, f, g, h β, which 
means: 
 

if state property α holds for a certain time interval with duration g, then after some delay 
(between e and f) state property β will hold for a certain time interval of length h. 
 

where α and β are state properties of the form ‘conjunction of literals’ (where a literal 
is an atom or the negation of an atom), and e, f, g, h non-negative real numbers. Also for 
the language LEADSTO, the possibility to use variables, (e.g., over numbers), makes 
it more useful for practical application, compared to, for example, propositional or 
qualitative causal modelling languages. 

4   Reasoning Methods Enabling Workflow-Based Analysis 

A first step in deriving what task an agent is currently doing is by specifying the 
workflow of the agent. The workflow is represented in the ambient agent as a 
collection of rules that state which node follows which node. The set of rules are of 
the form  

 

belief(leads_to_after(node1, node2, duration)).  
 

When the ambient agent believes that the human has performed a specific subtask at 
some time point, it has a belief of the form belief(at(node, time)). A set of generic 
reasoning methods has been developed to derive more beliefs based on the 
leads_to_after rules and one or more beliefs about active nodes; cf. [4]. Below is a 
summary of these methods. 

4.1   Forward Reasoning Methods 

Reasoning methods that reason forward in time are often used to make predictions on 
future states, or on making an estimation of the current state based on information 
acquired in the past. The first reasoning method is one that occurs in the literature in 
many variants in different contexts and under different names. This varies from, for 
example, computational (numerical) simulation based on difference or differential 
equations, qualitative simulation, causal reasoning, execution of executable temporal 
logic formulae, and forward chaining in rule-based reasoning, to generation of traces 
by transition systems and finite automata. The basic specification of this reasoning 
method can be expressed as follows (note that for the sake of clarity the subscript 
below the LEADSTO arrow has been omitted since the same values for e,f,g, and h 
are used namely 0,0,1,1). 

 

Belief Generation based on Positive Forward Simulation 
If it is believed that I holds at T and that I leads to J after duration D, then it is 
believed that J holds after D. 
 

∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
belief(at(I, T)) ∧ belief(leads_to_after(I, J, D))  →→   belief(at(J, T+D)) 
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If it is believed that I1 holds at T and that I2 holds at T, then it is believed that I1 and 
I2 holds at T. 
 

belief(at(I1,T))  ∧  belief(at(I2, T)) →→  belief(at(and(I1, I2), T))  
 

Note that, if the initial beliefs are assumed correct, belief correctness holds for leads 
to beliefs, and positive forward correctness of leads to relationships holds, then all 
beliefs generated in this way are correct. A second way of belief generation by 
forward simulation addresses the propagation of negations. This is expressed as 
follows. 

 

Belief Generation based on Single Source Negative Forward Simulation 
If it is believed that I does not hold at T and that I leads to J after duration D, then it is 
believed that J does not hold after D. 
 

∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
belief(at(not(I), T)) ∧ belief(leads_to_after(I, J, D))  →→   belief(at(not(J), T+D))) 

 

If it is believed that I1 (resp. I2) does not hold at T, then it is believed that I1 and I2 
does not hold at T. 
 

belief((at(not(I1),T)))  →→  belief(at(not(and(I1, I2)), T)) 
belief(at(not(I2),T))  →→  belief(at(not(and(I1, I2)), T))  
 

Note that this only provides correct beliefs when the initial beliefs are assumed 
correct, belief correctness holds for leads to beliefs, and single source negative 
forward correctness holds for the leads to relationships. 

Belief Generation based on Multiple Source Negative Forward Simulation 
If for any J and time T, for every I that is believed to lead to J after some duration D, it 
is believed that I does not hold before duration D, then it is believed that J does not hold. 
 

∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
∀I, D [ belief(leads_to_after(I, J, D))  → belief(at(not(I), t-D) ]  →→   belief(at(not(J), T)) 

 
If it is believed that I1 (resp. I2) does not hold at T, then it is believed that I1 and I2 
does not hold at T. 
 

belief(at(not(I1),T))  →→  belief(at(not(and(I1, I2)), T)) 
belief(at(not(I2),T))  →→  belief(at(not(and(I1, I2)), T)) 
 

This provides correct beliefs when the initial beliefs are assumed correct, belief 
correctness holds for leads to beliefs, and multiple source negative forward 
correctness holds for the leads to relationships. 

4.2   Backward Reasoning Methods 

The basic specification of a backward reasoning method is specified as follows. 

Belief Generation based on Modus Tollens Inverse Simulation 
If it is believed that J does not hold at T and that I leads to J after duration D, then it is 
believed that I does not hold before duration D. 
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∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
belief(at(not(J), T)) ∧ belief(leads_to_after(I, J, D))  →→   belief(at(not(I), T-D)) 

 
If it is believed that not I1 and I2 holds at T and that I2 (resp. I1) holds at T, then it is 
believed that I1 (resp. I2) does not hold at T. 
 

belief(at(not(and(I1, I2), T))  ∧  belief(at(I2, T))  →→  belief(at(not(I1), T))  
belief(at(not(and(I1, I2), T))  ∧  belief(at(I1, T))  →→  belief(at(not(I2), T))  

 

Belief Generation based on  Simple Abduction 
If it is believed that J holds at T and that I leads to J after duration D, then it is 
believed that I holds before duration D. 
 

∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
belief(at(J, T)) ∧ belief(leads_to_after(I, J, D))  →→   belief(at(I, T-D)) 

 
If it is believed that I1 and I2 holds at T, then it is believed that I1 holds at T and that 
I2 holds at T. 
 

belief(at(and(I1, I2), T)) →→  belief(at(I1,T))  ∧  belief(at(I2, T))  
 

As another option, an abductive causal reasoning method can be internally 
represented in a simplified form as follows. 

 

Belief Generation based on Multiple Effect Abduction 
If for any I and time T, for every J for which it is believed that I leads to J after some 
duration D, it is believed that J holds after duration D, then it is believed that I holds at T. 
 

∀I:INFO_EL ∀T:TIME 
∀J [belief(leads_to_after(I, J, D))  → belief(at(J, T+D)) ]  →→   belief(at(I, T)) 

 
If it is believed that I1 and I2 holds at T, then it is believed that I1 holds at T and that 
I2 holds at T. 
 

belief(at(and(I1, I2), T)) →→  belief(at(I1,T))  ∧  belief(at(I2, T))  
 

Belief Generation based on Context-Supported Abduction 
If it is believed that J holds at T and that I2 holds at T and that I1 and I2 leads to J 
after duration D, then it is believed that I1 holds before duration D. 
 

∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
belief(at(J, T)) ∧  belief(at(I2, T-D)) ∧ belief(leads_to_after(and(I1, I2), J, D))  

→→   belief(at(I1, T-D)) 
 

If it is believed that I1 and I2 holds at T, then it is believed that I1 holds at T and that 
I2 holds at T. 
 

belief(at(and(I1, I2), T)) →→  belief(at(I1,T))  ∧  belief(at(I2, T))  
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5   Focussing the Reasoning 

When the ambient agent uses these methods to derive more beliefs, the number of 
beliefs can quickly get out of control. For example, in the scenario above the ambient 
agent could derive beliefs about all nodes in the workflow that follow the first node, 
because there is no reason to select one path and not the other. Therefore, this section 
introduces a selection mechanism that can control which beliefs are derived and 
which beliefs are not. For the belief generation reasoning methods this means that an 
antecedent is added stating which selection criteria must be met. This idea is shown 
for the reasoning method positive forward simulation. 

 
If the belief that I holds at T was selected and it is believed that I leads to J after duration D, 
and selection criterion s1 holds, then the belief that J holds after D is selected. 
 
∀I,J:INFO_EL ∀D:REAL ∀T:TIME 
selected_belief(at(I, T)) ∧ belief(leads_to_after(I, J, D)) ∧ s1  →→   selected_belief(at(J, T+D)) 

 
Selection criteria needed for controlled belief generation can be specified in different 
manners. A simple manner is by assuming that the ambient agent has knowledge 
about which beliefs are relevant, expressed by a predicate in_focus. If this assumption 
is made, then the selection criterion s1 in the example above can be expressed as 
in_focus(I), where I is the property for which a belief is considered. The general idea is 
that if a belief can be generated, it is selected (only) when it is in focus. This section 
explains how foci can be generated dynamically within an ambient agent. 

Focussing the reasoning is useful when, for example, the ambient agent has a belief 
about one node being true at some time point and it only needs to know what has 
happened after that time point and not before that time point. Another example is 
when two nodes are believed to have been true. Reasoning about one of the nodes 
may lead to two different possible paths, while reasoning about the other node within 
a specific path may lead to only one possibility. In principle the ambient agent only 
needs to derive the beliefs necessary for fulfilling its desire (e.g. interrupting the 
human as in the case study described in Section 2, or giving advice).  

Many types of information provide possible selection criteria. The ambient agent 
can use these to determine the focus. As an example, using competences of the human 
is one type of information that can be used (and has actually been used in the case 
study). It can be used to focus the reasoning on a path that fits most to the competence 
profile of the human. It can also be used to decide if and when the human may need 
additional information about the problem he/she is solving. A human might, for 
instance, be competent to use a certain set of tools, but be incompetent to use other 
tools. Of course, other criteria can be used as well, depending on the particular 
context the ambient agent is designed to operate in. 

Given that the ambient agent wants to know what the human (i.e., the mechanic) is 
doing now and that it knows some state in the past, there are several possible 
reasoning strategies to find out where the human is at the moment. The first strategy 
is focusing on the existing belief about the past and reasoning forward towards the 
current time. For this method, for example, the selection criterion competence can be 
used to choose between different paths. Since the starting point is a belief about a 
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specific node and a specific time, the competences possible for this node can be taken 
as an indication. All nodes with the same competences can be in focus. 

A second reasoning strategy is starting from the current time point and reasoning 
backwards until the ambient agent arrives at the belief about the past. Assumptions 
must be made about the possible states that the human is in now, therefore this 
method is useful when the number of possibilities is limited.  

Beliefs about the competences of the human and about the allowed competences 
for the tasks are required, for example:  

 
belief(competence_level_operator(0.8)); 
belief(allowed_competence(B4,0.8));  
belief(allowed_competence(B5,0.4)). 

 
The value for competence represents the ability of the human to perform the action 
without help. Using these beliefs as selection criteria for focus generation: 

 
if belief(allowed_competence(I, X)) & belief(competence_level_operator(X) 
then in_focus(I, HIGH) 

if selected_focus_level(Y) & in_focus(I, Y) 
then in_selected_focus(I) 

 
Again, any reasoning method can be used to actually derive a belief about the node in 
selected focus. In case the competence level focus selection does not lead to a single 
path to be explored, the reasoning will be done on the set of paths with the closest 
competence level. Another option may be to involve another criterion in the selection 
mechanism such that after using this additional criterion again a single path results. 

6   Overview of the Ambient Agent Model 

To assess the human’s task execution state, the ambient agent performs model-based 
reasoning of the type discussed in Section 4. However, it does so in a focused manner, 
where foci are determined using criteria of the type discussed in Section 5. This 
means that the overall reasoning pattern is an alternation of generation of a focus, and 
generation of beliefs within a given focus. As the criteria for focus generation have a 
heuristic character, it is not guaranteed that deriving beliefs within a focus will lead to 
a successful outcome. Therefore sometimes an earlier generated focus set has to be 
abandoned and a new focus set has to be generated. This is modelled by 
distinguishing different levels of foci. First the highest level is chosen, but if after 
model-based reasoning to generate beliefs this does not lead to an appropriate 
outcome, the highest level is disqualified and the one but highest level is chosen, and 
so on. More specifically, the following process is followed to model the overall 
reasoning process. 

 
1 set highest focus level 
 

2 while there are no selected foci 
3  generate focus levels for all nodes  
4  while there is no selected focus level 
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5   if the highest focus level is disqualified 
6    selected focus level = next focus level 
7   else 
8    selected focus level = highest focus level 
9   end if 
10  end while 
11  select foci for selected focus level 
12 end while 
 

13 derive beliefs based on selected foci and the model 
 

14 if there is an observed belief inconsistent with the current foci 
15  disqualify selected focus level and start focus generation 
16 end if 
 

The first line of the reasoning process description is applied only once at the start of 
the simulation. The second part, lines 2 to 12, describes the process of generating foci, 
selecting the highest not disqualified focus level, and selecting the foci corresponding 
to the selected focus level. The third part of the process, line 13, covers all generic 
belief generation methods described in Section 4. The last part, lines 14 to 16, 
continuously checks for (new) observed beliefs that are inconsistent with the current 
selected focus set. If there is such a belief, the current focus level is disqualified. 
Since selected foci are only generated when there is a selected focus level, all selected 
foci do not hold any longer and the reasoning process continues with line 2. 

This process has been formally modelled in the directly executable LEADSTO 
format. Examples of formalisations for some of the lines above are: 

 

Focus Generation based on Competence Level (line 3) 
If it is believed that I needs competence level X and that the focus level for 
competence level X is Y and that the current phase is focus generation, then I is in 
focus with focus level Y. 
 

∀I:INFO_EL ∀X:COMPETENCE_LEVEL ∀Y:FOCUS_LEVEL 
belief(competence_for(I,X)) ∧ competence_focus_level(X,Y) ∧ focus_generation  

→→ in_focus(I,Y) 
 

Selected Focus Generation based on Selected Focus Level (line 11) 
If it is believed that I needs competence level X and that the focus level for 
competence level X is Y and that the current phase is focus generation, then I is in 
focus with focus level Y. 
 

∀I:INFO_EL ∀X: FOCUS_LEVEL 
in_focus(I,X) ∧ selected_focus_level(X) ∧ focus_generation  →→ in_selected_focus(I) 
 

Focus Level Disqualification upon Inconsistent Belief (lines 14-16) 
If it is believed that I holds at T and that I is in focus at level X and that the selected 
focus level is Y and that X is not equal to Y and that I is not in focus at level Y, then 
X is disqualified and focus generation is true. 
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∀I:INFO_EL ∀X,Y:FOCUS_LEVEL ∀D:REAL ∀T:TIME 
observed_belief(at(I, T)) ∧  in_focus(I, X) ∧ selected_focus_level(Y) ∧ X≠Y ∧ not(in_focus(I, Y)  

→→ disqualified(X) ∧ focus_generation 

7   Simulation Results 

A number of scenarios have been simulated based on the case study described in 
Section 2. In the first scenario, the ambient agent of Michael receives a 
communication request from the ambient agent of Pete at time point 6. The agent has 
one belief about a subtask of the human at time point 1. Using this belief and the 
competence levels of the two possible paths, the agent first derives the bottom path: it 
believes the current task is B3. Since B3 is a task that cannot be interrupted, the 
ambient agent takes no action. After the reasoning process, the beliefs of the ambient 
agent are confirmed by an observation about task B3. 

In scenario 2, the ambient agent receives the communication request at time point 
10 and has a belief about subtask B1 at time point 1. The ambient agent focuses on 
the path with the highest competence level and derives beliefs about the bottom path. 
The conclusion is that Michael’s current task is O5. Because O5 is not an interruptible 
task, the ambient agent does not forward the call. At some later time point, a new 
observation is made involving subtask O4. The agent revises its beliefs and foci, and 
derives the top path: it believes the current task is B6. Since B6 is a task that can be 
interrupted, the ambient agent transfers a new attempt by Peter to call Michael. 

In scenario 3, Pete tries to contact Michael at a later time point. Therefore, the 
ambient agent starts reasoning at time point 12, at which the belief about subtask O4 
already exists. In this scenario, the agent soon disqualifies the highest focus level, 
because the belief about O4 is inconsistent with the bottom path. The ambient agent 
derives the top path first and concludes that the human is currently performing O6. 
The call is transferred by the agent, because Michael can be disturbed during 
execution of task O6.  

The traces resulting from applying the presented reasoning method on the three 
scenarios are shown in Figures 2, 3 and 4. In the Figures, the left side indicates the 
atoms that occur over time, whereas the right side of the figures indicate a timeline 
where a dark box indicates that the atom is true, and a grey box indicates false. Note 
that the time on the x-axis is the simulation time which is not related to the time 
points in the atoms. 

The current time in the first scenario depicted in Figure 2 is 6 (current_time(6)), which 
is an atom that is known during the entire simulation (simulation time 0 to 14). The 
agent starts with an observation about subtask B1 at time 1 (observed_belief(at(B1, 1))). 
The agent thereafter starts with the focus generation phase. In this case study, two paths 
exist in the workflow. Using the set of beliefs about the allowed competence levels of 
the two paths and a belief about the competence level of the mechanic, the ambient 
agent derives two sets of foci (in_focus(O1, high) and in_focus(O1, low)) for the two focus 
levels: high and low. Since the level ‘high’ is the highest and not disqualified, it is 
selected (selected_focus_level(high)). At the same time, the observed belief about task B1 
becomes a selected belief. Now that a focus level is selected, the foci can be used to 
derive selected foci matching the selected focus level: all nodes in the bottom path 
(in_selected_focus(B1), etc.). The belief generation methods described in Section 4 are  
 

 



232 F. Both, M. Hoogendoorn, and J. Treur 

observed_belief(at(B1, 1))
current_time(6)

next_focus_level(high, low)
belief(competence_level_operator(0.8))

incoming_call(1)
focus_generation

in_focus(B1, high)
in_focus(O1, high)
in_focus(B3, high)
in_focus(O3, high)
in_focus(B5, high)
in_focus(O5, high)
in_focus(B6, high)
in_focus(O6, high)
in_focus(B1, low)
in_focus(O1, low)
in_focus(B2, low)
in_focus(O2, low)
in_focus(B4, low)
in_focus(O4, low)
in_focus(B6, low)
in_focus(O6, low)

highest_focus_level(high)
selected_belief(at(B1, 1))

selected_focus_level(high)
in_selected_focus(B3)
in_selected_focus(O1)
in_selected_focus(B1)
in_selected_focus(O3)
in_selected_focus(B5)
in_selected_focus(O5)
in_selected_focus(B6)
in_selected_focus(O6)

selected_belief(at(O1, 3))
selected_belief(at(B3, 4))
selected_belief(at(O3, 8))

selected_belief(current_task(B3))
selected_belief(at(B5, 9))

selected_belief(at(O5, 10))
selected_belief(at(B6, 11))
selected_belief(at(O6, 13))
observed_belief(at(B3, 4))

time 0 2 4 6 8 10 12 14  

Fig. 2. Example simulation trace of scenario 1 

used to derive selected beliefs. When the time points of selected beliefs match the 
current time, the ambient agent derives that B3 is the current task of the human 
(selected_belief(current_task(B3))). After this derivation, the ambient agent observes that 
the mechanic was indeed working on subtask B3 (observed_belief(at(B3, 4))). Since 
B3 is a task during which Michael cannot be disturbed, the call of Pete is not forwarded 
to Michael. 

In Figure 3, the trace of the second scenario is shown. The current time is 9 minutes 
after the time of the first belief (current_time(10) and observed_belief(at(B1, 1))). The first 
half of this trace is the same as trace 1, except for the current time and current task: 
because the current time is 10, the ambient agent believes that the current task is the 
interruptible task O5. The two sets of foci the agent derives are not shown in this figure. 
The ambient agent does not forward the call from Pete to Michael at time 10. 
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observed_belief(at(B1, 1))
current_time(10)

next_focus_level(high, low)
belief(competence_level_operator(0.8))

focus_generation
incoming_call(1)

highest_focus_level(high)
selected_belief(at(B1, 1))

selected_focus_level(high)
in_selected_focus(B6)
in_selected_focus(O6)
in_selected_focus(B1)
in_selected_focus(O1)
in_selected_focus(B3)
in_selected_focus(O3)
in_selected_focus(B5)
in_selected_focus(O5)

selected_belief(at(O1, 3))
selected_belief(at(B3, 4))
selected_belief(at(O3, 8))
selected_belief(at(B5, 9))

selected_belief(at(O5, 10))
selected_belief(current_task(O5))

selected_belief(at(B6, 11))
selected_belief(at(O6, 13))
observed_belief(at(O4, 9))

disqualified(high)
selected_belief(at(O4, 9))
highest_focus_level(low)

selected_focus_level(low)
in_selected_focus(O4)
in_selected_focus(B2)
in_selected_focus(O2)
in_selected_focus(B4)

selected_belief(at(B6, 10))
selected_belief(at(B4, 6))

selected_belief(current_task(B6))
selected_belief(at(O6, 12))

selected_belief(at(B2, 4))
selected_belief(at(O2, 5))
transfer_incoming_call(1)

time 0 2 4 6 8 10 12 14 16 18 20 22 24 

Fig. 3. Example simulation trace of scenario 2 

At simulation time 12, a new observation is made by the agent that subtask O4 was 
executed at time 9 (observed_belief(at(O4, 9))). This belief is inconsistent with the 
selected focus level, because the competence level for O4 is low. Therefore, the focus 
level ‘high’ is disqualified and all beliefs and foci based on this level do not hold any 
longer. The focus generation phase starts again, the other focus level is selected, new 
selected foci are derived and the agent reasons about the top path. The ambient agent 
now derives that the current task of the human is B6. Michael can be interrupted 
during execution of B6, therefore the agent transfers the call from Pete.  

The trace of the third scenario is shown in Figure 4. The current time in this scenario 
is 12 and the ambient agent already believes that task O4 has been executed at time 
point 9. Since O4 is inconsistent with the path that matches Michael’s competences, the 
agent disqualifies the highest focus level (with the best matching competence level) and 
continues focussing on and reasoning about the path containing task O4. The agent  
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observed_belief(at(B1, 1))
current_time(12)

next_focus_level(high, low)
belief(competence_level_operator(0.8))

observed_belief(at(O4, 9))
focus_generation
incoming_call(1)

highest_focus_level(high)
selected_belief(at(B1, 1))
selected_belief(at(O4, 9))

selected_focus_level(high)
disqualified(high)

highest_focus_level(low)
selected_focus_level(low)

in_selected_focus(B2)
in_selected_focus(B6)
in_selected_focus(O1)
in_selected_focus(O4)
in_selected_focus(B4)
in_selected_focus(B1)
in_selected_focus(O2)
in_selected_focus(O6)

selected_belief(at(B6, 10))
selected_belief(at(B4, 6))
selected_belief(at(O1, 3))
selected_belief(at(O2, 5))

selected_belief(at(O6, 12))
selected_belief(at(B2, 4))

selected_belief(current_task(O6))
transfer_incoming_call(1)

time 0 2 4 6 8 10 12  

Fig. 4. Example simulation trace of scenario 3 

believes that the current task of Michael is O6 (selected_belief(current_task(O6))), which is 
interruptible, therefore transfers the call from Pete. 

8   Dynamic Properties and Their Verification 

For the model a number of overall properties have been identified, formally specified 
and automatically verified against the simulation traces of the three scenarios:  

 

P1: Observed facts will become selected beliefs 
If at time point t a new observed belief exists, and the current set of derived beliefs 
does not comply to this observed belief, then eventually the set of derived beliefs will 
change such that it complies to the observed beliefs. 
 

∀γ:TRACE, t:TIME, I:INFO_EL, T:TIME 
[ [ state(γ, t) |= observed_belief(at(I, T)) & 
    ¬state(γ, t-1) |= observed_belief(at(I, T)) &  
    ¬state(γ, t) |= selected_belief(at(I, T)) ] 

⇒ ∃t2:TIME ≥ t state(γ, t2) |= selected_belief(at(I, T)) ] 
 

This property is satisfied for all three traces considered.  



 An Ambient Agent Model Exploiting Workflow-Based Reasoning 235 

P2: Derived beliefs are within one path in the workflow model 
When a set of beliefs is derived, then this set contains at most one execution path of 
the workflow. 

∀γ:TRACE, t:TIME, I1, I2:INFO_EL, T1, T2:TIME 
[ state(γ, t) |= selected_belief(at(I1, T1)) & 
  state(γ, t) |= selected_belief(at(I2, T2)) & 
  I1 ≠ I2 & T2 > T1] 

⇒    path_between(γ, I1, I2) 
 
Hereby (with te the last time point of the trace),  
 

 path_between(γ, I1, I2)   ≡   state(γ,te) |= path_between(I1, I2) 
 
Here state properties path_between(I1, I2) can be generated in the trace as additional 
information (i.e., a form of trace enrichment): 

 
belief(leads_to_after(I1, I2, D)) →→ path_between(I1, I2)  
belief(leads_to_after(I1, I2, D)) ∧ path_between(I2, I3) →→ path_between(I1, I3)  

 
This information is easily derived during or after the simulation using the predicates 
already present in the trace.  

This property distinguishes traces without revision from traces with revision. 
Property 2 is satisfied for trace 1 and 3, but not for all time points in trace 2. Due to 
the occurrence of a new observation result, temporary a node in another path is 
selected as a belief, resulting in the property not being satisfied. At the last time point 
however, the property is satisfied, since then the inconsistencies are no longer present. 

 

P3: Most plausible beliefs are generated first  
If one path is more likely to be followed than another path according to the 
background information, and there are no observed beliefs that distinguish either path, 
then this path will be explored first by deriving beliefs along that path. 
 

∀γ:TRACE, t:TIME, I, J:INFO_EL, T:TIME, D:DURATION, V:VALUE 
[ state(γ, t) |= selected_belief(at(I, T)) & 
  state(γ, t) |= belief(leads_to_after(I, J, D)) & 
  state(γ, t) |= belief(competence_for(J, V)) & 
  consistent_with_observations(γ, t, J, T+D) & 
  ¬∃J2:INFO_EL, D2:DURATION, V2:VALUE 
  [ state(γ, t) |= belief(leads_to_after(I, J2, D2)) & 
    state(γ, t) |= belief(competence_for(J2, V2) & V2 > V & 
    consistent_with_observations(γ, t, J2, T+D2) ] 
         ⇒   ∃t2:TIME state(γ, t2) |= selected_belief(at(J2, T+D)) ] 

Here: 
consistent_with_observations(γ:TRACE, t:TIME, I:INFO_EL, T:TIME) ≡ 
[ ∀I2:INFO_EL, T2:TIME state(γ, t) |= observed_belief(at(I2, T2))  
        ⇒  [ [ I = I2 & T = T2]  OR path_between(γ, I2, I) OR path_between(γ, I, I2) ] 
 
 

This property is satisfied for all traces. 
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P4: Only beliefs consistent with observations are derived 
If beliefs are derived, then these beliefs need to be consistent with the observations. 
 

∀γ:TRACE, t:TIME, I:INFO_EL, T:TIME 
state(γ, t) |= selected_belief(at(I, T))  ⇒  consistent_with_observation(γ, t, I, T) 

Also this property distinguishes traces without revision from traces with revision. 
This property is satisfied for trace 1 and 3, but not for all time points in trace 2, due to 
the updating process of beliefs as mentioned for property P2. Before the observation 
is received, and after the reasoning has been conducted, the property is satisfied.  

 

P5: Immediate correct derivation 
If a set of beliefs is derived at time t, then there does not exist a time t’ > t where the 
derived belief is not consistent with the observations. 
 

∀γ:TRACE, t:TIME, I:INFO_EL, T:TIME 
[ state(γ, t) |= selected_belief(at(I, T)) ⇒  ∀t2:TIME > t consistent_with_observation(γ, t2, I, T) ] 
 

Again, this property distinguishes traces without revision from traces with revision. It 
is satisfied for traces 1 and 3, but not for trace 2 since in that case a conflicting belief 
comes in that requires revision. 

9   Discussion 

This paper addressed one of the challenges for ambient intelligent agents (e.g., [3; 2; 
13]), to support a human in demanding tasks, namely to be aware of which (sub)tasks 
the human is doing, and how much progress is made, without direct communication 
about this. Some other work on subjects related to this theme can be found in, for 
example, [11], [12], [15], [16].  

A formally specified executable ambient agent model was introduced that is able to 
perform model-based analysis using available workflow models and available 
observation information. Thus it obtains awareness of the human’s progress in task 
execution. Hereby, a focused reasoning method has been used whereby the most 
likely path is evaluated first, avoiding having to pass all possible paths, hence, 
improving the scalability. In addition, the scalability of the approach can be improved 
by choosing an appropriate abstraction level for the workflow. Some simulation 
experiments for a case study concerning the question what the human is doing at the 
current time point have been discussed and evaluated. This information has been used 
by the ambient agent to decide whether the human can be disturbed at this time point 
or not. In case it was derived that the human was working on a task during which it 
could not be disturbed, calls were not forwarded whereas in the other cases the calls 
were forwarded. Since the approach presented in this paper is a heuristic approach, a 
safer option might be to choose a less intrusive manner of forwarding the call (e.g. a 
message on the screen) instead of not forwarding it.  

Another question that the ambient agent can ask itself in the context of the case study 
is: what has the human been doing until now? The ambient agent might want to find out 
which path the human has taken to reach his/her goal in order to store this information 
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as experience, for example, or to store this as information for future reference (when the 
same workflow needs to be executed advice can be given about the previous solution). 
Yet another question that can be addressed is: what should the human be doing in the 
future? If the ambient agent needs to determine the shortest path between two states, it 
can use a breadth-first search mechanism. The ambient agent determines the next 
location that can be reached in all paths after a fixed amount of time (1 minute for 
example). The path that reaches the last node first is the shortest one. 

In the case study of Section 2, the action the ambient agent can take as a result of 
the reasoning process is to disturb the operator with a phone call. Other possible 
actions are to support the operator in performing the task by providing documentation 
or by removing tasks from the task list. Interaction between the ambient agent and the 
operator can take place for example, via a visual or auditory interface, or with a 
virtual character (see e.g. [14]).  

The model was designed as a specialisation of the generic agent model for human-
like ambience presented in [5], which also was taken as a point of departure for an 
ambient agent model for assessment of driving behaviour; cf. [6]. Furthermore, it 
includes formally specified model-based reasoning methods adopted from [4]. In the 
current approach it is assumed that the observations are deterministic. Another option 
would be to obtain observations with a certain probability. The approach presented in 
this paper can handle such probabilistic observations by simply assuming the one with 
the highest probability. More advanced methods are future work. 

The approach followed incorporated not only simulation but also analysis, formal 
specification and automated verification of requirements for the overall process. In 
Section 8 a number of such (required) formally specified dynamic properties of the 
overall process and their verification were discussed. For specification of these 
properties the expressive predicate logic temporal language TTL was used [7]. As this 
language allows the use of variables (also over numbers) and quantifiers, for practical 
applications it is more useful than, for example, propositional and modal temporal 
languages. 

Specification of the workflow of a human can be done using a variety of methods, 
e.g. [9] and [10]. For a comparison of these methods, see [1]. The advantage of the 
representation used throughout the current paper is that it is a rich specification 
format, enabling the usage of the generic model-based reasoning methods as specified 
in this paper. 

In other work such as [11] and [15] also temporal relationships between activities 
are exploited to recognize plan execution states, based on relational Markov networks 
and causal networks, respectively. These papers address the theme from a 
probabilistic angle, whereas the current paper addresses it from a logical reasoning 
perspective. For future work it will be interesting to explore how such probabilistic 
approaches can be integrated within a logical reasoning approach. Other approaches 
exploit the use of objects in activities; e.g., [12], [16]. In contrast, the approach put 
forward in the current paper does not assume any use of objects, but exploits available 
work flow models. However, when additional information is available via the use of 
objects, it can be integrated within the reasoning approach as observations. 

In further future work, extensions will be made on the model and the application  
of it. For example, different focus generation methods will be explored. Moreover, 
within focus generation different domain aspects will be incorporated, such as 
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statistical information about how often in the past a certain path was chosen. For 
example, if one path was followed in 90% of the cases, the ambient agent can use that 
information to focus on that path first. A challenge here is the ambient learning part: 
for the ambient agent to learn which path is often taken, without disturbing the human 
with questions.  
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Abstract. Business Processes in organizations usually involve real-world
objects. A tight integration of these elements from the physical world into
business process can improve process automation. This paper introduces
a software architecture that allows this integration. The presented archi-
tecture is defined following an architectural process that decouples archi-
tectural concepts from technological solutions and stresses the relevance
of automating the development process. Several case studies have been de-
velopped using the introduced architecture to experiment their benefits.
In addition, modelling techniques have been used to automate the devel-
opment of this kind of systems.

1 Introduction

Business processes in organizations usually deal with physical objects such as
products in a supermarket or baggage pieces in an airport. This supposes a gap
between the physical world and the Information System. When physical objects
participate actively in business processes, this gap between physical and virtual
worlds is reduced [1]. Thanks to Ambient Intelligence (AmI [2]) technologies,
the linkage between physical elements and their digital counterparts can be au-
tomated, and people can focus on their real world activities, while the system is
hidden in the background, controlling the process in an unobtrusive way.

Automatic Identification (Auto-ID) technologies enable real-world objects to
be taken automatically in consideration by a software system, thus objects be-
come “smart” as they are not human-dependent anymore [3]. People, places and
things can be identified in a myriad of different ways. Radio Frequency Identi-
fications (RFID), Smartcards, barcodes and magnetic strips to name a few, are
some Auto-ID enabler technologies with a different degree of automation.

From the Business Process Management (BPM) area several initiatives have
emerged to automate business processes. Modeling notations to specify pro-
cesses, and execution engines that keep track of the state of long-running business
processes, are some examples. However, these initiatives are almost exclusively
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focused in activities that occur in the digital space –i.e., systems exchanging
information–, while physical elements have received few attention –with the ex-
ception of human participants and printed documents–.

The term Ambient Business [4], defines the application of AmI technologies to
business process to take advantage of the information gathered ubiquitously from
various sources including physical objects. To obtain the benefits of bridging real
and virtual worlds, there is a need for software infrastructure that allow an easy
integration between business process support systems and Auto-ID mechanisms.

This work defines a software architecture to support business processes that
integrate physical elements. The architecture has been defined following an ar-
chitectural process introduced in [5]. This process is designed to obtain software
architectures that are minimally affected by technological cycles, permit an easy
evolution of requirements and promotes automation in the software development.

By following this architectural process, the contribution of this work is
twofold. On the one hand, the present work is offering a technological solution
that allows the integration of real-world objects in business process. So software
systems that fit this application domain can be built with less effort. On the
other hand, a more general contribution is offered to the community since ar-
chitectural concepts have been also defined in a technology-independent fashion.
This encourages communication with stakeholders and permits the realization
of these architectural concepts in many different technological solutions.

The remainder of the paper is structured as follows. In Section 2 the archi-
tectural process followed is described. In Section 3 the defined architecture for
the integration of physical elements in business processes is introduced. Sec-
tion 4 provides some results from the application of the architecture to two case
studies. Section 5 gives some insights about the automation of the development
process for systems based on the defined architecture. Related work is presented
in Section 6. Finally, Section 7 presents conclusions and further work.

2 The Architectural Process

The present work deals with Information Systems that integrate real-world ele-
ments to support business processes in an organization. This definition is quite
broad but we are focused on applications where this linkage is highly exploited
and identification –specially Auto-ID– is relevant. These systems contain several
elements suitable to be identified by means of potentially different technologies.

An example of such a systems could be a library in which clients can borrow
books just by picking them. If a non-member –or a member with an expired
card– takes some book, the member first, and then, the security personnel are
warned. By using Auto-ID technologies, there is no need for librarians to transfer
the data about book loans to the Information System. So, the process becomes
more efficient.

The present work defines an architecture to integrate Auto-ID mechanisms
in business processes. In order to offer support to business processes that in-
volve real-world elements, many technological aspects should be considered re-



242 P. Giner and V. Pelechano

lated to both, business process management and Auto-ID. Some examples in-
clude Business process execution engines –based on different specifications like
WS-BPEL or XPDL–, interoperability solutions –such as Web Services or
CORBA– to integrate different systems, and middleware to integrate Auto-ID
devices – such as RFID antennas, barcode readers and the like–. The involved
technologies are many in both fields, and new ones are expected to appear.

Since we do not want our architecture to be affected by the high technology
diversity in service orchestration and Auto-ID solutions, we propose to abstract
from technological details. Based on the foundations of Model Driven Engineer-
ing (MDE [6]) we propose the use of models –abstract technology-independent
description of systems– to face the automatic construction of this kind of sys-
tems. In order to define an architecture that supports this automatic develop-
ment paradigm, we followed the architectural process introduced by Völter in [5].
Völter proposes an architectural process composed of the following steps:

1. First, the elaboration phase of the architecture defines the architecture by
decoupling the technology independent concepts form the actual technolog-
ical solutions.

2. The iteration phase serves to consolidate the architecture receiving feed-
back from its use.

3. Finally, the use of the architecture can be improved by avoiding repetitive
programming tasks with automation. In this way, software development for
the architecture becomes more effective.

3 Elaboration of the Architecture

According to the architectural process followed, the elaboration of the archi-
tecture defines the architecture first at a conceptual level. This constitutes a
technology-independent architecture. Then, usage guidelines for the de-
fined concepts are established in a programming model. The technology
mapping defines how artifacts from the programming model are mapped to a
particular technology. A mock platform facilitates testing tasks to develop-
ers. Finally, the development of a vertical prototype helps to evaluate the
architecture and provide feedback about non-functional requirements.

3.1 Technology-Independent Architecture

In this section we present a technology-independent description of the architec-
ture introduced in this paper. By using a description based on technology-neutral
concepts we obtain a sustainable software architecture. This is, an archi-
tecture that is not affected by technological hypes and can evolve in time along
several technological cycles.

For the definition of the architecture we rely on the component concept. Com-
ponents become the basic software pieces that will conform the system. Compo-
nent functionality is described by means of interfaces. Components are connected
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Fig. 1. Architecture component overview

by wires, and they offer asynchronous communication. We have opted for asyn-
chronous communication since business processes considered are usually long-
running and tend to involve human participation. In addition, a subscription
mechanism following the Observer Pattern [7] is used to deal with identification
events for Auto-ID related components.

It is worth noting that several instances of a process are usually running at
the same time, so correlation mechanisms are needed. For example, in a library
requesting new books and receiving them happens asynchronously. When new
books arrive, it is important to determine to which of the many active requests
they correspond to.

Since we are considering the integration of Auto-ID mechanisms in business
processes, the presented architecture has to balance the message-based approach
usually associated with business processes with the event-based approach of
Auto-ID mechanisms. The presented architecture considers events as low-level
messages that are processed –e.g., filtered, aggregated, etc.– to generate business-
level messages. Fig. 1 illustrates the components involved in this process. More
detail about these components is given below.

Orchestration Component: This component is in charge of managing the
state of the long-running business process. It interchanges messages with
different systems in order to orchestrate the process. It is in charge of creat-
ing new process instances, keep track of the different process instances and
perform message correlation –i.e., find the process instance related with the
received message–.

Task Manager: This component gives support to the asynchronous commu-
nication of systems that participate in the business process. It receives
messages from the Orchestration Component and waits for components to
process them. The Task Manager can be queried to obtain the pending tasks
that conform certain criteria –e.g., targeted to a certain user–. Pending tasks
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can be added and cancelled by the Orchestration Component and completed
by a Task Processing Component.

Task Processing Component: This component receives a message corre-
sponding to a pending task when it is activated. Then it retrieves information
and composes a response message. When the task is completed, the response
message is send to the Orchestration Component. To complete the response,
the required information can be provided by the user or by some Identifica-
tion Component. The Task Processing Component has to subscribe to the
different Identification Components –subscription is active until the task is
completed–.

Identification Component: This component provides the mechanisms to
bridge physical and digital spaces. Physical elements are detected and their
associated information can be used to (1) trigger the activation or (2) pro-
vide complementary information of a Task Processing Component. In addi-
tion, new identifiers can be generated and transferred to the physical space
using this component.
This component relies in a set of components identified in a previous work [8].
These are Capturers, Minters, Transformations and Data Providers. Captur-
ers –such as a barcode reader– can acquire identifiers from the Physical Space
to the Digital Space. Minters are in charge of generating physical represen-
tations of an identifier –such as a printing device that produces a barcode
label–. Transformations define conversion operations between different cod-
ifications. Data Providers provide the functionality required to obtain the
information associated to an identifier, modify this information and create
new instances –e.g., obtain the book details from its ISBN number–.

These components can have a User Interface Component associated to them
to permit user participation or just display some helpful information. Although
process automation is one of the main goals of this kind of systems, sometimes it
is not possible to obtain a complete automation using sensors and user interfaces
are required.

3.2 Programming Model

Once defined a technology-independent architecture, we define how this architec-
ture is used from the developer perspective. More detail about the definition of
the basic components that conform the architecture is given below. In addition
some insights on aspects such as task life-cycle and error management are given.

Create the Building Blocks. First, the business process that the system
is going to support should be defined. The Orchestration Component should be
provided a description of the process. This description represents the composition
of the functionality of different systems. When the system that provides the
desired functionality does not exist, this system should be built. The presented
architecture gives support for the development of these systems when real-world
objects are involved.
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Fig. 2. Two task processing components

A Task Processing Component should be defined for each task that is sup-
ported by the process and there is no existing system handling it automatically.
Given an input message for a pending task, the logic that determines how the
resulting response message is constructed should be defined.

When defining the Task Processing Component, information dependencies are
detected, this determines the required Identification Components. For example,
in a library, the “lend book” task can require the identification of the client
and all the books the client is borrowing. So two Identification Components
–implementing the Identification Component interface– are required, one for
detecting clients and another for books as illustrated in Fig. 2.

Identification Components are developed by choosing the adequate Capturers,
Minters, Data Providers and Transformations. All these elements implement
different interfaces, and normally wrap the functionality offered by the specific
technological solution.

Once the required elements are defined, they are connected together. In addi-
tion, a specific User Interface Component offering a customized view of the Task
Manager for each particular task can be defined to provide specific information
required for a certain task in order to improve user experience.

Defining Task Life-Cycle. When defining Task Processing Components the
origin of task life-cycle events –initiation and termination of the tasks– should
be identified.

For example, in a library when a package of books arrive –see Fig. 3–, the
completion of the reception task can be notified explicitly by the user –using a
User Interface Component– or implicitly using Auto-ID mechanism–by means of
an Identification Component–. When Auto-ID events guide task life-cycle, the
process becomes more fluent since the system is notified as the task is performed.

Error Management. Since Information Systems have not full control of the
physical world, there is a need to define error conditions when the detected
elements are not the ones expected. Error management is essential when im-
plementing the access to data providers. We have detected the following error
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Fig. 3. Explicit and implicit task life-cycle

patterns, depending on the chosen pattern error management should be imple-
mented in a different way for each Identification Component. The detected error
patterns are described below.

Error when not found: In the normal case is considered an error that an
element lacks associated information. The physical identifier can be read by
the system but the system has no information about this element. This error
is probably caused by skipping some process step where information about
the element is created.

Error when found: This approach expects that elements are not associated
with any information when they are identified in order to create this infor-
mation. In this case an error is considered when information is found. The
detection of an element triggers the creation of a new piece of information
attached to this element.

Avoid errors: A combination of both behaviors is also possible. If a piece of
information is found for an element, this information is selected. In case it
is not found, a new piece of information is created.

3.3 Technology Mapping

Once defined the technology-independent concepts that conform the architecture
and the programming model that defines how to use this architecture, we elab-
orate the technology mapping. The technology mapping defines how artifacts
from the programming model are mapped to a particular technology. More de-
tail about the target technology selected and how architectural concepts
can be mapped to the technological solution.

Target Technology. We have chosen Service Component Architecture (SCA)
as the target technology. SCA is a vendor, technology and language neu-
tral model for implementing Service Oriented Architectures (SOAs). We have
adopted this technology for the following reasons:
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Component model: the SCA component model fits with our technology-
independent architecture concepts. SCA components declare explicitly their
references in terms of required interfaces and are resolved following the De-
pendency Injection pattern. Components are injected by a container to solve
these dependencies according to a configuration file.

Support for asynchronous communication: asynchronous communication
is supported by SCA by means of the bidirectional interface concept. A
bidirectional interface is composed by a pair of interfaces, the provided and
the callback interface. A component implementing the bidirectional interface
should implement the methods defined in the provided interface, while clients
of this component should implement the callback interface.

Data abstraction: For data handling, SCA can use Service Data Objects
(SDO). SDO makes it possible to hide the back-end data source, as it offers
homogeneous access for XML, relational or file based data sources among
others. In addition, SDO permits disconnected data access patterns with an
optimistic concurrency control model. These properties are also adequate for
the considered application domain. Since data portions from many sources
are combined and updated.

Support for distribution: the systems this work is dealing with usually ex-
pand across organizations and they involve diverse computing resources. La-
bels are commonly produced by one system and read by many different
systems with the potential need to share information among them. SCA
components can be distributed easily in different computing nodes, from dif-
ferent threads in the same machine to different computers. This flexibility is
desirable for our application domain.

Technological integration: SCA allows the use of different technologies for
the implementation of components and their communication. This favours
the integration of different systems. For the purpose of this work we are spe-
cially interested in the possibilities of integrating Business Process Execution
engines and Auto-ID middleware solutions.

From the different available implementations of SCA and SDO specifications1

we have chosen Apache Tuscany2 since it is an open source solution in a mature
state.

Mapping to a Technological Solution. Once SCA has been chosen as the
target technology, we define how the technology-independent concepts described
in Section 3.1 are mapped to implementation assets.

Orchestration Component: Since Business Process Management community
is familiar with the WS-BPEL standard, we considered the implementa-
tion of the Orchestration Component in WS-BPEL. A WS-BPEL definition
of the business process activities and its interface –by means of a WSDL

1 http://www.osoa.org/display/Main/Implementation+Examples+and+Tools
2 http://tuscany.apache.org/
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definition– are required. Apache Tuscany supports the implementation of
components using WS-BPEL by means of Apache ODE Orchestration En-
gine. However, since the Task Manager Component is exposed as a Web
Service, other process execution engines and Web Service-based software –
such as Enterprise Service Buses or Messaging Middleware– can be used to
drive the business process execution.

Task Manager: This component is implemented in Java. It is a repository for
pending tasks. Query capabilities are provided thanks to the XPath sup-
port that SDO offers. Pending tasks are formed by a header that includes
some metadata –reception date, user group in charge of completing the task,
ect.– and the payload – domain-specific data that the Task Processing Com-
ponent will handle–. When designing data structures, meta-information in-
cluded in tasks should be defined. The more meta-data considered, the more
fine-grained queries could be. On the other hand, including great amounts
of metadata supposes to move complexity to the Orchestration Component
since this is the component in charge of providing this information.

Task Processing Component: Components of this kind define a set of refer-
ences according to the information elements they require –or they need to
generate– to complete a specific task. SDO API is used to compose the result-
ing message that is returned to the Orchestration Engine. In the component
specification, wires are defined to determine which Identification Components
are providing the defined references.

Identification Component: This component provides a bidirectional inter-
face to allow for subscriptions. Task Processing components that are sub-
scribed to a particular Identification Component should implement the
corresponding callback interface. Identification Components can be connected
to the Task Manager to trigger the activation of certain tasks. They can be
also connected to Task Processing Components to trigger their completion.
For the definition of Capturers, Minters, Data Providers and Transforma-
tions an implementation of the corresponding interfaces should be provided.
These components can be implemented with several technologies. In addi-
tion to Java, for our implementations OSGi is considered to obtain some
dynamic capabilities that are quite interesting for Minters and Capturers.

User Interface Components: Apache Tuscany allows the implementation of
components using HTML and Javascript. We have used these components
offering with a json-rpc3 based communication.

3.4 Mock Platform

Once the technology for the architecture has been decided, it is important to
define a mock platform for developers. With a mock platform, developers can
run tests locally as early as possible. The choice of SCA and SDO as target
technologies offers good properties to be used as a mock platform.

SCA is based on the Dependency Injection Pattern. Components declare their
dependencies and the application wiring is defined in an external asset. Thus,
3 http://json-rpc.org/
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components are easily interchangeable as far as the replacing component provides
the same interface than the replaced one. This allows for an easy definition of
mock components for test purposes.

At the data level, SDO makes it possible to hide the back-end data source,
as it offers homogeneous access for XML, relational or file based data sources
among others. This allows a seamlessly migration from a mock platform –e.g.,
based on static XML files– for testing to a production environment –e.g, based
on Web Services–.

3.5 Vertical Prototype

In order to validate the defined architecture we have implemented an applica-
tion based on the Smart Toolbox [9] case study, a representative application in
this domain. This case study consists in monitoring the tools used for aircraft
maintenance tasks. During aircraft reparations, the system should prevent tools
from being lost and causing potential damage. In order to do so, the content, the
location and the carrier of the toolbox is sensed automatically in real-time. This
application improves the aircraft Maintenance, Repair, and Overhaul (MRO)
process in an unobtrusive manner, so it fits perfectly in the application domain
targeted in this work.

In this stage of the architecture development we are interested in testing
the non-functional requirements, so only a small subset of the functional re-
quirements were considered for the development. Only two tasks of the process
–namely planning and repairing task– are supported. First, in the planning task,
mechanics are assigned a plane to repair and a set of tools. Then, they proceed
with the repairing task. During reparation, the toolbox content is monitored.
When the reparation is completed, the system checks that the toolbox contains
all the previously assigned tools –avoiding tools to be accidentally forgotten and
causing any damage–. Repairing task completion is automatically informed by a
location change. When the toolbox detects that the mechanic is leaving a certain
location, the task is automatically considered as completed.

Fig. 4 shows an screenshot of the developed prototype. This prototype
integrates different identification technologies. Mechanics and locations are

Fig. 4. Smart Toolbox prototype
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identified by textual labels while tools contained in the toolbox are identified by
fiducials [10] –two-dimensional barcodes specially designed for real-time video
camera recognition–.

Printed labels are transferred to the system using a web interface. The Fiducial
Capturer Component wraps the reacTIVision framework 4. A wide-angle lens
webcam was used as a capturing device. For the minting of text labels and
fiducials a common printer was used.

Since the support for WS-BPEL in Tuscany is quite recent, we encountered
some problems with the Orchestration Component, so we opted for the use of an
external Process Execution Engine –Intalio BPMS5 was used–, using the Web
Service based communication with the Task Manager.

This solution increased the reliability of the system but performance was
sacrificed by the use of Web Services. Since the architecture is intended to
support long-running processes, this performance reduction was not considered
meaningful.

4 Consolidation of the Architecture

In order to stabilize the architecture concepts, define better the programming
model and adjust the technology mapping; we have applied the architecture to
two existing case studies. These case studies came from both, Business Process
Management area –not dealing with real-world elements– and the AmI area –not
considering business process aspects–.

Introducing the defined architecture for the development of these case studies
offers two complementary visions of the benefits this architecture provides. On
the one hand, BPMs can be extended to consider real-world elements. On the
other hand, AmI systems can be process-aware; adapting to the user specific
needs for each task. The comparison with the original systems was useful as
feedback to improve the architecture. More detail about both case studies is
given below.

4.1 Incidence Management Process

This case study –introduced in [11]– defines a business process that describes the
protocol followed by a company in order to manage the infrastructure incidences
reported by company members.

It defines the set of activities that need to be performed and how these are
organized among the different participant roles –see Fig. 5–. In this case, the
involved roles are members, the infrastructure manager and the technicians. We
have modified the case study to consider that (1) department members are iden-
tified by an identity card and (2) material requests are labeled by the provider.

For example, when something is broken, it is reported by a company member.
Then, the infrastructure manager contacts with the provider to get the required
4 http://reactable.iua.upf.edu/?software
5 http://bpms.intalio.com/
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Fig. 5. BPMN diagram of the Incidence management business process

materials to fix the incidence. Finally, members of the technical staff are in
charge of the reparation.

Considering this, Auto-ID mechanisms are used for the tasks where requested
materials and members participate. The Pick up material task for example can
be completely automated since the detection of a requested material by means
of Auto-ID mechanisms can trigger task completion making the process more
fluent.

As a result, the introduction of the developed platform increased the au-
tomation level of the process avoiding human intervention for some tasks that
were previously manual. There were no noticeable performance lost by the in-
troduction of the new architecture components for the tasks that did not involve
real-world elements. So the integration of real-world objects in the process did
not suppose any significant drawback.

4.2 Pervasive Meeting Room

This case study was introduced in [12] as an example of AmI system. This case
study defines pervasive services provided in a meeting room –see Fig. 6–. The
meeting room provides two kind of lighting services: the main lighting service,
which covers all the room, and a specific service for lighting a projector screen.
Users must be able to switch these lighting services manually using some kind
of device. When anybody is near the screen, the intensity of the specific lighting
must be decreased in order to provide a better visibility. Moreover, a security
system must record what happens in the room if anybody is there when the
security is activated.

The detection of people in the original case study was done by a presence
sensor, for the purpose of this work we replaced it with an Auto-ID system. This
allows to retrieve the user preferences and customize the offered services. We
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Fig. 6. Diagram of the services involved in the Meeting room case study

have defined a business process in order to adjust the environment conditions for
the activities performed during a talk. When the speaker arrives at the meeting
room, light flashes to indicate the beginning of the talk, then, light is adjusted
and the recording system is activated according to the speaker preferences. When
slides arrive at the end, the talk is considered finished and illumination is changed
again.

In this case study new value is created by the coordination of available services
to cover specific user needs with an adaptive service.

5 Automating the Development

One of the main reasons of following the current architectural process is that it
is focused on automation. Business process requirements change quite often, and
systems need to evolve accordingly. By automating the development process, the
system can adapt to requirement changes without losing quality. Thus, changes
in requirements can be mapped automatically to the particular technology the
system relies on, facilitating its evolution.

In order to automate the development process, system descriptions should be
machine-processable. To allow the description of a system based on the archi-
tecture concepts introduced in this work, these concepts must be precisely de-
fined. How the architectural concepts have been formalized in the architecture
metamodel to obtain machine-processable models, and which steps compose
an automated development process is detailed below.

5.1 Architecture Metamodel

MDE proposes the use of metamodels to formalize concepts and their relation-
ships. A metamodel defines the constructs that can be used to describe systems.
Using a metamodel, system descriptions become unambiguous at least at syn-
tactic level. This makes the descriptions machine-processable.
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We have defined an architecture metamodel as the first step towards the
automation of the development process. This metamodel captures the concepts
defined in Section 3.1 such as the Identification Component or the Task Process-
ing Component, and the constraints for their composition.

By using the constructs defined in the metamodel, different systems can be
modeled. This enables the resulting models to be processed automatically by
different MDE tools. So, models can be used in the development process as it
will be illustrated in next section.

Fig. 7. Architecture metamodel

For the definition of the architecture metamodel, concepts have been formal-
ized using Ecore. Ecore, part of the Eclipse Modeling Framework6 (EMF), is a
language targeted at the definition of metamodels with precise semantics. EMF
provides tool support for the definition of metamodels and the edition of models.

Fig. 7 shows the defined metamodel using the Eclipse based tool set. At the
right hand side of the figure, a model defined for the Smart Toolbox case study
is shown using the default tree-based editor EMF generates.

5.2 Defining a Model-Driven Development Process

The definition of a precise architecture metamodel and a clear technology map-
ping for Ambient Business systems makes development process suitable for au-
tomation. A model-based development process is proposed –see Fig. 8– to achieve
this automation. Models are the main assets in the process and different kind
of model transformation techniques are used to move from high level system
specifications to particular technology solutions.
6 http://www.eclipse.org/modeling/emf/
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Fig. 8. MDE development process

Following the method, systems are specified using familiar notations for the
domain experts using Domain Specific Languages (DSLs [13]), the system can
be validated prior to its construction and code for specific platforms is generated
automatically.

The method proposes three stages: DSL-based specification of the system,
Model-based verification and glue code generation. The definition of DSLs and
validators falls out of the scope of the present work since they depend on par-
ticular domain needs. Thus, further research is required to capture the specific
requirements for a given domain. However, glue code generation support was
faced in the present work since it provides an automation of the technology
mapping which is valid for any domain.

DSL-based specification: Requirements can be expressed in a brief and con-
cise manner by means of a DSL. In order to facilitate the specification of
systems in different domains, a DSL can be defined for each domain of in-
terest. DSLs are specifically suited to domain needs, and based on concepts
familiar to the domain experts.
In order to enable a DSL-based specification for different domains, DSL
concepts should be captured in a metamodel and a mapping should be es-
tablished between the DSL metamodel and the architecture metamodel. This
mapping can be defined by a model-to-model transformation.

Model-based verification: One of the most important use of models is to rea-
son about the system they describe. Model-based verification can ensure that
the system is valid prior to its construction. Model-to-model transformations
can be used to check models [14] for their compliance with some properties.
For example, from a model conformant to our architecture it is interesting to
validate that objects are tagged before they are read and technologies used
for identification are compatibles –reading technologies used for an object
should be compatible with the technologies used for labeling it–.
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Glue Code Generation: The technology mapping generally involves several
repetitive tasks. For our target technology, the definition of each Identifi-
cation Component involves actions like the definition of a Java class that
extends the IDComponent interface, the use of SCA annotation to indicate
the SCA container that an identification service is provided and the definition
of the component in the XML configuration file. This boilerplate code can be
automatically generated by the information captured in system models. In
this way, developers can focus on implementing only relevant business-logic.
From the description of a system following our defined metamodel, source
code can be generated with model-to-text transformations.

Glue code generation have been implemented using Xpand templates from
openArchitectureWare7. The application of templates to models is similar to the
way templates are used to generate dynamic web pages in the web application
development area. Model elements can be iterated and pieces of code can be
produced instantiating them with values obtained from the model.

The current implementation generates the SCA configuration file for the sys-
tem, and the Java classes that are required for the implementation of the dif-
ferent components. SCA annotations and method declaration is also generated.
Although full code generation is not provided for component implementation,
the provided code skeletons let developers focus on the implementation of the
business-logic behavior, avoiding to deal with particular details of the target
technology.

6 Related Work

Object tagging applications have been studied for a long time [15]. Tagged prod-
ucts bring benefits in different business areas [3] such as source verification,
counterfeit protection, one-to-one marketing, maintenance and repair, theft and
shrinkage, recall actions, safety and liability, disposal and recycling as well as
mass customizing.

The need for defining architectures that support Auto-ID has lead to the
development of frameworks and middleware to abstract from the filtering and
aggregation tasks needed when tags are processed. Some middleware is specific
to RFID such as Accada [16] or SAP’s Auto-ID infrastructure [17]. However, one
of our main goals is to support the heterogeneity in identification technologies.

Support for Auto-ID in a technology independent fashion has been also devel-
oped [18,19,20] in order to reduce the technological heterogeneity of identifica-
tion technologies. All these proposals have a shared goal with the present work.
However, these approaches do not consider the integration with business-process
support systems, which is a key point of our work. In addition, these approaches
are particular technological solutions while, thanks to the architectural process
followed in the development of our architecture, we have also considered the
architecture definition at conceptual level.
7 http://www.eclipse.org/gmt/oaw/
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Spieß in [21] proposes an architecture similar in scope. Spieß proposes a five
layer architecture to filter aggregate and notify identification events. This ar-
chitecture is based on rule processing for routing events, while our approach
defines customized Task Processing elements that can elaborate richer messages
of business level and control task life-cycle. In addition, the most characteristic
point of our architecture design is that it has been defined to enable automatic
development.

7 Conclusions and Further Work

The present work introduces an architecture for the support of business pro-
cesses where real-world elements are involved. The architectural process followed
decouples the architectural concepts from the particular technological choices,
improving the evolution capabilities of the resulting systems. The architecture
has been used in several case studies and has been proven suitable for the au-
tomation of the development.

The presented development method raises the abstraction level for the devel-
opment of this kind of systems. In order to facilitate system specification, DSLs
can be defined for particular domains, avoiding architectural concepts. Further
research is required to capture specific domain needs in order to define DSLs and
validators. However, since the defined architecture metamodel is based on open
metamodelling technologies, an opportunity is offered to the MDE community
for the development of DSLs and validators suited to specific domains.

Obtaining tool support for the automatic generation of these kind of systems
guiding the whole development process becomes the final goal of this research.
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C-NGINE:  
A Contextual Navigation Guide for Indoor Environments 
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Theodore Patkos, Grigoris Antoniou, and Dimitris Plexousakis 

Abstract. Location-based services have evolved significantly during the last 
few years and are reaching a maturity phase, relying primarily on the experi-
ence gained and the utilization of recent technologies. Taking advantage of 
these opportunities, this paper presents a context-aware navigation guide, 
strongly connected to the semantics behind user profile. Our approach, which 
focuses on indoor environments, uses OWL ontologies to capture and formally 
model profile and context information, and reasons on the ontology data using 
rules in order to support personalized context-aware navigation services. To test 
and demonstrate the approach, a prototype has been developed that documents 
the flexibility of the design.  

Keywords: context modeling, user profiles, user modeling, spatial representa-
tion, path-finding, user tracking, path deviation.  

1   Introduction 

Technological advances in mobile devices and applications during the last few years 
have caused a boost in the emergence of location-based and mobile ubiquitous ser-
vices. This new emerging Ambient Intelligence paradigm commands the interaction 
of user in a new personalized, context-aware and content-adaptive environment. Mo-
bile guides and navigation systems have come a long way since their first release, but 
certain challenges have yet to be addressed, while new requirements are continuously 
becoming apparent. Location based services are typically encountered in outdoor 
environments and rely on Geographical Information Systems (GIS) in order to corre-
late a wealth of data to the present location of a mobile terminal. Comparing the in-
formation needs of car drivers and pedestrians Rehrl & Leitinger [1] conclude that the 
main differences are in the degrees of freedom in movement, the velocity of move-
ment and thus the opportunity for perceiving the environment and the resolution of 
space is larger. Little focus has been given to indoors navigation, and even less to 
semantically enriched navigation. Most existing approaches are based exclusively on 
geometric information and neglect important aspects like semantics bound to building 
areas and user profiles. Hence, the derived applications do not reach the intelligence 
level anticipated by modern users. Thereby, new methodologies and advanced tech-
nologies are being developed that focus on providing flexible and extensible design 
models, proposing efficient solutions for dynamic environments, structuring solid 
context-aware infrastructures, as well as promoting openness and interoperability in 
response to the current highly heterogeneous reality. 
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Considering recent trends, the present paper proposes a framework for structuring 
advanced location-based and context-aware services that integrates up-to-date tech-
nologies and develops novel mechanisms and interactive interfaces by applying tech-
niques and formalisms from the Semantic Web and Ambient Intelligence domains. 
The objective is to explore the intelligent pedestrian navigation by implementing a 
contextual guide for users in indoor environments.  Contextual Navigation Guide for 
INdoor Environments (C-NGINE) focuses on modeling and representing context 
using Semantic Web technologies for efficient processing and dissemination of con-
text-based knowledge in order to develop services for mobile users. Integrating web 
ontology languages, such as OWL, with context-aware applications has manifold 
benefits. These languages offer enough representational capabilities to develop a 
formal context model that can be shared, reused, extended for the needs of specific 
domains, but also combined with data originating from other sources, such as the Web 
or other applications. Moreover, the development of the logic layer of the Semantic 
Web is resulting in rule languages that enable reasoning about the user’s needs and 
preferences and exploiting the available ontology knowledge. 

C-NGINE enriches indoor navigation with many capabilities which realize the 
Ambient Intelligence paradigm. The adaptation of the spatial domain to dynamic 
changes (e.g. obstacles, operational malfunctions etc.) is one of them. Moreover the 
proposed platform has the ability to track user’s movement on the suggested path, 
ensuring he/she follows it and providing information about user location and motion 
state. In case of user deviation, the system highlights a new optimal path from the 
location of the deviation to the same desired destination by activating a dynamic re-
planning of the proposed route.The generation of dynamic tours, which take into 
account personal user interests and preferences, relative contextual information and 
available time, is another one in the list of features. However, the major contribution 
is the flexibility of the design of the proposed framework. C-NGINE easily adapts to a 
wide range of applications, without the need of structural or architectural modifica-
tions, based on ontology modeling and rule-based proactive and reactive reasoning.  
General contextual navigation requirements for a system such as the one presented in 
this paper, are met in hospitals, conference centers, museums, campus premises etc. 
As a use-case we have developed a prototype for dynamic user navigation on the 
premises of our institute research facilities. 

Related Work 
This subsection is an effort to describe some of the major navigation systems which 
have already been integrated, to highlight their weaknesses and to uncover the innova-
tive chances that led to the development of C-NGINE.  

A navigation solution which takes into consideration the human factor and contains 
human-centric criteria is Navio system [2]. Navio, stands for Pedestrian Navigation 
Systems in Combined Indoor/Outdoor Environments. Using an ontology-based 
model, it provides guiding information to the users describing the criteria, the actions 
and the reference objects that pedestrians use during their routing. The project mainly 
focuses on the information aspect of location-based services, especially on the user’s 
tasks and the support of the user’s decisions by provided information. 

Ontonav is an integrated navigation system for indoor environments which uses a 
hybrid space model, both geometric and symbolic [3]. OntoNav is purely user-centric 



260 M. Kritsotakis et al. 

in the sense that both the navigation paths and the guidelines that describe them are 
provided to the users depending on their physical and perceptual capabilities as well 
as their particular routing preferences. The proposed navigation scheme is largely 
based on semantic descriptions of the constituent elements of navigation paths, which, 
in turn, enable reasoning with the available space information. 

myCampus [4] is a Semantic Web environment for context-aware mobile services 
aimed at enhancing everyday campus life. The environment revolves around a grow-
ing collection of task-specific agents capable of automatically accessing a variety of 
contextual information about their users. A central element of the myCampus archi-
tecture is the Semantic eWallets that support automated discovery and access of con-
textual resources subject to privacy constraints specified by their users. 

In an effort to highlight the major differences between our system and those men-
tioned above, we can state the following. 

• Systems designed according to the semantic location model (e.g. Navio) and tar-
geted to the optimal user interface creation, have weakened the geometric en-
richment of the path finding part. 

• Systems which introduce the hybrid location model (e.g. OntoNav) are mostly 
dedicated on the user-centric navigation services and don’t fully exploit the se-
mantics potential, such as the relation representation between users and space 
elements. 

• Systems which aim in context-aware modelling (e.g. myCampus), don’t include 
user characteristics that are subject to navigation dimensions such as possible 
user impairments and means of guidance. As a result, myCampus doesn't empha-
size on the proper design of navigation techniques. 

• Independently of the location model, almost all the systems fairly neglected the 
user tracking part during navigation, the deviation detection and dynamic path re-
planning procedure. 

 

The rest of the paper is structured as follows: Section 2 presents a detailed scenario 
which uncovers the major part of C-NGINE functionality, whereas section 3 describes 
the basic skeleton of the system’s architecture. Sections 4, 5 and 6 describe in detail 
the three main components of the system; User Modeling, Contextual Path-Finding 
and User Tracking. Section 7 overviews the implementation tools used for the devel-
opment of the application prototype. Finally, section 8 contains the concluding ideas 
and briefly summarizes some future goals. 

2   Scenario 

Below, we present a typical scenario, which takes place in the premises of a research 
institute, and takes advantage of the capabilities of C-NGINE. Professor Smith has 
arrived in town for a business meeting. After the meeting he realizes that he has a 
little time to spare and decides to visit the nearby research center, where he has many 
professional connections. Upon entering the main gate of the building he is provided 
with a PDA through which he can have access to C-NGINE. After logging in, Prof. 
Smith fills in a form that describes his profile. He chooses one of the default profiles, 
and in particular one describing him as a male visitor, and then fills in some more 
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specific details. Being motor impaired, he defines himself as impaired user assisted by 
wheelchair. He selects from a list “machine learning” and “computer vision” as his 
scientific fields of interest and goes on to using the navigation system.  

The first screen Prof. Smith views provides him with a description of the events 
taking place during that day, along with the time and maybe a list of people participat-
ing in. He notices that there is a series of lectures on machine learning algorithms all 
day long, and considers paying a visit if he has time later on. But before proceeding, 
he decides that he would better go to the restroom, to freshen up. He asks for a path to 
the closest restroom. The navigation system highlights a path on the navigation map, 
from his current location to the closest restroom for men, along with a simple textual 
description of the path he must follow. While moving towards the desired destination, 
the system visualizes his current location and the motion direction using both textual 
description (e.g. located in Corridor X, moving northeast) and landmark highlighting 
(e.g. showing an arrow depicting direction on the spatial element he is currently lo-
cated). While moving towards the restroom, he realizes that the suggested path is 
blocked, as a crew of electricians performs maintenance operations and has blocked 
the whole corridor. Prof. Smith uses the navigation map, to denote that this particular 
corridor is blocked, and moves out of the suggested path. The system senses that the 
user has deviated from the selected path and tries to figure out another way to the 
restroom.  However, the path leading to the same restroom and avoiding that corridor 
is now too long; therefore, the system suggests a new restroom and Prof. Smith finally 
reaches his destination. 

Prof. Smith feels tired of wandering around and decides he should catch up with 
some of his friends in the institute. Since he has not visited the Institute for a long 
time, he is not sure where the office of his friend Dr Anderson is. So, he asks the 
system for a list of people who have a public profile. Dr Anderson is indeed, in the 
list, but through his public calendar, Prof. Smith realizes that his friend must be in a 
meeting and probably will not be able to meet him at that particular time. But one of 
the options in the list of public profiles is Prof. Heinz, who is also a friend and seems 
to be in his office. So, Prof. Smith asks for directions to his office, which is located on 
the second floor. The system, being aware that Prof. Smith cannot make use of stair-
ways, suggests a path that leads him to the second floor, through an elevator that ful-
fils the specifications for carrying wheelchairs. Prof. Smith follows the path and 
meets with his friend.   

After catching up with Prof. Heinz, Prof. Smith realizes that time has passed and he 
really should go. He makes a phone call, and the taxi agency informs him that the taxi 
in closest proximity will be there in at least 30 minutes, so Prof. Smith finds the perfect 
chance to wander around the research center. He denotes to the system that he has 30 
minutes to spend and asks for a route that starts from the building entrance, where he is 
currently located, and returns him back there in time. The system, using information 
about Prof. Smith’s interests, suggests a route that walks through a corridor with post-
ers showing the latest achievements of the computer vision laboratory. Another point 
of interest is also the conference room where the talking session on machine learning 
algorithms is now taking place. Prof. Smith follows the suggested route, and after 
about 30 minutes is located in the main entrance, where the taxi waits for him. 
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3   Overall System Architecture 

C-NGINE is an integrated contextual navigation system for indoor environments. C-
NGINE consists of five fundamental components; a User Interface, a Knowledge 
Base (KB), a Services Layer, a Reasoner and a Rule Engine. These components form 
our system’s architecture as depicted in Fig. 1. 

 

Fig. 1. C-NGINE Architecture 

• User Interface: Each user interacts with a User Interface; the system takes feed-
back from the user and displays essential data. The user inserts data in order to 
create a unique user profile and edit his/her privacy preferences. Additionally, the 
user is enabled to customize various parameters for path-finding and deviation 
purposes. For example, a user may instruct the system to interrupt him/her if 
he/she deviates from the proposed path. Through the same interface, the system 
also provides responses to user queries, such as: “Which is the quickest way to 
the restaurant?” or “Where is my colleague John?” 

• KB: All information is stored in KB, in the form of semantic web rules and on-
tologies, which contains the schema and instances of our modeled classes and 
properties. For usability and clarification purposes, we split KB into three on-
tologies; the User Profile Ontology (UPO), the Spatial Ontology for Path-Finding 
(SOP) and the User Tracking Ontology (UTO), which are further analyzed in the 
corresponding sections. 

• Services Layer: C-NGINE’s main functionality is represented by the Services 
Layer, which is decomposed into three mutually dependant components; the User 
Modeling Component, the Contextual Path-Finding Component, and the User 
Tracking Component. 

• Reasoner: Reasoner is a mechanism for inferencing logical consequences from a 
set of asserted facts and axioms. The main services of a Reasoner are consistency 
checking, taxonomy classification and computation of inferred types. 

• Rule Engine: Rule Engine is an environment which enables reasoning on the 
available context using knowledge supplied in the form of rules. 
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We also use an application programming interface (API) as middleware between 
KB, Reasoner and Rule Engine. API provides KB as input to both the Reasoner and 
the Rule Engine. Respectively, derived results from the Reasoner and the Rule Engine 
are stored to KB through the API.  

Below, we analyze the information flow between the three components in Services 
Layer. The first important task that the system confronts, during execution, is the 
creation of an appropriate user profile. During this procedure, User Modeling compo-
nent receives information from SOP ontology in order to associate users with space 
elements (e.g. associating a user with his/her office). Respectively, Contextual Path-
Finding component communicates with User Modeling in order to provide the opti-
mal navigation path and the guideline information according to user’s profile and 
preferences. The User Tracking component when triggers dynamic re-planning proc-
ess, calls Contextual Path-Finding to calculate a new optimal path from user’s current 
position to the same desired destination. 

4   User Modeling Component 

The User Modeling component includes the user model, which describes the user’s 
profile and context information, and the classification of users into various user 
groups. User Modeling uses two autonomous processing segments; the Reasoner, 
which classifies the user into various user groups, and the Rule Engine which exe-
cutes user classification (static) rules and user defined (dynamic) rules. Each of these 
segments requires input from users (through a user interface) and a Knowledge Base 
which stores the users’ profiles. For the User Modeling component, we will refer to 
Knowledge Base as the User Profile Ontology (UPO). 

4.1   User Profile Ontology (UPO) 

User modeling techniques used in prior works include various modeling approaches, 
such as key-value models, markup scheme models, graphical models, object oriented 
models, logic based models and ontology based models [5]. In our case, we concluded 
that the most promising assets for context modeling for ubiquitous computing envi-
ronments can be found in the ontology based models, because semantics-based 
technology is widely considered the most enabling research direction. 

The aim of User Modeling is to capture all user-related information. As a result, we 
model not only the users’ profiles, but also their context. UPO is developed as an 
extension of OntoNav's ([6] [7]) User Navigation Ontology (UNO) to give emphasis 
on context-awareness and modeling of users' dimensions. Such characteristics are 
essential for the development of group-oriented services, such as semantic notes, 
semantic alerts, and single-user/group calendars.  

The schema of UPO includes classes that describe different types of user, and other 
information which is required for classifying users under specific user groups. The 
taxonomy of main classes and their corresponding subclasses is depicted in Fig. 2. 
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Fig. 2. Main classes of User Profile Ontology (UPO) 

• User: this superclass includes the user groups a user may belong to according to 
parameters such as gender (MaleUser/FemaleUser), occupation (AcademicStaff 
or ICSStaff and Visitor) and impairments (NormalUser, HearingImpairedUser, 
MotorImpairedUser or VisualImpairedUser). NormalUser class is further ana-
lyzed into LazyUser; users in this user group do not have any disability but have 
expressed specific routing preferences such as elevator and escalator.   

• UserGroup:  this class contains user groups that are dynamically created from 
users’ instances that have common interests, work projects, etc. 

• UserCharacteristics: this class describes the information that is required to classify 
the users into dynamic user groups, such as gender (male of female),  interests 
(research or general interests), means of guidance (audio, text, and graphical) and 
routing preferences (elevator, escalator, stairs and ramp). 

• Device: in addition to main user groups and the user’s characteristics, we model the 
devices the user interacts with. For device modeling, we use the CC/PP [8]  
vocabulary in UPO. Based on the Semantic Web and RDF technologies, CC/PP 
allows the creation of extensible, non-centralized vocabularies, enhancing the 
management of device capability and user preference profiles. For our purposes, 
CC/PP is only used for device modeling. 

• Event: this class describes all activities carried out in the premises of a building. 
• Calendar: each user owns one personal calendar. Each calendar contains at least 

one task, in the form of activities. Calendar activities have the same characteris-
tics as event activities. Additionally, a user owns user group calendars, which are 
dynamically generated when an event is created. A user can have as many user 
group calendars as the dynamic user groups he/she belongs to (according to the 
projects he/she may be involved in, the events that might be interested in, etc). 
The user group calendars combine the characteristics of the groups’ participants 
(if allowed by their privacy preferences), and enable the creation of a common 
electronic board of alerts about new events or projects, group meetings, etc. The 
publication of alerts is always conformed to the users’ privacy preferences.   
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4.2   Classification of Instances into Classes 

A key feature of the OWL language is the Open World Assumption, i.e. if there is a 
statement that we don’t have the knowledge for, we cannot infer that is true or false. 
As a consequence, the Reasoner classifies instances into classes that have a strict 
definition, named defined or complete classes, as opposed to primitive or partial 
classes. A defined class in UPO is MaleUser. An instance of this class would be read 
as: “if a user instance belongs to MaleUser class then he is also a member of User 
class and his gender is male” and vice versa: “if a user belongs to User class and his 
gender is male, then he is also a member of MaleUser class”. On the other hand, a 
primitive class in UPO is ImpairedUser. An instance of this class would be read as: 
“if a user belongs to ImpairedUser class, then he/she must have a disability”. The 
opposite doesn’t necessarily apply i.e. “If a user has a disability then he/she belongs 
to ImpairedUser class”. In our case, some of our classes are defined and some are not. 
As we already stated, the Reasoner undertakes classification into defined classes only. 
For the classification into primitive classes, we have to define specific classification 
rules, which are executed by the Rule Engine immediately after the Reasoner has 
completed its tasks. Some representative examples of such rules, which we call static 
rules are given below: 

• VisuallyImpairedUser(?x) → hasMeansOfGuidance(?x, profiles:AudioGuidance) 
Description: A visually impaired user is guided with audio assistance. 

• NormalUser(?x)  ∧ hasRoutingPreferences(?x,Elevator) → LazyUser(?x) 
Description: If a user doesn’t have any impairment and his/her routing prefer-
ences include elevator, then he/she is a member of LazyUser class. 

4.3   Privacy Preferences 

Our system enables users to express their privacy preferences in terms of rules. Spe-
cifically, users can edit predefined rules to determine what segment of their profile is 
visible and to whom. Initially, the users select if they want their profile to be visible. 
If this is the case, they can choose which parameters will be visible and to which user 
groups or individuals. We also have to note that they cannot use arbitrary groups, but 
exclusively those they belong to. For example, a user may want his/her personal data 
to be visible to all users, while his/her calendar to be visible only to his/her col-
leagues. Another category of rules is about notifications depending on a users’ status. 
For example, if a user is busy, then he/she may wish to be notified only via email. 
Below, we further explain some user-defined (dynamic) rules:   

• User(jdoe) ∧ hasStatusAction(jdoe, ?s) ∧ hasStatus(?s,away) → hasAc-
tion(?s,sms) 
Description: When user’s ‘jdoe’ status is away, he/she wants to be notified via 
sms. 

• User(jdoe) ∧ hasStatusVisibility(jdoe, ?v) ∧ hasStatus(?v,online) ∧ User(?b) 

∧ hasBuddies(jdoe,?b) → isVisibleTo(?v,?b) 
Description: Only jdoe’s buddies see him/her online. 
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• User(jdoe) ∧ hasStatusVisibility(jdoe, ?v) ∧ hasStatus(?v,busy) ∧ User(?u) → 
isVisibleTo(?v,?u) 
Description: All users see jdoe’s status as busy. 

Notice that the second and the third rule are conflicting, because jdoe’s buddies are 
also members of the User class. To resolve this type of conflicts, we define priorities 
depending on a user’s status. For example, we define that the ‘online’ status makes 
the rule stronger than ‘busy’ status. If the weaker rule fires before the stronger rule do, 
i.e. the third rule fires before the second does, then we have no conflicts. Using the 
priority definition, the interpretation of rules becomes: “All users except jdoe’s bud-
dies see jdoe busy, while only jdoe’s buddies see him/her online”.   

5   Contextual Path-Finding component 

This component is responsible for providing the “best traversable” path, according to 
the parameters analyzed in the previous section. Moreover one of the tasks accom-
plished by this component is the population of SOP, and the creation of a spatial 
graph by using floor maps and a series of steps whose analysis is out of the scope of 
this paper.  The user options concerning path-finding are: 
 

• Typical path-finding:  We become aware of the desired user destination in one of 
the following ways: 

o The user clicks on the desired destination directly on the map 
o The user chooses to go to a spatial element that is closest to him/her 

from a selection list (e.g. printer, bathroom) 
• Time-based tour: The user denotes that he/she has a particular amount of time 

available and requests the system to provide him/her with a tour. This tour must 
include elements that may be of interest to him/her. Also the destination point is 
considered to be the same as the starting one and the requirement is that the user 
is back there in time provided as input. The time needed to traverse the requested 
route, is actually affected by the user’s profile and in particular by his physical 
capabilities/ impairments. (e.g. an impaired user with a wheelchair is considered 
to move with lower speed when compared to a user with no impairments). 

5.1   Spatial Ontology for Path-Finding (SOP) 

The navigation ontology that we use is largely based on the Indoor Navigation Ontology 
(INO) [6]. INO relies, to a large extent, on the semantic description of paths and their 
structural elements. This description, in conjunction with the semantic/ symbolic space 
description, facilitates the reasoning and the enforcement of restrictions during user 
navigation. Following these guidelines, SOP supports both path search and the presenta-
tion tasks of a navigation system. A core part of our ontology is depicted in Fig. 3. 

The main spatial concepts behind semantic path-finding are path elements, which 
are classified to passages and path points. A passage is any spatial element that is 
part of a path and has specific accessibility properties. We can classify passages to 
horizontal (connecting corridors in the same floor), vertical (connecting corridors in 
different floors) and motor passages (a passage that operates with motor power). The  
 



 C-NGINE: A Contextual Navigation Guide for Indoor Environments 267 

 

Fig. 3. The Spatial Ontology for Path-finding (SOP) 

main types of vertical passages are elevator segments, stairways and escalators. The 
main types of horizontal passages are ramps, doors, and corridors (actually parts of 
corridors). A passage always connects exactly two path points.  

Path points can either be exits, entry points, navigational points or points of inter-
est. An exit is a point which signifies the transition from the interior to the exterior 
(and vice versa) of a spatial element such as a building, a floor or a room. An entry 
point is actually used, only when we want to navigate to the interior of a room. This 
point defines the start of a virtual corridor, namely a corridor of non-physical exis-
tence, a conceptual construct used to navigate to points of interests inside a room. As 
a point of interest, we define any object of virtual or physical existence on a path, 
which may be of importance to a user (e.g. an entrance to a room, a printer). Also a 
user may define any spatial element as an obstacle, namely anything that may block 
his/her way. Based on this definition, an obstacle may be of physical or logical nature.  
A physical obstacle may be an object whose dimensions block a passage or a corridor 
or any object with certain properties that denote that access is prohibited or not possi-
ble (closed door, non operating elevator). Logical objects on the other hand enable the 
definition of dynamic and non-physical obstacles. The latter imply either some-non 
permanent conditions (e.g. security policies that prevent access to some particular 
space) or some user-specific preferences (a user may desire not to pass from a particu-
lar passage). 
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The aforementioned set of concepts cannot provide all the desired model expres-
siveness by itself. For that purpose we have to import elements of other spatial on-
tologies which define spatial concepts and topological relations between them (e.g., 
we need the concepts of room, floor and building). The same principle applies for the 
Points of Interest which partly depend on the application scenario. Apart from  
the virtual points of interest, that a particular user may define, we may need to define 
the concepts of printer, scanner, poster etc. 

5.2   Path-Finding 

There are several research works focusing on path-finding algorithms. A representa-
tive example oriented on pedestrian navigation is [9] where an algorithm calculating 
the “simplest” path between two points, is described. The main concept here is that 
the form and complexity of route instructions may be as important to human naviga-
tors as the overall length of route. So the author defines as “simplest” the path with 
the lowest complexity with respect to the complexity of the instructions. Another 
interesting approach is also presented in [10]. The paths composed by the routing 
algorithm are presented as “less risk paths”. The most important feature of this ap-
proach is the lowest probability of getting lost. 

The main element of our navigation scheme is also the path-finding algorithm, 
which, in conjunction with a set of production rules, is responsible for the calculation 
of the best navigation path between two locations.  Our algorithm is applied on a 
topological graph, which is created based on the instances of the navigation ontology. 
The vertices of the graph are instances of Path_Point, while the edges are instances of 
Passage. The weight marked on edges can either be the total length of the passage or 
the average time needed to traverse the passage. These two are actually both attributes 
of Passage, while time is also an attribute of Path_Point. The notion of length is quite 
intuitive and does not depend on user’s profile. On the contrary the time needed to 
traverse a passage is different in special cases of impaired users (e.g. an impaired user 
with a wheel chair is considered to move in lower speed than a user with no disabili-
ties and thus needs more time). When time refers to an instance of Path_Point, we 
consider it to model observation time (e.g. average time needed to study a poster 
mounted on a wall). 

The geometric model (graph) of our system represents the paths that are accessible 
by any user. The length (or the time needed to traverse accordingly) of a path is a 
parameter that we consider being of concern to any type of user and this attribute is 
used for the initial calculation of the possible paths. Namely, any mathematical path-
finding algorithm applied on this graph returns a set of paths that are traversable by 
any user. The only ranking parameter is the sum of weights of the edges the route 
comprises of.  In our implementation, we use a k-shortest path algorithm based on an 
implementation of J.Y Yen [11]. This step provides us with a super-set of all the tra-
versable paths, with their end-to-end weight.  

5.3   Semantic-Driven Navigation 

The semantic-driven selection of the Best Traversable Path is achieved through rule-
based reasoning. The rules combine the semantics of the spatial elements of the 
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navigation ontology with that of UPO. To support the desired functionality, we define 
three different and disjoint classes of attributes.  

• The class of physical capabilities (i.e., attributes related to user’s physical capabili-
ties). The rules based on this class define which path elements are accessible by 
physically handicapped users. The system applies these rules to all path elements, 
so that inaccessible ones are excluded. 

• The class of perceptual capabilities (i.e., attributes related to user’s understanding 
of navigation guidelines). The rules based on this class are responsible for the se-
lection of elements of the finally selected path, which may be used for the naviga-
tion guidelines. 

• The class of routing preferences (i.e., attributes related to various user preferences 
regarding the path selection process). A user may for example prefer paths that 
do not contain stairways. Also we must also reward path elements that seem to be 
of interest to the user. 

 

The rules applied on the last two types of attributes are used to reward or penalize 
path elements, rather than exclude them. For instance, some rules of this type are 
presented below: 

 

• Physical rule  
MotorImpairedUser(?u)∧Escalator(?s) → isExcludedFor(?s,?u) 
Description: If a user is disabled and makes use of a motor powered vehicle, ex-
clude all escalators 

• Perceptual rule (penalization) 
HearingImpairedUser(?u)∧hasDescription(?pass,?descr) 
∧Audio_Description(?descr) → hasPerceptualPenaltyFor(?pass,?u) 
Description: If a user is hearing impaired then penalize all path elements that 
have audio description  

• Routing preference rule (reward) 
LazyUser(?u)∧Motor_Passage(?p) → hasPreferentialBonusFor(?p, ?u) 
Description: If a user has been classified as lazy, then reward any passages pow-
ered by motor. 

• Routing preference rule (reward) 
Room(?room)∧hasPoint(?room,?exit)∧hasInterest(?room,?interest)∧User(?u

ser)∧hasInterest(?user,?interest)→ hasPreferentialBonusFor(?user, ?exit)) 
Description: If a user has defined his/her field of interest and a room matches 
some of these interests, then reward path points that belong to this room. 

The classification of rules into different classes demands a conflict resolution 
method, so that it is clear which one is applied first.  The main features of our method 
are the following:  

 

• The physical rules are mandatory and should always supersede other types. They 
are always applied before searching for possible paths, namely they are applied 
on the whole navigation space and not on specific path elements. They are the 
only type of rules applied for exclusion. 
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• For the calculation of the best traversable paths we use the above sum formula: 
total path weight= a * total path length + 

b * total perceptual reward + 
c * total preference reward 

The values of a, b, c determine the level at which the navigation is semantic-
driven, and can be modeled in the user’s profile as a custom percentage.  In case of 
time-driven navigation the total path length is replaced by total path time. 

6   User Tracking Component 

This specific system component is responsible for tracking user’s movement on the 
suggested path and providing with useful information about user location and motion 
state.  For example, when a user enters an elevator in order to move from the ground 
floor to the first floor of a building, the information provided by the system will be: 
“User is inside elevator and moves upwards”. Furthermore, the component is respon-
sible for checking whether a user is following the proposed path and for detecting any 
deviations. In case of a path deviation, the User Tracking component dynamically re-
plans the user’s suggested path from his/her current position. Another case, in which 
the tracking mechanism executes the dynamic re-planning process, is upon receiving 
user feedback. For example, in case a user finds an obstacle blocking the way, he/she 
sends feedback to the application about the collision point and the system proposes a 
new, collision-free, path to user’s desired destination.  

6.1   User Tracking Ontology (UTO) 

In Fig. 4 below, the diagrammatic representation of ontology’s classes is depicted, 
expressing the hierarchy and inheritance that exist between general classes and their 
subclasses.  
 

• LocationDescription: expresses the type of relation between users and path ele-
ments or POIs.  

ο DynamicDescription: contains all the dynamic types of relations, such as 
towards, away from etc. 

ο StaticDescription: contains all the static types of relations, such as at, in-
side etc. 

• Motion: models user’s movement. 
ο Direction: models user’s movement orientation which can be distin-

guished in ClockDirection (movement according to the rotation of clock 
hands), CompassDirection (movement according to a magnetic com-
pass), RelativeXYDirection (movement according to the X and Y axis), 
RealtiveZDirection (movement according to the Z axis) and Rela-
tive0Direction (immobility). 

ο MotionState: describes user’s movement state, which can be either 
Standing or Walking. 
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• NavigationalPreferences: models user’s navigation preferences, which can be 
either AutonomousNavigation or AssistedNavigation. 

• NaviCharacteristics: models user’s navigation characteristics and information. 
ο DeviationState: models user’s state according to the number of times 

he/she has deviated from the proposed path, which can be RareDeviate 
(0 to 5 deviations), OftenDeviate (6 to 10 deviations) and TooOftenDe-
viate (11 and above deviations). 

ο NavigationalState: models user’s state according to his/her navigation 
behavior, which can be either FollowingPath or DeviatingFromPath. 

 

Fig. 4. Diagram of User Tracking & Location Modeling Ontology 

User Location Modeling and Dynamic Feedback 

The original intention for user’s location modeling is to create a relation of the fol-
lowing type: “John is inside roomA”. This expression implies the existence of a 3-ary 
relation, which will connect user class (John) with the static descriptions class (inside) 
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and with the space element class (roomA). In similar way, we create dynamic and 
static relations with users and space elements. 

The system handles user feedback about factors which block his/her navigation 
route using the three following ontology properties: reportsLock, reportsMalfunction 
and reportsObstacle. For example, reportsLock property connects the user with the 
specific door which is reported as locked.  

6.2   Proactive and Reactive Rules for User Tracking and Dynamic Re-planning 

Reactive rules have the structure “ON Event IF Condition DO Action” and specify to 
execute the Action automatically when the Event happens, provided the Condition 
holds. Proactive (production) rules are of the form WHEN Condition DO Action and 
specify to execute the Action if an update to the local data base makes the Condition 
true. This shows that the similarities in the structure of these two kinds of rules come 
with similarities, but also some differences, in the semantics of the two rule 
paradigms. 

The most important proactive rules designed for the user tracking component con-
trol are listed below. These rules are referred to the user motion modeling, the user 
relative location modeling and the classification of user according to the number of 
deviations.  

 

• User(?x) ∧ hasXTimesDeviated(?x,?y) ∧ lessThanOrEqual(?y, 5)  ∧ RareDevi-
ate(?z)  →  hasDeviationState(?x, ?z) 
Description: If user has deviated y times and y is up to 5, then user x has devia-
tion state z where z is RareDeviate. In similar way, the rules for OftenDeviate 
and TooOftenDeviate classes are designed. 

• User(?x)  ∧  CompassDirection (?y)  ∧ Walking(?z)  ∧ hasDirection(?x, ?y) → 
hasMotionState(?x, ?z) 
Description: If user has moving direction y and y is the state of motion according 
to a magnetic compass, then user has motion state z, where z is Walking. In simi-
lar way, the rules for CompassDirection, RelativeXYDirection and RelativeZDi-
rection classes are designed.  
 

Apart from the proactive rules developed in all three system components, the user 
tracking procedure requires the existence of reactive rules which are dynamically 
triggered only in special occasions (i.e. deviation, path obstacle). These rules are 
designed based on JESS definition rules architecture and target to cover two main 
theme categories, user feedback and user deviation. The main characteristic of the 
JESS rules is the operation of JavaBeans in rule’s body. Two basic reactive rules are 
described below: 

 

• ( defrule lockRule  (User { reportsLock ==  TRUE } (specificUser ?usr)) 
=> (printout ?usr "reported lock")(calling DynamicReplanning ?usr)) 
Description: From the entity User, if the boolean field ‘reportsLock’ (JavaBean 
property) becomes true, then print out which user (stored in variable usr) reported 
the locked door and call DynamicReplanning process, with argument the specific 
user (i.e. the variable usr). In similar way, the rules for path obstacle and mal-
functioning motor passage are designed. 
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• (defrule deviationRule (User { deviates == TRUE }(specificUser ?usr)) => (print-
out  "Deviation Detected for "?usr)(calling DynamicReplanning ?usr)) 
Description: From the entity User, if the boolean field ‘deviates’ becomes  ‘true’, 
then print out which user deviates and call DynamicReplanning process, with ar-
gument the specific user. 

6.3   Dynamic Re-planning Process 

Dynamic re-planning procedure is strongly connected with the Contextual Path-
Finding component and the incorporated algorithm. The specific algorithm takes as 
arguments path points (e.g. junctions, exits); therefore the most important issue that 
re-plan process handles is the correct calculation of these arguments. The arguments 
refer to the start and destination points of user’s route. Of course, the calculation of 
the destination point is trivial, because it is the same destination as before dynamic re-
plan triggering.  

However, the specification of the starting point is a little more complicated. The 
general confrontation of the issue is to retract the path element that the user has static 
relation with, before the triggering of dynamic re-planning. For this purpose the sys-
tem takes this information from the hasRelativeLocation property of the ontology 
model.  

There are two different occasions in which the system triggers dynamic re-plan; the 
first is user deviation. When system receives coordinates that correspond to a path 
element that does not belong to the proposed path or that has already been overlapped 
by the user, it suggests that user has deviated from the proposed path. The second 
occasion is the user feedback; when user finds an obstacle blocking his/her naviga-
tion, reports it to the tracking system. The obstacle could be a locked door, a malfunc-
tioning motor passage or a blocked path element. In both occasions, tracking system 
proposes a new optimal route.  

7   Implementation Characteristics 

In the second section, the presented scenario uncovers the major part of our system 
functionality. Specifically, the implemented prototype of our navigation guide is re-
ferred to the premises of a research institute. In the following paragraphs, the main 
implementation tools used to develop this particular prototype are described.  

For the ontology modeling we use Protégé-OWL [13], an open-source ontology 
editor. Protégé, besides the editor, provides a suite of tools that support the creation, 
visualization, and manipulation of ontologies in various representation formats. In 
order to establish communication between the designed ontology and the applica-
tion’s API, we use the Protégé-OWL API, an open-source Java library for OWL and 
RDF(S). The API provides classes and methods to load and save OWL files, to query 
and manipulate OWL data models, and to perform reasoning based on Description 
Logic engines. 

The OWL [14] sublanguage that we chose is OWL-DL, which supports compli-
cated context and also defines rules in owl format, without referring to another lan-
guage. It is expressive enough to cover our needs (i.e. it doesn’t have cardinality 
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constraints), without increasing the complexity of reasoning as in OWL-Full. One of 
the major advantages using an ontology described in OWL-DL is that it can be proc-
essed by a Description Logic Reasoner. For our purpose we use Pellet [15] Reasoner, 
an open source OWL DL Reasoner in Java which communicates with Protégé through 
the DIG [16] interface.  

Protégé integrates the SWRLTab plug-in in Protégé-OWL that supports the execu-
tion of SWRL [17] proactive rules using the Jess rule engine [18]. SWRL rules are of 
the form: “if antecedents then consequent”. Jess is a rule engine and scripting envi-
ronment written in Java that has the ability to “reason” using knowledge supplied in 
the form of rules. A category of reactive rules is the Jess definition rules which are 
used to apply reactivity to our system. Jess rules are of the type: “on event, if condi-
tion is satisfied, then action is triggered” and are executed whenever their conditional 
parts are satisfied.  

The map graphics and the spatial representation are implemented with the aid of 
SVG files. SVG is a language for describing two-dimensional graphics and graphical 
applications in XML which allows designers to create dynamically generated, high-
quality graphics from real-time data with precise structural and visual control. 

Finally, the system receives user coordinates through a positioning mechanism that 
locates user in the environment. This particular mechanism is the Collaborative Loca-
tion Sensing system [12] that exploits the IEEE802.11 wireless network infrastructure 
for positioning. 

8   Conclusion 

Our Contextual Guide aims at providing a navigation tool for indoor environments, 
which directly depends on human profiles, exploiting information about user’s physi-
cal and mental status and preferences. Using such kind of data, the guide adapts the 
path-finding algorithm, through the aid of predefined rules, in order to provide the 
"best traversable" and not necessarily the quickest route. Moreover, the guiding sys-
tem is responsible to track user’s movement, ensuring he/she follows the suggested 
path and providing useful information about user location and motion state.  

A task of crucial importance for our guide is the imminent evaluation testing of the 
application. The testing results would be very helpful in order to succeed the optimal 
interaction for the user without inconveniencies from latency factors. In addition, the 
modeling of a generic way to provide the guideline instructions and user location and 
motion information is one of our future priorities. 

Due to the fact that C-NGINE is a semantics-enriched system, we will be able to 
develop more group-oriented services that user groups will exploit, not necessarily 
belonging to the scientific field, e.g. user groups concerning sports activities. Also, 
user model is subject to more context enhancement by increasing the user’s dimen-
sions without affecting its flexibility. The enrichment of the user model could lead us 
to conceive various context-aware scenarios. However, the more semantics we add in 
user model, the more control we wish to have in privacy and security issues. As a 
result, as expressiveness of knowledge representation increases, we have to enhance 
privacy and security customizations. 
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Abstract. In this paper we describe our project in which we study
design options for a GPS-based navigation aid for elderly with beginning
dementia. In a user centered approach we first studied problems of the
target group. Results were used in the design of a WoZ prototype. The
method proved to work very well in designing a prototype that is tuned
to the needs of the user. This prototype was used in experiments in
which we studied the performance of landmark vs. left right instructions
in navigation. We found that landmark based instructions resulted in
less errors and less hesitation with the users.

1 Introduction

Nowadays, finding the right way to a destination is getting easier because of the
broad range of navigation systems on the market. The user can enter his desired
destination and the system will point the user in the right direction. At every
decision point, like a junction, the system uses verbal instructions and/or visual
support on a screen, like directions on a map. Such systems are available for most
people who take part in traffic, like motorists, cyclists and pedestrians. Currently
research is focusing more and more on specific target groups. Studies have been
done in order to explore the most effective form of auditive aid for the blind and
the visually challenged [8,15,5,9]. Another category that may benefit from such
systems is the elderly pedestrian, especially the elderly pedestrian with mild
dementia. Alarm systems exist that let the elderly get in touch with a caregiver
when they are lost, for example the alarm medallion that with a press on a button
can warn the caregiver who then will accompany the person to his or her desired
destination. Prototype systems have been tested only for indoor navigation [11].
Andersen et al.[2] found that good support for pedestrians with mild dementia
can lead to a better quality of life, especially in terms of independence and
freedom to move around outdoors. The physical and mental fitness of a patient
can also improve and the deterioration of the dementia process can be postponed
[12]. With this extended independence and freedom the patient can continue to
live at home for an endured period of time and medical expenses can be reduced
as well as the work pressure of the caregiver.

We study the design considerations for a navigation system for the target
group. We took a user centered approach because we feel that nobody better
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than the dementia patients themselves can indicate the problems they encounter
while taking an independent walk outdoors. Next to the findings in literature it
is essential to learn about the experiences in the field and needs the patients and
their caregivers have in relation to wayfinding. For this we contacted several care
centers in the Netherlands and undertook outdoor walks with patients who suffer
from mild dementia. We had group discussions and interviews with patients
and caregivers about their experiences with wayfinding and about the possible
functionality of the aid. We also took several walks with a test system which we
designed to find out what the patients thought about it and to see if walking
with our system is helping them to find their way.

The goal of our study is to gain insight into 1) frequently made mistakes that
people with mild dementia make in wayfinding, while taking an independent
walk. 2) which functionalities a navigational aid for this target group should have
or should not have 3) how the target group feels about such a navigational aid
4) test the difference between landmark based and left/right based instructions
for navigation.

2 Dementia and Wayfinding

The term dementia represents a number of illnesses which increasingly weakens
the patient’s memory functions and cognitive skills. This can lead to problems
in wayfinding [4]. Dementia can affect the area of language (aphasia or the
disability to use language correctly), the motor area (apraxia or the disability
to execute targeted operations or movements correctly), the perception area
(agnosia or the disability to recognize impressions of the senses) and/or the
area for executing functionalities (planning, organizing and consecutive acting).
The symptoms significantly contribute to impairments in social and professional
handling and show a clear decrease in former cognitive level.

Wayfinding is the process that involves making decisions about which direc-
tion to choose while taking a walk [1]. It is heavily based on the memory and
perception functions of a person. As discussed in the previous paragraph, these
functionalities are the ones which deteriorate when the dementia progresses. A
logical result is that patients with dementia perform worse at wayfinding and
learning new routes [4,1,18]. They also more frequently fail to execute a planned
wayfinding task than people who do not suffer from dementia. Patients also seem
to get confused more easily by conventional navigation aids, like street name-
plates [11], not so much because they do not know how to use these but because
of problems with understanding language or sight. It was reported often that
patients who suffer to dementia make use of salient objects in the surroundings,
or ’landmarks’, while taking a walk outdoors [1,18]. Passini et. al [14] studied
design criteria for indoor environments to let patients with Alzheimer’s disease
find their way better. Their study shows that performance of reaching a prede-
fined destination depends on the structure of the building and the number of
reference points. Examples of these reference points are spaces with a certain
function, like the lobby, the living room or medical staffroom but also smaller
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objects like a clock. Deviations in form, function or meaning of an object in con-
trast to other objects in its surrounding form the characteristics of a reference
point.

It seems that ’landmark objects’, or ’reference points’ play an important role
in the spatial cognition of dementia patients. In the following we will focus on
our design procedure for our landmark-based navigation device for elderly with
beginning dementia.

3 Design of a Simple Navigational Aid

With the target group in mind, the interaction between the aid and the patient
must be as simple as possible. This way the patient can more easily learn to
handle the aid and is distracted by it as little as possible. We base the design on
existing navigational aids that are used in cars, like TomTom, since we do not
have urgent reasons not to do so, at this point in the study. To design such an
aid using a user centered approach, we need to view the design in a few levels.
The first level is that of the experienced problems and hindrance we try to aid
with the system. The second level consists of the functionalities of the system.
The third level consists of the dialog between the aid and the user and the fourth
level consists of the physical form of the system itself.

Level 1: problems in wayfinding. To address the first level of the design,
which covers the retrieval of information about what problems or hindrance the
system may aid, we contacted different care centers in The Netherlands and
spoke with mild demented patients and caregivers about their experiences with
wayfinding. To gain more insight we also took several outdoor walks (as of now:
”Introduction walks”) with patients. The main goal of these walks was to gain
insight into the reoccurring mistakes which people with mild dementia make
while finding their way when taking an independent walk outdoors. We’ve paid
close attention to the ability of the patient to find the correct way to a predefined
destination and to problems that occur in relation to their independence. We
also paid attention to the correct use of the rules in traffic by the patient. Dur-
ing the walks we recorded frequently made mistakes and hindrance the patients
experience, by using observation and making conversation with every partici-
pant after the walk. While taking the introductions walks, no use was made of
electronics to navigate. The routes we walked were not predefined. The patient
chose the destination, for example the market place and the way that he or she
thought was the correct one. Table 1 shows the demographic characteristics of
the participants and the locations where the walks took place.

During the introduction walks we found that the most frequently made mis-
takes were: choosing the wrong direction at a decision point, not recognizing the
destination, incorrect use of the rules in traffic and portraying dangerous behav-
ior by, for example, not taking the rest of traffic into account while crossing the
street. The hindrance pointed out most by the participants was the feeling of
uncertainty or agitation while choosing a direction to go into. Also the sudden
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Table 1. Demographic characteristics of the participants and the locations the walks
took place. Par.= Participant, M= Male, F= Female, Diagn.= Diagnose, AD =
Alzheimer’s disease, VD = Vascular Dementia.

Par. Sex Diagn Remark Location
1 F AD - Amsterdam
2 F VD Has difficulties with walking Hilversum
3 M AD Has difficulties with walking Hilversum
4 F VD Has difficulties with visual perception Hilversum
5 M AD Young demented Utrecht
6 M AD Young demented Leusden
7 M AD Young demented Leusden

loss of memory or understanding of their whereabouts is pointed out as being
problematic. It must be said that the wayfinding performance during the walks
greatly differ from patient to patient while for the most part the diagnosed dis-
ease was the same. In this part of our research we concentrate on the first stated
problem; the decision making process involving the directions about the way in
which to proceed a walk. If some kind of guidance is given, the user could feel
less uncertain or agitated while choosing a direction.

Level 2: functionalities of the aid. In any case, the system is meant to
aid the user in navigating to a predefined destination. However at this point,
it is still undecided if the future system will use geographical maps to navigate
with, just like navigational aids for cars do, or that the routes are specifically
programmed for a certain user. In this particular part of our research, we’ve used
predefined routes with a destination where the patient is navigated to. From the
user’s point of view, we can say that there are decision points along the way,
like crossings, where the user has to decide in what direction he or she should
proceed. A simple navigational aid will assist the user by giving instructions to
go left or right when arriving at decision points. If the user doesn’t follow up
the instruction and makes a mistake, he or she will get the instruction to turn
around, so the user will get back on the predefined route. If the user has reached
the destination, he or she will be informed about that by the system.

Level 3: dialog with the user. Instructions could appear on a display, like
text or a map, but the display for information about a route can also be in the
form of auditive instructions. We choose to use the latter because it requires the
least attention and offers the least distraction [7]. In this part of our research we
have used the same syntax as used in car navigation. For example, the TomTom
navigational aids have a speech display. Approximately 50 meters prior to a de-
cision point an instruction is giving like: ”In 50 meters turn [left/right].” It also
has an instruction to turn around when going in the wrong direction and the
arrival at the destination will also be announced. We did not use distance infor-
mation, and in experiments reported later in this paper we compare left/right
instructions to landmark based instructions.
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Level 4: physical aspects of the aid. The navigational aid will be built in a
small box that can be carried around easily. The auditive display will be realized
with an earphone, a speaker system would be less discrete. We used a male voice
for the spoken instructions. Our decision about the voice was based on a study
by Lines and Hone (2006) [10]. They found that a male voice was preferred for
spoken instructions.

4 Evaluating the Design

To determine the effect of a simple electronic navigational aid, we need a working
system that we can use to let participants perform tasks. At the time of this
writing we do not have such a system. In user-centered design such a dilemma
is dealt with using the Wizard of Oz approach.

4.1 Wizard of Oz Approach

In a Wizard of Oz (WoZ) approach, a simulation of the future system is con-
structed. The system is not fully autonomous but some parts, often the reasoning
part or the perception part, are carried out by a human behind the screen (the
’Wizard’). The WoZ system is evaluated by users as if it were a real working
implementation of the system. In other projects on technology acceptance by
elders we had a positive experience with WoZ approaches [6]. Figure 1 shows
the Wizard of Oz approach we took to simulate a simple navigational aid. To
perform the Wizard role accurately is a demanding job and requires prior train-
ing to get acceptable and consistent behavior [16]. Preparations for our Wizard
of Oz walks consist of defining a route near the care centre of the participant,
defining decision points within the route, defining the points in the route were
the spoken instruction is given, recording the spoken instructions and practicing
with the WoZ setup on site without participants because we didn’t want to stress
the patients while practicing.

I’m sending audio 
files to the earphone

of the participant
using Bluetooth.

I follow the instructions
which I hear.

I’m observing

Observer Wizard Participant

Fig. 1. Wizard of Oz method for the walks with a simple navigational test system
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4.2 Apparatus

The test system consists of a ASUS A636N PDA with Windows Mobile 5. This
PDA has Bluetooth version 2 software with Advanced Audio Distribution Profile
(A2DP). The earphones, the Jabra BT320s, can be connected to the PDA with
A2DP. We used the Windows Mobile 5 Windows Media Player to play the spoken
instruction sound files. We configured the PDA control buttons so we can play
the sound files by using the buttons instead of having to use the stylus while
walking. Using the stylus while walking could result in accidentally tapping the
wrong sound file. Also, we muted all the theme sounds in Windows Mobile 5.

4.3 Routes

Two routes were set out. One route went through the town of Leusden (from
now on: Town-route) and the other went through a park in Leusden (from now
on: Park-route). Both routes begin and end at the building of the care center for
young demented patients. Both routes took approximately 50 minutes to walk,
with an average speed of 3 kilometers an hour. The town-route holds 24 audio
instructions and the park-route had 22 audio instructions.

4.4 WoZ Walks with the Participants

A total of four young demented patients took part in our WoZ-walks. Table 2
shows their demographic characteristics.

Table 2. Demographic characteristics of the patients who participated on the WoZ-
Walks. P= Participant, S= Sex, M= Male, F= Female, D= Diagnose, AD =
Alzheimer’s disease, VD = Vascular Dementia, YD= Young demented.

P S D Walk Type Remark Location
8 M VD WoZ (park) YD Leusden
9 F VD WoZ (town) YD Leusden
10 M AD WoZ (park) YD Leusden
11 M AD WoZ (town) YD Leusden

We chose a group of young demented patients because this group can put in
more effort and often has better vision and hearing that an older group of patients
with mild dementia, apart from exceptions that is. Also, fourteen participants,
including the participants shown in table 1 and 2, have taken part in the group
conversations about our Audioguide study.

4.5 Procedure WoZ-Walk

The Wizard of Oz enactment of the town-route and the park-route are equal to
each other. The only difference is the route itself. The described procedure we
describe in this paragraph thus applies to both types of WoZ-walks.
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In consultation with the caregivers of the care center, two participants per
WoZ-walk were asked to take part. The first participant gets a short briefing
about what is going to happen, where emphasis is laid that the participant only
has to follow up the instruction he or she hears, as best as he/she can. The
earphone is placed in the participant’s ear and we begin to walk. During the
walk, the caregiver and the second participant walk behind the first participant
at a short distance.

The researcher who controls the PDA, sending the audio instructions (the
wizard) walks approximately two meters behind the participant who receives
the instructions. This way the wizard can determine when to send the audio
instruction and take action when the participant threatens get him or herself
into a dangerous situation. When he participant gets confused while choosing a
direction, the wizard can take action by asking the participant what the system
told him of her over the earphone. The wizard will try to help by encouraging
the participant to choose a direction which he or she thinks is the right one.

The observer also walks approximately two meters behind the participant who
receives the audio instructions. This way he can hear remarks and see reactions
better then walking further away. Halfway the first participant switches with
the second participant who walked further behind with the caregiver. The short
briefing is given to the second participant and the earphone is placed in his or
her ear.

After the walks, both participants talk about their experience. One of the
researchers summarizes what the participant told and asks the participants if he
understood them correctly

4.6 Evaluation during and after the Walks

The most frequent made mistakes while taking an independent walk, the hin-
drance one experienced and the attitude patients and caregivers have toward the
audioguide were taken in stock in three ways. By having group discussions prior
to the introduction walks and WoZ-walks, by observing during the introduction
walks and the WoZ-walks and by having a discussion about the experience after
both types of walks.

Group discussions. We have had several group discussions to clarify our goal
and learn about the mistakes patients make and hindrances they experience
while taking on independent walk outdoors. During these group discussions, we
asked no explicit questions. We encouraged the patients and caregivers to ask us
anything about the project and share their walking and wayfinding experiences
with us and the other patients.

Observation during the walks. We made observations during the walks to
complement the information we gained from the group discussions, to learn which
mistakes are made most frequently and which hindrances the patients experience
while walking. We have looked at the behavior or impairment that has a negative
effect on the patient’s independence. We also observed if the patient acted out the
rules in traffic for pedestrians correctly, mainly for the patient’s own protection.
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Discussion after the walks. To get an idea about what the participants think
about the electronic navigational aid after they took part in the WoZ-walk, we
had a short discussion with them. We asked them if they could tell us what
they thought about the walk with the electronic navigational aid. Most of the
participants started the conversation by themselves. When the participant was
done sharing his or her story, one of the researchers would sum up the most
important points according to the patient and asked if he had understood the
patient correctly. In the end we always asked the patient to tell us if they have
a positive or negative feeling about walking with an aid like this and if they are
skeptical about such an aid.

5 Discussion

We have formulated three research questions prior to this study.

1. What are the frequently made mistakes and hindrances people with mild
dementia experience while taking an independent walk?

2. Which functionalities and audio messages of the test system are and are not
appreciated or missed by people with mild dementia and their caregivers?

3. How do people with mild dementia feel about the electronic navigational
aid?

With the findings and information we described in the prior chapters we can
answer these research questions.

5.1 Frequent Made Mistakes and Experienced Hindrance

As we expected based upon the discussed literature in the introduction and sec-
tion 1, several patients were having trouble interpreting and using language. This
showed during the walks when they tried to read or interpret street nameplates,
house numbers and direction indicators. For the group of (mild) demented pa-
tients it is difficult to use conventional wayfinding aids to navigate from point
A to point B. This combined with the feeling of anxiety to lose the way results
in most of the patients always taking the same route when they decide to take a
walk outside. Also, as can be found in literature, acts that are more frequently
performed and are stored in the long term memory more easily performed then
acts that are almost never performed [3]. These inabilities result in serious re-
strictions in the freedom of choice and independency of the patient. During our
research we had a growing concern about the safety of the patients during the
walks. A number of times we observed unsafe behavior, like crossing the street
without paying attention to the traffic and pedestrian aids like traffic lights,
level-crossings and sidewalks. A solution to this problem may be to equip the
audioguide with safety warning instructions like ”Pay attention to the traffic”
or ”Proceed using the sidewalks”. During the group discussions several patients
and the caregivers pointed out that this addition would be very preferable.
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5.2 Functions and Audio Instructions for an Electronic Navigational
Aid

We have asked the patients and caregivers which functions they think a future
pedestrian navigational aid must have. With the development of an interface for
this aid, the following matters should be kept in mind:

– The aid must have only a few buttons that can be used to control it. This
because of the deteriorating perception of the patient.

– The buttons on the aid must be big. This because of the deteriorating motor
skills of the patients.

– The aid must be easy to use. The patient should be able to select or program
a route himself.

– It would be appreciated if the patient could make a ”free” walk. By free walk
we mean a walk where the patient can randomly choose a direction but will
be directed back to his or her starting point if they ask for it, or get to far
away from where they initially came from.

– The aid must have an alarm function so the patient can call for help when
needed.

– The aid must have a tracking function for the caregivers to see where their
patient is.

The patients pointed out that an aid without these functions would not be
that interesting to have. In the matter of the audio instructions, patients and
caregivers wanted additional information about landmarks in the instructions.
They feel that this would give them extra confirmation in choosing the right
direction at a decision point. Also, the timing in which the instructions are given
must be correct. It would be confusing and cause agitation and disorientation
for the patients, if the instructions follow each other in a fast pace.

5.3 Attitude towards an Electronic Navigational Aid

We have had very positive reactions from the patients and caregivers to the
idea of an electronic navigational aid. They pointed out that it would increase
their freedom and independence if they would have an aid like the intended
Audioguide. We must point out that one must bear in mind the used sample
of young demented patients. Although this group of young demented patients
does not have many differences in comparison to an older group of demented
patients, the young age of the group might have influenced the attitude towards
an electronic navigational aid. None of the patients in the group were older
than 65 years and might have gotten more used to using of technology in their
daily life then an older group of demented patients. So it could very well be
that these findings about attitude towards the aid cannot be generalized to the
general group of demented patients in the Netherlands, but to the smaller group
of young mild demented patients.
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6 The Use of Visual Landmarks

Current pedestrian navigation systems predominantly use distance-to-turn in-
formation and directional information to enable a user to navigate. However,
[4] showed that dementia patients performed better on recognition of landmarks
compared with recognition and recall of spatial layout. Studies have been carried
out on the quality of landmarks [13,17]. Here we focus on the performance of such
a navigational system for elderly and defined the following research question:

Does the use of landmarks lead to better performance of using a navigation
system and a better acceptance of the system by the elderly patient with beginning
dementia?

We present an experiment which is carried out to compare landmark based
navigational instructions with navigational instructions based only on left/right
turn information.

6.1 Set-Up

Conditions and routes. We compare the following conditions:

– Navigation information is given as directional (left/right/straight) instruc-
tions on decision points

– Navigation information is given as directional instructions augmented with
landmark information.

We have set out two routes in the vicinity of the day care centre, each approxi-
mately 750 meters long. Each route had 13 decision points at which navigational
information had to be given. Both routes are as similar as possible with respect
to difficulty and the number of instructions. Both contain a shopping area, res-
idential area and a park-like area. In the first route we used only directional
information. In the second route we used directional information augmented
with landmark based instructions.

Fig. 2. Left: typical decision point. Right: participant with earphone.
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Instructions. The instructions were as short as possible, and spoken by a male
voice. The instructions are ’pre-recorded speech’, and not computer generated.
The use of a landmark is always an addition to the directional information, where
the landmark was always used at the end of the sentence [4], e.g. ’Turn left at the
IKEA’. Given the limited number of participants it was not possible to use elderly
patients to find the best names for the landmarks, as was suggested by [3].

Participants and design. We used participants with beginning dementia from
a day care centre, 4 males and 2 females. Each walked both routes in a random
order.

Performance measure. We compared the two conditions on the navigation
performance and on the attitude of the users. During the walk we registered
at each decision point whether an error was made, and whether the participant
was sure about its direction or hesitated. A navigation error is counted if the
participant takes the wrong direction and has to be corrected by the wizard. He
does this by giving an audio instruction ’Please try to turn around’. When the
participant sees that he or she is going wrong before the correction instruction
is given, this is not counted as error. We also measured the hesitation of the
participant by observation (0 points for no hesitation, 1 for a little and 2 for
much hesitation). At the end of each route we also measured the acceptance
and the participant’s attitude toward the navigational system. We used a small
questionnaire with 10 questions with a 7-points Likert scale. The questionnaire
was taken after the first part of the tour, and again after the second part.

6.2 Results

Table 3 summarizes the results for the conditions. The landmark condition re-
sulted in a lower number of errors then the left/right condition. The amount of
hesitation was lower for the landmark condition then for the left/right condition.
The attitude of the participants toward the system was only slightly more posi-
tive for the landmark condition. Under both conditions an overall high positive
evaluation of the system was given

Table 3. Results for the 6 participants

Errors Hesitation Attitude
Participant Left/right Landmark Left/right Landmark Left/right Landmark
P1 1 0 2 1 67 69
P2 2 1 7 0 48 58
P3 1 0 0 1 68 68
P4 1 1 0 1 67 67
P5 1 1 1 0 69 69
P6 2 1 1 3 65 62
Total 8 4 11 6 64 65.5



Creating Design Guidelines for a Navigational Aid 287

6.3 Discussion

A further analysis of the data learned that the 4 errors in the landmark condition
were made at the same decision point, where the route instruction was not
optimal. The instruction was to turn left at the landmark, while the landmark
itself was placed after the decision point. For landmark based navigation, a
careful formulation of the instructions is needed. In the final discussion with the
participants the overall consensus was that the system is very helpful indeed.
Even the use of earphones was not considered a problem.

7 Conclusion

After the findings of this study, we can conclude that an electronic navigational
aid (our ’Audioguide’), can be a very valuable supplement in the lives of patients
who suffer from mild dementia. The feeling of freedom and independence could
be effected positively by offering the patient the possibility to go outside and
take an independent walk with an aid like the intended Audioguide. The aid
should prevent the patient from getting lost and it is maybe possible to let the
patient live at home for a longer period of time before he or she gets transferred
to a care center. Also, with this aid even the caregiver’s job can be made a bit
easier. The most important conclusion is that by involving the target group,
in this case the young mild demented patients, in the preliminary research and
evaluation of a new system, one can create an aid that is exactly tuned to fit
the needs of the future user, which will be appreciated. On a small sample of
participants we showed that landmark based navigation causes less errors and
less hesitation then left/right navigation.

We are aware of the fact that the design of a future Audioguide will not
eliminate all the problems and hindrance in a patients’ life. We are also aware of
the fact that not all of the patients in the target group with the same diagnose of
dementia also experience the same problems. The main goal of this Audioguide
project is to design a navigational aid that makes an independent walk for people
with individual impairments possible. No matter if errors are made, the person
should be able to reach his or her destination in a safe and reliable fashion. This
means that the system should be designed in a way that the individual problems
can be preempted as well as possible. Having a form of dementia brings a lot
of stress, doubts and insecurities in the lives of the patients and if aids like the
Audioguide can help to reduce these feelings while the patients is taking an
independent walk, then our goal is for the better part fulfilled.

Performing a study with a sample of mild demented patients has not always
been easy. Like we pointed out before, we had difficulties finding participants that
were diagnosed with a form of dementia and which were physically fit enough and
had well enough motor and perception skills. Because we had difficulty finding
the right participants, we choose to look for young mild demented people, which
is a smaller group of demented patients in the Netherlands. This group was
also difficult to find because not all of the young mild demented patients have
joined a care centre. Nevertheless, it seems wise to further study the design of a
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navigational aid for a bigger group of mild demented patients. The participants
in this study were very enthusiastic about the test system they walked with. It
gave them freedom, independence and it made the job of the caregiver a little
less hard. They stated that an Audioguide like the intended test system, could
be a good solution to the wayfinding issue.

In further studies one could concentrate on adding safety and warning in-
structions to the default left and right instructions of the current navigational
aids for pedestrians. However, it should be taken into account that the length of
an instruction cannot be too long, this could cause confusion.

It is also important to study the technical aspects of an Audioguide system.
For example, more study is needed to find out what the user interface for the
patient and caregiver should look like and how it should function in an user
friendly fashion. Also, the Audioguide needs to have a robust GPS-signal in
order to work with the precise location of the patients whereabouts. With this
one should for example keep in mind that a GPS satellite fix is lost when one
walks through a tunnel. The power supply is also very important. Studies should
be done on how to manage the power of a Audioguide system. And last but not
least, other studies can point out what exciting technology can added to the
Audioguide system, like alarm and /or tracking functions.
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Abstract. Over the past few years, several technological advances have been
made to enable locating people in indoor settings, where way finding is some-
thing we do on a daily basis. In a similar way as it happened with GPS and
today’s popular outdoor navigation systems, indoor navigation is set to become
one of the first, truly ubiquitous services that will make our living and work-
ing environments intelligent. Two critical characteristics of human way finding
are destination choice and path selection. This work focuses on the latter, which
traditionally has been assumed to be the result of minimizing procedures such as
selecting the shortest path, the quickest or the least costly path. However, this path
approximations are not necessarily the most natural paths. Taking advantage of
context-aware information sources, this paper presents an easy to deploy context-
aware indoor navigation system, together with an efficient spatial representation,
and novel approach for path adaptation to help people find their destination ac-
cording to their preferences and contextual information. We tested our system in
one building with several users to estimate first an assessment of preference val-
ues, and later to compare how the paths suggested by our system correspond to
those people would actually follow. The positive results of this evaluation confirm
the suitability of our models and algorithms.

1 Introduction

Many people, especially business travelers, are often confronted with the situation that
they are visiting new places and have to figure out how to navigate to the places where
they want to go. Because path finding is a frequently occurring real-world problem,
many studies and applications have been done on this subject over the last years. These
studies provide several interesting insights, e.g., primary criteria for human path selec-
tion [1], or how people often prefer routes that are easier to describe and follow over
routes that are optimal in a theoretical sense. An important indicator of perceived easier-
to-follow routes are those with fewer instructions. In order to achieve this goal, different
non-optimal algorithms that provide simpler paths were proposed, e.g., by Liu [2] and
Richter [3]. However, these approaches were focused on street navigation, where the
movement of people and vehicles follow the rules of street orientation.

We believe an aspect that is hardly covered by current research literature is the need
of adapting to the current situation of the user, and to the condition of the environment
in indoor navigation applications. The variation of conditions people may encounter in
environments such as airports, museums, corporate campuses, shopping malls, facto-
ries, etc. is so diverse that they play a deciding role on the criteria to which path would
be the one people would actually follow.

E. Aarts et al. (Eds.): AmI 2008, LNCS 5355, pp. 290–307, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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For this reason, we have developed a user-centric approach for indoor navigation.
In this paper, we first describe our hybrid indoor location model required to efficiently
calculate possible paths between two given locations. Then we present a novel user
model that includes information about physical capabilities, access rights, and a flexible
modeling of user preferences based on Multiattribute Decision Theory (MAUT). We
also describe in detail, how these preferences are analyzed and how context information
is used to select the most appropriate path for the user.

Finally, we describe the architecture of the implemented CoINS system which can
work with several different local positioning systems (LPS), such as WLAN, Ubisense,
or Elpas. A particularly interesting deployment scenario is based on camera smart-
phones and QR-Codes for locating users. This solution provides a low-entry technology
threshold and allows to use CoINS on any recent smartphone without the need to deploy
any proprietary software components on the phone.

1.1 CoINS Overview

The aim of the Context-aware Indoor Navigation System (CoINS) is to provide effi-
cient user navigation in buildings with a strong emphasis on the “human factor”. When
considering the human as part of the system, the term efficient does not longer simply
correspond to the shortest path calculated by some mathematical method. To efficiently
navigate users to their destinations, it is also vital that they can quickly comprehend
and execute the navigation instructions they receive from the navigation system. For
example, a good route description would consist of a low number of turns, turns would
be at ”landmarks” the user can easily identify, and would always clearly indicate the
directions in which the user is supposed to walk. The user model and the path selec-
tion algorithm presented in this paper allow to include such considerations into route
planning.

An important subcomponent of CoINS is path calculation, which only considers the
”geometric” aspects of route planning. In our earlier work [4] we only used models
and algorithms based on quadtrees [5]. This limited the scalability of the system to
larger buildings. The present CoINS system is able to efficiently find the geometrically
shortest paths because of the following two extensions: First, the symbolic part of our
hybrid location model is based on a hierarchical graph. Second, we improved the search
path algorithm with an heuristic to further reduce the search space. These two factors
allow to keep the single graphs small to reduce pathfinding complexity to O(|L|− 1)+
O(|Vi|) in the average case, and O(|Vi|2) in the worst scenario (see 2.1).

2 World Model

The CoINS world model is a hybrid model that combines symbolic graph-based models
with geometric models. A symbolic model is required for indoor navigation, because
room numbers, corridor names, floor numbers, etc. have an intuitive semantic to users.
Using geometric coordinates for end-user interaction would not be suitable. The ge-
ometric model is needed for determining the shortest paths and to obtain orientation
information for guiding users into the correct directions.
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Fig. 1. Hybrid world model of CoINS

The world model serves two main purposes. First, it supports transformations be-
tween geometric coordinates and symbolic locations and vice versa. When a 3D track-
ing system is used that provides geometric coordinates to locate users, the model must
be able to transform this coordinate into a symbolic location, such as a room number.
The pathfinding algorithm of CoINS starts with the symbolic models to create a coarse
plan of the route. After that, the geometric models are used for fine-planning. At the
transition between using symbolic and geometric models, the world model must also
support transforming symbolic into geometric coordinates.

Second, the model enables efficient pathfinding. The design of the CoINS world
model has been refined over several iterations to ensure that the search sets are as small
as possible and that the basic relations needed by the pathfinding algorithm can be
checked efficiently. In most cases, users will mostly move in two dimensions. Move-
ments in the height dimension usually only occur when changing floors, which is mod-
eled by using separate maps for each floor.

The world model of CoINS is shown in Figure 1. According to modeling level and
model type, the world model consists of five parts:

Geometric Building Model: This is a detailed geometric 3D model of the entire
building. All other model parts are created at design time from this model. At run time,
this model is not needed by the pathfinding algorithm of CoINS. However, if a 3D local
positioning system is used in the building, the model is needed to transform metric
coordinates to symbolic locations.

Geometric Floor Model: The floor model is a geometric 2D model of a single floor.
Here, the term floor denotes some part of the building at the same level that is connected.
It does not necessarily have to correspond to the whole story of a building. On the same
floor, users will only be able to move in two dimensions. When guiding a user on a floor,
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Fig. 2. A vertex-labeled universal hierarchical graph

a 2D representation is sufficient. The reduction to 2D space simplifies path calculation
and increases performance significantly.

Geometric Room Model: The room model is a geometric 3D model of a room or a
corridor. While it is not necessary to model rooms in detail, the geometry of corridors is
important for finding shortest paths and to obtain direction information for navigation.

Symbolic Building Model: This is a symbolic graph-based model of the whole
building. Its nodes are floors and connecting structures, such as elevators and stairs.
Each floor node holds a reference to its symbolic floor model.

Symbolic Floor Model: This is a symbolic graph-based model of a floor. Its nodes
are rooms and corridors, connected by entrances and exits.

2.1 Graph-Theoretical Model

This new model can be formalized using a recently specified graph class called univer-
sal hierarchical graphs [6]. In [6], undirected universal hierarchical graphs have been
introduced to calculate the topological entropy of such graphs. After this, the graph
class has been extended to the directed case [7]. Also, it was shown that these graphs
can be efficiently classified by transforming them into certain property strings capturing
important structural information.

In the following, we extend the definition given in [6] to vertex-labelled graphs and
state a special edge type specification.

Definition 1. Let

V := {v0,1, v0,2, . . . , v0,|V0|, v1,1, v1,2, . . . , v1,|V1|,
v2,1, v2,2, . . . , v2,|V2|, . . . , v|L|−1,1, v|L|−1,2, . . . , v|L|−1,|V|L|−1

}, (1)

be the vertex set, |V | < ∞ and let

AU
V := {l1, l2, . . . , l|AU

V |}, (2)

be the unique vertex alphabet. lV : V −→ AU
V represent the corresponding vertex

labeling function. L := {l0, l1, . . . , l|L|−1} defines the level set. |L| denotes its cardi-
nality. L : V −→ L is a surjective mapping that is called a multi level function if it
assigns to each vertex an element of the level set L. The graph U = (V, E) is called a
vertex-labelled universal hierarchical graph ⇔ its edge set can be represented by the
union E := E1 ∪ E2 ∪ E3. We specify the sets Ei as follows:
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– E1 denotes the set of horizontal Across-edges. A horizontal Across-edge does not
change a level i.

– E2 denotes the set of edges which change exactly one level. .
– E3 denotes the set of edges which overjump at least one level.

The set of undirected labelled universal hierarchical graphs is denoted by GLUHG.

As an example, Figure (4) shows an undirected labelled universal hierarchical graph.
Here, it holds AU

V := {a, b, c}. For example, it is lV (v0,1) = a and lV (v2,4) = b.
We see that our objects we deal with can be described by graphs U ∈ GLUHG. The
relationship to general graphs can be understood by recalling that an arbitrary graph
is not necessarily hierarchical (the hierarchies must be induced). Generally, hierarchies
can be induced by selecting a distinct root and applying algorithms based on shortest
path, see, e.g., [8]. In our case, the hierarchy is given naturally because the building we
want to model is hierarchical.

In the following, we consider a special class G�
LUHG of undirected labelled universal

hierarchical graphs such that E2 can be written as

E2 = {{v0,i0 , v1,i1}, {v1,i1 , v2,i2}, . . . , {v|L|−2,i|L|−2
, v|L|−1,i|L|−1

}} ∪ E�
2 , (3)

where 1 ≤ i0 ≤ |V0|, 1 ≤ i1 ≤ |V1|, . . . , 1 ≤ i|L|−1 ≤ |V|L| − 1|. Speaking informally,
that means we assume that there always exists at least one directed path starting from
at a vertex v0,i0 ∈ V and ending at v|L|−1,i|L|−1

∈ V (e.g. as it is the case with stairs
connecting floors). E�

2 is assumed to contain the remaining edges e ∈ E2. By using this
assumption, we easily derive the following assertion.

Theorem 1. Let U = (V, E) ∈ G�
LUHG. The time complexity for finding an arbitrary

vertex v ∈ V is O(|L| − 1) + O(|Vi|).

Proof: Let U = (V, E) ∈ G�
LUHG and arbitrary v ∈ V . Because there exists a path

P = (v0,i0 , v1,i1 , . . . , v|L|−1,i|L|−1
), the worst case time complexity to calculate the

distance for vertices on this path is consequently O(|L| − 1). The time complexity for
finding a vertex on level i is O(|Vi|).

Corollary 1. Let U = (V, E) ∈ G�
LUHG. In case there exists a vertex on each level i

which connects all remaining vertices on this level, the time complexity for finding an
arbitrary vertex v ∈ V is O(|L| − 1) + O(1).

Theorem 2. Let U = (V, E) ∈ G�
LUHG. Without the assumptions we made in Theo-

rem (1), the time complexity for finding an arbitrary vertex v ∈ V (starting from another
vertex) is O(|V |2).

Proof: Let U = (V, E) ∈ G�
LUHG. We always assume that our graphs we deal with

are connected. To start from an arbitrary vertex and calculating the shortest distance to
another vertex, any shortest path algorithm can be used, e.g., Dijkstra-algorithm [8]. For
this, the complete adjacency matrix must be parsed. But this requires time complexity
O(|V |2).
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Fig. 3. Generation of the World Model

2.2 Generation of the World Model

Figure 3 shows the generation of the CoINS world model and its parts.
CoINS currently uses the Quake III map format [9] as input for the world descrip-

tions, since it is widely known and open source tools are available to create world de-
scriptions. To create models for CoINS we have used the GtkRadiant kit [10] and Au-
todesk Gmax [11] which allows us to import AutoCad drawings. A detailed discussion
of describing the world using Quake maps, and the further processing required to map
into 2D maps and identify rooms is presented in [4].

3 A Model for User Centric Adaptation

The user model we have developed and applied in our indoor navigation technology
combines three key aspects besides user identification data: physical capabilities, user
preferences, and location access rights.

3.1 Physical Capabilities

Physical capabilities are represented using the International Classification of Function-
ing, Disability and Health (ICF) of the World Health Organization (WHO) [12]. The
ICF has been developed by the WHO as a framework for measuring health and dis-
ability, and proposes several types of qualifiers depending on the kind of impairment
evaluation. For body functions, a qualifier shows the presence of an impairment which
is measured on a five point scale: no impairment, mild, moderate, severe and complete.
For the sake of simplicity, only voluntary leg movement-related functions involved in
walking are considered, although this model can be extended with other body functions.

3.2 Location Access Rights

Location access rights control the entrance of users to certain locations or places. In
CoINS, a user can enter a location, if her access rights are available. This is modeled
according to the Role Based Access Control (RBAC) model [13]. A user profile is a
set of roles. Each role has a set of permissions that grant or restrict access to locations.
User profiles and roles are managed within a session, in which user, profiles, roles and
the permissions are assigned. Concretely,
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USER: {users} SESSION: ⊆ USER × PROFILE × 2ROLE

PROFILE: {Profiles} PERMISSION: { granted, denied }
ROLE: {Roles} ROLE: USER: ×PROFILE �→ 2ROLE

LOCATION: {Locations} PERMIT: ROLE × LOCATION �→ PERMISSION

3.3 Preferences

The user preferences influence the selection of paths. These preferences describe the
desire or predisposition of a user in favor of something. In this case, the preferences
take the attributes of paths into account. Some examples of such attributes are temper-
ature, luminosity, distance and crowdedness (Table 1). Since such preferences can be
arbitrary, we need to measured them with a numerical scale so that the preference is
quantifiable [14]. The range of the preference scale varies from 0 to 100, where 0 is
equivalent to least and 100 the most preferable. In Table 2, we show different user pref-
erences in their natural scales together with their upper and lower bounds. The upper
bound values of Path length and number of turns is different for every building, there-
fore an estimation was done by calculating the longest path possible in the building
minimizing repetition of places. On the other hand, other maximum values such as path
crowd density and variance are standards already documented elsewhere [15].

On certain occasions the construction of a natural scale is not possible. For instance,
the beauty of a path is hard to measure with a scale, since it involves aspects such as
color combination, layout, among others. For those scenarios, it is necessary to sub-
stitute the attribute with other(s) that are easier to quantify. For instance, beauty can
be replaced with attributes like homogeneity of the locations layouts and the height of
walls.

3.4 Modeling User Preferences with Multiattribute Utility Theory

This model presents a Multiattribute Utility Theory (MAUT)-based architecture that
enables decision making according to user interests (Table 3). Each user has a different
setting of preferences, and each with a different priority to the user. The strength of
a preference is given by an assessment function f . Let’s define F as the set of all
assessment functions f . Nevertheless, every user has different preferences when faced

Table 1. User preference assessment for (a) distance, (b) turns, and (c) temperature variation

(a)

Distance Assessment
(m) Value
0 100
10 95
30 85
60 45

125 20
200 3

(b)

Number Assessment
of turns Value

0 100
5 80

10 40
18 1

(c)

ADRT range Category Assessment
Value

0◦C - 10◦C Low 100
11◦C - 20◦C Medium 40
20◦C - higher High 0
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Fig. 4. The first curve shows an example of a polynomial approximation with distance values in
meters. Preferences can also be categorized as ”low”, ”medium” and ”high”, resulting in the step
function on the right

Table 2. Natural scales of path preference attributes

Attribute Lower bound Upper bound
Path length (m) 0 3780
Number of turns 0 246
Number of visual aids 0 75
Acum. temperature deviation (◦C) 0 100
Path crowd density (persons/m2) 0 6
Crowd density variance (persons/m2)2 0 0.2

in several different situations. As a result, an assessment function f holds if certain
conditions apply. Let’s define E as our set of possible events e. An event e represents a
situation of the user like for instance, the user is carrying heavy luggage or the location
is on fire.

Depending on the application domain, every assessment function f quantifies the
preference strength of some criterion c. These criteria comprise several aspects con-
cerning the application. In the domain of indoor navigation, criteria such as path length,
number of turns or crowdedness are relevant.

Each of these criteria may also be subject to user specific trade-off behavior. One
way to solve this is to assign priority weights to the assessment functions, which is
conventionally done in standard Multiattribute Utility Theory (MAUT) techniques.

Even though preference strength is measured by assessment functions, the preference
priority can change when events occur. Someone walking in an airport with empty

Table 3. Multiattribute Utility Theory definitions, and attribute examples

F = {f | f is an assessment function} COND = {STATE, ACTIVITY,
E = {e | e is an event} LOCATION, TIME}
X = {x | x can be assessed with some f ∈ F } STATE = { happy, busy, available, . . . }

ACTIVITY = { run, read, work, . . . }
where f : P(E) × X → {0, . . . , 100} LOCATION = {room a036, kitchen, . . . }
And:
E = (SUBJ, COND) TIME = {starttime, endtime}
SUBJ = {user 1, user 2, room a036, . . . }
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hands could probably care less about the path length than after picking his luggage. In
that situation, the importance weight of the path length criteria increases from not being
empty handed and having luggage. Therefore, preference priority weights should be
adjustable to different circumstances when events happen. An Event Listener notifies
the client about an incoming event ei (1). Upon receiving the event notification, the
client updates the preference functions by forwarding the notification message to every
criteria. As a result, every criteria knows what events affects them and by how much the
preference priority is increased or decreased.

4 Path Calculation and Selection

To select the most suitable path for a specific user we use the Simple Multi-Attribute
Rating Technique (SMART). Under this technique, every path can be described by in-
dividual preference attributes and through the value functions of each single attribute,
the preference strength can be measured.

The process of decision making can be influenced by the user’s consideration of what
attributes are more important or relevant to him. For this reason, importance weights are
given to attributes in order to model this kind of situation. The importance weight alters
the output of an attribute’s value function.

The measured preference strength of every single attribute of a path can be aggre-
gated to return an overall path evaluation value. This resulting value will be later used
to compare against other possible paths.

4.1 Assessment of Preferences with Simple Multiattribute Rating Technique
(SMART)

Our optimal path selection problem using SMART is formalized as follows:
Let P be the set of all feasible paths, then P = {p|p is a path over the location

model} and an all attributes with importance weights wn and value functions vn. Then,
the optimal path p ∈ P maximizes

eval(p) = aggregate(wi(vi(ai(p)))) for i = 1,. . . , number of attributes
The following five steps describe how the path selection using the SMART method

is conducted:

1. Define the feasible paths and attributes for evaluation. All feasible paths are
generated. Given that locations are connected as a graph in the location model,
all paths can be generated by traversing the graph using a depth first search, A∗

or Dijkstra. User constraints (e.g. physical disabilities) can be used at this stage
to avoid traversing unnecessary paths thus filtering them out from the selection
process.

2. Assign the importance weights to the attributes. The importance of attributes
to the user are established by assigning importance weights to attributes. These
weights are normalized,which means in this case that the sum of all weights equals
one. This weight assignation allows an ordering of attributes according to their rel-
evance and therefore the preference strength of an attribute with a high importance
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Table 4. Assessment of path attributes. Path 2 is the selected path

Attribute Importance Path 1 Path 2 Path 3

Path length 0.4 39.31 (65m) 51.67 (55m) 18.6 (138m)
Number of visual aids 0.2 99.29 (19) 96.52 (18) 3.09 (50)

ADRT 0.1 100 (4◦C) 100 (6C) 0 (29◦C)
Number of turns 0.1 94.03 (2) 94.03 (2) 80 (5)

Path Crowd Density 0.05 89.7 (0.11p/m2) 91.66 (0.09p/m2) 87.69 (0.13p/m2)
Crowd Density Variance 0.15 99.22

(0.012(p/m2)2)
86.51
(0.008(p/m2)2)

98.86
(0.017(p/m2)2)

Evaluation value 74.35 76.93 35.27

weight will have a higher impact on the path evaluation than those with lower. Im-
portance weights can be constants or functions. The latter is necessary when no
constant ordering of path attributes can be modeled. For example, if the importance
depends on the preference strength of some other path attributes.

3. For every path, assess the path attributes separately. At this step the iteration
of value measurement over all attributes for every path generated in the first step is
performed.

4. Calculate evaluation value by aggregating all attribute assessments under con-
sideration of importance weights. In the fourth step, assessment values of paths
attributes from step three are aggregated. Different aggregation models exist to ap-
proach this. For SMART, a very common model is the additive, which sums up all
assessment values from attributes multiplied by its respective importance weight,
i.e. eval(p) =

∑n
i=1 wid(ai(p)).

5. Select the path with the best evaluation value. In the last step, path selection can
be done by searching for the path with a target evaluation value. How the target
evaluation value is defined can depend on how the value scales were created during
path attribute assessment. For example, if the assessment functions map into nu-
merical values between 0 and 100 where 0 means the least desirable and 100 the
most, then path selection will concentrate on paths with highest evaluation values.

5 CoINS Architecture

Figure 5 shows the architecture of the CoINS system. The Presentation component of
CoINS can be either accessed as web interface through a web server or from rich clients.
The web-based solution has the advantage that no software deployment is necessary on
clients, but location tracking is limited to QR codes or purely infrastructure-based solu-
tions. In contrast, rich clients can provide more customized user interfaces and support
additional local positioning systems.

The Path Calculation component determines all possible routes from a given source
location to a given destination location. In addition, it provides the geometric length of
each route. This component only considers the location model.
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Fig. 5. CoINS System Architecture

The Path Selection component uses Preference Assessment to calculate all non-
location related metrics for all candidate routes and then selects the best route. The
candidate routes have been previously determined by Path Calculation. Preference As-
sessment uses the route, the user model, and the current context as inputs.

The whole process is controlled by a small Workflow Engine. Using a workflow al-
lows us to decouple the guidance process from the CoINS core system. CoINS server,
the Context Server, the location tracking systems, and rich clients are based on our com-
munication middleware MundoCore. MundoCore and the Context Server are described
in more detail in the following sections.

5.1 MundoCore Middleware and Software Architecture

MundoCore [16] is an open-source communication middleware specifically designed
for AmI applications. It supports automatic discovery of peers in the network and pro-
vides a peer-to-peer publish/subscribe system. The middleware has mechanisms to han-
dle network failures and handovers between different networks, allowing users to trans-
parently continue accessing services in such conditions. In addition, MundoCore im-
plements an Object Request Broker on top of publish/subscribe to achieve location and
execution transparency.

Therefore, programmers of an application do not need to know about the address of
its communication partners (a server, for instance). The distribution of client and server
components can be determined at deployment time or even changed at runtime.

For the implementation of CoINS, we adopted a service-oriented architecture, be-
cause it allows deploying application components according to different scenarios and
improve their reuse by other applications. For example, if a client only supports a web
browser, all components of CoINS can run on a server in the Internet. A more pow-
erful client such as an Ultra Mobile PC could already run the whole CoINS system
locally.
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5.2 The Mundo Context Server

The Mundo Context Server [17] is responsible for transforming raw sensor readings
into information that is meaningful to applications. It is an application-independent and
reusable component that aims to decouple applications from sensors such that sensors
become interchangeable and that new sensors can be added without requiring to change
applications. The context server provides the following functionality:

– Interpreting data received from sensors and transforming this data into a common
representation.

– Maintaining a geometric world model of the environment and supporting geometric
operations and queries.

– Inferring “higher-level” context from “lower-level” context.
– Notifying applications when certain context properties change.
– Storing histories of sensed and inferred context and supporting queries in those

histories.

CoINS uses the Context Server to track the locations of users. Because the Context
Server provides an abstraction layer above the physical sensors, CoINS can use stan-
dardized queries and does not have to be aware of the underlying sensor technology.
The Context Server is based on the notion of widgets to process context information. A
processing chain for a location sensor usually consist of the following steps:

1. Sensor: The first widget in the chain obtains the raw sensor data. In most cases,
it is a MundoCore Subscriber that receives messages from a remote sensor in the
network.

2. Normalization: Normalization transforms a system-specific message into a nor-
malized, system-neutral message. The classes of normalized messages are com-
posed by “multiple inheritance” and implement an ID part and a location part.

3. Transformation: This step handles entity/ID transformations, e.g. to translate from
tags to users, or from base stations to rooms, or positions between coordinate sys-
tems.

4. Inference: This step infers relations from messages. A relation typically consists
of two entities and describes a relationship between those two entities. Relations
are expressed as RDF statements.

5. Storage: The relation store stores relations and is based on the Tuplespace concept.
6. Query/Subscription: Applications can query the relation store or subscribe to the

store. A query operation returns all relations matching a specified pattern. When an
application subscribes to the store, it will be notified each time a tuple matching the
specified pattern is inserted into the space.

The current implementation of the CoINS system can work with the following tracking
systems:

– Ubisense: Ubisense [18] is an UWB-based high-resolution 3D tracking system.
For this system, the processing chain consists of a normalization to a common rep-
resentation for 3D tracking systems, coordinate system transformation, tag-to-user
ID mapping, transformation to symbolic coordinates using the Geometric Building
Model.
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– Elpas: Elpas [19] is a badge-based system that combines IR, LF, and RF. It can
cover entire buildings and depending on the amount of infrastructure deployed,
its accuracy varies between 25m and 2m. Elpas provides symbolic location in a
system-specific format. The processing chain consists of a normalization to a com-
mon representation for badge-based systems, tag-to-user ID mapping, and sensor-
to-room ID mapping.

– WLAN: WLAN-based tracking [20] can utilize WLAN infrastructures that often
already exist. WLAN-based systems can reach an accuracy of about 2-3m, given
that the necessary RSS fingerprint maps are accurate.

– QR: Quick Response (QR)-Codes are two-dimensional barcodes that were stan-
dardized by ISO in the year 2000 (ISO/IEC 18004). To date, QR reading software
is available for almost any smartphone. QR codes can be used to create physi-
cal world hyperlinks: A user having a camera phone can scan the image of a QR
Code causing the phone’s browser to launch and redirect to the programmed URL.
When using QR codes as a location source, the physical location of the QR code
is encoded into the URL. The context server is then used to map location codes to
symbolic locations.

The Context Server would support even more tracking systems. However, these sys-
tems either cover areas too small for indoor navigation applications (IRIS [21]) or they
are not accurate enough (Cellphone tracking [22]).

6 User Guidance

6.1 Customizable Guidance Process

The CoINS system decouples the process of guiding a user by including a small, em-
beddable workflow engine called Micro workflow [23]. In this way, both the support-
ing services and the process of indoor user guidance can be further modified. Another
advantage is that this approach also enforced further separations of responsibilities in
order to allow a possible change of the workflow engine if required. Figure 6 shows the
implementation of a guidance workflow.

6.2 Giving Directions to the User

Different techniques and requirements have been studied for guiding users indoors with
mobile platforms [24,25]. Guiding techniques includes floor maps, schemas, and spatial
landmarks [26] together with their spatial relationships to help build a ”mental trip” on
the guided user.

The user guidance in the current version of CoINS is realized through a visual modal-
ity, where instructions are displayed in the user’s terminal. We have so far developed
2 different versions for the user terminal. The latest one is a ”thin” client, in order to
support the common situation where no software deployment can be done on the user
terminal.

In a typical scenario, a user enters the building and points with the mobile’s camera
to any of the QR-Codes available in every door (Figure 7). A URL is encoded that
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Fig. 6. Workflow Implementation Overview

takes the user to a welcome page where information of the current location (people
to contact, office hours, contact information) is displayed, and the question is the user
requires directions. When the user selects this option, she can either type the name of
the person or room number, and the system starts the guiding process (current location
is assumed to be where the QR-Code was read).

The user continues receiving instructions everytime she requires it. Along the way,
the user may feel insecure about the current location and how to proceed. In such cases,
just by scanning any QR-Code, CoINS resumes que navigation from the current possi-
tion to the originally specified.

Indoor location systems are seldom installed in large scale settings, and can be ei-
ther very expensive or impractical following the building construction characteristics.
Therefore, the choice of a standard such as QR-codes appears as a natural solution.
Clearly, the limitations of the thin client and QR-Codes as a location systems makes
it difficult for proactive guidance. However, we are currently experimenting with new
approaches to overcome these restrictions.
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Fig. 7. A user scanning a QR-Code

7 Evaluation

Two different experiments have been carried out to study the paths people follow to
reach a given destination in indoor settings. The purpose of the first evaluation was
to gather information to find a common profile for the experiment, that is, a set of
assessment functions (three of them are shown in table 1(a),(b) and (c)) and a ranking of
the different criteria to estimate their weight in the path selection assessment procedure
(shown in table 4).

For the first experiment 8 subjects where scheduled, all of them familiar with the
Piloty Building at the University of Darmstadt, a 4-story building, that offers in every
floor five different stairs and 2 elevators to change floors (see figure 5). A set of pairs
of origins and destinations were carefully selected, and the subjects were asked to carry
out simple tasks that implied walking between the selected destinations(e.g. ”You need
to pick up a form in office XXX”, ”Take the form to Mr. YYY in office XYZ”, ”Go to
the library”,”Get a Coffee at the Bistro”, etc.). To start the experiment, subjects were
met at the origin for their assigned route and then were read the appropriate directions.
Afterwards, the subjects began walking to the given destinations as a part of the assign-
ments given. The routes every participant followed were recorded in separate maps of
the area, and all possible paths were coded to record every time a particular path was
followed. Subjects then completed a questionnaire on the criteria they used in selecting
a path.

The second experiment involved 9 subjects (5 female, 4 male) that did not participate
in the first experiment. We chose the same set of destinations as in the first experiment,
and assigned the same tasks to the subjects, following the first experiment’s procedure.
We also used the data and user preference profile information gathered during the first
experiment for the algorithm to calculate for every participant the suggested path, in
order to take into account the contextual characteristics at the moment where the ex-
periment would take place, and compare it to the one actually followed by the subject.
The results of this first evaluation of the system are shown in table 6. These results sug-
gests that the proposed paths by system matches those chosen by people at a particular
contextual setting. In table 5 we show an schema of the building, with the proposed
paths by the system and the alternatives performed by the users. Although encouraging,
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Table 5. (a) Shows the structure of the Piloty building, and the paths proposed for evaluation.
(b)Table shows for each participant and path, whether the path followed by the subject matches
the path proposed by the system.

(a) (b)

A to B B to C C to D D to E
Path Path Path Path

Subj. M/F Chosen Chosen Chosen Chosen
1 M Y Y Y Y
2 M Y Y Y Y
3 M Y Y N Y
4 F N Y Y Y
5 F Y Y Y Y
6 F Y Y N Y
7 F Y Y Y Y
8 M N Y N Y
9 F Y Y Y Y

Table 6. Generated paths and evaluation results

Path 1 Path 2 Path 3 Path 4 Σ
� Dijkstra’s generated Paths 24 9 24 57
� CoINS heuristic’s generated Paths 9 9 1 1
Users that followed path as predicted 7 9 6 9 31
Users that followed a different path 2 0 3 0 5

this study must also be performed in our future work in large indoor scenarios such as
airports, where users may have more options of movement according to the context.

In Table 6 we show the result of the reduced search space done by the heuristic
implemented in CoINS allowed a reduction of potential paths to be analyzed of more
than 82% (114 found by the general Dikjstra vs. 20 from CoINS spearch space reduction
+ Dijkstra). The results of the user behavior are encouraging: more that 86,1% of the
users actually followed the paths suggested by the algorithm.

8 Related Work

Human way finding has been studied from many different perspectives. Understanding
human way finding and navigation has been done in architecture and geography studies.
How human convey information to guide and orient others with verbal instructions [27].
Different studies have shown the relative importance of path optimality: people would
accept a less optimal (in terms of distance) path, in favor of routes that are potentially
easier to describe or follow. Perhaps the closest related system is by Tsetsos et al. [28]
presenting Ontonav , a system that introduces the use of ontologies in indoor navigation
to describe and reason over the user preferences, and annotate the world model, in order
to determine the path users must follow. Finally, Yao et al. [29] also proposes a naviga-
tion system using geo-coded QR-codes for individuals with cognitive impairments.
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Other relevant systems are Drishti developed by Lisa Ran, Sumi Helal and Steve
Moore in [30]. Drishti is an integrated indoor/outdoor navigation system for visually
impaired people that uses commercial off the shelf soft- and hardware. And finally the
Navio Project [31] from the Vienna University of Technology, a pedestrian navigation
system in mixed indoor and outdoor environment. It addresses several important aspects
like positioning, route planning, and communication of pedestrian navigation services.

9 Summary and Future Work

We have developed CoINS, a context-aware indoor navigation system with efficient
route planning. A key element to the efficient calculation of routes between two given
locations is the hybrid location model presented in this paper. We have also discussed
the application of QR codes for easy to deploy indoor navigation, without having to
deploy any specific software on the end-user terminal. Finally, the selection of the most
suitable path is done through a process of assessing user preferences according to the
context information.

As future work we plan to add automatic customization of the preferences to each
user, as well as the set of preferences to be evaluated and the ranking among them.
On the technology side, we will extend the current web-based user client to a rich
application, and take advantage of compass-enabled smartphones.
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Abstract. The study of ambient computing environments and perva-
sive computing systems has introduced new research challenges in the
field of Distributed Artificial Intelligence. The imperfect nature of con-
text, the different viewpoints from which the ambient agents face the
available context, and their heterogeneity with respect to the language
and inference system that they use cannot be efficiently handled by the
classical centralized reasoning approaches followed by most of the sys-
tems presented so far. The current paper proposes a distributed reasoning
approach from the field of Multi-Context Systems (MCS) that handles
these requirements by modeling ambient agents as peers in a P2P system,
local context knowledge as local rule theories, and mapping rules through
which an ambient agent imports context knowledge from other ambient
agents as defeasible rules. To resolve potential inconsistencies that may
derive from the interaction of context theories through the mappings, it
uses a preference relation, which may express the trust that an agent
has in the knowledge imported by other ambient agents. The paper also
describes a specific distributed algorithm for query evaluation in the pro-
posed MCS framework, analyzes its formal properties, and demonstrates
its use in three use case scenarios from the Ambient Intelligence domain.

1 Motivation

The study of ambient computing environments and pervasive computing sys-
tems has introduced new research challenges in the field of Distributed Artificial
Intelligence. These are mainly caused by the imperfect nature of context infor-
mation and the special characteristics of the agents that provide and process this
knowledge. Henricksen and Indulska in [1] characterize four types of imperfect
context information: unknown, ambiguous, imprecise, and erroneous. Sensor or
connectivity failures (which are inevitable in wireless connections) result in sit-
uations, that not all context data is available at any time. When the data about
a context property comes from multiple sources, the context information may
become ambiguous. Imprecision is common in sensor-derived information, while
erroneous context information arises as a result of human or hardware errors.

The agents that operate in an ambient environment are expected to have
different goals, experiences and perceptive capabilities. They may use distinct
vocabularies; they may even have different levels of sociality. Due to the highly
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dynamic and open nature of the environment (various entities join and leave
the environment at random times), they are not able to know a priori all other
entities that are present at a specific time instance nor can they communicate
directly with all of them.

Considering these requirements, three main challenges of knowledge manage-
ment in Ambient Intelligence are to enable:

1. Reasoning with the highly dynamic and ambiguous context data.
2. Managing the potentially huge piece of context data, in a real-time fashion,

considering the restricted computational capabilities of some mobile devices.
3. Collective intelligence, by supporting information sharing, and distributed

reasoning between the entities of the ambient environment.

So far, most ambient computing frameworks have followed fully centralized ap-
proaches (e.g. [2,3,4,5,6,7,8,9,10,11]), while others have used models based on
the blackboard and shared memory paradigms (e.g. [12,13,14]). Collecting the
reasoning tasks in a central entity certainly has many advantages. It achieves
better control and better coordination between the participating entities. How-
ever, such solutions cannot meet the demanding requirements of ambient envi-
ronments. The dynamics of the network and the unreliable and restricted (by
the range of the transmitters) wireless communications inevitably lead to fully
distributed solutions.

In the current study, we present a fully distributed approach for reasoning
in ambient computing environments, which is based on the Multi-Context Sys-
tems paradigm. Our approach models ambient agents as autonomous logic-based
peers in a P2P system and context knowledge possessed by an ambient agent
as a system peer’s local rule theory, while information exchange between agents
is achieved through mapping rules that associate their local context knowledge.
Even if it is assumed that each context theory is locally consistent, the same as-
sumption will not necessarily hold for the global knowledge base. The unification
of local theories may result in inconsistencies that are caused by the mappings.
For example, a local theory A may import conflicting context information from
two different agents, B and C, through two competing mapping rules. In this
case, even if the three different theories are locally consistent, their unification
through the mappings defined by A may contain inconsistencies. To deal with
this type of inconsistencies (global conflicts), we model mappings as defeasible
rules, and use context and preference information to resolve the conflicts.

With this model, we aim to capture the three fundamental dimensions of
contextual reasoning, as these were formulated in [15]:

– Partiality. Each agent may not have immediate access to all available infor-
mation, so a local theory can be thought as a partial representation of the
world.

– Approximation Each local theory differs at the level of detail at which a
portion of the world is represented.

– Perspective Each local theory encodes a different point of view on the world.
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Furthermore, the P2P paradigm enables us to model: (a) Information flow
between different ambient agents as message exchange between the system peers;
(b) context changes using the dynamics of a P2P system; and (c) confidence in
the knowledge of other agents as trust between the system peers.

The rest of the paper is structured as follows. The next section discusses
prominent recent studies on reasoning in Multi-Context Systems and Peer Data
Management Systems. Section 3 describes the proposed reasoning model. Sec-
tion 4 presents P2P DR, a specific reasoning algorithm for distributed query
evaluation in Multi-Context Systems, and Section 5 analyzes its formal proper-
ties. Section 6 demonstrates the application of the algorithm in three use case
scenarios from the Ambient Intelligence domain. The last section summarizes
and presents the next steps of this work.

2 Background

A Multi-Context System consists of a set of contexts and a set of inference
rules (known as mapping or bridge rules) that enable information flow between
different contexts. A context can be thought of as a logical theory - a set of axioms
and inference rules - that models local context knowledge. Different contexts
are expected to use different languages and inference systems, and although
each context may be locally consistent, global consistency cannot be required or
guaranteed. Reasoning with multiple contexts requires performing two types of
reasoning; (a) local reasoning, based on the individual context theories; and (b)
distributed reasoning, which combines the consequences of local theories using the
mappings. The most critical issues of contextual reasoning are the heterogeneity
of local context theories, and the potential conflicts that may arise from the
interaction of different contexts through the mappings.

The notions of context and contextual reasoning were first introduced in AI by
McCarthy in [16], as an approach for the problem of generality. In the same pa-
per, he argued that the combination of non-monotonic reasoning and contextual
reasoning would constitute an adequate solution to this problem. Since then,
two main formalizations have been proposed to formalize context: the proposi-
tional logic of context (PLC ) ([17,18]), and the Multi-Context Systems intro-
duced in [19], which later became associated with the Local Model Semantics
proposed in [20]. The second formalism was the basis of two recent studies that
were the first to deploy non-monotonic reasoning approaches in MCS: (a) the
non-monotonic rule-based MCS framework [21], which supports default nega-
tion in the mapping rules allowing to reason based on the absence of context
information; and (b) the multi-context variant of Default Logic [22]. The lat-
ter models the bridge relations between different contexts as default rules, and
has the additional advantage that is closer to implementation due to the well-
studied relation between Default Logic and Logic Programming. However, the
authors do not provide specific reasoning algorithms (e.g. for query evaluation),
and their model does include the notion of priority, which we use for conflict
resolution.
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A relevant problem researched by several recent studies is the semantic char-
acterization of mappings in peer data management systems. Two prominent
early approaches were the first-order logic interpretation, followed in [23,24],
and the epistemic logic semantics proposed in [25]. The main problem of both
approaches is that they do not handle inconsistency. Three recent studies that
deal with inconsistencies are [26], [27], and [28]. The first one is based on auto-
epistemic semantics and handles only local inconsistency. The second is based
on non-monotonic epistemic logic, and enables handling peers that may provide
mutually inconsistent data. Finally, the propositional P2P inference system pro-
posed in the third study deals with conflicts caused by mutually inconsistent
information sources, by detecting them and reasoning without them. A common
deficiency of the two latter studies is that the conflicts are not actually resolved
using some external trust or priority information, but they are rather isolated.

3 Reasoning Model

Our approach models a Multi-Context System P as a collection of distributed
local rule theories Pi in a P2P system:

P = {Pi}, i = 1, 2, ..., n

Each system peer (context) has a proper distinct vocabulary Vi and a unique
identifier i. Each local theory is a set of rules that contain only local literals
(literals from the local vocabulary). These are of the form:

rl
i : a1

i , a
2
i , ...a

n−1
i → an

i

where i denotes the peer identifier. These rules express local knowledge and are
interpreted in the classical sense: whenever the literals in the body of a local rule
(a1

i , a
2
i , ...a

n−1
i ) are consequences of the local theory, then so is the conclusion of

the rule (an
i ). Local rules with empty body are used to express factual knowledge.

Each peer also defines mappings that associate literals from its own vocab-
ulary (local literals) with literals from the vocabulary of other peers (foreign
literals). The acquaintances of peer Pi, ACQ(Pi) are the set of peers that at
least one of Pi’s mappings involves at least one of their local literals. The map-
pings are modeled as defeasible rules (rules that can be defeated in the existence
of adequate contrary evidence) of the form:

rm
i : a1

i , a
2
j , ...a

n−1
k ⇒ an

i

The above mapping rule is defined by Pi, and associates some of its own local
literals with some of the local literals of Pj , Pk and other system peers. an

i is a
local literal of the theory that has defined rm

i (Pi).
Finally, each peer Pi defines a trust level order Ti, which includes a subset of

the system peers, and expresses the trust that Pi has in the other system peers.
This is of the form:

Ti = [Pk, Pl, ..., Pn]
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A peer Pk is considered more trusted by Pi than peer Pl if Pk precedes Pl in
this list. The peers that are not included in Ti are less trusted by Pi than those
that are part of the list.

4 The P2P DR Algorithm

P2P DR is a distributed algorithm for query evaluation in Multi-Context Sys-
tems following the model that we described in the previous section. The specific
reasoning problem that it deals with is: Given a MCS P , and a query about lit-
eral xi issued to peer Pi, find the truth value of xi considering Pi’s local theory,
its mappings and the context theories of the other system peers. The algorithm
parameters are:

xi: the queried literal
P0: the peer that issues the query
Pi: the local peer
SSxi : the Supportive Set of xi (a set of literals that is initially empty)
CSxi : the Conflicting Set of xi (a set of literals that is initially empty)
Histxi : the list of pending queries ([x1, ..., xi])
Ansxi : the answer returned for xi (initially empty)

The algorithm proceeds in four main steps. In the first step, the algorithm
determines if the queried literal, xi, or its negation ¬xi are consequences of Pi’s
local rules. To do that it calls a local reasoning algorithm (local alg, described
later in this section), which returns a positive answer, in case xi derives from the
local rules, or a negative answer in any other case. Below, we denote as Rs(xi)
the set of rules that support xi (as their conclusion); and as Rc(xi), the set of
rules that contradict xi (those that support ¬xi)

P2P DR(xi, P0, Pi, SSxi , CSxi , Histxi, Ansxi , Ti)
if ∃rl

i ∈ Rs(xi) then
localHistxi ← [xi]
call local alg(xi, localHistxi , localAnsxi)
if localAnsxi = Y es then

return Ansxi = localAnsxi and terminate
if ∃rl

i ∈ Rc(xi) then
localHistxi ← [xi]
call local alg(¬xi, localHistxi , localAns¬xi)
if localAns¬xi = Y es then

return Ansxi = ¬localAns¬xi and terminate

If Step 1 fails, the algorithm collects, in the second step, the local and mapping
rules that support xi. To check which of these rules can be applied, it checks the
truth value of the literals in their body by issuing similar queries (recursive calls
of the algorithm) to Pi or to the appropriate neighboring peers Pj ∈ ACQPi . A
rule is considered applicable if all the literals in its body have positive truth val-
ues. To avoid cycles, before each new query, it checks if the same query has been
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issued before, during the same algorithm call (using Hist). For each applicable
supportive rule ri, the algorithm builds its supportive set SSri ; this derives from
the unification of the set of the foreign literals (literals that are defined by peers
that belong in ACQ(Pi)) that are contained in the body of ri, with the Support-
ive Sets of the local literals that belong in the body of the same rule. In the end,
in case there is no applicable supportive rule (SRxi = {}), where SRxi is the
set of applicable rules that support xi , the algorithm returns a negative answer
for xi and terminates. Otherwise, it computes the Supportive Set of xi, SSxi , as
the strongest of the Supportive Sets of the applicable rules that support xi, and
proceeds to the next step. The strongest Supportive Set is computed using the
Stronger function (described later in this section), which applies the preference
relation defined by Pi, Ti, on the given sets.

SRxi ← {}
for all rlm

i ∈ Rs(xi) do
SSri ← {}
for all bt ∈ body(rlm

i ) do
if bt ∈ Histxi then

stop and check the next rule
else

Histbt ← Histxi ∪ bt

call P2P DR(bt, Pi, Pt, SSbt , CSbt , Histbt , Ansbt , Tt)
if Ansbt = No then

stop and check the next rule
else if Ansbt = Y es and bt /∈ Vi then

SSri ← SSri ∪ bt

else
SSri ← SSri ∪ SSbt

if SRxi = {} or Stronger(SSri , SSxi , Ti) = SSri then
SSxi ← SSri

SRxi ← SRxi ∪ rlm
i

if SRxi = {} then
return Ansxi = No and terminate

In the third step, in the same way with the previous step, the algorithm col-
lects the rules that contradict xi and builds the conflicting set of xi (CSxi). In
case there is no applicable rule that contradicts xi, the algorithm terminates by
returning a positive answer for xi. Otherwise, it proceeds with the last step. Be-
low, we denote as CRxi the set of the applicable rules that contradict (support
the negation of) xi.

CRxi ← {}
for all rlm

i ∈ Rc(xi) do
SSri ← {}
for all bt ∈ body(rlm

i ) do
if bt ∈ Histxi then

stop and check the next rule
else
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Histbt ← Histxi ∪ bt

call P2P DR(bt, Pi, Pt, SSbt , CSbt , Histbt , Ansbt , Tt)
if Ansbt = No then

stop and check the next rule
else if Ansbt = Y es and bt /∈ Vi then

SSri ← SSri ∪ bt

else
SSri ← SSri ∪ SSbt

if CRxi = {} or Stronger(SSri , CSxi , Ti) = SSri then
CSxi ← SSri

CRxi ← CRxi ∪ rlm
i

if CRxi = {} then
return Ansxi = Y es and SSxi and terminate

In the last step, the algorithm compares SSxi and CSxi using again the
Stronger function. If SSxi is stronger, the algorithm returns a positive answer
for xi. In any other case, it returns a negative answer.

if Stronger(SSxi , CSxi , Ti) = SSxi then
return Ansxi = Y es and SSxi

else
return Ansxi = No

The local reasoning algorithm local alg is called by P2P DR to determine
whether a literal is a consequence of the local rules of the theory. The algorithm
parameters are:

xi: the queried literal
localHistxi: the list of pending queries in Pi

localAnsxi: the local answer for xi

local alg(xi, localHistxi, localAnsxi)
for all rl

i ∈ Rs(xi) do
if body(rl

i) = {} then
return localAnsxi = Y es and terminate

else
for all bi ∈ body(rl

i) do
if bi ∈ localHistxi then

stop and check the next rule
else

localHistbi ← localHistxi ∪ bi

call local alg(bi, localHistbi , localAnsbi)
if for every bi: localAnsbi = Y es then

return localAnsxi = Y es and terminate
return localAnsxi = No

The Stronger(S, C, T ) function is used by P2P DR to check which of S and C
sets is stronger, based on T (the preference relation defined by the peer that the
algorithm is called by). According to T , a literal ak is considered to be stronger
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than al if Pk precedes Pl in T . The strength of a set is determined by the weakest
literal in this set.

Stronger(S, C, T )
aw ← ak ∈ S s.t. for all ai ∈ S : Pk does not precede Pi in T
bw ← al ∈ C s.t. for all bj ∈ C : Pl does not precede Pj in T
if Pk precedes Pl in T then

Stronger = S
else if Pl precedes Pk in T then

Stronger = C
else

Stronger = None

Below we demonstrate how the algorithm works through an example. In the
system depicted in Figure 1, there are six peers, each one with its local context
theory, and a query about x1 is issued to P1.

P1 P2 P3

rl
11 : a1 → x1 rl

21 : c2 → a2 rl
31 :→ a3

rm
12 : a2 ⇒ a1 rl

22 : b2 → a2

rm
13 : a3, a4 ⇒ ¬a1 rm

23 : b5 ⇒ b2

rm
24 : b6 ⇒ b2

P4 P5 P6

rl
41 :→ a4 rl

51 :→ b5 rl
61 :→ b6

Fig. 1. A MCS of Six Context Theories

Given the query about x1, P1 calls P2P DR, which proceeds as follows:

– In the first step, it fails to compute the truth value of x1 based on P1’s local
theory, so the algorithm proceeds to the second step.

– It successively calls rules rl
11 and rm

12, and issues a query about a2 to P2.
– In P2, a2 does not derive from the local theory, and the algorithm successively

calls the two rules that support a2; rl
21 and rl

22.
– c2 is not supported by any rule, so rl

21 is not applicable.
– To check whether rule rl

22 can be applied, the algorithm computes the truth
value of literal b2. b2 is supported by two mapping rules; rm

23 and rm
24.

– To determine whether these rules can be applied, the algorithm queries P5
about b5, and P6 about b6.

– P5 and P6 return positive answers for b5 and b6 respectively, as these literals
are consequences of their local theories.

– As there is no rule in P2 that contradicts b2 or a2, the algorithm computes
a positive answer for a2, and constructs the Supportive Set of a1, which
contains literal a2 (SSa1 = {a2}).

– The next step is to check the only rule that contradicts a1, rule rm
13. Using

a similar process, the algorithm ends up with a conflicting set that contains
literals a3 and a4 (CSa1 = {a3, a4}).
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– To compare SSa1 and CSa2 , the algorithm uses the trust level order defined
by P1, T1. Assuming that T1 = [P4, P2, P3], a2 and a3 are respectively the
weakest elements of SSa1 and CSa1 , and a3 is weaker than a2. Consequently,
the algorithm computes a positive answer for a1, and, as there is no rule that
contradicts x1, it eventually returns a positive answer for x1.

5 Properties of P2P DR

In this section we describe some formal properties of P2P DR with respect to its
termination (Proposition 1), complexity (Propositions 2-3), and the possibility
to create an equivalent unified defeasible theory from the distributed context
theories (Proposition 4). Proposition 1 holds as cycles are detected within the
algorithm.

Proposition 1. The algorithm is guaranteed to terminate returning either a
positive or a negative answer for the queried literal.

Proposition 2 is a consequence of two states that we retain for each peer, which
keep track of the incoming and outgoing queries of the peer.

Proposition 2. The total number of messages that are exchanged between the
system peers for the computation of a single query is O(n2) (in the worst case
that all peers have defined mappings that contain literals from all system peers
and the evaluation of the query involves all mappings defined in the system),
where n stands for the total number of system peers.

It is interesting to compare our approach with a centralized reasoning approach
with regard to the total number of messages exchanged between the system
peers for the evaluation of a single query. As Proposition 2 states, in the case of
P2P DR, this number equals O(n2), but only in the worst case that all peers
have defined mappings that contain literals from all other system peers and
the evaluation of the query involves all mappings defined in the system. In a
centralized approach, where all peer theories should be collected in a central
entity before query evaluation, the required number of messages would be in
any case O(log n). The size of the messages would be however much bigger. In
the centralized approach, these messages should contain whole peer theories.
P2P DR, on the other hand, requires the peers to exchange single boolean
values.

Proposition 3. The computational complexity of the algorithm on a single peer
is in the worst case O(n2×n2

l ×nr), where n stands for the total number of system
peers, nl stands for the number of literals a peer may define, and nr stands for
the total number of (local and mapping) rules that a peer theory may contain.

Proposition 4. Using a standard process, it is possible to unify the local context
theories into a global defeasible theory, which produces the same results with
P2P DR. In this theory, local rules are modeled as strict rules, mapping rules
are modeled as defeasible rules, and trust information from the system peers is
used to derive priorities between conflicting rules.
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The latter property, which shows the equivalence with a defeasible theory, en-
ables resorting to centralized reasoning by collecting the distributed context
theories in a central entity and creating an equivalent defeasible theory. In ad-
dition, this result is typical of other works in the area of Peer-to-Peer reasoning,
in which the distributed query evaluation algorithm is related to querying a sin-
gle knowledge base that can be constructed (see, e.g. [29]). Via Proposition 4,
P2P DR has a precise semantic characterization. Defeasible Logic has a proof-
theoretic [30], an argumentation-based [31] and a model-theoretic semantics [32].
The proof of Proposition 4 is particularly complex, as it has to take into account
matters as how provability in the case of P2P DR is interpreted in defeasible
provability of Defeasible Logic, and how trust information from the distributed
system peers is translated into the priority relation of Defeasible Logic. Details
about Proposition 4, as well as the proofs for Propositions 1-4 will be presented
elsewhere due to space limitations.

6 Three Use Case Scenarios from Ambient Intelligence

In this section, we illustrate how P2P DR works in three use cases scenarios
from the Ambient Intelligence domain, where the MCS model that we described
in Section 3 is used to represent local knowledge of various ambient agents, and
interaction between the agents is achieved through mapping rules that associate
their local context knowledge.

6.1 Context-Aware Mobile Phone in an Ambient Classroom

The first scenario involves a context-aware mobile phone that has been configured
by professor Dr. Amber to make decisions about whether it should ring or not
(in case of incoming calls) based on Dr. Amber’s preferences and context. Dr.
Amber has the following preferences: His mobile phone should ring in case of
an incoming call, unless it is in silent mode or Dr. Amber is busy with some
important activity. One such important activity is a lecture for one of the courses
he teaches at the university. These preferences are expressed in Dr. Amber’s
mobile phone as follows:

rl
11 : incoming call, ¬silent mode, ¬important activity ⇒ ring

rl
12 : lecture → important activity

Consider the case that Dr. Amber is located in the ’RA201’ classroom of the
university reading his emails on his laptop. It is Tuesday, the time is 7.50 p.m.
and he has just finished with a lecture for course CS566. The context-aware
mobile phone receives an incoming call, but it is not in silent mode. The latter
two facts are described by the following two strict local rules in Dr. Amber’s
mobile phone:

rl
13 :→ incoming call

rl
14 :→ normal mode
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In this case, the mobile phone cannot decide whether it should ring or not
based only on its local context knowledge, as it is not aware of other impor-
tant context parameters (e.g. whether Dr. Amber is currently busy with an
important activity). Therefore, it will attempt to use its mapping rules, through
which it can import context information from other ambient agents, and use
this information to infer further knowledge about Dr Amber’s current context.
The mobile phone connects through the wireless network of the university with
Dr. Amber’s laptop, the wireless network localization service, and the classroom
manager (a stationary computer installed in the ’RA201’ classroom). Dr Amber
has predefined the following mapping rules:

– Rule rm
15, which states that if there is a scheduled lecture for course CS566,

and Dr. Amber (actually his mobile phone) is currently located in classroom
’RA201’, then Dr. Amber is possibly giving a lecture. Information about
scheduled events is imported from Dr. Amber’s laptop (agent P2), while
information about his current location is imported from the wireless network
localization service (agent P3).

rm
15 : scheduled CS5662, location RA2013 ⇒ lecture

– Rule rm
16, which states that if there is no class activity taking place in the

classroom, Dr. Amber is rather not giving a lecture. Information about the
state of the classroom is imported from the classroom manager (agent P4).

rm
16 : ¬class activity4 ⇒ ¬lecture

Dr. Amber’s personal laptop contains knowledge about the current day and
time, as well as, Dr. Amber’s personal calendar. Specifically, using the follow-
ing rules, it can infer that at the current time (Tuesday, 7.50 p.m.), there is a
scheduled class event.

rl
21 :→ day(tuesday)

rl
22 :→ time(19.50)

rl
23 : day(tuesday), time(X), 19.00 ≤ X ≤ 20.00 → scheduled CS566

The localization service context knowledge base contains one fact describing
Dr. Amber’s mobile phone current location.

rl
31 :→ location RA201

The classroom manager possesses context knowledge about the state of the
classroom. Specifically, it uses a local strict rule with empty body to describe
the state of the projector installed in the classroom, and a mapping rule which
imports information from an external person detection service (agent P5) about
the presence of people in the classroom, to determine about whether there is a
class activity in progress.

rl
41 :→ projector(off)

rm
42 : persons detected(X)5, X < 2, projector(off) ⇒ ¬class activity

Finally, the person detection service describes its local context information
regarding the number of persons detected in the classroom using one fact:



Distributed Defeasible Contextual Reasoning in Ambient Computing 319

rl
51 :→ persons detected(1)

Assuming that the trust level order defined by Dr. Amber for his mobile phone
is T1 = [P3, P4, P2], where P2 stands for Dr. Amber’s laptop, P3 stands for the
classroom manager, and P4 stands for the localization service, given the query
about whether the mobile phone should ring or not, the P2P DR algorithm
called by the mobile phone will proceed as follows:

– Using the local context theory of the mobile phone, it cannot reach to a deci-
sion as it has no knowledge about Dr Amber’s current activity. It can derive
a positive value for incoming call and a negative truth value for silent mode,
but it cannot determine about the applicability of rules rl

11 and rl
12. To do

that, it has to determine the truth value of lecture.
– For lecture, the mobile phone contains two conflicting mapping rules (rm

15
and rm

16). Through rm
15, the algorithm accesses the local knowledge of P2 (the

laptop) and P3 (localization service), computes positive truth values for both
scheduled CS566 and location RA201, and determines that rm

15 is applicable.
– Through rule rm

16, the algorithm accesses the local knowledge of P4 (classroom
manager) and through P4’s mapping rule rm

42, it also uses the knowledge of
P5 (person detection service) to determine that ¬class activity is true and
rm
16 is applicable.

– The algorithm uses the trust level order of P1 to determine which of the two
conflicting mapping rules (rm

15 and rm
16) is stronger. P4 precedes P2 in T1,

so the algorithm determines that rm
16 is stronger, and computes a negative

truth value for lecture and consequently for important activity as well.
– The algorithm determines that rl

11 is applicable and reaches to the ring
decision.

6.2 Ambient Intelligence Home Care System

The second scenario takes place in an apartment hosting an old man, Mr. Jones.
Mr. Jones, a 80 year old widower, is living alone in this apartment, while his son
resides in close proximity. A nurse visits Mr. Jones 8 to 10 hours daily, while his
son also visits him for some hours every couple of days. Mr Jones’ apartment is
equipped with an Ambient Intelligence Home Care System, which consists of:

– A position tracking system, which localizes Mr. Jones in the apartment.
– An activity tracking system, which monitors the activities carried out by

Mr. Jones; activity can take values such as sitting, walking, lying, etc.
– A data monitoring system, in the form of a bracelet, which collects Mr. Jones’

basic vital information, such as pulse, skin temperature and skin humidity.
– A person detection system, which is able to recognize Mr. Jones, his son and

the nurse.
– An emergency monitoring system, identifying emergency situations. This

system has a wired connection with the position tracking system, the activity
tracking system, the person detection system and the emergency telephony
system, and a wireless connection with the data monitoring bracelet.
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– An emergency telephony system, which makes emergency calls to Mr. Jones’
son in case of emergency.

Assume that neither the nurse nor Mr. Jones’ son are located in the apart-
ment, and Mr Jones is walking through a hall of the apartment to his bedroom.
He suddenly stumbles, falls down and loses his consciousness, while the data
monitoring bracelet that he wears in his wrist is damaged, transmitting wrong
data to the emergency monitoring system.

The emergency telephony system agent (P1) determines about whether it
should make an emergency call to his son using the following rule:

rm
11 : emergency2, ¬detected(nurse)3, ¬detected(son)3 ⇒ emergency call

Using this rule, the telephony agent imports information about emergency
situations from the emergency monitoring agent (P2), and information about
the people that are present in the apartment from the person detection agent
(P3). P3 preserves presence information in terms of local rules. In this case, it
tracks only the presence of Mr. Jones and expresses this knowledge using the
following rule:

rl
31 :→ detected(jones)

The emergency monitoring agent (P2) includes the following rules for deter-
mining emergency situations: Rule rl

21 states that any abnormal situation is an
emergency situation. Rule rm

22 imports data from the data monitoring agent (P4),
and states that if temperature, skin humidity and pulse have normal values then
there is no case of emergency situation. Rule rl

23 imports Mr. Jones’ activity
information from the activity tracking agent (P5) and position information from
the position tracking agent (P6) and states that in case Mr. Jones is lying in a
place different than his bed, then this is an abnormal situation.

rl
21 : abnormal situation → emergency

rm
22 : normal temperature4, normal skin humidity4, normal pulse4 ⇒

¬emergency
rm
23 : activity(lying)5, ¬position(bed)6, ⇒ abnormal situation

The data monitoring agent (P4) reports the following wrong values about Mr.
Jones’ temperature, skin humidity and pulse:

rl
41 :→ normal temperature

rl
42 :→ normal skin humidity

rl
43 :→ normal pulse

Finally, the activity tracking and the position tracking agents use respectively
the following two local rules to encode current Mr. Jones’ activity and position:

rl
51 :→ activity(lying)

rl
61 :→ position(hall)

Assuming that the trust level order defined for the emergency tracking sys-
tem is T2 = [P6, P5, P4], given the query about whether the emergency telephony
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system (P1) should make an emergency call, the P2P DR algorithm called by
P1 will proceed as follows:

– Using the local context theory of P1, it cannot reach to a decision as it has
no knowledge about the people that are present in the apartment nor about
the current situation.

– Through rule rm
11, the algorithm imports information from P3 about the

presence of Mr. Jones in the apartment (and the absence of his son and the
nurse).

– Through the same rule, the algorithm attempts to import information about
Mr. Jones’ situation from P2.

– For emergency, P2 contains two conflicting rules (rl
21 and rm

22). Through
rule rm

23, the algorithm accesses the local knowledge of P5 (activity tracking
agent) and P6 (position tracking agent), computes positive truth value for
activity(lying) and negative truth value for position(bed), and determines
that rl

21 is applicable.
– Through rule rm

22, the algorithm accesses the local knowledge of P4 (data
monitoring agent) and determines that rm

22 is also applicable.
– The algorithm uses the trust level order of P2 to determine which of the two

conflicting rules (rl
21 and rm

22) is stronger. P5 and P6 both precede P4 in T2,
so the algorithm determines that rl

21 is stronger than rm
22, and computes a

positive truth value for emergency.
– The algorithm determines that rm

11 is applicable and, as there is no conflicting
rule, reaches to the emergency call decision.

6.3 Mushroom Hunting in an Ambient Natural Park

The scenario takes place in an ambient environment of mushroom hunters, who
collect mushrooms in a natural park in North America. The hunters carry mobile
devices, which they use to communicate with each other through a wireless
network, in order to share their knowledge on edible and non-edible mushrooms.

People interested on picking mushrooms typically do not know every specie
and family of mushrooms in detail. They know that a deadly mushroom can
be very similar to an edible one, e.g., the ”amanita phalloides” (deadly) and
the ”amanita caesarea” (edible and one of the best mushrooms) that look very
much alike. In general, a mushroom hunter has to respect certain rules imposed
by the natural park legislation such as the limited quantity of mushrooms that
can be picked. Since the limitation on the allowed quantity, there is the need of
establishing the specie of an unknown mushroom during the picking itinerary
instead of bringing the picked ones to an expert and discovering, after some
days, that the picking has been useless due to the high number of non-edible
picked mushrooms. Furthermore, the picking has not been simply useless but it
has also vainly cheated the ecosystem of a part. Moreover, even in the case of
an irrelevant quantity of non-edible picked mushrooms, it might happen that a
small chunk of a deadly mushroom (e.g., ”amanita phalloides” also known as
The Death Cap) mixes with edible ones and accidentally eaten. By keeping in
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mind the above discussed motivations, let us consider the scenario in which a
mushroom hunter finds an interesting mushroom but it is unclear if it is edible.

Suppose that the mushroom in question has the following characteristics: It
has a stem base featuring a fairly prominent sack that encloses the bottom of
the stem (volva) and a pale brownish cap with patches, while the margin of the
cup is prominently lined, and the mushroom does not have a ring (annulus).
The description of the mushroom is expressed in terms of facts as follows:

→ amanita
→ volva
→ ¬ring
→ brownish cap
→ patches
→ lined margin

The hunter has some knowledge on the description of specific species, such as
the Destroying Angel, the Death Cap and the Caesar’s Mushroom(rules rl

11-r
l
13).

He also knows which of them are poisonous, and which are not (rules rl
14-r

l
16).

rl
11 : volva, ring, white cap,¬patches → destroying angel

rl
12 : volva, ring, patches, greenish cap,¬lined margin → death cap

rl
13 : volva, ring, patches, orange cap, lined margin → ceasars mushroom

rl
14 : destroying angel → poisonous

rl
15 : death cap → poisonous

rl
16 : ceasars mushroom → ¬poisonous

The description of the mushroom in question does not fit with any of these
species, so the hunter uses the wireless network to contact other mushroom
hunters that are located nearby. His wireless device establishes connection with
the devices of three other hunters (P2, P3 and P4). We assume that the first
hunter has predefined the following mappings that associate his vocabulary with
the vocabularies used by the three hunters: Non-edible mushrooms defined by
P2 imply poisonous mushrooms (rule rm

11), non-toxic mushrooms defined by P3
imply mushrooms that are not poisonous (rule rm

12), while dangerous mushrooms
defined by P4 imply poisonous mushrooms (rm

13).

rm
11 : non edible2 ⇒ poisonous

rm
12 : non toxic3 ⇒ ¬poisonous

rm
13 : dangerous4 ⇒ poisonous

P2 uses a generic rule, which states that mushrooms with a volva are non-
edible (rule rl

21). P3 has knowledge of some specific species that are not toxic, in-
cluding springtime amanita (rule rl

31), but does not know how to describe them.
P4, on the other hand also uses a very generic rule, which states that amani-
tas are dangerous (rule rl

41). Using the same wireless network, P3 establishes a
connection with P5. P3 has predefined a mapping rule that associates spring-
time amanita with amanita velosa defined by P5 (rule rm

31). The local knowledge
base of P5 contains a detailed description of this specific specie, which fits the
description of the mushroom in question (rule rl

51).
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rl
21 : volva → non edible

rl
31 : springtime amanita → non toxic

rm
31 : amanita velosa5 ⇒ springtime amanita3

rl
41 : amanita → dangerous

rl
51 : volva, ¬ring, brownish cap, patches, lined margin → amanita velosa

Assuming that the description of the mushroom is shared between the involved
hunters (e.g. through a picture taken by the first hunter), and that the trust level
order of P1 is T1 = [P3, P2, P4], the algorithm proceeds as follows:

– Using the local context theory of P1, it is not able to determine whether the
mushroom is poisonous or not.

– For poisonous, P1 has defined two mapping supportive rules: rm
11 and rm

13.
Through rm

11, the algorithm accesses the local knowledge of P2, computes
positive truth value for non edible and determines that rm

11 is applicable.
– Through rm

13, the algorithm accesses the local knowledge of P4, computes
positive truth value for dangerous and determines that rm

13 is also applicable.
– P1 has also defined a mapping rule that contradicts poisonous ; rule rm

12.
Through this rule, the algorithm queries P3 about non toxic. The instance
of P2P DR called by P3 uses its mapping rule rm

31 to import information
about amanita velosa from P5. Successively, P5 returns a positive value for
amanita velosa, P3 returns a positive value for non toxic, and the algorithm
determines that rm

12 is also applicable.
– Using T1, the algorithm computes SSpoisonous = SSrm

11
= {non edible2} (P2,

which has defined non edible is more trusted than P4) and CSpoisonous =
SSrm

12
= {non toxic3, }. It, then, compares SSpoisonous with CSpoisonous us-

ing T1, and as P3 is more trusted than P2, the algorithm eventually returns
a negative answer for poisonous.

7 Conclusion

In this study, we proposed a totally distributed approach for reasoning in Am-
bient Computing environments based on the Multi-Context Systems paradigm.
To handle inconsistency in the distributed context knowledge, we added non-
monotonic features in Multi-Context Systems. In the proposed model, local con-
text knowledge is expressed using local rule theories, and a preference relation
is used to resolve conflicts that derive from the interaction of the distributed
context theories through the mappings. We also described a distributed query
evaluation algorithm for MCS, and analyzed its formal properties with respect
to termination, complexity and the possibility to create an equivalent global
defeasible theory from the distributed contexts. Finally, we demonstrated the
use of the algorithm in three use case scenarios from the Ambient Intelligence
domain. Part of our ongoing or future work includes:

– Implementing the algorithm in Logic Programming, using the equivalence
with Defeasible Logic, and the well-studied translation of defeasible knowl-
edge into logic programs under Well-Founded Semantics [33].
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– Implementing the described scenarios in a real ambient peer-to-peer envi-
ronment with peers lying on a variety of stationary and mobile devices (such
as PDAs or cell phones).

– Studying alternative methods for conflict resolution, which differ in the way
that a peer evaluates the answers returned by its peers; e.g. we could asso-
ciate the quality of an answer not only with the trust level of the queried peer,
but also with the confidence of the queried peer on the answer it returns.

– Adding non-monotonic features in the local context theories to support un-
certainty in the local context knowledge.

– Extending the algorithm to support overlapping vocabularies, which will
enable different contexts to use elements of common vocabularies (e.g. URIs).

– Studying more applications in the Ambient Intelligence and Semantic Web
domains, where the theories may represent ontological context knowledge,
policies and regulations.
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13. Krummenacher, R., Kopecký, J., Strang, T.: Sharing Context Information in Se-
mantic Spaces. In: OTM Workshops, pp. 229–232 (2005)

14. Korpipaa, P., Mantyjarvi, J., Kela, J., Keranen, H., Malm, E.J.: Managing Context
Information in Mobile Devices. IEEE Pervasive Computing 02(3), 42–51 (2003)

15. Benerecetti, M., Bouquet, P., Ghidini, C.: Contextual reasoning distilled. JE-
TAI 12(3), 279–305 (2000)

16. McCarthy, J.: Generality in Artificial Intelligence. Communications of the
ACM 30(12), 1030–1035 (1987)

17. Buvac, S., Mason, I.A.: Propositional Logic of Context. In: AAAI, pp. 412–419
(1993)
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Abstract. Conference presentations are stressful communication tasks
for many speakers. This mental stress inhibits the speaker’s ability to
recall information and perceive the audience. Moreover, stress deterio-
rates linguistic and paralinguistic capabilities of the speaker. This paper
proposes a wearable talk assistant to monitor mental stress and pro-
vide relaxation feedback during public speaking. The assistant senses
the speaker’s body stress by means of heart activity. With this data
the system recognises stressful talk phases. We evaluate the approach in
authentic conference talks. The talk assistant was worn by 5 speakers be-
fore, during, and after giving a 20 minute talk. Our results demonstrate
that it is feasible to distinguish the talk period from the surrounding
periods and detect talk phases. These findings show that heart activity
provides vital information to estimate the speaker’s body stress. More-
over, we outline ways to proactively support a speaker non-disruptively
while talking in order to maximise the presentation performance.

Keywords: Speaker monitoring, mental stress, heart rate variability.

1 Introduction

Giving a public talk is generally considered as a challenging task. It requires
a cognitive performance to communicate expert knowledge of a particular do-
main. Moreover, public talking is a stressful social situation that stimulates
the autonomous nervous system (ANS). In turn, most unexperienced speakers
observe symptoms, such as cold hands, sweat, and increased heart rate. Never-
theless, even professional speakers may perceive such body stress, for example
when talking in front of an unknown audience.

While ANS activation over a resting level may positively stimulate cognitive
capabilities of a speaker [1], elevated levels of stress and anxiety restrain cogni-
tive and communicative capabilities. Consequently the presentation may become
unclear, the speaker may be unable to interact with the audience and the talk
will miss its goal to transfer vital content. Hence it is desirable to control stress
level during public talks.

We believe that a talk assistant system could be deployed that provides relax-
ation feedback stimuli and automatically adapts feedback during a talk. Several

E. Aarts et al. (Eds.): AmI 2008, LNCS 5355, pp. 326–342, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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feedback strategies, applicable even during a talk were discussed in the literature,
see Section 1.3. Technically, however, a talk assistant requires an appropriate
stress monitoring solution in order to adapt and personalise the feedback.

In order to adapt feedback, a first vital information is to identify stressful talk
phases. A talk assistant could fade in a relaxation stimulus during a stressful
talk phase and remain quite otherwise. Moreover, the talk assistant feedback
may incorporate the stress level during the stressful phase to fine-tune feedback.

1.1 Stress Phases in Public Talks

Body stress is a natural response of the ANS to manage critical situations, due
to physical or mental load. Historically, ANS response supported the fight or
flight reaction needed when facing an enemy. However physical activity, move-
ment in particular, is not relevant during public speaking. The ANS response
for presentations is primarily related to mental effort [1] and anxiety [2] and
is reflected in physiological patterns. These sources of ANS response cannot be
differentiated [1] and are referred to as body stress in this paper.

Behnke and Sawyer [2] analysed speaker reports after a talk and found that
anxiety due to public speaking follows a temporal stimulation sequence. In an
anticipatory phase before the talk, anxiety increases, e.g. during preparation
and imagination of the performance. At the time being called upon and during
the first minute of speaking, anxiety peaks (confrontation phase) and decays
thereafter (adaptation phase). However the exact phase timing remains unclear,
since a post-hoc analysis based on the speaker’s memory was used. Moreover,
magnitude and timing of the body reaction depends on speaker and particular
situation, e.g. stress symptoms may recur even in a later stage of the talk. Coping
strategies to manage these stressful talk situations require long and laborious
training.

1.2 Paper Contributions

Our goals in this paper were to (1) develop a stress monitoring solution for
public talks and (2) evaluate physiological responses as indicators for stressful
talk phases.

Regarding the first goal, the challenge of talk stress evaluation is to non-
invasively monitor the speaker. In particular, the speaker should not be hindered
or influenced by the monitoring approach during a presentation. Hence, classical
stress assessments, such as taking saliva samples, are not feasible during a talk.
Neither the speaker could be asked during the talk, to rate momentary body
stress level.

While public speaking is a general stress stimulus [1], identification of robust
physiological indicators applicable for a talk assistant is an open research field.
Towards this second goal, we monitored speakers during actual conference talks

In this setting, this paper makes the following contributions:

1. We utilise a commercial heart monitoring chest-belt to analyse seven physio-
logical features from time and frequency-domain. The physiological features
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included heart period, variables of heart rate variability (HRV) and respira-
tion, extracted from the R-wave signal. Most of these features were reported
to indicate body stress when recorded from Electrocardiogram recorders
in laboratory settings [3]. We evaluate their capability to distinguish the
talk situation from anticipation and post-talk relaxation using the chest-belt
device.

2. We analyse actual talks to identify confrontation and subsequent adaptation
phases using heart period. We then evaluate a phasing for all physiologi-
cal features by pattern classification. To this end, our evaluation is a first
attempt to confirm the sequence of anxiety reporting provided by speakers
after a talk [2]. Finally, we compare the physiological response to talk anxiety
self-ratings of the speakers.

Our analysis is based on 7 hours of data recorded from real conference talks
of five different speakers. On each occasion, we additionally recorded at least
30min before and after the talk to monitor anticipation and relaxation.

Vital aspects of our system are simplicity and comfort: the chest-belt is unob-
trusive, easy to use, and does not interfere with the speaker’s performance. We
used a commercial off-the-shelf device to permit quick deployment and repeata-
bility. Comparable systems typically require electrode attachments, such as for
Holter monitors (see Section 1.4).

Below, we present our talk assistant concept. In Section 1.4 we review related
works on stress analysis during public speaking. Section 2 presents the recording
procedure utilised during the real talk situations and Section 3 outlines the
applied data analysis procedures. The results of our work are detailed in Section 4
for the talk situation and Section 5 for the phases within the talk. A discussion
of the results is given in Section 6. Section 7 concludes the findings of this work.

1.3 Talk Assistant Concept

Eventually the talk assistant shall support speakers in their performance, reduc-
ing the need for long and laborious training by the speaker. Even during a talk,
such feedback can be deployed to support relaxation.

More than 35 years ago researchers first thought of using technical devices to
reduce public speaking anxiety and to improve public speaking experience [4,2].
Therefore, veridical feedback was found to be essential to change physiological
responses into the desired direction [5]. Talk stress feedback is related to Biofeed-
back that is considered a particular useful technique to reduce heart rate due to
mental stressors [6,7]. Nevertheless, feedback during talks must occur without
attracting attention of the audience. Examples include dedicated messages to
the speaker and relaxation screens in the back of the audience [2]. In addition,
particular ways of breathing [8] or speaking [9] can promote parasympathetic
activation and reduce stress during talks.

Figure 1 shows our concept for the basic operation of a talk assistant. The
ANS can respond with body stress symptoms to a talk situation (stressor).
These symptoms include changes in physiological signals and heart activity in
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ANS stress
response

Talk
situation
(Stressor)

Feedback
system

Talk
assistant

Heart period
data

Feedback
adaptation

Fig. 1. Basic schematic of the talk assistant operation. This paper focuses on the
recording of heart period data and analysis of heart-related physiological stress indica-
tions during actual public talks.

particular. The talk assistant records heart period data and adapts feedback
systems embedded in the environment. In an initial implementation, feedback
could be related to the identified confrontation phase.

1.4 Related Work

Dickens and Parker [10] first assessed stage fright in 100 male and female col-
lege students. Blood pressure and pulse rate samples were taken directly before
and after classroom presentations. Significant increase in pulse rate and blood
pressure between pre-talk and post-talk period was observed for over 90% of the
speakers. However, no measurement was taken during the talk period. Behnke [4]
reported 4 stable characteristic events in cardiac patterns of 24 male college
students during public speaking: anticipation, confrontation, adaptation, and
release. Confrontation and adaptation were assigned the highest levels of phys-
iological arousal. Later Behnke [2] established two general patterns of public
speaking anxiety, habituation and sensitation. They differ in the level of anxiety
during the anticipation phase. The degree of anxiety reflected in the pattern
of sensitation was further supported by the work of Booth-Butterfield [11] and
Pörhölä [1] who categorized heart rate patterns of college students during public
speaking.

Different methodologies exist in monitoring physiological signals during pub-
lic speaking. The duration of the public speaking task varied from 2 minutes [11]
up to 7minutes [1]. Typically, the talk situation was manually partitioned into
anticipation, confrontation, adaptation, and release phase each lasting from
30 seconds [11] up to 2minutes [12].

Audience size and composition varied from 15 classmates [13] to 150 college
students [10].

Topics of the speech were hobby or favorite activity [2], topic of own choice [1]
or any other informative topic [4] rather than a scientific topic. Investigations
were solely done in university classroom environments and not in front of a
scientific conference audience. A comprehensive summary of these methodologies
can be found in the work of Pörhölä [1].
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Recording of heart rate during public speaking was done by hand [10], paper-
based physiograph [4], heart rate monitors attached to the index finger [11],
ear-worn device [1], and an ECG system [14].

Compared to blood pressure and skin conductance level (SCL) only heart rate
yielded significant effects related to the talk situation itself [5]. Cardiac response
was found to clearly differentiate between anticipation, confrontation and release
phase in comparison to SCL [14].

While heart activity was confirmed to be a primary stress measure during talks,
cardiac features were not analysed in detail. Most related works assumed a static
phase or moment to determine stress levels of anticipation, confrontation and re-
lease. Moreover, it remains open, whether HRV or respiration features provide a
robust indication for the talk situation and the talk phase timing. Moreover, a
chest-belt measurement towards a talk assistant system was not investigated.

2 Conference Talk Recording

A scientific talk of five PhD and Masters students (aged 23 to 30 years, 1 female)
was included in our investigation. The talks were given at three research con-
ferences (ISWC 2007, IOT 2008, and an ETH Electronics institute colloquium).
In all situations, the speakers presented their research results to an audience of
30–50 experts. The experts were of mostly unknown identity to the speakers.
The speaker’s performance was neither recorded on audio or video nor rated by
members of the audience. All speakers have had public speaking experience with
comparable audiences. None of the speakers had known clinical anxiety disorders
or cardiovascular diseases.

Figure 2 illustrates the talk recording procedure. At start of the conference
session speakers sat amongst the audience and followed the presentation of pre-
ceding talks (pre-talk period). Subsequently, speakers delivered their talk (talk
period). A question and answer (Q&A) period followed the talk. Finally,
speakers returned to their seat in the audience to listen to remaining talks of
the conference session (post-talk period).

H
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]

t→Pre-talk Talk Post-talk
60

80

100

120

140

160

180

Q&A

Fig. 2. Heart rate (HR) signal during the conference talk of a representative speaker.
Pre-talk, talk, question and answer (Q&A), and post-talk period. Notice that peak HR
is at ∼170 bpm at beginning of the talk.
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For each speaker, a pre-talk period of at least 30min before begin of the
actual talk was recorded. After the talk and Q&A period, recording was con-
tinued for another 30min (post-talk period). The average talk duration was
21±7min, without Q&A period. After attaching the monitoring system, speak-
ers were asked to follow their normal talk preparations. An observer followed the
speaker’s activities and annotated the recordings.

Fig. 3. Wearable system used for the recording of heart period data during the confer-
ence session. Left: Heart monitor belt attached to the thorax and QBIC belt computer
for data storage. Right: Speaker wearing the system during the conference talk.

The wearable recording system consisted of a commercially available Suunto
heart rate monitor chest-belt1 and the Q-Belt Integrated Computer (QBIC) [15].
Figure 3 depicts the wearable sensor system. The heart monitor chest-belt pro-
vides heart period data (RR intervals) by measuring the time between consec-
utive QRS complexes. Data was wirelessly transmitted to the QBIC using the
ANT communication protocol2. For data recording on QBIC the Context Recog-
nition Toolbox (CRNT) [16] was used.

For our research work, QBIC offered the flexibility to replace chest-belts and
add further sensors without redesigning the recording and analysis
procedure.

For the speakers, this procedure did not require interaction with the recording
system, except to put it on and off. In addition all speakers answered the personal
report of confidence as a speaker questionnaire (PRCS) [17]. PRCS measures
general anxiety, subjectively perceived by the speaker during public speaking.
Scores range from 0 (not anxious) to 30 (highly anxious).

1 http://www.suunto.com
2 http://www.thisisant.com
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3 Analysis Methods

HRV analysis attempts to separate the types of ANS activation using features
of the time and frequency domain. In particular, two frequency bands are asso-
ciated with ANS activation: low-frequency (LF) band (0.04–0.15Hz), reflecting
parasympathetic and sympathetic activation, as well as high-frequency (HF)
band (0.15–0.4Hz) reflecting parasympathetic activation [18]. As there is no
consensus on the optimal approach to extract HRV frequency domain features
from RR intervals, we used a non-parametric FFT-based method according to
guidelines established in [19].

Heart activity features were derived for the analysis and comparison of (1) all
recording periods (pre-talk, talk, post-talk) and (2) the analysis of phases within
the talk period. The first analysis shows the relation of heart activity to the entire
talk situation. In the second analysis, we investigated whether the confrontation
phase can be identified and discriminated from the remaining talk.

3.1 Heart Period Signal Preprocessing

The signal processing procedure was adapted to RR interval data provided by the
chest-belt. In particular, signal preprocessing needed to compensate for errors
in the RR interval detection.

Heart period was recorded as timestamped RR interval. Non-parametric anal-
ysis of heart period data requires an evenly sampled signal and stable first and
second order moments across time [19]. Thus, to compute HRV features the raw
RR intervals were filtered, interpolated, and detrended. Figure 4 summarises the
signal processing flow.

In a first step, spurious RR intervals caused by added or missed R-peaks dur-
ing QRS detection were filtered from the irregularly sampled time series. Spuri-
ous RR intervals that differed by more than 20% compared to their predecessor
were removed [20].

Subsequent cubic interpolation was applied to obtain an evenly sampled time
series at 8 Hz sampling frequency that permits the analysis of high heart rate
levels [21].

After interpolation, detrending was applied to obtain a weakly stationary
time series. As detrending method we used a modified smoothness priors ap-
proach [22], where the cut-off frequency can be adjusted by a single parameter λ

RR
intervals

Artefact
rejection

Cubic
interpolation

Detrending

Time domain
RRmean RRmin

Time domain
HRV, respiration

Frequency domain
HRV

Fig. 4. Feature extraction process. Irregularly sampled RR intervals were filtered, in-
terpolated and detrended.
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and data end-point distortion is avoided. With our modification using a sliding
window approach, detrending can be performed online.

The smoothing parameter λ was set to 1600 which equals a cut-off frequency
of ∼0.04Hz at a sampling frequency of 8Hz. This prevents attenuation of the
relevant LF frequency band, starting at 0.04Hz.

Spectral power in LF and HF was computed from the estimation of the power
spectral density (PSD), for which Welch’s method was used [23]. A common
sliding window size of 1024 samples (128 s, Hanning window) and a step size of
512 samples (64 s) was used. These settings provide a frequency resolution of
∼0.0078Hz and satisfy the recommended length of at least 2min for analysis of
the LF frequency band [19].

3.2 Heart Activity Feature Extraction

Features of HRV in time and frequency domain were selected according to the
recommendations made in [24]. In the frequency domain, the following HRV fea-
tures were computed: low-frequency spectral power (LF), high-frequency spectral
power (HF), and LF/HF ratio. The following time domain features were com-
puted using the same sliding window configuration: standard deviation of all RR
intervals (SDNN)3, and standard deviation of differences between adjacent RR
intervals (SDSD).

In addition to the HRV features the minimum RR interval (RRmin), time of
occurrence of RRmin (τmin), and respiration frequency (fresp), calculated from
respiratory sinus arrhythmia (RSA), were computed. For calculation of fresp the
advanced counting method [25] was used. For that method, performance was
found to be superior compared to other RSA techniques.

4 Talk Situation Analysis

In the talk situation analysis we investigated the relation of heart activity fea-
tures between anticipation (pre-talk), relaxation (post-talk) and the talk period.
With this approach we identified features that change significantly during the
talk period.

We computed features (see Section 3) for the following time segments: last
10min before talk begin (pre-talk period), first 10min after talk begin (talk
period), and first 10min after end of the Q&A period (post-talk period). These
segment durations were chosen to provide an acceptable number of observations
for analysis and compare features across the three periods. The Q&A period was
not included in the talk period as the direct interaction of speaker and audience
may raise different physiological responses.

Figure 5 shows four selected time and frequency domain features (mean RR
interval, mean SDNN, mean LF power, and mean HF power) for all subjects
across the three periods.

3 RR intervals are also referred to as NN (normal-to-normal) intervals [24].
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Fig. 5. Mean RR interval (top left), mean SDNN (top right), mean LF power (bottom
left), and mean HF power (bottom right) of the pre-talk, talk, and post-talk period for
all five speakers

Mean RR interval decreases from pre-talk to talk period by 50 to 150ms and
significantly increases by 200 to 400ms from talk to post-talk period. For all
speakers, this result confirms the strong variations in heart rate shown in the
example heart rate plot in Figure 2. Lowest mean RR interval occurs in the talk
period, highest mean RR interval in the post-talk period. This pattern conforms
to previous findings [2].

Mean SDNN shows a similar pattern however, in contrast to mean RR interval,
pre-talk and post-talk levels were similar. Mean LF power is higher than mean
HF power across all periods and speakers. Mean LF power drops during the
talk period and recovers to pre-talk level in the post-talk period. Except for
speaker 2, mean HF power follows a similar pattern.

Speaker 2, in contrast to the other speakers, shows a slight increase in mean
HF power during the talk and a decrease in the post-talk period. Only speak-
ers 3 and 4 exceed their pre-talk level in mean LF and mean HF power during
the post-talk period.

Paired t-tests were used to analyse the differences in feature means of the
talk period with both surrounding periods. The analysis was made for a hy-
pothesis that two matched samples come from distributions with equal means
at a significance level of 5%. Table 1 details the speaker-specific p-values and
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Table 1. Paired t-test for talk vs. pre-talk and talk vs. post-talk periods at the 5%
significance level for all features; (n.s. = not significant).

Talk vs. pre-talk p-values

RR LF HF LF/HF fresp SDSD SDNN

Speaker 1 < 0.001 0.009 0.002 n.s. 0.027 < 0.001 < 0.001

Speaker 2 < 0.001 0.012 n.s. 0.002 n.s. n.s. 0.004

Speaker 3 0.002 n.s. n.s. n.s. n.s. n.s. 0.021

Speaker 4 0.001 0.036 n.s. n.s. n.s. 0.033 0.002

Speaker 5 < 0.001 0.035 0.037 n.s. 0.037 0.037 0.015

# sig. results 5 4 2 1 2 3 5

Talk vs. post-talk p-values

RR LF HF LF/HF fresp SDSD SDNN

Speaker 1 < 0.001 0.004 0.007 n.s. n.s. < 0.001 < 0.001

Speaker 2 < 0.001 0.018 n.s. 0.035 n.s. 0.041 n.s.

Speaker 3 < 0.001 0.001 < 0.001 0.005 0.036 < 0.001 < 0.001

Speaker 4 < 0.001 0.004 < 0.001 0.011 n.s. < 0.001 < 0.001

Speaker 5 < 0.001 0.011 0.048 n.s. n.s. 0.005 0.001

# sig. results 5 5 4 3 1 5 4

number of significant results per feature for talk vs. pre-talk and talk vs. post-talk
periods.

For all speakers RR intervals were significantly different between pre-talk,
talk, and post-talk periods. Analysis of pre-talk and talk periods showed signif-
icant differences across all speakers in SDNN. For talk and post-talk periods,
features LF and SDSD showed a significant difference in addition to RR for all
speakers. Speaker 3 showed a significant difference for talk and post-talk periods
across all features. All other features showed sparse significance for individual
speakers only.

Lilliefors’ goodness-of-fit test of composite normality was applied to prove
normal distribution of the features prior to the t-test. Nevertheless it must
be noted that the eight observations available per feature in each period re-
stricts the result interpretation. We assume it here as a preliminary indication
of informative features that distinguish the talk period from the surrounding
periods.
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Table 2. Talk characteristics analysis: speaker-specific minimum RR interval RRmin

and time of occurrence τmin, time τant until recovery to mean RR interval of anticipa-
tion phase, and PRCS score. τmin, τant are relative to talk start time.

RRmin [ms] τmin [s] τant [s] PRCS Score

Speaker 1 404.7 218.9 n.a. 8

Speaker 2 500.1 12.6 262 3

Speaker 3 348.8 18.1 629 11

Speaker 4 349.9 81.8 580 20

Speaker 5 397.0 38.5 n.a. 2

5 Talk Phases Analysis

We investigated whether the confrontation and adaptation phases within a talk
can be identified and separated.

Without considering a static partitioning of the talk period into confrontation
and adaptation phase, we determined three distinct points in time with respect
to talk start time: (1) time τmin until minimum RR interval RRmin occurs,
(2) time τant until the RR interval first reaches mean RR interval RRant of the
anticipation phase (pre-talk), and (3) time τrel until the RR interval first reaches
the mean RR interval RRrel of the release phase (post-talk). Table 2 details the
speaker-specific results.

Except for speaker 2, RRmin ranged from 348ms (172 bpm) to 404ms
(146 bpm). Speaker 2, similar to the talk situation analysis, showed a higher
RRmin of 500ms (120 bpm). The minimum RR interval occurs within the first
12 to 82 s for all five speakers4.

Except for speaker 1 and 5, τant is within 262 to 629 s. For speakers 2 to 4
this indicates that lower RRmin is related to longer τant. Although in range of
the other speaker’s, RRmin of speaker 1 and 5 did not recover to RRant. None
of the five speakers recovered to RRrel within the talk period.

Moreover, table 2 shows the PRCS scores of all speakers. We used PRCS as
an indicator of how the measured physiological response related to generally
self-perceived stress during a talk. We observed that lower RRmin is reflected
by higher PRCS scores (more anxious). However, speaker 5 reported the lowest
PRCS score that does not correspond to the RRmin result. It would rather
corresponds to RRmin of speaker 1 having a PRCS score of 8.

In order to analyse the hypothesis of two talk phases (interpreted here as
confrontation and adaptation) for all features, we computed features (according

4 In fact, speaker 1 also showed a local minimum RR interval of 406 ms at 37 s after talk
begin. Due to a failing technical demonstration during the talk, the global minimum
RR interval was found 219 s after talk begin.
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Fig. 6. Mean RR interval (top left), mean SDNN (top right), mean LF power (bottom
left), and mean HF power (bottom right) of the confrontation, adaptation, and release
phase for all speakers

to Section 3) for the first 5min and last 5min of the talk period. Similar to the
talk situation analysis, we excluded the Q&A period in this investigation. Ideally,
the talk assistant should require measurement data from the talk period only in
order to adapt feedback. Moreover, the durations represent a tradeoff between
number of observations and assumed stationarity of the physiological state. For
comparison to the relaxation effect after the talk period we additionally derived
features for the first 5 min of the post-talk period (release phase).

Figure 6 visualises the speaker-specific results for confrontation, adaptation,
and release phases. Results are represented for mean RR interval, mean SDNN,
mean LF power, and mean HF power.

Mean RR interval, mean SDNN, mean LF power, and mean HF power showed
an increase from confrontation to adaptation phase. Increase in mean RR interval
is even larger from adaptation to release phase. Except for speaker 3, whose
features continue to increase in the release phase, mean SDNN, mean LF power,
and mean HF power remain similar between adaptation and release phases.
These results indicate an adaptation trend during the talk.

In order to determine whether the two talk phases could be discriminated, we
applied a Näıve Bayes classifier. Moreover, we estimated in this analysis those
features that are particular informative to indicate a phase structure.



338 M. Kusserow, O. Amft, and G. Tröster
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From the computed feature set of each speaker we included 3 observations of
the confrontation and adaptation phase respectively. We performed a leave-one-
out cross-validation to determine training and testing set for the classification.
For classifier training 2 observations were used, 1 observation was used for testing.
Figure 7 shows the speaker-specific classification performance for all features.

Among the features mean RR interval showed the best classification perfor-
mance along with mean SDSD, mean LF power and mean SDNN. Mean HF
power, mean LF/HF ratio, and mean respiratory frequency fresp performed less
well. Except for mean RR interval, features showed high variations between
speakers.

6 Discussion

6.1 Talk Situation Analysis

Both, the visual analysis and the t-test of heart activity features showed that
the talk period was best identified from time-domain features. In particular, the
mean RR interval showed significant differences when compared to pre-talk and
post-talk periods. In contrast, the averages for LF/HF and respiration frequency
fresp did not change in a similar way. This is an interesting observation, since
the LF/HF ratio is frequently cited as stress indicator in laboratory studies [3].
Nevertheless, public speaking is a clear cue for mental stress and hence is reflected
in the body stress response.

In our analysis, we found that in particular the HF feature is less stable. We
assume that these results are related to the talk scenario: speaking can influ-
ence the LF and HF power since irregular breathing can affect both frequency
bands [26]. Moreover, using the chest-belt device may deteriorate frequency-
domain features due to deviation in RR interval measurement compared to a
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wet electrode ECG devices. However, a classic wet electrode ECG device would
have been more cumbersome for a speaker and is less acceptable for a talk as-
sistant system. We plan to investigate this effect in the future.

Nevertheless, these results do indicate that the chest-belt device provides rel-
evant information in temporal features under real conference talk situations.
These findings were confirmed by our subsequent analysis of talk phases.

We observed that one speaker (speaker 2) had larger values for the RR interval
in all periods while maintaining the same overall pattern, compared to others.
These results were attributed to the high level of physical fitness of that speaker.

6.2 Talk Phases Analysis

The talk phases analysis confirmed a confrontation phase including τmin for all
speakers during the first minutes of the talk. After this distinct time, RR interval
increased differently for each speaker. Two speakers did not reach the anticipa-
tion level, all speakers missed the average post-talk level. Hence the talk was
activating for all speakers, while some could not recover from the confrontation
level heart activity.

To this end, our analysis procedure can be directly applied for a talk assis-
tant system. We considered the time from talk begin to τant, including τmin as
most challenging moment during the talk. Whereas, when assuming a steady
process, the two remaining points τant, τrel are indicators of a recovery activity
from this particular activation state of the body. Thus, assuming two phases
during a talk period, the goal of a talk assistant system should be to minimise
τant. The reference measure RRant is available to the system when the assistant
is switched on before the talk. This procedure requires no further calibration
to RRrel or mean resting RR interval. Nevertheless, the speaker should have
the option to adjust the feedback online. This can be achieved by adapting con-
frontation phase identification threshold incorporating individual heart activity
limits [1] corresponding to either favourable arousal or unfavourable stress.

The visual feature analysis showed a most consistent relation between as-
sumed talk phases for the RR interval. This observation was confirmed by the
classification test. It is important to note that the two phases classification is
an inappropriate relaxation feedback to the speaker. Rather it should trigger
relaxation cues incorporating the temporal trend of the features.

The PRCS scores of speaker anxiety confirmed the estimated RRmin result,
with one exceptional speaker. We attributed this observation to an inaccurate
questionnaire response.

Monitoring of behaviour and physiological response in a conference environ-
ment is clearly limited in data size and constant conditions: talk length is fixed
by the conference session constraints. Artificial extension under laboratory con-
dition may not elicit the same physiological responses as the field study since
social implications and talk conditions change.

A limitation for this investigation was the low number of observations avail-
able for each talk phase, constrained by the tradeoff between resolution of the
frequency-domain features and assumed stationarity in physiological responses.
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For the spectral features, a time window of 2min was needed to analyse the
spectral LF band, while a duration of 5 min was assumed as upper limit for
a stable physiological state. Physiological response in this particular scenario,
however, may contain a number of short time phenomena, too short for suffi-
cient frequency resolution using FFT-based PSD estimation [27]. We plan to
investigate this issue in the future.

7 Conclusion

In this paper we analysed heart stress response during actual conference pre-
sentations using a body-worn monitoring system. We expect that this system
can be used in a talk assistant system that supports a speaker during stressful
talk situations with automatic relaxation feedback. Different options for such
feedback have been proposed in the literature.

Towards the talk assistant system we addressed two most critical challenges.
Firstly, a comfortable speaker monitoring system is needed to measure body
stress of the speaker. For this purpose, we deployed a commercial heart monitor
chest-belt that can transfer readings wirelessly to an on-body or room-installed
base system. Secondly, relevant physiological information must be obtained from
the speaker in order to adapt and personalise assistant feedback. To this end we
investigated seven features of heart activity from time- and frequency-domain
that were reported to indicate body stress in laboratory investigations [3].

Our investigations showed that time-domain features, in particular heart pe-
riod, can provide robust information for the talk situation. Moreover, these fea-
tures help to discriminate the talk phases. Using this phasing information a talk
assistant system could adapt feedback during the confrontation phase. Minimis-
ing the duration that the speaker stays in this phase is the primary goal of the
talk assistant.

Classical HRV stress indicators did not respond as expected in our analysis.
This finding requires further investigation and validation of a chest-belt device,
in particular for public talk situations. Currently, we investigate the use of com-
plementary sensor modalities to include additional information in the speaker’s
body stress estimation. To this end, we like to investigate whether a simple
notification or reminder is an acceptable and effective speaker feedback solution.
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Abstract. Recently there has been increasing research into mobile 
physiological sensing devices to explore the benefits in the areas of monitoring 
health and well-being. However, previous works have mainly focused on 
functionality, and less so on affective shape, comfort use, and stable sensing. In 
this work, we propose a stone-type physiological sensing device for general 
users, rather than professional experts. We found that our device was 
comfortable, stable and had aesthetic appeal for users during monitoring. To 
develop an affective shape, and to increase comfort, we applied a user-centered 
design process. We also used context-based physiological signal analysis to 
obtain stable analysis results according to individual users. As an application, 
we developed a rainbow ambient display to give visual feedback to users. We 
expect that this product can be applied in various healthcare applications. 

Keywords: Physiological sensing device, Real-time physiological signal 
analysis, Context awareness, Daily health monitoring. 

1   Introduction 

Currently there has been increased research interest in physiological sensing devices 
for use in daily life [1-3]. For developing sensing devices in Ambient Intelligence 
(AmI) environments, AmI technology is of interest because people normally do not 
carry their belongings and any portable devices. The following issues need to be 
considered: unobtrusive monitoring of physiological status with embedded sensors, 
intelligent analysis methods for health monitoring, and appropriate altering of the 
ambient display [4-5]. With the advent of wireless communication technology, light-
weight Micro-electromechanical Systems (MEMS) technology, and greater 
computing power on mobile computing devices, various kinds of physiological 
sensing devices have been developed [6-7]. These include glove-type, wrist-type, 
armband-type, ring-type and embedded unconstrained-type sensing devices, all of 
which can be equipped in beds or bathrooms [8-11]. Glove-type sensing devices can 
conceal sensing lines and therefore have better aesthetics compared to the wrist-type 
and band-type sensing devices. In the case of wrist-type sensing devices, uncorrupted 
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signals can be reliably detected in the static condition. In addition, this type of device 
does not interfere with the user’s work. In the case of band-type sensing devices, 
these can resolve the problem of movement in the sensing positions, because they can 
be more firmly attached to the body of the user. 

However, most previous work developed sensing devices and analysis which 
supported light-weight wireless communication, multiple signals sensing and 
processing. Sensing devices in the AmI environment need to be comfortable to handle 
and need to capture the variations in sensing signals. In addition, most mobile devices 
are sensitive to environmental noise and motion. Therefore, a monitoring system that 
is both comfortable and stable is required. Some users of glove-type sensing devices 
report discomfort from increased weight and perspiration over a period of time. In the 
case of wrist-type sensing devices, in situations where there is a significant amount of 
movement by the user, signals can be corrupted because of changes in the sensing 
position [12]. In addition, band pressure and weight often mean that the user may 
become tired or uncomfortable during long term monitoring [13]. In terms of signal 
analysis, previous devices provided wireless and stable analysis results under 
experimental conditions. Employing these devices in daily life, some researchers 
proposed a pattern classification method for collecting activity information [14]. 
Activity information from the inference engine is used for ECG sensor activation, 
with a Bayesian classifier to remove activity noise.  

To address these issues, we propose a stone-type mobile physiological sensing 
device, BioPebble. It provides an effective gripping sensation, aesthetic appeal and 
stable analysis of multiple context information. To maximize the aesthetic appeal of 
BioPebble, our research utilized a two axes positioning map with cool-warm and soft-
hard axes. In order to develop the most effective gripping sensation, we applied a 
user-centered design process, which is a stepwise design process. In addition, 
BioPebble supports real-time wireless and multiple signal processing and adaptive 
analysis with context awareness technology. Context information is obtained from 
heterogeneous sensory inputs from multiple sensors and services.  

As a result of these improvements, we have been able to derive significant benefits 
for users of the BioPebble, stone-type sensing devices and its analysis. These 
advantages include stable sensing, repeatability, and reproducibility of measurements 
in daily monitoring. In addition, BioPebble is comfortable to use and maximizes the 
aesthetic appreciation applicable to the AmI environment. From the usability test, 
BioPebble shows an example of appropriate physiological sensing devices in the 
future AmI environments. Some level of intention from users to monitor their 
physiological status, is beneficial not only usability but also stable sensing. It means 
that semi-automatic method combining cognitive aspect is more appropriate to check 
rough health status. 

The outline of this paper is as follows. In Section 2, we explain the details of 
BioPebble with respect to three characteristics: aesthetic appeal, comfort, and stable 
sensing. Section 3 describes the implementation details. The experimental setup and 
analyses are discussed in Section 4. Section 5 illustrates the ambient display of 
BioPebble in future AmI environments. We conclude in Section 6, and suggest 
possible directions for future work. 
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2   BioPebble: Stone-Type Physiological Sensor 

It is necessary for sensing devices to meet users’ requirements during monitoring with 
particular attention to such aspects as design, usability, as well as the essential sensor 
functions. The concept of physiological sensors for use in daily life should therefore 
be concerned about comfort, aesthetic shape and stable sensing in order to provide 
better health monitoring and prevention services.  In this section, we describe 
BioPebble, a stone-type grippable physiological sensing device which has been 
designed with three key words in mind: “Human, Well-being, and Simple User 
Interface.” 

2.1   User-Centric Physiological Sensor Design 

In order to construct the shape of the first prototype of BioPebble, we observed 
commonly used mobile apparatus such as cellular phones, MP3 players, the computer 
mouse and so on. These commercial products were categorized according to two 
criteria: the sense of touch and the degree of warmth. Based on these axes, we 
constructed a sample BioPebble with a positioning map. The commercial products 
were divided into 4 groups, Groups A, B, C and D according to their place on the 
positioning map as described in Table 1. 

Table 1. Description of Positioning Map 

Group Features Key words 
Group A Soft-Warm Soft, Simple, Feminine, Comfortable 
Group B Soft-Cool Sweet, Fun, Clean, Cheerful 
Group C Hard-Warm Dynamic, Strong, Intensive, Bold 
Group D Hard-Cool Masterful, Gentle, Solid, Heavy 

We designed BioPebble by reference to Group A’s device because users felt 
most comfortable while using this particular device. The form of Group A is 
preferable because it is streamlined, and its size is designed to be fully covered by 
the hand. These two features mean that the area which is directly in contact the 
user’s hand is larger than that of the other groups’ designs. We analyzed Group A’s 
common features with respect to the whole form, including the left and right side 
view, decorations, materials, color, and accessories. In BioPebble, in order to 
maximize the area which is covered by the hand, we designed a bulged center. 
Accessories such as wheels, displays, buttons and so on, are also made in a similar 
smooth circular shape. In addition, we designed our sensor based on the metaphor 
of a stone, because in the healthcare industry, natural stone has conceptual 
accordance with health and well-being.  

After building the basic form of BioPebble, we designed BioPebble in greater 
detail with the user-centered design (UCD) process for comfort and usable 
physiological sensor development [15]. UCD is a repetitive and stepwise process. 
Users first work with a prototype, and from this, developers and designers obtain 
necessary feedback. During the initial development of BioPebble we collected 
feedback from the subjects and concretize the details in each step as shown in Fig. 1.  
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Fig. 1. BioPebble design process 

After selecting the shape of our sensor, we sketched details using a 3D modeling 
program and made prototypes. For the 2nd usability test, we observed the users over a 
period of about ten to fifteen minutes in order to collect subjective data, as described 
in Table 2.  

Table 2. Requirement for Mobile Physiological Sensor Design 

Problem Requirement 

Increased weight over time Use light weight materials 
Increased perspiration during  long-term 
monitoring 

Use anti-sweat materials 

Sensor positions (especially, temperature 
sensors) can cause discomfort or pain 

Minimize the projection of sensors 

Difficulty in maintaining finger 
attachment during long term monitoring 

Attach to the palm for greater stability 

Difficulty in establishing common 
standards for sensor lines and length 

Sensor position should avoid individual body 
characteristic and should be general 

Ability to easily change batteries Place the battery cover on reverse side of sensor 
Users are unaware  if  the device is 
activated 

Simple displays such as LEDs should be able to 
provide this information 

Inconvenience in activating the sensor Power begins automatically when users hold the 
sensor 

Learning to use the device The sensing interface and method should be 
intuitive and easy to understand 

Difficulty in maintaining static sensing 
conditions 

Sensors should support wireless technology to 
allow the user more freedom to measure 

Should be pleasant Gentle curves and lines should be used 

From this, we were able to collect feedback from multiple users for further design 
modifications to the BioPebble design referenced by the previous work [16]. 
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2.2   Real-Time Physiological Signal Processing  

BioPebble is equipped with three kinds of sensors, photoplethysmography (PPG) 
sensor, galvanic skin response (GSR) sensor and skin temperature (SKT) sensor. 
These three sensory inputs are delivered by Bluetooth communication from 
BioPebble to a mobile device. In this way, BioPebble can give real time and multiple 
physiological sensing. In addition, we carefully selected the sensing methods and 
points. The essential features of any sensing device are the individual sensor points. 
The position of these separate sensor points on BioPebble is determined according to 
the range of corrupted signal. For example, a PPG sensor point is located at the thumb 
position because that position minimizes the problem of differences in finger length 
among people. In addition, we can obtain the PPG signal clearly on the peripheral. A 
skin conductance sensor point and a skin temperature sensor point are located under 
the palm because this type of bio-data is most accurately collected through the palm. 
Of these sensors, it was decided that the PPG sensor should be located on the 
periphery but the other sensors (GSR, SKT) do not need to be limited in terms of their 
sensing position. Based on this theory, we selected the sensing points for stable 
analysis. 

For physiological signal analysis, we apply the following processing steps, as 
shown in Fig.3. First, three kinds of signal are retrieved from the sensor, and then we 
remove the baseline of the sensed signal with a band-pass filter. Signal tendency 
information is gathered after low-pass filtering, and high frequency noise is also 
removed. For regulating the size of sensed data, down-sampling is then processed. In 
addition, calibrating the sensory information is done in a modification step. If the 
sensory data is not sufficient, an interpolation is activated. Second, a feature 
extraction step is processed. In this step, we utilize the features from the time-domain 
and frequency-domain. In the case of pulse signals, frequency domain analysis is 
required. From this step, we compute the basic feature values such as peak to peak 
intervals, intensity, differences and slopes, and frequency.  

 

Fig. 3. Steps for Physiological signal processing of BioPebble 

In the physiological signal analysis step, finally, we proposed the adaptive 
physiological signal analysis method. Physiological signals obtained from devices 
such as mobile phones can have significant variations according to prevailing 
environmental conditions and any movement of the user. Therefore, if the 
measurements are taken within a certain time period, they may provide unstable 
results due to these variations. Also the heart can be sensitive to other conditions, 
such as outdoor temperatures, the weather, caffeine, and even the mood of the user.  
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In previous work, it has been reported that thermal stress is influenced by personality, 
and that gender has an effect on the heart rate [17-18]. Therefore, an integrated 
analysis considering the user`s condition and context is crucial in physiological signal 
analysis. 

In this section, we applied context awareness technology on a framework for 
decision making, which provided seamless communication between sensors and 
services [19]. This framework includes the functions of context integration, inference 
and decision making, and therefore can easily obtain multiple sensory contexts from 
sensors in the framework. This multiple contextual information is utilized in the 
decision making step. In order to get the distribution of data, we collected the data for 
a week and modeled it using a non-parametric method. The modeled physiological 
signal was then interpreted by the weighted values which describe the amount of 
excessive range. We divided the user’s condition into two cases: normal and 
abnormal, and then computed the distribution of each status. The outliers were 
eliminated from the measurement set.  

3   Implementation 

In this section, we explain the implementation of BioPebble.  We developed 
BioPebble in several steps of modeling, pre-usability test and pro-usability test. In the 
first step, we devised several different gripping shapes: a computer mouse, a joystick, 
a stone and a bar. These are shown in Fig. 4.  

  
(a) (b) 

  
(c) (d) 

Fig. 4. Grip design: (a) mouse-type (b) joystick-type (c) stone-type (d) bar-type 

From this usability test, we eliminated the designs which did not meet our themes 
of design, aesthetics, comfort, and stable sensing. The mouse-type prototype met the 
criteria for comfort to be covered by the hand. However its shape was a little 
unfamiliar to users. In the case of the joystick sensing device, most users also felt 
comfortable while gripping it. However, the overall shape did not adequately satisfy 
the criteria of warmth and softness. The bar-type sensing device was also somewhat 
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comfortable, but there was some space between the user’s palm and the device’s 
body. Therefore, this type was not appropriate for measuring signals in a stable 
manner. From among the four types, we concluded that the stone-type sensing device 
was the most effective with respect to size, shape and sensation when measuring 
physiological signals. At the same time, the stone-type sensor was found to be 
aesthetically pleasing for users. For the pretest, we constructed a prototype of 
BioPebble, as illustrated in Fig. 5.  

  
(a) (b) 

Fig. 5. BioPebble prototype (a) mock-up (b) 3D model 

We built a 3D model of BioPebble according to the measurement of a mock-up 
using a CAD program. This modeling data was then used to make the prototype. We 
obtained the final application with rapid prototyping equipment. From the user survey 
and data analysis of BioPebble, we obtained the final design given in Fig. 6, which 
illustrates the front, back, side and top views.  

 

Fig. 6. Detailed description of sensor positions and size in BioPebble 
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A detailed description of BioPebble is provided in Fig. 6. BioPebble is 6 
centimeters long, 4 centimeters wide and 10 centimeters high. It is divided into two 
pieces: an upper section and a lower section. The battery cover is located on the lower 
section, and the on/off button is on the top. A PPG sensor is located at the thumb 
position. GSR and SKT sensors are placed at the side of the sensor, in the palm. For 
the on/off button, we use a tag switch, which activates only if the tag button is pushed 
by the index finger. Two LEDs show the status of power and wireless Bluetooth 
network connection. The final design of our stone-type sensing device has a 
streamlined shape and all sensor points and lines have a round shape. The materials of 
BioPebble include a plastic coating cover with a glossy finish to protect against heat 
and sweat. For a more light-weight sensing device we use a plastic cover to reduce 
weight.  

BioPebble has three kinds of physiological sensor points: GSR, PPG and SKT 
sensors. It transmits its signal via Bluetooth. The sampling rate of BioPebble is 100Hz 
which meets the Nyquist sampling rate of heart rate variables. The sensed signal is 
transferred with a header. The sequence of transmitted signals includes carriage return 
value, GSR value, PPG value and SKT value. The composition of BioPebble 
hardware is shown in Fig. 7(a), and the hardware located within the BioPebble 
prototype is shown in Fig. 7(b). 

  
(a) (b) 

Fig. 7. BioPebble hardware: (a) Hardware component (b) Inside view 

For adaptive analysis, we developed BioPebble analysis software which captures, 
stores and analyzes signals over a certain period of time. We constructed the user 
model from the stored data set. The standard value initialized the threshold at the first 
step, and then an adaptive analyzer updated the threshold referenced by the user 
model.  

4   Experimental Analysis 

We believe our proposed BioPebble can provide users with a measurably better affect, 
a more comfortable grip, and stable signal analysis with adaptive threshold. In order 
to verify this, we conducted three experiments. For the aesthetic appreciation  
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Fig. 8. Usability test with several types of physiological sensing devices (Left: BioPebble, 
Center: wrist-type device, Right: mouse-type device) 

evaluation and satisfaction with sensor positions, we undertook a usability test with 
12 subjects, as shown in Fig. 8, and took subjective measures, such as questionnaires, 
while the subjects were using BioPebble. 

The independent variables of this experiment were the type of physiological 
sensing device: a wrist-type, a mouse-type, or a stone-type device. We chose these 
devices for evaluating the appropriateness of monitoring devices in the AmI 
environment. A mouse-type device can monitor the physiological signal while users 
are working. A wrist-type device can unobtrusively measure changes in physiological 
status. In this experiment, we used for comparison with BioPebble has been in use 
since 2004. Dependent variables were error rate, sensing accuracy. We kept the 
dependent variables constant. Of the 12 subjects, 5 of them were female and 7 were 
male. 6 of the subjects had engineering backgrounds, 3 were majors in art, and the 
remainder had no academic background. The average age of participants was 34.5 
years old. First we surveyed user profiles, looking at such things as age, gender, 
occupation and basic background, all of which can have an effect on physiological 
signal sensing. Basic background information included the length of time on 
computers, whether subjects normally wear wrist watches, and the usage time of 
cellular phones. After this basic survey, we allowed the participants to make use of 
each device sequentially over both long term (over 15 minutes) and short term (within 
5 minutes). Finally, we conducted usability test for feedback. In this experiment, we 
also recorded the degree of the satisfaction about the questionnaire. 

4.1   Aesthetic Shape 

For aesthetic appreciation, we asked the participants to grade the various devices in 
terms of attractiveness. The grading rate was from 1 for least attractive, to 5 for most 
attractive. Fig. 9 shows the results of the aesthetic satisfaction of BioPebble. 

Compared to other sensing devices, BioPebble gave the best satisfaction. The 
average degree of satisfaction was 3.9, while the wrist-type sensing device and the 
mouse-type sensing device had 3.4 and 2.9 on aesthetic satisfaction, respectively. For  
 



352 A. Choi et al.  

 

Fig. 9. Aesthetic satisfaction according to the type of sensing device (Degree of satisfaction) 

statistical analysis, we used the ANOVA and Tukey’s post analysis. There are 
significant differences among the different types of sensing devices (p=0.039<0.05), 
in terms of aesthetic satisfaction.  

4.2   Comfort Grip 

In the second experiment, we surveyed satisfaction in terms of the position of the 
three sensor points by varying the measurement time. In this investigation, we 
questioned the participants about their satisfaction degree on these sensor positions 
and handling comfort.  

In the case of sensor position intervention, BioPebble and the mouse-type device 
were more satisfactory than the wrist-type device. However, the satisfaction 
decreased in long term monitoring. Normally, the wrist-type device rated better in 
long term measuring even if the absolute grade record was the lowest among the 
tested devices. Therefore we concluded that BioPebble had little intervention in long 
term and short term monitoring compared to the other types of sensors. In the second 
survey, we observed that BioPebble was the most comfortable for short term 
monitoring. However the degree of satisfaction also largely diminished when data 
collection occurred over a longer period of time, for example, 15 minutes. We also 
did statistical analysis using post analysis method such as ANOVA tests and Tukey 
tests. In the case of sensor point position comfort, we observed that there were 
significant differences among the different devices (p=0.026<0.05). In the test for 
handling comfort, there were significant differences (p=0.0<0.05). BioPebble and the 
mouse-type device showed the most significant differences. Participants informally 
provided the following information. BioPebble is designed to be used by just one 
hand, but participants suggested a sensor that could be used with both hands. Also 
participants noticed that BioPebble interferes with normal work. Also, in long term 
monitoring, participants noted increased discomfort in two areas: on the finger tips 
which measure heart beat, and from slippery surfaces caused by hand perspiration. 
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(a) 
 

 
(b) 

Fig. 10. Satisfaction in long term and short term monitoring (a) about sensor position (b) about 
gripping comfort 

4.3   Stable Sensing 

In this section, we evaluated the performance of the sensors. To do this, we collected 
signals from the three sensors, GSR, PPG, and SKT over a period of one minute using 
BioPebble. We analyzed 100 measurements and measured the average response time 
and response intensity. All results were processed through a normalization function, 
shown in Fig. 11. 

In this experiment, we observed how BioPebble reacts to stimuli. We gave the 
subjects certain stimulus such as striking, a fright, noisy music and so on. According 
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(a) 

 
(b) 

Fig. 11. Distribution of measurements of BioPebble: (a) Normalized GSR (b) Normalized hand 
temperature 

to the type of stimuli, the response time and response intensity can be quite different. 
However, we selected the average value, excluding the outliers. The responses of 
BioPebble are summarized in Table 3. 

In order to evaluate the stability of BioPebble in sensing capability, we compared 
the analysis results in the situation where a subject moves during monitoring. Using 
BioPebble, we collected data when the subject was in the normal body condition. 
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Table 3. Responses of BioPebble 

Sensor type 
Response Time 

(Second) 
Response Magnitude 

(Norm. Value) 
GSR 2.35 3 

Temp. 2.10 4 

From this experiment, we observed that BioPebble gave better stability and more 
stable results compared to commercial equipment. Analysis results of commercial 
equipment showed them to be more greatly influenced by the motion artifact. 

In addition, we observed the stable sensing had an effect on cognitive aspects of 
users, such as the intention to measure the physiological status, and agreement to 
monitor their physiological status. BioPebble reflects some level of cognitive 
intentions of users because most users agree to measure and monitor the physiological 
signal before gripping the BioPebble. Comparing to the other devices, BioPebble 
showed stable sensing results because it supported explicit measures of physiological 
status. Even though the mouse-type and the wrist-type devices sense signals in a 
seamless manner, a mouse-type device is sensitive to movement, and a wrist-type 
device is harder to fix in the sensing position. From this observation, we conclude that 
for better stable sensing, users need to follow instructions.  

5   Ambient Display with Rainbow Shape 

Ambient displays use the physical environment as an interface to obtain digital 
information, engage human senses, and present information by using an object which 
can be processed in the background of awareness [21]. In an ambient intelligence 
environment, ambient displays are more useful than conventional displays such as 
monitors for the engagement of our senses. In previous works, intelligent furniture 
had been devised in order to display daily information [22]. However, there is no 
research about physiological information visualization. We developed the 
physiological signal display taking into account that the end user would be a non-
specialist, i.e., one who has no specialized academic background in human 
physiology. In order to make this signal more understandable for these users, we 
visualized information through every-day objects such as pots, tangible bars and so 
on, as in Fig. 12. Some of these objects were used as display tools. 

The simple scenario in an AmI environment is as follows. The user holds the 
BioPebble with one hand, and data is transferred to a mobile PC and LEDs in smart 
pots and objects. The user can see the information from both the mobile PC and the 
LEDs of the smart pots and trees. This information enables the user to understand 
their entire body condition from the ambient display embedded in the background. In 
one of the applications, we implemented a pot with a display of a rainbow shape, as 
seen in Fig.13. The mapping of the processed physiological signals from BioPebble to 
this ambient display in a rainbow shape is suitable for showing the steps of digital 
information through different colors and levels. 
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Fig. 12. Application scenario in a smart home environment with BioPebble and ambient display  

.   

Fig. 13. Implementation of rainbow/stripe visualization with a pot 

Each line of the rainbow represents a measured signal. A red line indicates the 
pulse signal of the heart and the orange line shows skin conductance. The green line 
indicates hand temperature. Each sensing signal is mapped in each line of the 
rainbow. The mapping from BioPebble to rainbow display linearly represents the step 
of sensed values by referencing the threshold value. The stripe display also represents 
data linearly. The sensed values are divided into abnormal and normal condition. 
Table 4 shows how normal and abnormal conditions are identified. Each level is 
decided by the size of LEDs in the rainbow display. The division of conditions is 
referenced by each value of the sensed signals. If the user’s sensed values are 
abnormal, the rainbow display will show an irregular shape, as shown in Fig.14 (b). 

This application was demonstrated at the Korean HCI conference (Feb. 13~15, 
2008). During the exhibition in the KHCI conference, we had the opportunity to do 
field tests of BioPebble. Most users showed interest in the system of BioPebble and 
the rainbow display. According to individual interests and academic background,  
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Table 4. The identification of normal/abnormal conditions 

Body Temperature Skin Conductance Heart rate 
Conditions 

Level(8) Values Level(14) Values Level(16) Values 
Abnormal 1-4,6-8 otherwise 1-9, 11-14 otherwise 1-11,13-16 otherwise 

Normal 5 29-31 10 
1700 ~ 
1800 

12 80~90 

  

  
(a) (b) 

Fig. 14. Physiological information visualization with Rainbow Display (a) normal condition (b) 
abnormal condition 

responses were quite different. Participants who have interests in sensor development 
expressed curiosity about the sensing positions and sensing methods. They agreed that 
BioPebble is satisfactory in terms of stable and comfortable sensing. Participants used 
increased movement, such as running and jumping in order to check and evaluate 
analysis results. Most of them felt that the measurements and analysis results seemed 
accurate. Participants from design backgrounds focused on the meaning of the stone-
type sensor and well-being care applications. They said that the pot with the rainbow 
display and BioPebble was consistent with the concept of well-being. In addition, 
after simple observation, they were quickly able to understand how to grip BioPebble, 
thus confirming our claim that BioPebble is intuitively usable. From these field tests, 
we believe that BioPebble can be readily used as a physiological sensing device 
applicable in a daily life. 

6   Conclusion 

In this work, we propose a stone-type physiological sensing device, BioPebble, which 
maximizes the gripping sensation from the user and increases the aesthetic 
appreciation in short and long term monitoring. We compared BioPebble’s 
performance in these areas with wrist-type and mouse-type sensing devices. 
BioPebble supports real-time, wireless and multiple signal sensing and provides 
adaptive analysis based on contextual information. In future work, we will evaluate 
the BioPebble focusing on hedonic and ergonomic qualities [23], and elaborate the 
design to allow users greater comfort in long term monitoring situations. We will also 
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develop a computational model for context based physiological signal analysis. We 
will apply this model with a basic standard data set and evaluate the user model with 
scientific theory. The proposed sensing and analysis method could be applied to hand 
phones or mobile PCs. Our goal would be to reduce user awareness of the health 
monitoring process. 
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