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Abstract—The relations between a physical environment and
the services deployed in it are, in a large spectrum of cases,
defined by the functional aspects of the environment, coming
from its role and use in the human society. Examples of
such environments are hospitals, schools, administrationoffices,
museums, department stores, etc.; users can effectively interact
with the available services if services are deployed in proper
locations and accessible with interaction modalities close to users’
expectation.

In an ideal design situation, all the components of a service
populated environment should be defined and configured with
synergy, designing at the same time the physical infrastructure
and the services. In real cases, the designer of a complex
interactive application faces a number of constraints due to
the pre-existing infrastructure, which affects the deployment of
services, hence the user interaction capabilities.

We discuss a deployment methodology and architecture based
on a semantic description of environments and services, expressed
by a hierarchy of ontologies. The ontologies describe the rela-
tions between the user activity, the services and the functional
properties of the environment places.

I. I NTRODUCTION

Context awareness and pervasive computing are the two
main corners of a set of methodologies and technologies for
designing distributed interactive applications adaptable to the
user and to the environment.

A context-aware application is able to adapt services, in-
formation content and presentation to suit the user situation,
depending on location, time, device, user profile, etc.. In a
pervasive computing environment computing and interaction
resources follow the user in a continuous environment that
seamlessly allow him/her to send and receive information and
execute services. The integration between the two technologies
is an environment helping the user to get information through
portable and ubiquitous devices in less time and with less
effort [1]–[3].

Extending the context definition to include the morpholog-
ical and functional features of an environment leads to the
concept ofambient awareness. An ambient-aware application
is able to deliver services and information in different physical
environments, adapting them according to the peculiarities
of the environment structure, to its functional propertiesand
to its role and use in the human society. Environments like
hospitals, schools, administration offices, museums, malls,
congress halls, etc., are defined by physical and by functional
properties that constrain the delivery of services. For example,

an information service guiding a user to find a specific place
could be delivered by catching audio/video messages in a
mall, by standard signs in hospitals and schools, by human
guides in a museum, by employees checking the user needs
and authorization in an administration office, by a wireless
information system in a congress hall during a scientific event.
As shown by these examples, services offered by ambient
aware applications are multimodal in nature, and can be deliv-
ered through human (guides), physical (signs) and telematic
(wireless delivery) providers.

An ambient-aware application is composed of pervasive
services distributed in the physical environment, accessible
from local appliances, or within a wide area, or through
mobile devices, delivering information and tangible objects,
with which users interact in ways tailored to their context and
to the properties, role and goal of the environment.

Adaptation goes beyond the knowledge of the user local
situation, and relates to the functional and physical properties
of the environment navigated by the user. In most cases they
are high-level properties (functional or social features)that
can’t automatically be captured by sensors. The combined
geometric and semantic description of real environments isa
promising research fields that can considerably help to improve
the design of interactive distributed applications [4], [5].

In this paper we discuss a methodology and an architec-
ture for deploying services in a physical environment. The
approach is based on a semantic description of environments
and services, expressed by a hierarchy of ontologies. The
ontologies describe the relations between the user activity,
the services and the functional properties of the environment
places.

The paper is organized as follows. After reviewing the
related work in Section II, in Section III we discuss the
relations between environment and interaction design. Section
IV defines some basic concepts that are in the ontology driven
architecture presented in Section V. A case study is discussed
in Section VI. Section VII draws the conclusions.

II. RELATED WORK

Adaptation of information and services to the user context
has been largely investigated. The works cited at the beginning
of the previous section are a small sample of the many
contributions to the field, showing a progressive shift from
location awareness to more complete and sophisticated context



descriptions. In recent years a number of proposals rely on
ontological descriptions for defining the context properties in
pervasive systems [6]. Ontologies have been used to describe
context properties [7], different types of actors in domain
specific applications [8], separate levels of context related to
the user and to the domain [9]. Ontologies can describe the
environment distinguished role in interactive cultural applica-
tions [10], moving towards ambient intelligence [11], [12].

All these proposals, however, consider the relationships
between the environment and the user in specific domains,
failing to devise a general framework for the integrated design
of the environments, the functions to be performed inside and
the services accessed by users.

A comprehensive context ontology for data tailoring in
mobile applications is discussed in [13], [14]. As in our
work, the proposal aims at developing a general methodology
independent from specific domains. However, it focuses on the
data content only and does not consider the influence of the
environment context on user interaction.

Ontologies have been proposed for dealing with service
description and identification in service computing. In [15],
[16] users are supported in discovering and selecting proper
services by an ontology based architecture, both at the abstract
level (what kind of service is required to fulfill a functional
requirement) and at the concrete level (what concrete service
best exploits the user requests). The system shares with our
approach the distinction between abstract and concrete levels,
but does not face the match between the physical environment
properties and the user goals.

Research on the semantic description of 3D environments
and related information has also gradually developed in the
last few years.

In the area of annotation of environment related information,
some interesting proposals are based on the MPEG-7 standard.
MPEG-7 descriptors are used to to index 3D scenes [17], to
store semantic graphs related to a scene, allowing the usersto
shift between high-level descriptions of specific objects and
the associated low-level geometry [18], and to describe these-
mantics of virtual worlds for navigating according to semantic
queries (e.g.,I am looking for a tall tree) [19]. While these
works represent interesting proposals, the semantic description
of the 3D world is related to the specific scene; no scene-
independent ontology is available, defining which are the valid
relations among the objects in a certain domain.

The semantic web layers have been used by some re-
searchers for proposing descriptions of the built environment.
Young et al. [20] encode structural information, defining
a set of classes, properties and constraints for describing
buildings. While the proposal offers an interesting solution
for representing the semantic feature of the built environment,
the authors don’t explicitly consider the relations with the 3D
low-level objects that represent the geometric propertiesof the
scene.

Pittarello et al. [5], [21] propose a different approach based
on the web standards for storing the ambient description:
the semantic web layers are used for defining the classes of

semantic objects and their relations (such description is scene-
independent and generally is valid for a specific domain); the
X3D standard [22] is used for describing the geometry of
the 3D environment and its association with the higher-level
semantic objects.

In the AEC (Architecture, Engineering and Construction)
domain international organizations, national institutions and
software vendors are gradually moving from a static descrip-
tion of 3D geometric data to a different representation that
takes into account the dynamic nature of the building process,
promotes interoperability, allows to incorporate different levels
of details in the description of the building’s parts and allows
to detect existing conflicts between the different components
of the process. The inclusion of higher-level data, such as
the description of the material features or the usage of the
associated space, is part of this process.

The concept of Building Information Modeling (BIM) has
been associated in the last few years to such more dynamic and
comprehensive description of the building process. For repre-
senting BIM information a number institutions and vendors
have developed different data formats to describe, exchange
and share information typically used within the building.
The Industry Foundation Classes (IFC) specification [23],
developed and maintained by the International Alliance for
Interoperability (IAI [24]), represents one of the most inter-
esting approaches. The IFC Specification proposes an open
source file format and it is endorsed by ISO.

Although interesting, according to some authors, the speci-
fication is still immature [25], very complex [20] and lacks
some features, such as the ability to integrate reliably non-
spatial multimedia data with the 3D geometry.

III. E NVIRONMENT AND INTERACTION DESIGN

In an ideal situation, the design of a distributed multimodal
interactive application is the result of a cooperation among a
team of designers, examining the problem from different per-
spectives, with different experiences and skills, and different
evaluation parameters in mind.

In a minimal view, useful to approach the main issues
of the design phase, the team is composed (at least) by a
designer of the physical environment (an architect), a designer
of the application (an information technology engineer), and a
designer of the interaction (a HCI expert). Experts in other
fields (e.g., an expert of building safety) help the team to
explore all the facets of a complex design.

In the following discussion we shall focus on the physical
environment design and on the interaction design.

The outcomes of a good design include four aspects:

• the physical environment, with respect to the relations
between it and the activities needed by the application;

• the (human) activities that need to be executed in it,
related to the application;

• the services that need to be deployed in the environment
for executing the activities;

• the assistance provided to the user for activity execution.
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Fig. 1. Scenarios for ambient and interaction design

Figure 1 illustrates three different scenarios related to dif-
ferent pre-existing situation at application design time.Grey
nodes denote the elements already existing and no longer
modifiable.

In Figure 1a the physical environment (e.g., a building, a
hall, an apartment) is not yet built. The team of designers has
the highest degree of freedom in designing at the same time
the environment and the interaction, choosing the appliances
to support the application and adapting at the same time
the environment configuration, the service deployment, etc.,
within the constraints set by the architectural design.

In Figure 1b the distributed application must be deployed in
an existing physical environment, where the locations devoted
to the application and the appliances for the interaction have
not been chosen yet. The team of designers can collaborate to
select the best deployment of the interactive services within
the constraints of the physical environment.

In Figure 1c the appliances for interacting with the appli-
cation are already deployed, as in a new design of an existing
set of services.

We briefly comment on the three scenarios, focusing the
remainder of the paper on the second one.

A. Coordinated ambient and interaction design

The case depicted in Figure 1a gives corresponds the inter-
action designer the highest degree of freedom in cooperating
with the physical environment designer, to match at the highest
level the user expectations in terms of ease and effectiveness
of interaction with the application services.

Starting from the specification of the activities that different
categories of users need to execute in the environment, the
physical and the functional structure can be adapted to support
an optimal deployment of services. The activity specifications
can be given in terms of functional diagrams defining the user
activities and their relations, on which the interaction designer
will base the specification of embedded information services.
The resulting compound document will be used by the physical
environment designer as a normative specification.

B. Deployment of services in an existing environment

The case depicted in Figure 1b is characterized by the
presence of one or more physical environments already built.
The application is defined in its overall properties, but the
design of the interaction services has not been completed.

They must be designed and deployed in a way compatible
with the physical constraints of the environment in which
the interaction will take place. This scenario is the most
frequent and only apparently without critical design aspects. Its
main drawback is that the pre-existing physical environment
might prevent or discourage the implementation of a number
of services, or of a desirable user assistance level, because
incompatible with the environment features.

The interaction designer is able to identify the activities
executed in the environment, and associates them to a semantic
description of the ambient. The association allows the designer
to discover and mark the points of weakness of the spatial
configuration in relation to the user actions. The interaction
designer will then elaborate the deployment of the services
according to the desired level of user assistance compatible
with the environment. In critical cases, the interaction designer
could ask the environment designer to foresee a change in the
environment physical structure to comply with the application
to be deployed. Unfortunately, in real cases, often the appli-
cation is changed to fit the environment constraints.

C. User assistance design

In the case depicted in Figure 1c the environments and
the services have already been designed and deployed. The
only contribution that can be given is the design of a set
of assistance services helping the user to interact at the best
achievable degree of satisfaction.

As in the case above, the impossibility to reach the planned
level of user assistance produces one of two outcomes: a
request for changing some services, to obtain an enhancement
of the information infrastructure deployment; or a more radical
request for changes in the physical ambient if the integration
of the actual application with more information services is
not sufficient to grant the user assistance goals. This case
might well happen if the environment and the application have
social relevance, and mandatory regulations exist to improve
the assistance to impaired people.

We shall discuss the scenario illustrated in Section III-B,
presenting an architecture based on a set of ontologies de-
scribing the relations between the activities, the ambientand
the services.
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Fig. 2. The ontology and meta-ontology relations

IV. D EFINITIONS

The association between the environment and the services
is based on a conceptual description recalling a number of
elementary concepts, here defined.

A service is, in a broad sense, a work executed by a provider
for a consumer, producing a physical (e.g., a ticket) or abstract
(e.g., a reservation) result. Services are the base components
of applications. We do not elaborate further on these two
concepts, nor we enter into a discussion on service computing,
which is out of the scope of this paper.

A task is the execution of a single, well-specified goal by a
user, according to [26], [27]. Users execute groups of coordi-
nated and integrated tasks to performactivities. Activities are
goal-directed and can be therefore distinguished in relation to
the goal itself. On the other side, tasks are made ofactions
that represent an elementary level of operation on some device.
A task may require the user move from one place to another
to execute different actions. Actions may take advantage of
tools (which include also service providers) that are mediators
between the subject and the object of the activity.

An interaction ambient is an environment characterized by
the availability of embedded communication technologies that
may be accessed by a visitor in order to get information and
services.

An interaction ambient is structured as a set oflocations,
populated by objects and artifacts, each identifying a partition
in the space physically or visually delimited (e.g., by walls,
windows, doors, furniture, etc.), morphologically meaningful
for the user and suitable for the development of different
classes of user activities. People moving through the locations
can access services available in those places through the
actions, which are therefore bound each to a single location.

Field services allow the user to access the service in a wide
area (e.g., as provided by a Wi-Fi access point, but also by
large public displays), whilelocal services require the user to
get very near or to get in touch with a specific artifact which
is the terminal through which the service is delivered.

Activity
Partial Object

Task

Action
Activity

Executor

< executedBy >

Human

Executor

Virtual

Executor

< require >< involve >

< executedBy >

< executedBy >

Activity
[Property: Object]

< composed By >

< finalizedTo >

Ambient

Object

Atomic

Service

< service >
< ambient >

Action

Property

< actionProperties >

Service

Use

Ambient 

Access

Fig. 3. The activity meta-ontology

V. A N ONTOLOGY DRIVEN ARCHITECTURE

The software architecture described in this work is based on
a set of components that cooperate to optimize the deployment
of services in an existing environment where several activities
take place.

Such components operate on a set of multilevel ontologies,
described in [5], [28], that define the ambient, the activities
performed inside of it and the available services.

An ambient ontology describes the physical environments
and the semantic qualification of the objects interfacing the
user with the application. Aservice ontology, describes the
services available in the ambient and their results. Anactivity
ontology relates services and ambients to execute in an effec-
tive way complex activities.

The ontologies are defined at three levels (Figure 2): the
meta-ontology level is used for expressing high-level con-
cepts independent from the domain and the scene of the
environment, related to the definitions of service, ambient
and activity; thedomain ontology level declares concepts and
relationships domain-dependent but still independent from the
specific physical environment; the lower level is characterized
by the instantiation of the concepts described at the middle
level, and describes a specific case.

Due to space constraints, we cannot describe in detail the
concepts and the relations that are part of all the different
levels, referring the reader to [28]. A sample is shown in
Figure 3, that illustrates theactivity meta-ontology. Such
ontology defines an activity as composed by a set of tasks
according to some plan [29], [30]. To execute a task, a user
needs to use a service by accessing the ambient in which
the service is supplied. Both service use and ambient access
are elementary actions that can be executed through a virtual
executor (e.g., a program) or a human executor (e.g., an
employee at a desk). In Figure 3 solid arcs represent sub-
class relationships, while dashed arcs denote semantic relations



 

Fig. 4. The ontology driven architecture for service deployment.

identified by evocative labels.
According to the scenario described in Section III-B, part

of the ontologies and the instances that derive from them
are already defined: while the meta and the domain level
ontologies are available for the ambient, the activities and the
services, their instances are defined only if the elements they
describe are already built or deployed. Such knowledge can be
profitably used to generate the content of the other instances,
to optimize the deployment of services.

Figure 4 shows how a set of coordinated software compo-
nents can manipulate the information contained in the ontolo-
gies and in their instances, in order to obtain the description
of the optimized service deployment.

The physical environment is fully described, starting from
the definition of the general properties to the concrete 3D
representation of its components. The activities performed
inside the environment are described at the domain level and
they are processed, together with the instance describing the
physical ambient, by theactivity deployer in order to obtain the
description of the deployed activities in that specific ambient.

The activity deployer component has two different roles that
vary according to the design situation:

1) The building and the activities are already defined, as
in the case of a palace built and already populated with
activities. The component acts as a support to define the
existing instances of activities using the concepts and
the relations defined at the domain level, providing an
output that uses a controlled set of labels for defining
the instanced actions and associated objects.

2) The building is already defined but the activities are
available only at the domain level, as in the case of
a reused building, where the different activities have
not been assigned yet to the available locations. The
component may have a more incisive role, suggesting
the optimal localization for certain classes of activities.
For example, it could suggest, in the context of a fine
art academy, to place the atelier for painters inside
the rooms that have windows pointing to the north, to
benefit from a better light. Even in this case the activity
deployer will provide an output that uses the set of labels

TABLE I
CONSTRAINTS FOR LOCALIZATION OF SERVICES

service req. type strength description
local user mandatory place next to the user path

local user preferred place next to the start of the user
path

local user mandatory place along the user’s line of sight

local user preferred don’t place in narrow connection
spaces

local user preferred place against an opaque surface

local user mandatory place next to a light source

local protection preferred place against a robust surface

local wiring mandatory minimize distance from existing
wiring

local wiring preferred place next to existing partitions

local security mandatory place in controlled locations

field comm. mandatory place minimizing occlusion

field comm. mandatory place on the ceiling/along the up-
per side of vertical partitions

field wiring mandatory minimize distance from existing
wiring

field wiring preferred place next to existing partitions

field security mandatory place in controlled locations

and concept defined for the domain, applied to the real
situation.

In both cases the result is a detailed description of the
instance, where the different tasks that characterize a specific
activity are associated to a set of (possibly ordered) locations
and to an oriented path connecting them, if the accomplish-
ment of the activities require also navigational steps.

The service domain ontology describes the different cat-
egories of services (i.e., local and field services) and their
technical features (e.g., max. distance for wireless connectivity
in relation to the different materials placed between the emitter
and the target). All such components are processed by the
service deployer that will output as a result a set of local and
field services, precisely localized in the ambient and optimized
according to different constraints.

Such constraints are associated to the service ontology and
are related to different requirements, as shown in Table I.

Each constraint corresponds to a specific need stemming
from the user, communication, protection, wiring and security
requirements:

• the user requirements are focused on augmenting the
perception of the availability of services and the easiness
of use;

• the communication requirements are focused on maxi-
mizing the availability of a field service inside a given
area;

• the protection requirements are focused on saving the
local appliance and the user from physical damages;

• the wiring requirements are focused on the need to
connect the service to the network;



Fig. 5. The computer science Department - area 1 (entrance, services and
study room) and area 2 (classes, laboratories and computer center).

• the security requirements are focused on preventing thefts
of the hardware used for delivering the service.

The service deployer takes also into account the list of
assistance requirements, derived from the description of the
user profile and outputs, as a complementary document, the
description of the resulting assistance level, which may comply
or not with the initial requirements.

VI. A C ASE STUDY: THE COMPUTERSCIENCE

DEPARTMENT OFCA’ FOSCARI UNIVERSITY

The building hosting the Department of Computer Science
of Ca’ Foscari University is located in the mainland and
is frequented by different user types that populate the site
for executing different types of activities. While some users
need to be supported mainly for their core activity (studying),
occasional users, unfamiliar with the department physical
structure, must be supported also for complementary tasks,
such as moving inside the department to locate the relevant
rooms.

Table II summarizes some properties of a few user types:
the frequency of visits to the department, the availability(as
a default case) of wireless personal devices, and a description
of the most relevant activities executed.

This specification sets also a requirement for a specific level
of assistance in accessing the services. We assume that the
services have not yet been deployed, and shall do that using
the architecture defined above.

The department is divided into three main functional areas
connected by a set of connecting paths, but for simplicity only

Fig. 6. The ambient domain ontology - A view centered on semantic objects
and their relations.

two areas are represented in Figure 5:

• area 1 (entrance, administrative and didactic services,
students study room, cafeteria);

• area 2 (classes, laboratories and computer center).

There is no clear separation of functionalities in the build-
ing; this situation doesn’t help the casual visitor to find the
right place.

The ambient ontology describing the building is an exten-
sion of the urban ontology defined in [21], modified to comply
with this specific domain. A part of it is shown in Figure
6. The ontology shares with the general urban definition the
multilevel description of objects and spaces, their coordinated
definition and the classification of spaces intoaction spaces
and connection spaces. To account for requirements about
the placement of computing equipment, we extended the
description of the room walls, considering the transparency
and the robustness of the material. This information is used
by the service deployer component as described in Section V.

To show the service deployment process, we consider a
specific user type, the guest students, that are not familiarwith
the structure of the building, and may not be provided with
a wireless device for guidance. The activity that the user has
to perform in this analysis is to attend a half-day seminar in
classroom 2.

Figure 5 shows the visible part of the processing done by
the activity deployer: the description of the user path from
the building entrance to the seminar’s room and the spaces
entered by the user in order to accomplish the goal. The



TABLE II
A SAMPLE OF USER TYPES AND PROPERTIES

type freq. w/less tasks
student regular yes frequenting lessons and labs,

studying, visiting teachers

guest student casual no/yes attending a talk

teacher regular yes teaching, doing research

administrative
staff

regular no doing administrative tasks

technician regular yes doing technical tasks

accessibility
assistant

casual no assisting disabled people

parent casual no reaching the room for degree
dissertation

emergency casual no reaching the rooms in emergency
situations

action is composed by both navigational tasks and residential
tasks. Residential tasks are the core of the user action, but
navigational tasks might require more support because of the
user unfamiliarity with the building structure.

The system chooses to deploy a local service targeted to
support the user navigation, e.g., an interactive map of the
building with the description of the current activities andtheir
localization, next to the beginning of the path; if users arenot
provided with wireless guidance devices and the front desk
personnel is temporarily unavailable, they can get information
from the map. The semantic and geometric properties of the
spaceatrium and of the objects that compose it are analyzed
by the service deployer component to find the best location,
considering a minimum width for the passage of other visitors,
the presence of an opaque wall for optimizing the installation,
and the visibility by the users entering from the main door.

The classroom represents the end of the navigational task
and the start of the core tasks, attending the seminar. The
service deployer places a wireless field service in the seminar
room, for complementary tasks such as consulting the teaching
material; this field service may be useful also for the speaker
who could access the network in the context of the talk.

While the example is focused on the deployment of commu-
nication and computing services, some criteria might be used
by the service deployer to give additional useful services,e.g.,
providing the users with visible signs along the path, to show
the right direction to follow.

VII. C ONCLUSION

Describing physical environments, activities and their re-
lations with a formal model provided by suitable ontologies
allows designers to coordinate their effort to deploy a set
of pervasive services according to the environment functions.
Good appliance deployment is one of the main goals in the
architectural domain, often achieved mainly thanks to the
designer experience. Design systems based on formal grounds
could provide a set of guidelines easier to apply and verifiable
in their outcome.

The use of ontologies for describing activities, services,

ambients and their relations constitutes a further step towards
the design of interactive systems in pervasive environments.
As mobile computing spreads and the public administration
regulations evolve, we can expect that a growing number of
services are delivered to citizens through ICT, crossing the
barrier of fixed workplaces in favor of distributed wireless
access points. Existing environments could be insufficientto
fulfill the needs of a really pervasive set of activities. The
architecture proposed in this paper could help to find good, if
not optimal, deployment guidelines for distributed services.
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