
Project ATRACO   

6    Report 

1 Final publishable summary report 

1.1 Executive Summary 

This deliverable presents the final results and achievements of the ATRACO project. After 
providing the project context and its main objectives the most important scientific and technical 
results are outlined. The potential impact of the major aspects is detailed as well. These two sections 
of the deliverable focus on the Architecture, the role of Ontologies, Artefact & User Behaviour 
Adaptation, Network Adaptation, User Interaction Adaptation, Privacy & Trust Management, 
Intelligent Planning, and the results of the social evaluation. 
The second part of the deliverable provides information about the dissemination of foreground 
regarding the common publications, the dissemination activities, the exploitable outcome, and the 
societal implications.  

1.2 Project context and objectives 

The aim of ATRACO project is to contribute to the realization of trusted ambient ecologies. 
Interactive appliances, collaborative devices, and context aware artefacts, as well as models, 
services, software components are parts of ambient ecologies. A context-aware artefact, appliance 
or device uses sensors to perceive its context of operation and applies an ontology to interpret this 
context. It also uses internal trust models and fuzzy decision making mechanisms to adapt its 
operation to changing context. Finally, it employs adaptive dialogue models to communicate its 
state and interact with people.  
The ultimate goal of ambient ecologies is to serve people; this undoubtedly entails interaction with 
users and control by them – dealing with errors and faults, customizing settings etc. On the other 
hand, much of its management (e.g., configuration, handling of faults and adaptation to context) 
will be done autonomously and people will not be aware of it. An ambient ecology may involve 
large – even enormous – populations of entities that deploy themselves flexibly and responsibly in 
its working sphere. An entity may be a hardware device, a software agent or an infrastructure 
server; for some purposes it may be a human; it may also be an aggregation of smaller entities. Thus 
an ambient ecology that pervades our lives, but remains controllable, should have many properties: 

 It will be adaptable; its structure will vary in the short term and evolve in the long term. 
 Each non-human entity will be purposive, whether its purpose is expressed vaguely or 

formally; this is what explains its actions. 
 It will be partially autonomous; some of its actions are determined by its purpose and its 

interactive experience, rather than by invocation from a higher authority. 
 It will be reflective; a subsystem can report its experience to a higher system (perhaps to a 

human), to permit intervention or guidance. 
 It will be trustworthy; it will behave in a dependable manner and will not adversely affect 

information, other components of the system or people. 
 It will be scalable; its subsystems will differ in size by many orders of magnitude, yet 

unmanageable complexity will be avoided by applying the same principles of design and 
methods of analysis at each level. 
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The principal aim of the ATRACO consortium is to provide the research needed to understand the 
core structure and behaviour of ambient ecologies, as defined above, and to make this 
understanding manifest in applicable software component platform and sound conceptual 
framework. Therefore, the overall objective of ATRACO is to lay the foundations for the 
development of a new range of components, architectures and guidelines that underpins the 
development of ambient ecologies. More specifically, the project objectives are: 

1. Develop a conceptual framework for ambient ecologies of devices and services. This 
framework will consist of a set of concepts implemented as a core ontology, a description of 
capabilities implemented as a hierarchy of basic and higher level behaviours and a novel 
interaction metaphor. 

2. Research on adaptation mechanisms aimed at understanding how the properties of self-
configuration, self-optimization, self-maintenance and robustness arise from or depend on 
the behaviours, goals, and adaptivity of individual artefacts, the interactions among them 
and the context of application. 

3. Research on heterogeneity by developing and testing theories of ontology alignment to 
achieve task based semantic integration of heterogeneous devices and services. 

4. Design a service-oriented ambient ecology architecture and develop or adapt the necessary 
components to realize its services. Also, where necessary, the project will develop APIs to 
interface with existing hardware modules and communication protocols, ontology modules, 
decision making mechanisms, negotiation and learning mechanisms, trust policies and 
privacy enforcement mechanisms and compose-able interaction components. 

5. Develop a testbed application, which will be deployed in the iSpace and the campus at the 
University of Essex and use simulated conditions to research the scalability of the ambient 
ecologies approach. 

The ATRACO architecture is a service-oriented architecture that enforces a clean service oriented 
design approach, with a clear distinction between interfaces and implementation. The service 
oriented approach assumes that service functionality will be implemented from a wide range of 
sources. This is similar to assumptions of component-oriented software development, as a result of 
which many application component platforms seamlessly incorporate service oriented features. The 
decision for using the service-based paradigm has several impacts on the design of the functional 
components. The most important implications for the component design are summarized here: 

 Services are de-coupled. A service must not take any assumptions about the existence and 
lifecycle of any other service it might want to use (concept of “minimal assumptions”). 

 Services communicate only through their exposed interfaces. Services are self-contained, 
can be discovered and are accessible through signatures. Any functionality expressed by a 
service descriptor (a signature and accessor interface that describes what the service offers, 
requires and how it can be accessed) is available within the service itself. 

 A service must not take any assumptions about the implementation details of any other 
service. 

To meet the above challenges the ATRACO consortium applied an interdisciplinary effort from 
three different perspectives: the theoretical, the engineering, and the experience perspectives. The 
first perspective focuses on concepts and models that capture the behaviour of ambient ecologies at 
varying levels of abstraction. The engineering perspective focuses on the architectural challenges 
posed by the heterogeneous and dynamic nature of their synthesis. The latter focuses on how people 
might share a world with artefact ecologies. 
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1.3 Main Scientific and Technical Results 

The ATRACO project defined a new research area, that of Next Generation Ambient Intelligent 
Systems (NGAIEs) and coined two new terms: Ambient Ecology and Activity Sphere [18]. Existing 
Ambient Intelligence Environments (AIEs) contain a dynamically changing set of entities (hereafter 
called “artefacts''), which are able to perceive the environment, act upon it, process and store data, 
manage their local state, communicate and exchange data. As a result, artefacts may have physical 
properties (if they are physical objects), offer a set of services and can communicate with each other 
and the environment. In addition, the AIEs provide an infrastructure that supports services such as 
networking, communication, discovery, location and context estimation, etc. These services are 
used by the artefacts that reside within this environment. 
The next step is the design and development of totally adaptive ubiquitous computing systems, able 
to consistently operate in heterogeneous pervasive AIEs. Adaptation is a relationship between a 
system and its environment where change is provoked to facilitate the survival of the system in the 
environment. This Next Generation of AIEs (NGAIEs) will still be populated with numerous 
devices and have multiple occupants, but will inherently exhibit increasingly intelligent behaviour, 
support consistent functionality and human-centric operation (humans, as opposed to mere users, 
have increased requirements from a system, including, for example, intuitive interaction, protection 
of privacy, fault-tolerance etc.), and provide optimized resource usage. 
Five dimensions of adaptation have been identified to be necessary to form an ATRACO system: 
Artefact Adaptation (AA), User Behaviour Model Adaptation (UBA), User Interaction Adaptation 
(UIA), Sphere Adaptation (SA) and Network Adaptation (NA). Adaptation is achieved using two 
strong theoretical tools: Category Theory and Fuzzy Logic. Category theory is used to model 
Activity Spheres from an ontological perspective. Ontologies are the main knowledge 
representation tool used in ATRACO. We assume that every component of an Activity Sphere 
carries its local ontology, while all other necessary knowledge (i.e. user profiles, policies, etc.) is 
also represented as an ontology. We then apply ontology alignment to deal with heterogeneity and 
fragmentation of knowledge. ATRACO contributed various ontologies, an ontology engineering 
meta-methodology, alignment coefficients and a category theory based model of an Activity Sphere 
and the changes it undergoes. Regarding Fuzzy Logic we have achieved significant advancement of 
uncertainty handling and modelling and general type-2 fuzzy sets and systems in general. 
Another main result was the fundamental system design of a working 1st Prototype, which uses the 
iSpace at the University of Essex as deployment platform. The identification and collection of both 
technical and user requirements was essential to guide the development process. The definition and 
engineering of ontologies and an initial network adaptation component together with user 
interaction adaptation studies perfect the first phase of the project. After the theoretical framework 
of the five dimensions of adaptation has been defined the implementation of an existing ATRACO 
System started. Several components have been developed to realize all the dimensions: Artefact 
Adaptation Component for AA, User Behaviour model Adaption Component for UBA, Interaction 
Agent for UIA, Sphere Manager, Ontology Manager, and Planning Agent for SA, and a final 
version of the Network Adaptation Component for NA.  
Another main result of the implementation phase was the development of the Privacy Components 
and the final versions of ATRACO Upper Level Ontology, Generic Device and Service Ontology, 
UPnP Device Ontology, User Profile Ontology, and the Privacy Policy Ontology. The development 
and the integration of the final prototypes in the iSpace at the University of Essex and in the 
AmInOffice at CTI in Patras are major milestones that have been fulfilled. Results of the social 
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evaluation provided insights into the way users perceive pervasive systems such as ATRACO and 
into the broader concepts of ATRACO. The next sections describe in detail the most important S&T 
results of the project. 

1.3.1 Basic Concepts 

We use the Ambient Ecology (AE) term for the set of heterogeneous artefacts with different 
capabilities and provided services that reside within an AIE [14, 21]. Our approach is in accordance 
with the AmI vision and aims at supporting people to achieve their goals and carry out new tasks, as 
well as old tasks in new and better ways. People will realize their tasks using the resources offered 
by the services and devices of the AE. 

 

Figure 1: An Activity Sphere residing within an AIE. 

We have defined the concept of an Activity Sphere (AS – see Figure 1), to be both the model and 
the realization of the set of information, knowledge, services and other resources required to 
achieve an individual goal within an AIE. It is based on the notion of “bubble”, which has been 
used to describe a temporary defined space that can be used to limit the information coming into 
and leaving the digital domain [4], which itself constitutes a “digitization” of the definition of 
personal space described as a “soap bubble” [26].  
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A bubble is supposed to gather together all the interfaces, formats and agreements etc. needed for 
the management of personal, group and public data and informational interactions and may be 
described as a semi-transparent membrane that can be tuned to function differently depending on 
the direction of the movement of data. Inspired by object-oriented approaches, an activity sphere 
expands the bubble notion to contain not only the data and models, but also the associated processes 
and other resources that create, use or otherwise affect this data, leading to the specification of 
autonomous and coherent entities, which can adaptively execute on changing infrastructure. 
The ATRACO approach adopts a unique standpoint in modelling and realizing ASs. We assume 
that various IEs are already available; each of them hosting a dynamically changing set of 
heterogeneous and closed smart objects and components. They, nevertheless, contain heterogeneous 
descriptions of their capabilities and services that can only be accessed from but not modified by 
other components. Thus, these objects can collaborate in the realization of ubiquitous computing 
applications within the hosting IE, but the structure of these applications may dynamically change 
and their efficient operation depends on the orchestration of heterogeneous services. In order to 
achieve task-based collaboration amongst them, one has to deal with this heterogeneity, while at the 
same time achieving independence between a task description and its respective realization within a 
specific IE. 

1.3.2 Architecture and Integration 

In ATRACO, we propose a combination of the SOA model with agents and ontologies (Figure 2). 
We adopt SOA both at the resource level to integrate resources, such as devices, sensors and 
context in applications and at the system level to combine ATRACO services that provide 
adaptation and trust features into applications. The ATRACO architecture consists of ontologies, 
active entities, passive entities, and the user who as the occupant of the IE is at the centre of each 
AS. Active entities are agents and managers. The role of the ATRACO agents is to provide task 
planning (Planning Agent or PA), adaptive task realization (Fuzzy systems based Task Agent or 
FTA) and adaptive human-machine interaction (Interaction Agent or IA). The PA encapsulates a 
search engine that exploits Hierarchical Task Network and Partial-Order Causal-Link planning to 
select atomic services that form a composite service (workflow).  
One or more FTAs oversee the realization of given tasks within a given IE. These agents are able to 
learn the user behaviour and model it by monitoring the user actions. The agents then create fuzzy-
based linguistic models which could be evolved and adapted online in a life learning mode. The IA 
provides a multimodal front end to the user. Depending on a local ontology, it optimizes task-
related dialogue for the specific situation and user. In addition, ontologies complement agents 
regarding adaptation by tackling the semantic heterogeneity that arises in IEs by using ontology 
alignment mechanisms to generate the so-called, Sphere Ontology (SO). There are two main kinds 
of ontologies: local ontologies, which are provided by both active and passive entities and encode 
their state, properties, capabilities, and services, and the SO, which serves as the core of an AS by 
representing the combined knowledge of all entities. The major challenge addressed in ATRACO is 
adaptability. Adaptability implies that an activity sphere should attempt to continuously provide 
expected behaviour by adapting to unexpected conditions such as changes to the resources 
constituting the system or changes in the behaviour of the user. To this effect, the ATRACO system 
components are defined that adapt task-based usage of the sphere to the changing user behaviour, 
environment conditions and context. 



Public   D5 – Project Final Report 

Version 1.1    11 

 

Figure 2: ATRACO architecture. 

ATRACO researches mechanisms that support adaptability in several forms: 
 Activity Sphere adaptation, in terms of: 

o polymorphism: the persistent achievement of the goal by adapting the instantiation 
of the activity sphere to different environments while preserving the type of 
resources required. 

o structural adaptation: the persistent achievement of the goal when changes on the 
type or cardinality of the available resources occur; if we model an activity sphere as 
a network of services then structural adaptation results in one or more modifications 
of the sphere’s services or of the relations between the services.  

o semantic adaptation: changes in semantic models in order to deal with any 
disturbance that would affect meaning. 

 behavioural adaptation where the application logic is changed as a result of changes in the 
user and/or device behaviour. This category is specialized as artefact adaptation and user 
behaviour model adaptation. For the user behaviour adaptation, an agent will learn and 
adapt its rule base to face the changes in the user desires and preferences by monitoring the 
user actions e.g., the user decides to read in bed, therefore requires her bedside lamp to be 
on instead of her reading light. For artefact adaptation the system examines how an artefact 
can adapt its model of operation in reaction to changes in the device characteristics and user 
changing patterns. 

 user interaction adaptation specifies adaptation interacting with the user using different 
devices/modalities depending on available resources, environment characteristics, tasks and 
user profile. 
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 network adaptation to allow the uniform and transparent access to devices and services 
present in the networked environment supporting the realization of activity spheres across a 
mixture of heterogeneous networks. 

Another dimension explored in ATRACO is trust. The interactions in the activity sphere should be 
trustworthy. The ambient ecology will behave in a dependable manner and will not adversely affect 
information, other components of the system or people. To this effect, policies and rules are defined 
in the ontology and mechanisms are defined for the management of the identity of service 
requestors and service providers as well as access control on services and context information. Our 
main philosophy is that we should be able to control our resources through policies rather than 
inventing new mechanisms. In ATRACO Identity Management and privacy policies encoded in as a 
privacy policy ontology constitute the main mechanisms to address privacy and trust.  
Policies are encoded as ontologies using a declarative approach. This approach decouples the 
declarative policy expression from the mechanism that ensures the desired behaviour. Policies 
expressed as a set of factual and behavioural specifications that are binding on every computing 
element and resource within an AmI space can be specified independently by users or engineers, 
leaving dependencies and conflict management to a reasoning framework. In that way we can 
leverage an available body of research in formal models or schemas for policy description and 
inference as well as formal logics, databases, and Semantic Web tools. 
The prototype developed matches to a certain extent the multilevel adaptation and trust 
requirements of the ATRACO objectives and addresses the challenges outlined in the context of 
ATRACO architecture. The functionality of the current prototype can be summarized as follows: 

 The Planning Agent takes an abstract plan and finds a concrete plan using Artificial 
Intelligence planning techniques. It provides the concrete plan as a workflow.  

 The Sphere Manager can read, parse and execute a workflow and bind dynamically devices 
to services by querying the Ontology Manager. 

 An Activity Sphere can be started. The Sphere Manager can start and coordinate all relevant 
components. 

 The Sphere Manager can handle adaptation events that affect the configuration of the 
activity spheres categorized in the following types: 

o New person  
o New resource (service/device)  
o User location change  
o Resource not available  

 The Sphere Manager can control devices, provided that such devices are registered as UPnP 
and the corresponding device ontology has been defined. 

 The Ontology Manager can create the Sphere Ontology using alignment mechanisms and 
answer queries posed by other components. 

 The Fuzzy Task Agent can learn light preferences and can control lights and ambient 
temperature and handle partial failures. 

 The Interaction Agent can provide interfaces of various kinds depending on context such as 
user location. 

 The Privacy Manager can support privacy protection to the user’s personal information as 
well as to the user’s personal space (when binding devices to services or when the “new 
person” adaptation event is produced) 
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 The Trust Manager ensures that only trusted devices are connected to the ATRACO Sphere 
and only trusted users are allowed to control devices. 

 The Network Adaptation component hides different networking technologies through an 
exported UPnP interface. 

 Integrates UPnP device controllers 
 Integrates ontologies (ULO, Device Ontologies, User Profile Ontologies, IA ontology, 

Privacy Policy Ontology) 
 A number of ATARCO-domain tools have been implemented to facilitate system setup, 

configuration, monitoring and debugging. 

1.3.3 Ontology development 

Ontology development in ATRACO evolved around the following axis: 
1. Development of ontologies that served as a proof-of-concept for ATRACO research; this 

included 
a. The specification of an ontology engineering meta-methodology 
b. The engineering of various ATRACO-related ontologies by applying the 

methodology 
2. Development of a new theoretical model for activity spheres and ontology alignment; this 

included 
a. Modelling activity spheres and sphere adaptation using Category Theory 
b. The specification of two new ontology alignment coefficients 
c. Modelling general-purpose ontology alignment 

3. Supporting the use of ontologies in activity spheres; this included 
a. The specification of the ontology management framework 
b. The evaluation of existing alignment algorithms 
c. The specification of an alignment strategy to be used in ATRACO 
d. The development of a decision-support tool to help users choose the most applicable 

alignment algorithm 
These developments will be analysed in this subsection. 

1a. Specification of an ontology engineering meta-methodology 
There is no one correct way to develop an ontology, but the quality of the solution depends on the 
skills of the people who will participate in the ontology development process. Several research 
groups have proposed various methodologies for building ontologies. The skilled knowledge 
engineer can look up the different methodologies before selecting, or adapting one that fits his 
needs. In ATRACO we defined a meta-methodology, which summarizes the most essential 
ontology engineering steps, and which can be used both by the novice and expert ontology 
developer We focus on two parameters: the knowledge level of a particular domain the ontology 
developer has (domain, or non-domain expert) and the strategy followed in order to build the 
ontology (from scratch, or by reuse); the strategy depends on the availability of resources 
(documents, ontologies, group of experts). According to these, the ontology developer will have to 
choose between four scenarios, in order to build his personal domain ontology. The possible 
scenarios are: 

 1st scenario: creating the ontology from scratch by a domain expert. 
 2nd scenario: creating the ontology by semantically reusing existing ontologies by a non-

domain expert. 
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 3rd scenario: creating the ontology from scratch by a non-domain expert. 
 4th scenario: creating the ontology by semantically reusing existing ontologies by a domain 

expert. 
During the application of each scenario, the ontology developer needs to carry out four mandatory 
tasks (selection, analysis, definition, and evaluation) that are distributed in all phases (specification, 
conceptualization, implementation, evaluation). All these phases are common in the methodologies 
available in the literature.  
In our approach, while we preserve the sequence of the specification, conceptualization, 
implementation, and evaluation phases, generally adopted by all the methodologies proposed in the 
literature, we further group the activities present in each phase in four clusters of tasks, each one 
containing mandatory sub-tasks, according to the selected scenario. 
1b. Engineering ATRACO ontologies 
In the context of ATRACO project, three types of ontologies are used: domain ontologies, each one 
describing devices, services, user profiles and agent knowledge bases; ontologies describing tasks 
and policies; and an upper level ontology (ULO) describing the basic entities and relationships of 
the ATRACO world model. Various ontologies of each type were developed: 

 Generic device and service ontology, which served as a blueprint for various specific device 
and service ontologies 

 UPnP ontology, which extended the UPnP standard with meta-data 
 User profile ontology 
 Privacy policy ontologies 
 Interaction ontology 
 Upper Level ontology 

All these ontologies are used for software agent communication, as interoperability mechanisms, for 
software design, as knowledge bases and for context representation. Based on these ontologies, the 
Sphere Ontology is formed, by applying matching (merging or alignment) algorithms.  

2a. Modelling activity spheres and sphere adaptation using Category Theory 
In the ATRACO perspective, an activity sphere is a network of already aligned ontologies. In order 
to define an activity sphere under a categorical perspective, we define a category having ontologies 
as objects. 
There exists a morphism between two ontologies, objects of this category, if and only if there exists 
a V-alignment between them. Thus, composable morphisms in this category reflect to the 
composition of V-alignments, which becomes then the main operation needed in the ATRACO 
perspective. More precisely, whenever an entity represented by an ontology joins an already 
established activity sphere of entities represented by a network of already aligned ontologies, it 
suffices to align it to a single anchor ontology, already participating in the activity sphere. The 
anchor alignment produced, is then composed to already established alignments involving the 
anchor ontology, producing a batch of composition-generated alignments that remain, even if later 
on the anchor ontology leaves the activity sphere (see Figure 3). 

2b. New similarity coefficients 
We propose two similarity coefficients for ontology resemblance (structural, or lexical). These 
coefficients are used during the pre-alignment process, in order to select the suitable family of 
matchers, as well as the way of composing them. Their values fall into the range [0,1] .  
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The idea behind the Structural Similarity Coefficient, is to compare the structure of the two 
ontologies, based on the minimization of the sum of the absolute values of the differences between 
the lengths of all the respective pairs of paths belonging to the two ontologies; these paths lead from 
the root of each ontology to each of its leaves. 
The idea behind the Lexical Similarity Coefficient is to initially rank each common concept in both 
ontologies, based on the distance, in terms of the number of edges between this common concept 
and all the remaining common concepts in each ontology. Then, if a common concept is ranked 
equally in both ontologies, we assign the value 1 for this pair of common concepts in the calculation 
of the Lexical Similarity Coefficient, else, i.e., if a common concept is ranked differently in both 
ontologies, we subtract from the value of 1, a number that depends on the difference of rankings. 
Concerning the complexity of the proposed Similarity Coefficients, the determining factor, in the 
case of the Structural Similarity Coefficient, is the complexity of the algorithm for resolving the 
assignment problem, while, in the case of the Lexical Similarity Coefficient, the determining factor 
is the string matching problem. Since the existing algorithms for solving these problems are 
efficient, exhibiting polynomial running time, they confer polynomial computational complexity to 
the herein proposed algorithms. When compared to benchmark problems, our coefficients exhibit 
better accuracy in determining the degree of similarity between two ontologies. 

 

Figure 3: Anchor ontology leaving an Activity Sphere. 

2c. Modelling general purpose ontology alignment 
In cases where subsumption, or more elaborate relations, between concepts belonging to different 
ontologies is to be expressed, since these relations cannot be represented with the vocabulary of any 
of the two ontologies, it is externalized in an additional new ontology (called bridge ontology), as a 
bridge axiom. The original ontologies O1 and O2 contain the concepts related via subsumption and 
the bridge ontology B contains the bridge axioms. The fact that there exist concepts of the 
ontologies O1 and O2 occurring within the bridge ontology, is represented by the two V-alignments 
between the bridge ontology and the ontologies O1 and O2. Thus, the so-called W-alignment is 
defined. The merging operation in this case, is defined as the co-limit of the alignment diagram and 
is computed by successive pushouts. In a similar way, one can compose W-alignments. If a W-
alignment exists between ontologies O1 and O2 with bridge ontology B1 and if also a W-alignment 
exists between ontologies O2 and O3 with bridge ontology B2, by composing the two W-
alignments, it results that a W-alignment exists between ontologies O1 and O3, with bridge 
ontology B, which is obtained if the merging operation is applied to the bridge ontologies B1 and 
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B2. The problem of this approach, consists in incorporating in the new bridge ontology B bridge 
axioms from the ontologies B1, B2 and O2, that might be irrelative to O1 and O3. 
Another solution to the problem of more elaborate relationships (subsumption, strict inclusion, strict 
containment, disjointness, overlapping with partial disjointness, temporal relations), between 
entities belonging to different ontologies, is to enhance the category of ontologies with more 
elaborate morphisms that denote the relationship that holds between the syntactic entities of the two 
ontologies (subsumption, strict inclusion etc.). In this case, when applying the composition 
operation, if an entity in ontology O2 has an elaborate relation to entities in the ontologies O1 and 
O3, there is some kind of relation between the two entities in O1 and O3. The latter relation 
depends strongly on the former one. For example, if an entity in O1 is related to an entity in O2 
with strict inclusion and the same entity in O2 is related to an entity in O3 with strict containment, 
then the entity in O1 can be related to the entity in O3 by either of the following relationships: 
equivalence, strict inclusion, strict containment, disjointness, overlapping with partial disjointness. 
More specifically, the formalism of algebras of binary relations can be used, in order to solve the 
problem of expressing the relations between entities of different ontologies in a general way, 
support alignment composition and deduce new alignments from existing ones, via composition 
tables. In order to capture the dynamic nature of an activity sphere in the case of more general 
relations between ontological entities, the question remains to construct the appropriate category 
that captures the structure. 

3a. Specification of ontology management framework 
The Ontology Management Framework developed for ATRACO includes: 

1. A set of domain ontologies that are used to create instances; these include Upper Level 
Ontology, User Profile Ontology, Generic Device Ontology, Privacy Policy Ontology and 
Interaction Ontology. All these ontologies are described in detail in D9 

2. The Ontology Manager, a software module that manages an ontology and provides an 
interface to the other systems components; it also manages the Sphere Ontology. The 
Ontology Manager is described in D7 

3. The Alignment Module, which is responsible for aligning two ontologies and storing the 
alignment in a machine readable format; currently, it uses the Alignment API, as described 
in the following 

The approach in implementing an alignment solution that meets the requirements of ATRACO 
suggests a combination of: (a) terminological approaches, which exploit string similarity between 
labels of ontologies; (b) structural approaches, which rely on the structure of the ontologies; (c) 
extensional approaches, which consider matching concepts on the basis of shared instances; (d) 
semantic approaches, which use external ontological resources as a background knowledge; and (e) 
user interaction, which support the ontology alignment process.  
In practice, in order to bring semi-automatically the ATRACO domain ontologies into mutual 
agreement, the Alignment API was chosen to be the core of our ontology alignment module as it 
provides an implementation of a general infrastructure that can be enriched by additional 
algorithms, ontology matching formalisms support and interfaces.  

3b. Evaluation of existing ontology alignment algorithms 
Currently, there exists a number of different alignment strategies implemented in several systems. 
These systems use different techniques, but it is not clear how well these techniques perform for 
different kinds of ontologies. It is also not clear, whether and how these techniques can be 
combined, for a given alignment problem, in order to provide better results. Hence, concerning the 
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ATRACO case, it is usually difficult for a user who needs to align two ontologies to decide which 
of the different available alignment strategies is the most suitable, because, in addition, ATRACO 
ontologies have some specific particularities.  
Specifically, ATRACO ontological entities (i.e., classes, relations, properties, instances) with the 
same meaning may have different labels in different ontologies; the same labels may represent 
different meanings; the same concepts may be represented by different ontological entities (e.g., a 
class, or an instance); same concepts may have different inter-relations; different concepts may be 
described by the same properties, etc. In that sense, the alignment problems that one must deal with, 
in the context of ATRACO, concern the following four scenarios: (a) aligning ontologies with 
similar labels, but different structure, (b) aligning ontologies with the same structure, but different 
terminology, (c) aligning ontologies with the same structure and similar terminology and (d) 
aligning ontologies with totally dissimilar terms and structures. After executing several tests with 
the ATRACO ontologies, by using different alignment techniques and analysing their results using 
the Precision and Recall metrics, we inferred that there is no one technique that fits all cases, that is, 
all pairs of the ATRACO ontologies, because of their special features. 

 

Figure 4: The ATRACO alignment strategy. 

3c. Specification of an alignment strategy 
In order to enhance the alignment process, we concluded to the following alignment strategy (see 
Figure 4) that can generally produce good results in aligning several pairs of the ATRACO 
ontologies, according to performance and quality measures:  

 Pre-processing step, where we try to make an initial estimation, at an ontology level, of 
whether the ontologies to be aligned appear to be similar, lexically, or structurally. This step 
is further analysed in the following subsection;  

 Processing step, where, based on the previous step, we decide about the proper sequence of 
execution of appropriate matchers (lexical, structural, instance-based, constraint-based 
algorithms); and  

 Post-processing step, where the final results are evaluated. 
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The innovation of this strategy lies on its pre-processing step, where an initial estimation of the 
resemblance of the two source ontologies, is calculated, in order, during the processing step, to 
select the most convenient way of applying the suitable alignment algorithms, as well as on the use 
of a “trusted third party”. This is essential in cases where the source ontologies are non-overlapping, 
or inconsistent, making the production of meaningful alignments infeasible and in the evaluation of 
the produced alignments. 

 

Figure 5: Flowchart of the decisions. 

3d. Development of a decision support tool for ontology alignment 
The research results regarding evaluation of ontology alignment algorithms and specification of 
new similarity coefficients were integrated in a decision support tool to help choose the most 
suitable alignment algorithm depending on the situation. The tool uses the following decision 
flowchart as depicted in Figure 5. 

1.3.4 Artefact & User Behaviour Adaptation 

Artefact Adaption (AA) is a crucial component at the heart of Ambient Intelligent Environments 
(AIEs). As the number and variety of artefacts/devices within AIEs increases, there is a high need 
for dynamic, automatic and adaptive mechanisms to employ and make sense of the information 
provided by this variety of potentially heterogeneous devices. 
As part of ATRACO we have investigated AA over multiple years and have adopted two main 
approaches which we refer to as Stage 1 and Stage 2 approaches. The Stage 1 approach focused on 
the dynamic creation of adaptive device models based on mainly short-term, direct user-device 
interaction information. We have shown the successful application of the approach both as part of 
this deliverable as well as part of the social evaluation of the ATRACO prototype (D27). 
After the initial phase of the social evaluation of ATRACO was concluded, the information gained 
from participants as well as our own experience was combined in order to address some of the 
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perceived shortcomings, in particular the ability to provide stable AA over medium and long 
periods as well as the need to further reconcile the system view of the resulting AA models and the 
user view. The latter was of importance, not just to AA, but particularly to User Behaviour 
Adaptation (UBA) (see D15) which directly employs the models generated as part of AA to provide 
user behaviour adaptation. 
As a result, the Stage 2 approach to AA was established. It directly focuses on medium to long term 
adaptation both in the presence and in the absence of the user. The need for the ability to provide 
AA in the absence of the user which was realized to indeed be a far more general requirement 
essential to provide adaptation to indirect effects of the user and the environment. Furthermore, the 
Stage 2 approach incorporates the creation of a human-centred model from the information gathered 
from a series of individual physical artefacts / devices. We have provided in-depth information on 
how the uncertainty resulting from this information amalgamation is captured, represented in 
individual timeframe based models (in our case: days) and finally, how the individual models are 
combined based on agreement modelling and a sliding window approach in order to provide 
continuous and stable AA able to deal with both short and long term changes in device 
characteristics. We have performed various experiments in the iSpace which have shown the 
success of both AA stages. 
Concluding, it is clear that the Stage 1 and Stage 2 are complimentary solutions to the complex 
problem of AA to allow for continuous artefact adaptation over short, medium and long periods, 
with the users presence and absence while maintaining a user-centred modelling approach creating 
transparency and thus furthering user-understanding and acceptance. As part of our research in AA, 
we have achieved significant advancement of the state of art in terms of developing an approach to 
artefact adaptation in specific, and uncertainty handling/modelling and general type-2 fuzzy sets 
and systems in general where these advancements could be summarised as follows: 

 Novel Artefact Adaptation systems that allowed for the first time the artefacts to adapt to 
the changes in the artefacts characteristics over short and long time intervals which have 
never been addressed in the literature.  

 Novel approaches for general type-2 Fuzzy systems based on z-Slices as reported in [28, 29, 
7, 6, 30] have been identified to allow the adaptation of artefacts to changes of their 
characteristics and user preferences for the use of these devices.  

 Further, multiple devices were conceptualized in terms of their role in contributing to a 
“larger” human centred concept (ambient light level) and based on this concept, uncertainty 
information extracted from the data was combined with prototype type-1 sets to create 
zSlices based general type-2 fuzzy sets for the human-centred model. 

 A completely novel notion of agreement has been developed, introduced and demonstrated 
allowing the continuous adaptation of device models over short, medium and long periods 
[8]. 

 We have shown the crucial role that the third dimension offered by general type-2 fuzzy 
sets can play and have demonstrated it both in concept as well as in practice (real world, 
data based zSlices general type-2 sets). 

 By developing the mechanisms for employing zSlices based human centred concepts (in 
turn based on information from many devices), we have enabled the creation of 
significantly more transparent (easier to interpret) rule bases (further discussed in D15) – a 
requirement for user understanding and thus acceptance of the system. 
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 We have established AA as a dynamic component, which, encapsulated with UBA as part 
of the Fuzzy Task Agent (FTA) dynamically communicates through the SM with the 
Ontology Manager, thus enabling the dynamic enrichment of the individual users' ontology 
with knowledge accumulated by the AA/FTA. This dynamic handling of user related 
information has the additional advantage of enabling the maintenance of privacy and access 
control to the data employed as part of AA. 

User Behaviour Adaptation (UBA) is an integral part of adaptation and evolution within AIEs. As 
part of the ATRACO project, UBA is addressed in the context of a distributed, ontology based 
intelligent framework with the aim of supporting a user or multiple users in their home. We have 
described the concept of UBA in general and its specific role within ATRACO. We have specified 
the requirements of UBA within ATRACO which involves primary objectives such as the ability to 
perceive user/environment interactions, generalise over the information gained, learn and eventually 
adapt what has been learnt, as well as secondary objectives such as the need to provide a 
transparent, interpretable system furthering user trust and acceptance. 
The specified requirements have subsequently been taken forward to create a design for UBA 
within ATRACO. We have established the reasoning for the application of rule based systems and 
in particular, fuzzy logic rule based systems, stressing their ability for generalization (essential for 
learning) and uncertainty handling as well as their well accepted interpretability. The design of the 
individual high-level stages of UBA – capturing of information, learning and adaptation has been 
presented and discussed before addressing the implementation of the individual stages. As part of 
the review of the implementation of UBA, descriptions of the implementations of the different 
design steps have been presented while also addressing practical implementation requirements such 
as UBA instantiation, task resolution, execution and re-allocation. 
The UBA was designed and implemented in two stages. The Stage 1 approach has been shown to 
provide adequate user behaviour adaptation capabilities. It directly supports the learning of user 
behaviours and the subsequent adaptation of the learnt behaviours through the creation of a fuzzy 
logic rule base and its dynamic modification/adaptation. Further, the Stage 1 approach has detailed 
how the artefact models created by the AA component are employed as part of UBA to generate 
adaptive user behaviour models. The application of said artefact models and specifically the use of 
the associated linguistic labels has been shown to achieve one of the main goals of UBA – the 
transparency of the resulting models and thus their interpretability by human users, furthering 
understanding and thus trust and a feeling of ownership essential for the adoption of such novel 
mechanisms in AIEs. 
As part of the Stage 2 approach adopted for the third year prototype, several challenges are 
addressed that go beyond the initial achievements of the Stage 1 approach. In particular, the 
experience gained from the Social Evaluation (D27) of the Stage 1 approach has made clear that 
artefact based user behaviour models (i.e. rule bases that incorporate the physical devices in the 
AIE) created as part of the Stage 1 approach, while interpretable by the user, remain difficult for the 
user to associate with. The individual rules reflect the environment as perceived for example by the 
individual light sensors and associate it with a given output (all exposed as linguistic labels). 
However, the human user do not consider their environment in terms of series of physical devices, 
for example they do not consider the light level in a room as a function of the light levels perceived 
by a series of sensors in different locations – they perceive one unified light level which could be 
referred to as “ambient light level”. 
As part of the Stage 2 approach, we have described how a fundamental change at the artefact 
modelling level (described in D14) and parallel adaptation of the UBA component has allowed us to 
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create a highly dynamic and user-centred approach to UBA which provides rapid learning of user 
behaviour as well as adaptation to changes in that behaviour. In particular the rapid learning of user 
behaviour (and removal of a learning period) addresses a potential weakness of the Stage 1 
approach, in particular in the sense of ATRACO: as the user evaluations in ATRACO are based 
entirely on short term occupation of the test bed (the iSpace at the University of Essex). 
We have shown ground breaking UBA which can handle multiple occupancy in AIEs. Furthermore, 
we have shown the resulting fundamental change in the UBA created models and shown the 
significant increase in similarity between the system-model of the user behaviour and the intuitive 
user-view of user behaviour. It is this higher similarity and the further increase in transparency and 
ease of interpretation which underline the significant progress as part of the Stage 2 approach in 
UBA. We have performed various experiments in the iSpace which have shown the success of both 
UBA stages. 
The UBA component provides an essential part of the ATRACO vision and its viability and 
potential have been documents as part of this delivery. While the task of UBA is highly complex 
and can be addressed from a variety of directions with a multitude of approaches, involving people 
from backgrounds ranging from sociology to physics, the current approach to UBA which has been 
chosen as part of ATRACO has been shown to be a viable solution with good potential for future 
development and expansion. It should be noted that the reported work executed as part of ATRACO 
has advanced the state of art as follows: 

 We have shown ground breaking UBA components which can handle multiple occupancies 
in AIEs.  

 Novel approaches for general type-2 Fuzzy systems based on z-Slices as reported in [28, 29, 
7, 6, 30] have been identified.  

 The adaptation to artefacts (discussed in D14) and the adaptation to varying user behaviours 
has been shown (in theory and practice, including experimentation) to be addressable 
independently and individually by relying on the adaptation of the fuzzy sets in terms of 
artefact adaptation and on the adaptation of the fuzzy rule base in terms of user behaviour 
adaptation. This possibility and its potential has never been investigated before. 

 We have established UBA as a dynamic component, which, encapsulated with AA as part 
of the FTA dynamically communicates through the SM with the Ontology Manager, thus 
enabling the dynamic enrichment of the individual users's ontology with knowledge 
accumulated by the UBA/FTA. This dynamic handling of user related information has the 
additional advantage of enabling the maintaining of privacy and access control to the data 
employed as part of UBA. 

1.3.5 Network Adaptation 

Network Adaptation (NA) is a set of functions and protocols in a SOA middleware allowing an 
ATRACO system to interact with the network resources. The goal of the NA layer is to provide 
seamless use of the devices and services to the ATRACO system and to simplify the access to 
networks in the AIE. The design and specification process of the NA component involves 
consideration of several adaptation guidelines, such as unified access on devices that belong to 
different networks, interoperability between networks, task completion with alternative resources, 
dynamic discovery for new networks and devices, representation of legacy internet services and 
relaying of existing web services. In ATRACO, NA meets these requirements through defining 
common device types across networks, allowing events from any network to trigger actions in any 
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other network, featuring a device registry and device/driver manager as well as providing single 
access for web services (i.e. a weather report service) that are able to evaluate availability, 
accessibility and quality of multiple existing web services provided by the internet sites. 
Figure 6 illustrates the internal layering of the NA component. To cope with the complexity of 
accessing diverse control networks, a common Device Representation Layer is introduced. This 
representation layer is designed in such a way that it handles different networks while hiding the 
complexity and details of each one of them. For instance, the application, which is to be placed on 
top of this representation layer, should not tell the difference between a Z-Wave lamp and a 
LonWorks lamp. Therefore, the device representation layer creates a unique representation of each 
different device type across networks, which simplifies the evolution of applications and services. 
In addition to the devices, there are various services which are provided over IP networks. 
Examples of such services include NTP, VoIP, RTSP, etc. Since these types of services are of 
interest to an Ambient Intelligent Environment (AIE), they must be shaped as ATRACO services 
and be provided through the NA layer. The functionality in an ATRACO environment is exposed as 
semantic services which an actor can discover and then compose to form ATRACO applications. 
After all, each service is associated with at least one semantic description which shields the actor 
from the complexity of the resource layer realization and makes it easy for the actor to employ these 
services in accomplishing interesting and useful tasks. 
 

 

Figure 6: ATRACO Network Adaptation Concept. 

The NA Layer is implemented using a mixed architecture, including a centralized home controller 
that is able to seamlessly integrate various different devices from different technologies around 
different home automation and control space together with a variety of modules, some of which 
may be able to work in a distributed architecture. The Device Representation Layer provides an 
abstraction of the network devices to OSGi services that can be used by other ATRACO 
components. These OSGi services represent the functionality of the underlying physical devices, 
giving the application the opportunity to discover them and retrieve all the required information for 
managing and performing control actions. The available functional profiles include physical devices 
with multiple endpoints, binary sensors, level properties like dimmers (with or without timing 
functionality), direction semantics like shades (with or without timing functionality), direction 
semantics with read only values, switches, batteries, analogue meters, alarms, thermostats etc. 
Moreover, the Device Representation Layer provides several utilities that intend to provide a 
service layer for scene execution and alerting. A scene can be considered as a collection of OSGi 
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devices that will execute a number of actions on these devices when a certain event occurs. For 
instance, an alarm service is included, with which the device representation layer can send alarm 
events to other OSGi components or higher layers. It makes use of a set of defined alarm levels, 
types and properties, to cover a wide range of alarm events. Furthermore, the alert service is 
designed to provide a simple alerting service to the other OSGi aware services in the framework. It 
listens to the device events and evaluates a series of user defined Rules to finally create the specific 
alerts.  
In the first place, the focus of the Service Adaptation Layer is to provide the Device Representation 
Layer devices as OSGi services to the other ATRACO entities. On top of that, OSGi device 
representations are eventually transformed to UPnP services. Another focus of the Service 
Adaptation Layer is the UPnP adaptation of IP services participating in an ATRACO system. UPnP 
seems to cover most of the aspects specified for the Service Adaptation Layer as it provides the ease 
of network setup, device discovery, self-announcement and advertisement of supported capabilities. 
A UPnP wrapper service tracks the availability of OSGi devices with certain characteristics and 
then registers a UPnP Device service with the appropriate device and service description XMLs to 
represent the underlying device. The registered UPnP Device service is then tracked by the UPnP 
Base Driver and exported to the network as an UPnP device. The NA Layer additionally provides 
an OSGi based UPnP service for task execution, which is called STEM. Based on a simple or 
nested condition evaluation, STEM generates a UPnP event about the result of the evaluation and 
even executes a set of actions on one or more UPnP devices when the evaluation is true. In order to 
be able to evaluate conditions, STEM subscribes to the services of the devices that are included in 
the conditions of the various triggers. STEM, by itself, is not a UPnP control point, so it is not 
aware of the available devices. It becomes aware of the existing devices using the OSGi API of the 
OSGi UPnP base driver. When a STEM user adds a scene or a trigger, these are validated with 
respect to the existing UPnP devices. 
NA provides an UPnP virtualization of the interfaced physical devices, which eventually may 
belong to heterogeneous non IP networks. UPnP proxies bridge IP networks with non IP networks 
while representing the devices that belong to non IP networks as UPnP entities. The following 
example referring to a ZWave microphone demonstrates the virtualization function of the UPnP 
proxy. The proxy knows how to communicate with the ZWave microphone. It uses a special library 
that encodes -over the ZWave API- microphone commands to start/stop recording as well as to 
control the gain and the sampling rate. For higher perceptual components, such as the voice 
recognizer, to make use of the microphone, the proxy represents it as a UPnP device exporting 
appropriate actions for remote invocation. On the other hand, taking advantage of the silence 
detection feature of the microphone, proxy sends appropriate events which trigger voice processing 
at the recognizer side accordingly.  

1.3.6 User Interaction Adaptation 

Ambient interactive systems create new challenges in the field of user interaction adaptation. 
Indeed, the mobility of users or devices and the wide range of new interaction devices make it 
possible for various forms of interaction to co-exist in such environments. Contrary to traditional 
computing situations, the context of interaction is not known in advance. Though user interaction 
adaptation is made complex by the distributed and dynamic aspects of ambient systems, achieving 
some kind of adaptation in the user interfaces is crucial as it will be a determining factor in user 
acceptance of these systems. The first year of the project provided us with a good overview of the 
challenges, both on technical and theoretical aspects. We identified and summarized them in D19 – 
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User Interaction specification and tools. Based on that analysis, we have focused our research, 
during the last two years, on two key aspects:  

 The dynamical composition of interaction units – devices, software modules... – to create an 
adapted user interface. 

 The adaptation of a running dialogue. 
In the first point, we tackle the issue of adapting the user interface to the physical constraints – such 
as interaction devices availability, size of screens, distance of the user from the nearest 
microphone... – and to the overall context. The system must dynamically adapt the communication 
channels that it uses to interact with users. For instance, if the system is interacting with a user via 
speech and the noise level goes too high, it could switch to another modality of interaction, such as 
a graphical user interface. This decision, of course, would have to be balanced by the availability 
and the relative distance of the touch screen. Furthermore, in that situation, the software that runs 
the interactive dialogue with speech interaction must be replaced by another that uses the graphical 
modality. Such flexibility cannot be achieved with classical architectures. For that reason, we 
needed to create a module for the ATRACO system that would interface the user and the system, by 
handling the complexity of such ecology of interactive devices. We call Interaction Space the set of 
interactive devices and pieces of software that should be combined by the system to create a user 
interface. During the last 2 years, we designed a module, that we called Interaction Agent (IA), that 
was able to smartly configure and adapt the interaction space (see Figure 7). 
 

 

Figure 7: The interaction space 

Precedent work in the field of interaction adaptation showed that structural adaptation of user 
interfaces requires 3 steps: allocation, instantiation and evolution. Reasoning techniques are of first 
importance when it comes to dynamically choose the best option in the scope of interaction 
capabilities that are proposed by a system. This selection is complex and relies on two key points. 
The first is a structured representation of the context, that we designed during second year as an 
ontology for interaction which we call Interaction Ontology. The second is reasoning engine that we 
developed during third year to apply rules on this context description and consequently elicit the 
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most adapted configuration of the Interaction Space. The set of rules used to make such a decision 
is called a behavioural model, since it defines how the system will behave with regards to users. We 
present in D16 – Interaction adaptation components – a language for writing those rules and a 
complete framework for helping designers writing, testing and simulating/evaluating different 
behavioural models. This work has been made publicly available as open source, our aim being to 
provide other researchers with a reference platform to simulate and compare new behaviours for 
their ambient systems. 

 

Figure 8: The Spoken Dialogue Manager within the context of ATRACO. 

After exploring structural adaptation of the user interface (choice between different interaction 
devices and modalities), we explored our second key focus: the structural adaptation of the 
language modality itself. We narrowed this analysis on adapting the on-going interaction within one 
modality, the spoken dialogue. Such adaption can only be provided from within the modality. In the 
scientific area of AIEs, Spoken Dialogue System (SDS) technologies offer one of the most natural 
interfaces. Therefore we have developed a model-based Spoken Dialogue Manager (SDM) that 
allows for modifying and thus adapting the dialogue structure and state during the ongoing 
dialogue, i.e., during runtime. The most important feature of the SDM is its ability to pause, resume, 
and to switch between multiple interactive tasks. 
Figure 8 shows the SDM within the context of ATRACO. By separating the dialogue descriptions 
from the actual logic the modular design of the component facilitates the adaptation mechanisms 
that have been defined as follows: 

1. Device Adaptation describes the influence devices and services have on an ongoing spoken 
dialogue. Depending on the fact that (spoken) commands a user may utter are totally related 
to the actual context it is not possible to define a set of commands the AIE might be able to 



Project ATRACO   

26    Report 

understand before. Instead, the SDM has to be able to continuously update its dialogue 
structure in order to be able to understand what the user wants at a specific point in time.  

2. Event Adaptation relates to the fact that spoken dialogues can be of varying urgency. If the 
user is currently involved in a conversation with his AIE it would, for example, be possible 
that a more urgent warning has to be uttered on the part of the IE. In such a multitasking 
situation it is necessary that the SDM is able to pause an ongoing dialogue and switch the 
focus to an interrupting task. Afterwards the dialogue has to be resumed.  

3. Task Adaptation relates to the fact that during more complex tasks the task itself may vary. 
Thus the SDM has to be able to provide a dialogue description that can be modified during 
runtime and thus adapt to a changing task definition.  

Several studies have been conducted in order to investigate how users cope with such adaptive and 
multitasking spoken dialogues. However, some results are two-fold: on the one hand, users who 
were engaged in multitasking dialogues were more inclined to interact with the SDS. On the other 
hand, the subjects who serially received one task after another were able to retain more dialogue 
specific facts in mind.  
The SDM, implemented as a sub-component of the IA, generates spoken dialogues depending on a 
set of dialogue descriptions, so called Spoken Dialogue Ontologies (SDOs). The SDOs can be 
accessed from external components and modified during runtime. A standardised format using the 
OWL web ontology language defines each dialogue description and thus allows for integrating 
more than one dialogue description into one spoken interaction with the user. In combination with 
the IA the SDM offers a powerful framework that provides spoken dialogue adaptation within the 
context of various domains in AIEs.  

1.3.7 Privacy & Trust Management 

Privacy and trust are critical factors for the acceptance and success of next generation ambient 
intelligence environments. Those environments often act autonomously to support a user's activity 
based on context information gathered from ubiquitous sensors. The autonomous nature, their 
accessibility to large amounts of personal information, and the fact that actuators and sensors are 
invisibly embedded in such environments, raise several security and privacy issues for participants.  
We addressed these issues in ATRACO by developing and integrating a privacy management and a 
trust management component. The two components cover four privacy and trust areas as depicted in 
Figure 9. The Privacy Manager protects information privacy and territorial privacy within an 
ATRACO activity sphere. The Trust Manager establishes technical trust of devices and services as 
well as social trust between persons. 
Existing approaches for privacy enhancing technologies in the area of ambient intelligence 
environments mostly focus on information privacy aspects. Aspects of territorial privacy are often 
neglected, despite the fact that the characteristics of those environments raise typical privacy issues 
of that category. The ATRACO Privacy Manager was designed to protect territorial privacy as well 
as information privacy by respecting user preferences and contextual information.  
Privacy preferences and explicit policies are modelled in the form of ontologies. The deployed 
enforcement mechanisms are based on mandatory access control to personal information and 
personal spaces. 
Access control is further supported by trust assessment mechanisms. Trust is classified into 
technical trust of components and social trust between persons. The combination of credential-
based and reputation-based trust establishment mechanisms facilitates dynamic trust level 
assessment for technical components. Social trust is addressed by the concept of trust groups with 
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support for implicit adaptation and creation of group arrangements. Trust groups avoid the need of 
specifying trust metrics and specific trust levels by providing an adequate abstraction layer for user-
oriented trust management. 

 

Figure 9: Classification of Privacy and Trust in ATRACO. 

In combination with other central ATRACO components, namely the Sphere Manager, Ontology 
Manager, and Interaction Agents, the developed concepts provide a powerful and flexible solution 
for a comprehensive privacy protection and trustworthy interaction within ambient intelligence 
environments. 

1.3.8 Intelligent Planning  

For the ATRACO project, we have contributed to improving the Sphere Adaptation, since we have 
proposed a new approach to composing services provided by the resources of ambient intelligent 
environments (AIEs). Based on a service-oriented architecture and semantic descriptions of 
services, we create compositions of services in two steps: (i) first, on an abstract level, using 
Artificial Intelligence planning techniques, we generate abstract service workflows; (ii) second, on 
the operational level, the abstract services of the workflow are dynamically bound to service 
instances discovered in AIEs. We introduce abstract services, also semantically described by 
ontologies, and represent formally and on a high level of detail the procedural knowledge about 
everyday activities of human users living in AIEs. Our formalism for encoding this knowledge is 
based on first-order logic, and we have created several domain models for hybrid planning—the 
combination of Hierarchical Tasks Network planning and Partial-Order Causal-Link planning. Each 
planning domain model corresponds to a user goal. 
For the prototype system of ATRACO, we have implemented the Planning Agent (PA) that 
participates in the composition of services necessary to achieve the user goal at hand. The PA 
encapsulates a search engine that can solve problems of hybrid planning. The planning problems are 
created with some input of the Ontology Manager (OM) that creates Sphere Ontologies including 
the semantic description of the available abstract services. The PA consists also of a generator of 
ATRACO-BPEL workflows that takes as input successful planning decisions. The PA proposes the 
Sphere Manager (SM) the service of generating workflows with abstract services at design time. 
The workflows are stored in files to be parsed by the SM. At execution time, the SM binds the 
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abstract services to service instances. When a bound service instance is no longer available, the SM 
tries to rebind the corresponding abstract service to another alternative service instance. If the 
rebinding of services is unsuccessful, the SM calls the PA again in order to re-plan. The flow 
diagram of the PA is illustrated in Figure 10. 

 

Figure 10: Flow Diagram of the Planning Agent. 

1.3.9 Evaluation and Testing 

With regard to the evaluation work, the first study took place at the end of project year two and the 
second and final at the end of year three. The second year study was a formative user evaluation 
that took stock of the work in progress and helped shape both the development of the year 3 
prototypes and the design of the final study. The third year study is a summative final evaluation 
providing feedback on the overall acceptability of the ATRACO prototype and concepts and insight 
into possibilities for future research. Each study was based on a different iteration of a physical 
prototype installed in the University of Essex iSpace. The preliminary study took place early in 
January 2010 and the outcomes were presented at the formal Year 2 review in Brussels, April 2010. 
The final study was conducted from January to March 2011 and outcomes have been presented at 
the final review at UESSEX in July 2011.  

 

Figure 11: Participants interacting with the prototype. 

The third year prototype was integrated and installed in the iSpace and comprised three AS’s; 
Entertainment (photo viewing, music player, AC, lights, visual interface, voice interface) located in 
the main living area; Sleep (photo viewing, music player, AC, lights, security (rule engine), visual 
interface, voice interface) located in the bedroom; and Work/Study (music player, lights, AC, 
document writing, calendar, news, spread sheet, banking and privacy functions).  
The philosophical approach to the study is defined as qualitative and the strategy of inquiry 
phenomenological, involving in depth contextual investigation into individuals lived experiences of 
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the ATRACO prototype. This is appropriate to the aims of WP7 defined in Annex 1, i.e. 'social' 
evaluation - which implies gleaning an understanding of how the ATRACO concepts embodied in 
the prototype are received and understood in the context of people's everyday lives. It was also a 
well-established approach in the field of User Experience (UX) research.  
The study involved a total of eleven participants interacting freely with the prototype in individual 
sessions based around different Activity Spheres (AS) (Entertainment, Sleep and Work/Study at 
home). Six of the participants returned to take part in all three of the AS sessions allowing them to 
become increasingly familiar with the prototype. Sessions were conducted in the UESSEX iSpace 
and each involved a period familiarisation with the functionality of the prototype followed by a 
period recorded on video where the participant was left alone to explore/play with the system. Each 
session finished with a semi-structured interview, part of which involved the interviewer and the 
participant reviewing the video footage together and discussing the participant’s perceptions of the 
prototype and how it related to their everyday lives. This allowed the researcher to inquire about the 
participant’s emerging experience as well as their view from the end point. A closing interview was 
also conducted at the end of the three sessions. 

 

Figure 12: Participants interacting with the prototype. 

In total 25 interviews were conducted generating over 620 minutes of audio data. The data was 
transcribed and then analysed (using Atlas ti) identifying themes, recursivities, contradictions and 
narratives that together provide a comprehensive reflection of the overall participant response to the 
prototype and the ATRACO concepts. Due to the exploratory nature of the inquiry, the findings are 
detailed and wide ranging, reflecting the participants’ responses to both the physical prototype and 
the overall ATRACO concept. 

 Component Summary outcome 

1. Visual UI Seen as pleasingly simple and intuitive but lacked the expected range of functionality 
for music and photographic applications due to it being a prototype system.  
The independent operation of interfaces within an AS was seen as counterintuitive and 
confusing - a potential barrier to user acceptance if an ATRACO style system were to 
be developed into a marketable product in the short term. 

2. Voice UI Participants had difficulty getting their commands recognized by the system but liked 
the idea. They were willing to go through a learning curve (adjusting pitch, tone etc.) in 
order to get commands recognized by the system and would tolerate a small margin of 
error. Any commercial application would need to be significantly improved from the 
prototype in terms of its command recognition rate. Enthusiasm increased over the 
three sessions particularly when commands were successful, also background 
discomfort with a voice presence was overcome with use. 

3. Music 
Player/Photo 
viewer 

Responses suggest those who had invested time and effort with existing on-line 
repositories for photos and/or music preferred to incorporate these services into the AS 
rather than to transfer or manage a new ATRACO specific repository. Those who did 
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not use existing on-line services were more comfortable with the ATRACO specific 
applications (Issues with UI see Item 1.).  

4. AC and Lights Seen as appropriate and useful as part of an integrated AS. However, the AC raised 
control issues – see General themes Table Item 5.  

5. Rule engine Seen as very valuable providing rules can always be determined by the user and are 
easy to change. 

6. Trust  Notional and difficult for participants to evaluate – a generalized concern expressed 
about personal data and systems being accessed by unauthorized devices. Some 
responses suggested that attitudes are in flux and may be influenced by new social 
media. 

7. Privacy The idea of private websites disappearing when unauthorized people enter the room 
was appreciated particularly by those who work from home. However, there was 
concern and skepticism about the underlying assumption that all humans will be visible 
to the technological infrastructure in the future. If this is not the case, participants were 
concerned the system could be circumvented by not wearing an RFID tag or other form 
of identification.  

8. Follow-me  Participants generally positive but a few also found the feature unsettling, generating a 
feeling of being watched.  

Table 1: The responses related to the individual components. 

The importance of context in qualitative work makes it difficult to reduce outcomes to a small 
number of sound bytes; however, the key outcomes are tentatively summarised in Table 1 with the 
responses relating to the individual components of the prototype. In Table 2 the general themes that 
emerged from the data are shown.  
Overall, the evaluation efforts have highlighted the strength of the AS concept and the importance 
of user control particularly in defining, setting up and managing AS groupings. They have shown 
that ATRACO is relevant to able-bodied householders (as well as having potential value in the area 
of assisted living) and that energy conservation would be a motivation to acquire the technology.  
 Theme Summary outcome 

1. Overall 
acceptability 

Despite the forward looking nature of the work, participants were easily able to 
understand the general constructs, relate them to their own lives, and were positive 
about the idea of living with ATRACO style technology given it could be made 
affordable and reliable. 

2. The AS concept Responses indicate clearly that activity oriented patterns, habits and routines are 
valuable organising concepts for the delivery of the integrated groups of devices and 
services that form an ambient ecology.  

3. Couch-potato Resonating strongly with the second year study, participants were concerned that the 
type of functionality presented particularly in the Entertainment AS could encourage 
sedentary habits and therefore an unhealthy life style. There were also concerns it 
could erode motivation and basic skills.  

4. Importance of 
non-instrumental 
user needs 

Throughout the data of both the second and third year studies there was strong 
evidence of the need to consider non-instrumental user requirements, such as the 
cultural and social context of the home, including values, moods, emotions, rituals etc., 
in the design of both the structure of the system and the user interface. For example, 
functionality seen as inappropriate in one context was found to be acceptable in a 
different context. This also suggests the individual user is best placed to identify his or 
her personal routines that would benefit from the set-up of an AS.  

5. User Control In comparison with the second year study participants concerns about maintaining 
control over the operation of the system were more muted although still in evidence. A 
greater emphasis on the user controlled personalization, set up and management helped 
reduce anxiety; however, as in year 2, unsolicited actions by the system were seen as 
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unacceptable. Responses suggests that the perception of ‘being in control’ is dependent 
not only on users having a clear understanding of the causal links behind a particular 
system action but also that they perceive themselves to be the ultimate initiator of that 
action.  

6. Motivation for 
acquiring 
ATRACO 

In line with the second year study, energy conservation was cited as a strong 
motivation for acquiring ATRACO style technology as it would bring both financial 
and environmental benefits. This implies an interesting tension between services that 
anticipate user needs based on past usage data, and services that aim to meet user needs 
by delivering the most energy efficient option.  

7. Multi-user 
conflict 

Each participant responded with an entirely unique resolution to the issue, reflecting 
their personal social relationships and preferences. This suggests that ATRACO should 
not aim to impose a standard mode of resolution. While this does not rule out some 
form of mediation by the system, it again implies that further development should be 
cognisant of the complex cultural and social context, perhaps seeking to assist humans 
in their face to face negations in a way that reduces personal conflict. 

8. Knowledge of 
existing products 
and services. 

Participants drew strongly on their knowledge of existing personal devices and services 
to evaluate some aspects of ATRACO tending to find familiar interfaces and constructs 
easy to accept. Any future development could draw further on perceptions of 
familiarity to provide interfaces and functionalities that fit comfortably into the highly 
personal home environment. 

9. Carry-with-me 
everywhere 

As an alternative to the ‘follow-me’ concept, some suggested they would prefer to 
interact with an AS via a ‘carry-with-me-everywhere’ device such as a Smart Phone. 
Responses imply that participants may have found it difficult to relate to the notion of 
appropriate display devices existing in every room; also they liked the very personal 
and accessible nature of the phone. 

10. Sensitivity of the 
user-system 
relationship 

Given the ATRACO aim for symbiotic support of the user, participants suggested they 
would need to build trust through very high levels of system reliability.  

Table 2: The general themes that emerged from the data. 

The work also showed that non-instrumental user needs (e.g. domestic cultural values, moods and 
emotions) and existing, familiar devices and services play a significant role in the acceptability of 
AmI in the home, and should continue to inform any future development initiative. As an 
exploratory study, the results provide the foundation for further qualitative and quantitative research 
on AmI in the home. The innovative approach to data gathering also contributes to the discourse on 
evaluation method, particularly in relation to AmI in the home and the use of Living Labs in 
research. 
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1.4 Potential Impact 

1.4.1 Architecture 

While we share many common features with other composition systems [3], [1], [27] such as 
automatic discovery and dynamic binding of services, the use of ontologies to access semantic 
descriptions of services and to reason on the appropriateness of a device, our ontology-based 
services composition framework supports characteristics that are not found in the mentioned 
systems. Composition and re-composition of the abstract form of an application is automatically 
generated by the planning process.  
This means that modifications in the model of the application in [3] and [1] must be performed by 
the developer whereas in our case, this is facilitated by using AI planning techniques to produce 
abstract service workflows in a more structured and efficient way. This allows for the efficient 
handling of events such as when the user’s task intention changes drastically. As in the case in [1], 
service failure recovery and adaptation due to mobility, while conforming to the given abstract 
description, is done at run-time through an ontology-supported service binding mechanism. 
However, the use of ontology alignment allows our system to accommodate heterogeneous device 
specifications that may be different at a lexical and structural level with a degree of accuracy. In 
addition, by modelling agents as services, we can incorporate higher-order adaptation semantics 
into our service composition framework, either in the form of FTAs, which learn user preferences 
using fuzzy-based linguistic models, or as IAs. 
We have introduced a platform for the deployment of AmI applications. Such applications will 
exhibit several systemic properties, like identity, autonomy, adaptation, and evolution in contrast to 
currently available applications, which are developed as compositions of services. Then, we 
presented a conceptual model of this kind of pervasive applications, which is based on the notion of 
"bubble" and adopts principles from object oriented architectures and autonomous systems. This 
model provides a user centric description of AmI environments as platforms that host ecologies of 
smart objects and services and support the deployment of pervasive applications as ASs.  
The ATRACO architecture implements an AS as a composition of services offered by system 
components and AmI services, using local and upper level ontologies to provide the necessary 
knowledge, and ontology alignment algorithms to deal with heterogeneity. A prototype that realizes 
the ATRACO architecture has been implemented, which exhibits, although in basic form, all the 
defined types of adaptation. The system has been deployed in the iSpace at the University of Essex 
and tested by real users, with promising results. 
 

1.4.2 Role of Ontology 

Ontologies can be used to tackle the issues that stem at the level of knowledge representation and 
management from the various sources of heterogeneity that exist within NGAIEs. Already quite a 
few research projects have employed ontologies for this task, including Gaia [23], CoBRA [9], 
CoCA [11], Semantic Spaces [31], SOFIA [2], DRAGO [25] and CAMPUS [24]. These projects 
have developed middleware infrastructure for NGAIEs and support reasoning between ontology-
based components. Most of these systems either develop a common upper level ontology, which 
serves as a reference source for heterogeneous domain ontologies, or use domain ontologies that 
have been built using a shared vocabulary, that is, they are a priori linked with a core ontology 
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which describes the key concepts of an NGAIE. Only projects DRAGO and CAMPUS consider 
completely heterogeneous ontologies. 
In the case of DRAGO, predefined mappings are used to align the knowledge representations 
provided by different ontologies, while CAMPUS focuses on the automatic ontology alignment 
between ontologies. In our research, we follow an approach similar to that in CAMPUS project. 
But, because we expect that numerous inconsistent ontologies will appear within an NGAIE, and 
taking into account the kind of heterogeneity present in these, we propose a multi-faceted strategy 
to achieve reliable ontology alignments. This strategy estimates the similarity of ontologies to be 
aligned, and based on the outcome, automates to a different degree the alignment process 
(obviously, the higher the similarity, the more automated the alignment process). 
Many researchers have investigated the problem of ontology alignment, mostly by proposing 
several ontology alignment tools and matchers (or alignment algorithms) [10, 20, 13, 22, 12], which 
exploit various types of information in ontologies, that is, entity labels, taxonomy structures, 
constraints and entities’ instances. These tools can be classified into two large categories: those that 
make use of a single matcher in order to calculate similarities between ontology entities and those 
which use a family of parallel or sequential matchers in composition. In the latter category, the 
similarity between two ontology entities is finally computed by a composite method, such as a 
weighted aggregation of the similarities obtained by each matcher separately.  
A challenging issue, while applying these methods, consists in deciding whether a single matcher, 
or a combination of different matchers, performs better and in what cases, that is, for which kind of 
ontologies in question. Hence, given a specific pair of ontologies to be aligned, one should define a 
criterion to determine when a special matcher should be used. Based on this consideration and the 
specification of ontology alignment problems in NGAIEs, we proposed an ontology alignment 
strategy which includes the calculation, during a pre-alignment step, of two similarity coefficients, 
which estimate whether the resemblance of the ontologies in question is mainly lexical, or 
structural. Then, depending on their values, an agent charged with the task of the alignment process, 
can select the application of suitable matchers, in order to establish correspondences between 
ontology entities. 
In the ATRACO perspective, an activity sphere is a network of already aligned ontologies. In order 
to define an activity sphere under a categorical perspective, we define a category having ontologies 
as objects. There exists a morphism between two ontologies, objects of this category, if and only if 
there exists a V-alignment between them. Thus, composable morphisms in this category reflect to 
the composition of V-alignments, which becomes then the main operation needed in the ATRACO 
perspective. Activity spheres undergo changes, each time they adapt to different conditions, or each 
time a reconfiguration of their structure occurs, due to entities entering, or leaving the sphere. This 
dynamics can be captured by the alignment composition operation. Indeed, if we have an alignment 
between ontologies O1 and O2 and an alignment between ontologies O2 and O3, we can compose 
them and obtain an alignment between ontologies O1 and O3, thus depicting relations holding 
between the entities of ontologies O1 and O3. The operation of alignment composition can be 
formulated in the categorical framework [32], as the composition of spans in category theory, 
through the use of the pullback construct. In summary, the ontology-related research conducted in 
the project has the following impact: 

- A new research domain, Ambient Ecologies, is defined. Already a special issue in Springer 
PMC journal is under way on this topic.  

- The several ontologies developed in the project are freely available to be re-used by the 
community. 
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- The ontology engineering meta-methodology has already been successfully applied in the 
engineering of various ontologies. This, together with the new similarity coefficients and the 
decision support algorithm can lead to the development of a tool that produces alignable 
ontologies. 

- The theoretical foundation of activity sphere using Category Theory can lead to various 
scientifically rigorous results in modelling semantically-rich dynamic systems. 

- The research in developing an theoretically sound alignment framework for heterogeneous 
ontologies that encompasses all kinds of relations could vastly increase the possibilities of 
developing on the fly dynamic adaptive ubiquitous computing systems. 

1.4.3 Artefact & User Behaviour Adaptation 

The AA and UBA components developed in this project will have a long lasting major impact on 
AIEs and the realisation of future ambient intelligence systems. The AA and UBA components 
have enabled the following: 

 Ground breaking UBA components which can handle multiple occupancies in AIEs. 
According to our knowledge, this is the first system that allows the model of the user 
behaviour to be adapted to varying user and environment changes in environments which 
are occupied by multiple users. This will allow advancing the adaptation of the 
environments to the multiple users(s) changing behaviour thus resulting in more comfort to 
the user which will help to further enhance the development of AIEs.  

 Novel approaches for general type-2 Fuzzy systems based on z-Slices as reported in [28, 29, 
7, 6, 30] have been identified. This will lead to advancing the science of uncertainty 
modelling which will have a major impact on advancing the research and applications of 
computing with words, automatic control and system modelling. 

 The artefacts adaptation and the adaptation to varying user behaviours have been shown (in 
theory and practice, including experimentation) to be addressable independently and 
individually by relying on the adaptation of the fuzzy sets in terms of artefact adaptation and 
on the adaptation of the fuzzy rule base in terms of user behaviour adaptation. This 
possibility and its potential have never been investigated before and will lead to creating 
adaptive artefact models. The novel Artefact Adaptation systems allowed for the first time 
the artefacts to adapt to the changes in the artefacts characteristics over short and long time 
intervals which have never been addressed in the literature. This will lead to long lasting 
impact in developing self-adaptive gadgets, artefacts and sensors which could be used in 
industrial and domestic settings. 

 A completely novel notion of agreement has been developed, introduced and demonstrated 
allowing the continuous adaptation of device models over short, medium and long periods 
[8]. This will lead to advancing the science of Conesus modelling and computing with 
words.  

 By developing the mechanisms for employing zSlices based human centred concepts (in 
turn based on information from many devices), we have enabled the creation of 
significantly more transparent (easier to interpret) rule bases – a requirement for user 
understanding and thus acceptance of the system. 

 We have established AA and UBA as a dynamic component, which, encapsulated with 
UBA as part of the Fuzzy Task Agent (FTA) dynamically communicates through the SM 
with the Ontology Manager, thus enabling the dynamic enrichment of the individual users' 
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ontology with knowledge accumulated by the AA/FTA. This dynamic handling of user 
related information has the additional advantage of enabling the maintenance of privacy and 
access control to the data employed as part of AA. 

Thus the UBA and AA components developed in ATRACO will lead to strong long lasting impacts 
on AIEs, ambient intelligence systems, uncertainty modelling, intelligent sensors, computing with 
words and in the area of automatic control in general.  

1.4.4 Network Adaptation 

The Network Adaptation (NA) component developed in the ATRACO project is a SOA middleware 
demonstrating a Java or UPnP API allowing an AIE system to interact with the network resources 
in the environment. The NA layer provides seamless use of devices and services available in the 
AIE. The NA layer provides the following functionality addressing the development of future 
emerging AIEs:  

 Unified access on devices that belong to different networks via common device types across 
networks. The available functional profiles include physical devices with multiple 
endpoints, binary sensors, level properties like dimmers (with or without timing 
functionality), direction semantics like shades (with or without timing functionality), 
direction semantics with read only values, switches, batteries, analogue meters, alarms, 
thermostats etc. 

 Interoperability between networks, allowing events from any network to trigger actions on 
any other network. 

 Task completion with alternative resources. 
 Dynamic discovery for new networks and devices, through a device registry and 

device/driver manager.  
 Utilities for scene execution and alerting. A number of actions or events can be executed on 

devices/services or sent to other components and services depending on certain user defined 
events and rules. 

 Simple task execution manager (STEM): based on a simple or nested condition evaluation, 
STEM generates a UPnP event about the result of the evaluation and executes a set of 
actions on one or more UPnP devices when the evaluation is true. 

 Representation of legacy internet services.  
 Relaying of existing web services, through providing single access for web services (i.e. a 

weather report service) which are able to evaluate availability, accessibility and quality of 
multiple existing web services provided by the internet sites. 

The NA component will have a major impact on the realization of future AIEs, influencing relevant 
research efforts in the following topics. Clearly, stronger emphasis needs to be put on device 
adaptation, usability and scalability in order to accommodate new ambient services in a seamless 
manner. The lack of a de-facto standard middleware for distributed sensor-actuator environments 
has been identified by many researchers as one of the key issues limiting research on AIEs and the 
proliferation of AIEs from research environments to their deployment in our everyday lives:  

 Realization of future AIEs through networking existing devices and resolving 
interoperability issues with the help of middleware.  

 Realization of ontology based middleware and interoperability.  
 Realization of home Platforms to link different devices at home to interoperable networks.  
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 Realization of agents aggregating and composing networked devices and services for 
particular tasks. 

 Standardization approaches for next generation home networks.  
 Realization of smart adaptive networks of sensing components.  
 Realization of fundamental simplicity in home networks, enabling remote access and control 

of consumer electronic products and systems as well as any available content such as music, 
video or data.  

 Realization of architectures for ubiquitous computing in intelligent environments where the 
devices may autonomously act and collaborate with each other using agent-based service 
personalization software architectures. 

 Solving the interoperability problem by presenting solutions based on web services 
technology, connection-based programming, OSGi service gateway architecture, system 
core approaches moving the burden of connectivity away from the end devices, or 
ubiquitous computing hardware and agent-based service personalization software 
architectures. 

1.4.5 User Interaction Adaptation 

The Interaction Agent (IA) has been designed with the goal of providing ambient intelligence 
researchers with reference tools to specify, simulate and test in real conditions different interaction 
behaviours. Regarding theoretical advances, our work enabled: 

 Modelling of interaction situations in ambient systems.  
By using our model for interaction in ambient systems, researchers will be able to describe 
the interaction context of their system in a standardized way. 

 Specification and formalisation of interaction behaviours in ambient systems. 
By providing a rule-based language and an engine for applying it, we hope to foster the 
formalisation of behaviours that until now were mostly hardcoded. 

 Re-use of multimodal implementation and techniques. 
The modular architectural model adopted for the IA was designed for sharing 
implementations of new modalities and new multimodality techniques across ambient 
systems setups. 

During the third year, a great effort has also been made to integrate the IA with other ATRACO 
components and provide a coherent system that could be used for social evaluation. The IA API is 
thus available as an independent module that human-computer researchers can re-use and as an 
ATRACO module. We hope that these features will help adoption of this framework: 

 Interaction ontology as an OWL specification. 
By using the well-known format for ontologies to specify our model, we provide a standard 
that can be reused in other projects even without using the whole IA. 

 Interaction reasoning engine. 
The engine is available as open-source for any project that would use the interaction 
ontology. It is free to use it or replace it by another one relying on the same OWL 
knowledge. 

 Simulation tools. 
Those tools provide help to describe (Describe), edit behavioural rules (Behave) and 
simulate (Simulate) this behaviour. Those tools help designing experiments by testing their 
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consistency and coherence across various configuration. They help validation at the earliest 
stages of the development of an experiment, thus sparing time. 

 A module and formal framework for evolutive spoken dialogues. 
The SDM that has been developed to provide a fundamental aspect of interaction adaptation 
is available as open source1 and can be used for further research on spoken interaction 
within AIEs. By introducing a standardised framework for multitasking spoken dialogues 
we facilitate user acceptance of such systems. The framework can be used to investigate 
specific dialogue strategies such as explanatory approaches that might prove useful within 
the context of AIEs.  

 A standardized OWL Spoken Dialogue Ontology model. 
The definition of a standardised OWL model2 that can be used to describe both state and 
structure of a spoken dialogue will play a major role in future SDS where it is necessary to 
adapt dialogue to a varying and changing context. Besides the ATRACO deliverables 
various publications detail the impact of our work [18, 15, 16, 17].  

1.4.6 Privacy & Trust Management 

The privacy and trust concepts of ATRACO provide important solutions towards reliable privacy 
protection and trustworthy interaction in future ambient intelligence environments. However, there 
are still several research challenges and open issues, which need to be solved in order to achieve a 
comprehensive protection of privacy and trust establishment in those future environments.  
Addressing territorial privacy issues is an important step in the right direction. In ATRACO, the 
protection of territorial privacy is achieved by controlling observers and disturbers, e.g., an active 
camera or preventing someone to enter a room. However, even if this is possible in a user-
controlled environment such as the user’s home, it drastically increases the complexity of the 
system and raises new problems. For example, a system which depends on active cameras to 
support a user's activity, will fail if cameras are suddenly disabled. Solutions need to be found that 
address this issue by allowing a dynamic trade-off between privacy and functionality. Further, in 
environments which are not under full control of the user, e.g., in public environments, disabling of 
devices might not work at all. Therefore, trustworthy privacy mechanisms need to be found that 
protect a user’s territorial privacy seamlessly when he moves between private and public 
environments. The establishment of trust in those mechanisms will be a key requirement for their 
success. 
Information privacy usually is associated with the restriction of access to information, which results 
in granting or denying access requests. The characteristics of intelligent environments raise the need 
for new access control mechanisms to cope with privacy threats. The developed concepts for 
protecting information privacy are particular important for autonomous systems, which visually 
present private information in the presence of other persons. Protecting privacy on a presentation 
level will become an essential requirement for ambient intelligence environments. A key challenge 
here is the improvement of detection mechanisms which enable a reliable identification of persons 
that have access to a visual output device.  
The dynamic creation and adaptation of privacy policies and trust is another important area for 
future work. In ATRACO, policies and trust groups can be adapted by explicit user interactions. 

                                                 
1 http://sourceforge.net/projects/owlspeak/ 

2 http://it.e-technik.uni-ulm.de/~heinroth/sdo/OwlSpeakOnto.owl 
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However, an implicit adaptation depending on several contextual information and constraints can 
further improve the reliability of adaptation and provide a more fine-grained access control. The use 
of ontologies for policies as well as for trust groups provides an optimal framework for such future 
extensions. Technical trust assessment of involved system components, devices and services is an 
important requirement for deploying secure and trustworthy ambient intelligence environments. The 
proposed solution of combining credential-based trust establishment mechanisms with reputation-
based mechanisms poses an opportunity for a more reliable and fine-grained form of future trust 
assessment approaches. 

1.4.7 Intelligent Planning  

Using artificial intelligence (AI) planning techniques for controlling the resources of intelligent 
environments brings a larger flexibility of the system, which makes the deployment of pervasive 
applications in a broader range of application domains possible. The plan-based service workflows 
increase the robustness of ambient intelligence systems, which is desirable to improve the user 
acceptance and trust of this technology. Moreover, AI planning offers different means to deal 
efficiently with resource and time constraints, which is very appropriate in the AIEs where several 
users are living together, or when a number of user goals are to be achieved at the same time 
possibly competing for shared resources. 
Concerning our dissemination activities, we have presented our approach to automatic service 
composition in ATRACO at PerCom 2011 to the pervasive computing community [5]. In the near 
future, we plan to extend this conference paper to a journal paper that will discuss ontology issues 
in more detail. In addition, we are writing down a chapter dedicated to AI planning in a book about 
ambient adaptive systems. 

1.4.8 Evaluation 

User/social evaluation is generally applied to near market or existing products and services with a 
stable technical infrastructure, well-developed user interface and a refined target market. The 
ATRACO evaluation has demonstrated the value of conducting user evaluation on early research 
concepts and prototypes. It has generated new insight into user needs and the acceptability of AmI’s 
in the home and the outcomes provide the foundation for further qualitative and quantitative 
research on AmI in the home. The innovative approach to data gathering using Sense-Making and 
video-replay interviewing also contributes to the discourse on evaluation method, particularly in 
relation to AmI in the home and the use of Living Labs in research. 
As the study was the final activity of the project there has yet not been time for extensive 
publication although a chapter has been submitted as part of the ATRACO book [19]. Further 
publication is envisaged. 
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