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Abstract The aging population presents growing challenges in ensuring indepen-
dent and autonomous living for older adults, particularly those with chronic condi-
tions and disabilities. Smart environments and Ambient Assisted Living (AAL) tech-
nologies offer promising solutions by integrating intelligent systems that adapt to
users’ needs. However, personalizing or reconfiguring living spaces to accommo-
date AAL technologies requires a multidisciplinary approach that considers health
conditions, assistive devices, and spatial constraints. This study presents the Age-It
Decision Support System (DSS), a tool designed to assist architects and designers
in selecting and integrating AAL solutions into domestic environments. The DSS
leverages an ontological framework to model individual health conditions, environ-
mental constraints, and assistive technologies, enabling a structured decision-making
process. By incorporating a knowledge-based reasoning system, the DSS suggests
user-centered and suitable modifications and device placements while ensuring
compatibility with the physical space. The system communicates with Autodesk
Revit, allowing seamless data exchange through XML-based file processing. This
enables early-stage simulations of AAL device integration, facilitating collaborative
decision-making among designers, healthcare professionals, and end users. A case
study demonstrates the DSS’s effectiveness in recommending assistive solutions for
a user with reduced mobility, considering spatial constraints and usability factors.
Future developments aim to enhance the ontology with a broader range of health
conditions and assistive devices, improving its robustness and usability in real-world
applications. The proposed DSS represents a significant step toward personalized
and adaptive home environments, fostering independent living and improving the
quality of life for older adults.
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1 Introduction: Aging Population, Smart Environments,
and Service Personalization

In the context of an aging population characterized by older adults, smart envi-
ronments can support occupants in living independently. This section explores the
main features of aging and recent technologies’ role in creating smart environments.
Finally, the issue of reconfiguring living environments for older adult’s specific needs
is addressed within the framework of the Age-It research project.

1.1 Aging Population

Western countries are experiencing an increase in the elderly population—i.e., citi-
zens aged 65 and over [1]. This increase is mainly caused by the improvements in
general living conditions, resulting in a higher average life expectancy. This demo-
graphic trend began emerging in the 1990s, and in some countries, including Italy,
it has been accompanied by a considerable decline in birth rates. Many European
countries are seeing an increase in the percentage of elderly people while the younger
age groups are shrinking (the European average for older adults is around 21.3%),
while in Italy, it reaches 24%) [2]. The aging phenomenon in Europe also signifi-
cantly impacts healthcare services, which face increasing demands from patients with
chronic illnesses [3, 4]. Moreover, it raises challenges related to managing elderly
individuals (especially those with chronic and disabling conditions resulting in a
physical or cognitive limitation, permanently affecting their independence): ensuring
autonomous and independent living for the elderly has become increasingly urgent.

1.2 Smart Environments and Ambient Assisted Living:
A Multidisciplinary Approach for Aging

The recent integration of Artificial Intelligence (AI), the Internet of Things (IoT), and
distributed data management systems has driven the creation of increasingly intelli-
gent living environments capable of offering “smart” services to their occupants. The
term “smart environment” stands for a living space (equipped with devices) capable
of anticipating and satisfying occupants’ needs. Designing smart living environ-
ments capable of customizing their services requires a significant multidisciplinary
effort [5] involving the medical sector, architects, designers, and residents: it is a
process requiring understanding individual needs, identifying devices that support
these needs, and designing spaces that accommodate the specific characteristics of
the individual and the devices they may require.

The set of technologies (both software and hardware) operating in a living envi-
ronment to monitor, support, and improve residents’ quality of life was defined as
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Ambient Assisted Living (AAL) [6] in the early 2000s. It quickly became apparent
that AAL offered a promising solution for supporting elderly residents [7]. AAL
shares four fundamental challenges with redesigning spaces for specific users; the
most relevant in Age-1It are: a. Identifying reliable information about the user’s phys-
ical and cognitive characteristics for understanding which services to personalize;
b. Deploying smart devices in a home, which implies context-dependent technical
challenges; c. Designing spaces within spatial constrains (of rooms and devices)—
knowledge often outside the expertise of designers and architects; d. Selecting and
“prescribing” devices and aids must account for healthcare professionals’ input.

Without a multidisciplinary approach to address these issues, designing (or recon-
figuring) spaces for vulnerable residents would be challenging for architects. There-
fore, within the Age-It project, the effort focused on designing and developing
a Decision Support System (DSS) to assist architects and designers in making
occupant- and AAL-oriented reconfiguration decisions. These decisions include
selecting devices and aids for specific occupants and ensuring compatibility with
physical environments.

The core element of the proposed DSS approach is knowledge—formalized
relying on domain ontologies [§]—shared computable conceptualizations of essen-
tial information (or “facts”) relevant to the domain(s) of interest. The remainder of
this Chapter delves into the proposed DSS architecture (Sect. 2); Sect. 3 details the
ontological framework and its engineering choices. Section 4 presents a use case to
illustrate the DSS functioning. Finally, the Conclusions wrap up the main outcomes
of this chapter.

2 The Age-It DSS for Reconfiguring Living Environments

This section outlines the architecture for the proposed DSS, focusing on its
ontological framework and engineering choices.

2.1 Age-It DSS Requirements and General Architecture

Leveraging similar architectures [9, 10] and taking into account the specific require-
ments of architects and designers when they are called to (re)design a living envi-
ronment for an elderly user, a DSS designed specifically for these specialists should
take into account:

1. The tools and technologies that architects and designers use in their work practice

2. Their actual knowledge related to the domains of interest (e.g., health and
disabilities of users, devices, and aids for assistance, etc.)

3. The efficiency of the timing of the support provided by the DSS
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Regarding the first point, the main tool for the digital design of environments
is Computer-Assisted Design (CAD), a family of software technologies for creating
environment or product designs, often resulting in a three-dimensional representation
(3D model) of the object. Among these, Autodesk Revit is characterized by the
ability to import and export different types of files, and, for these reasons, it became
one of the main players in the CAD market. Considering the diffusion and specific
characteristics of Autodesk Revit, the DSS discussed below is mainly designed for
this software—though, its functionalities can easily be extended to other similar
design software.

Regarding the second group of requirements, architects and designers are not
required to know the health condition of the user for whom they are designing a
living environment: it is, therefore, necessary that the DSS takes into account that its
users may be utterly agnostic regarding a good portion of the knowledge modeled in
it.

Finally, the DSS results must be quickly accessible so that—upon user request—
the information produced by the DSS is available. It implies the development of a soft-
ware component that can receive and exchange data from Revit from the ontological
layer without affecting or slowing down the users’ work.

The DSS, therefore, consists of two parts (Fig. 1): 1. The ontological layer, which
contains the modeled knowledge (described in the following subsection); 2. The
software that allows the reception and sending of data to/from a file operable with
Revit.

The DSS architecture does not act directly on the Revit software: it acquires and
modifies its data. In fact, among the various options available, Revit allows export in
XML, a markup language used precisely for data interchange. In this way, the DSS
results can be calculated from the data entered in the XML file and reinserted into
the file itself to be used in the development phase of the three-dimensional model.
This “lightweight” DSS architecture has the dual advantage of allowing more agile
prototypal development based on widely used data formats in practice and not directly
interfering with the work of architects and designers. The inferences generated by
the ontological layer are exported (in XML) by the software and added to the XML
file produced by Revit, then made available to Revit file users.

Fig.1 A schematic
representation of the Age-1t
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2.2 Ontology Engineering: Available Ontologies for Age-It

This subsection provides an overview of the main ontological models available for
representing knowledge in the three areas relevant to Age-Ir—the human occupants
and their health conditions, the built environment requiring reconfiguration, the
modifications to be implemented in the environment.

People and health. The development of ontologies aimed at capturing relevant
knowledge about individuals was among the first areas investigated in the Semantic
Web. The controlled vocabulary Friend of A Friend (FOAF) [11], and Semantically-
Interlinked Online Communities (SIOC) [12] are two examples of models for
describing people. More recently, the Person Ontology [13] represents an ongoing
effort to develop a foundational ontology about people.

Regarding the ability to model health conditions—including temporary or perma-
nent disabilities and chronic conditions—between the early 2000s and today, there
has been a shift towards using standard models [14]. Research highlights the
widespread adoption of the International Classification of Functioning, Disability
and Health (ICF) [15], a standard classification developed by the World Health Orga-
nization (WHO). Unlike ICD, ICF does not catalog diseases; instead, it describes a
person’s functioning in terms of body functions, structures (which may be subject
to disabilities for various reasons), activity limitations, and participation. Using a
comprehensive set of codes taxonomically organized, ICF provides a “snapshot” of
a person’s functioning at a given moment, capturing both individual and contex-
tual factors. While ICF is less commonly employed in clinical practice than ICD,
efforts to make it a full-flagged clinical tool have grown over the years [16]. These
efforts include the creation of Core Sets—subsets of ICF codes designed for rapid
assessments of functioning in individuals diagnosed with specific conditions.

The taxonomic structure of ICD and ICF, as well as their primary role in healthcare,
has led to the development of two important ontologies—BioPortal ICD [17] and
BioPortal ICF [18]. Also, local classifications and taxonomies—adopted by national
healthcare communities—play a complementary role when paired with ICD and ICF,
as they differentiate and expand the perspective of healthcare domains to align more
closely with end users’ needs. End users may lack deep knowledge of ICD or ICF,
making them more comfortable using tools that are familiar to them in their daily
practices.

Knowledge and built environment: architecture and BIM. In the built environ-
ment sector, ontologies have also been seen as a powerful tool for representing and
conveying information about buildings, their components, and their energy perfor-
mance. In particular, ontologies can be seen as a tool for building information
modeling (BIM) [19], a process to develop virtual and multi-dimensional models
generated with digital applications. This domain is characterized by considerable
complexity, deriving from its multidisciplinary nature (combining architecture, engi-
neering, and information management) and the existence of different standards (local
or international, not always reconcilable). This complexity has led to developing
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and evolving an ontological fragmented scenario characterized by poor interoper-
ability. Among the primary efforts for developing ontologies in this domain, the
most discussed in the literature are the following:

e [ndustry Foundation Classes (IFC): The IFC model was developed as an inter-
national standard (ISO 16739:2013) for modeling information related to build-
ings. Its main purpose is to ensure interoperability between design, construction,
and building lifecycle management software. It adopts a geometrically detailed
approach to describe built environments, and it is translated into ontology with
ifcOWL—but it presents a significantly complex structure, making its implemen-
tation difficult. This problem is particularly felt in the scientific community, which
has been working for years to try to reduce the complexity of ifcOWL [20, 21].

® Building Topology Ontology (BOT): The BOT model [22] was developed to
improve the topology representation and spatial relationships within built envi-
ronments. It describes spatial and functional relationships between environments,
such as rooms, corridors, buildings, and other components, without going into
geometric detail as in other BIM models. Topology is represented through enti-
ties and properties, such as rooms, floors, and buildings, and defining connections
between them (e.g., walls, accesses, doors). However, the geometric represen-
tation of spaces is not the model’s primary objective. BOT provides a simple
and (relatively) limited vocabulary, characterizing itself as a simple and flexible
model. This results in greater ease of implementation. Like ifcOWL, BOT is not
specifically designed to represent furniture or other functional objects. The lack
of geometric definition in the model (in total opposition to the hyper-detailed
representation of IFC) allows BOT to focus on environments and their properties
while maintaining the possibility of being extended.

e A Uniform Metadata Schema for Buildings: Brick [23] was developed to stan-
dardize the representation of building data, particularly for building automa-
tion and intelligent control. Brick adopts a data-oriented approach, where
spaces are represented as “entities” and “subsystems”. For these reasons, its
use is recommended for specific building automation projects. Additionally, its
implementation may require integration with other domain ontologies [24].

® Building Ontology (BO): The Building Ontology model [25] was developed with
the goal of facilitating intelligent building management throughout the entire
lifecycle, from design to maintenance. Compared to other models (and similarly
to ifcOWL), BO is complex to implement as it requires a solid knowledge of the
reference ontological model.

Knowledge and aids: a standards-based approach. The possibilities of repre-
senting knowledge in the health field have also paved the way for representing aids
and assistive technologies. However, the assistive technology sector has only recently
been working to identify a common framework [26]. Therefore, the first prototypes
of ontologies on this topic do not follow common guidelines. On the contrary, aids
are highly regulated in almost all countries and, above all, standardized: the “ISO
9999 Technical Aids for Disabled Persons—Classification” defines a classification
and standard terminology for assistive products intended for people with disabilities.
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It creates a common language and an organized system for cataloging all those tools,
devices, and technologies that help people with disabilities perform daily activities
and improve their quality of life.

2.3 The Age-It Ontological Framework

This subsection presents the ontological layer, the “decision-making heart” of the
Age-It DSS. The ontology engineering process heavily relies on models’ reuse, one of
the Semantic Web’s best practices. Therefore, considering the considerations made
in the previous sections, the Age-It ontologies were developed following an agile
methodology (AgiSCOnt [27]) that allows analyzing the domains in question from
different points of view, favoring collaborative knowledge elicitation activities. The
Age-It ontology is organized as follows: a Common Box imports all the modules that,
in fact, make up the ontology. Although not all modules are physically developed as
separate files (i.e., the TBox and Abox are modeled within a single.owl file for the
smaller modules), the schema depicts all the constituent elements of the ontological
layer, also providing the indication of reused ontologies (according to the best practice
of the Semantic Web) and the domain to which they are applied. Figure 2 schematizes
the modular structure of the Age-It ontology.

The ontology editor selected for developing Age-It and its modules is Protégé
[28], a successful ontology editor now in version 5.5; the editor was selected due to
the possibility of modeling rules in “if-then” format using the Semantic Web Rule
Language [29], the possibility of using built-in automatic reasoners—for example,
Pellet [30]—and, finally, the possibility of testing the ontology with SPARQL query
language [31] through the snapSPARQL plug-in [32]. Protégé allows saving in “.owl”
files, with various options for syntax serialization: among these, RDF/XML serial-
ization [33], which uses the markup language format to render triples expressed

Agg-_]_l__ Common Box l
Person & Health module ‘ Built environment
; {
| | | [ ] j
WHO-ICF  FoaF | WHO-ICD BOT DogOnt 150 || SAREF4EHAW
8 9999:2022
SAREF

Fig. 2 A schematic representation of the Age-It ontology and its “components”
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with RDF and OWL, as well as SWRL rules, domains, and ranges of the various
properties, and class restrictions.

Person and health condition. In line with what is described in Sect. 2.2, the inter-
national classifications ICD and ICF are proposed as ideal candidates for reuse as
they are known to healthcare professionals and enjoy broad consensus. The reuse
of ICD within Age-It is limited to those pathologies that can characterize an elderly
inhabitant, while for the ICF, core sets were adopted—following other examples that
use ICF core sets as a basis for developing ontological elements (e.g., [34—36]).

From the combination of category codes present in the comprehensive versions
of the ICF core sets used to model the personas’ conditions, the ICF core that popu-
lates the Age-It ontology is constituted. From an authoring perspective, this module
reuses the ICF ontology already developed and deposited at the OBO Foundry [18].
Adopting a similar approach, the identification of pathologies within the vast ICD
classification (version 11) is carried out through a keyword search. This allows us to
identify the groups of pathologies that need to be modeled within this Age-It module.

To link the occupants to the ICF and ICD codes describing their pathologies and
disabilities, an ontology design pattern was reused, establishing an owl:Individual
of the class:HealthCondition between the former and the latter; moreover, the more
advanced version of the pattern allows detailing the health condition using descriptor
individuals (belonging to the class:HCDescriptor) [37]; each descriptor reifies the
n-ary relationships between an ICF or ICD code and the related qualifiers [34].
Graphically, the pattern can be rendered as in Fig. 3.

£ owl:Thing
|

HealthDevice

+

HealthCondition I HCDescriptor * @ ‘Structure of
-m cardiovascular...

Fig. 3 A (partial) view of the pattern linking a person (PO1) with their health condition (HCO1) and
one of the descriptors describing it (desHC01-17), which involves a specific ICF code (in this case,
s4140). The purple prisms represent the owl:Individual, the yellow circles the owl:Class, while the
arrows represent different object properties
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Reusing the health condition ontology design pattern makes it possible to associate
more than one health condition with each inhabitant, to keep track of the evolution
of an inhabitant’s health condition.

Built environment. The choice of a possible reuse model for the built environment
was based on the possibility of adopting a lightweight model (with a low impact on
ontological commitment), the possibility of referring to the built environment also
in terms of its spaces (e.g., volume, areas, zones, etc.), and the possibility to extend
the model to include features of interest for Age-It. The lowest level of commit-
ment, while maintaining the ontology’s objective, is found in the Building Topology
Ontology (BOT), an ontology that reflects the principle of non-overlapping DSS
results with what can be developed and implemented using Revit alone.

The built environment module reuses some BOT concepts, among which
bot:Element: (aloosely-defined class that includes the physical parts of construction),
bot:Zone, and bot:Interface: (a class that includes entities that “interpose” between
two elements or two zones, or between an element and a zone). Exploiting the possi-
bility of extending bot:Element, this module represents from scratch:Construction_
element (e.g., doors, windows, and their openings in the walls, pillars, etc.), :Furni-
ture, and:Device. The:Device class is logically equivalent to the homonymous class
described in the next subsection. Construction elements are characterized by three
subclasses borrowed from the soft reuse of DogOnt [38]. This ontology allows reusing
rather common concepts already widely used in other models, such as those related
to some construction elements. Additionally, DogOnt was chosen because it contains
classes to represent room types and the most common furniture types.

As mentioned in previous paragraphs, BOT does not have a mechanism for
describing the geometry of elements or spaces. Remembering that one of the DSS’s
purposes is to understand the free and occupied space within built environments, the
geometry representation uses simple datatype properties—: XDimension, : YDimen-
sion, and :ZDimension, which are expressed in cubic meters, and : Weight, expressed
in kilograms. With the first three of these minimal properties, it is possible to calcu-
late the value of a fifth property, :BoundingBox, obtained by multiplying the values
of the three properties (i.e., calculating the volume of a parallelepiped). This space
is obtained to calculate the maximum volume an element can occupy, thus config-
uring it as an “invisible box” that completely envelops an object or group of objects
in a 3D drawing. The calculation of the :BoundingBox datatype property’s value is
entrusted to an SWRL rule, which uses the language’s built-ins to set the parameters
and variables for multiplication.

Devices and aids. This module represents the taxonomy reported in the ISO
9999:2022 and leverages SAREF and its extension for eHealth Ageing Well domain
[39]. This ontology enables the representation of devices, their services, the power
source(s) they adopt, and the health service they deliver. Using saref:Sensor and
saref:Actuator classes it also allows for the definition of specific subclasses of
saref:Device, which are capable of measuring relevant indoor comfort metrics (e.g.,
temperature, humidity, air quality, etc.). A particular subclass of saref:Device is
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s4ehaw:HealthDevice, which identifies those devices created for health purposes;
these are then further categorized according to ISO 9999:2022.

Reasoning with Age-It (example). The matching between individuals representing
users, their health conditions, the devices, the environment and its constraints lever-
ages SWRL rules. This type of condition-action rules enables a deductive reasoning
process leveraging arguments represented within the knowledge base. In this way, the
original information modelled within the ontology cannot be changed by reasoning
results, while new information can be added as a result of a reasoning process. For
instance, a person who is in a health condition characterized by J44.1 “Chronic
obstruction pulmonary disease with (acute) exacerbations” and associated severe
impairments, can benefit from a set of devices, which includes 1509999:2022 04.03.18
“Oxygen units”, 04.03.03 “Inhalation equipment”, 04.03.12 “Respirators”. The
matching is represented by the rule:

Person(?p),  isInHealthCondition(?p, ?hc),  isDescribedBy(?hc, ?desc),
ICDCode(?descrl, “J44.1”), ICFCode (?descr2; “b440”), qualifier(?descr2, “3”),
04.03.12 (?resp), suitableFor(?resp, “J44.1”), suitableFor(?resp, “b440”), suggest-
edForSeverity(?resp, ?x), greaterThanOrEqual(?x, 3) - > suggestedDevices(?p,
?resp).

Therefore, taking into account both the specific disease or impairment and their
severity, it is possible to “filter” the best option available. Similarly—and adopting
different rules—it is possible to consider some spatial constraints characterizing the
inferred devices, to support in the identification of those fitting in the occupant’s
room.

3 Use Case: An Example of Age-It Reasoning

To illustrate the Age-It DSS functioning, two use cases are presented (taken from
[40, 41]). The first use case refers to a 65-year-old user named Mark, who suffers
from a condition that makes him unable to move independently, forcing him to spend
most of his day in bed. Mark’s caregiver (his wife) needs an aid to help lift him from
bed to a wheelchair. The IFC codes describing his condition are d420 Transferring
oneself, d450 Walking, d455 Moving around, and d460 Moving around in different
locations. Leveraging Age-It rules and semantic reasoning, the system retrieves a set
of alternative products, associated with ISO category 9999.2022 12.36 “Auxiliary
products for lifting people.” Among these, within the module “aids and assistive
devices” are four types of lifts (Table 1, adapted from [40, 41]).

As illustrated above, each aid is modeled considering its required environmental
features. Therefore, by comparing these requirements with the information obtained
from the bedroom model represented in the ontology, the system discards the ceiling
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Table 1 The devices, aids, and furnishings provided via ontological reasoning for Mark

Devices inferred for mark (Use case 1)

Persona’s health Assistive devices, aids, | Aids type/instance id | Spatial and
condition and furnishings products technological
requirements
Reduced mobility | 12.36.12 Stationary Ceiling track hoist — Flat slab
(ICF codes d420, hoists fixed to walls, — Slab resistance to
d450, d455 d460) | floor or ceiling concentrated vertical
loads of 2 kN (200 kg)
Wall lift (dim. 8 x — Max height between
115 x 240 cm) floors 350 cm
— Absence of false
ceiling
12.36.18 Stationary Stationary — Free space around the
free-standing hoists free-standing hoists bed of 120 cm
(dim. 320 x 420 x
205 cm)
12.36.03 Mobile hoists | Mobile hoist (dim. — Free space under the
for transferring a 110 x 110 x 140 cm) | bed of 15 cm
person in sitting — Free passages 110 cm
position with sling seats wide
— Auvailability of a
circular area with a
radius of 150 cm for
the movement of hoist

track hoist hypothesis due to the presence of a sloping exposed beam ceiling. Simi-
larly, the hypothesis of a stationary free-standing hoist is discarded because it would
require more free space around the bed than the residual volume available.

4 Conclusions and Future Works

The growing need for support among the elderly is driving the widespread adoption
of AAL technologies and devices. Care teams must choose these devices based on
the individual’s specific needs and integrate them into the home environment with
minimal visual disruption.

To aid in this decision-making process, the Age-It DSS proposed in this study
serves as a support tool for designers, ensuring a consistent consideration of the
individual’s health and functional status, the required devices to enhance autonomy
or assist caregivers, and the characteristics of the living space.

The proposed DSS is not meant to replace professionals responsible for recom-
mending aids and devices. Instead, it is designed to be integrated into the decision-
making process by leveraging digital information (including individual, device,
and space characteristics) to create a virtual exchange platform. This platform
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enhances collaboration among various professionals, such as healthcare providers
and designers, while also supporting the co-design of home environments with end
users.

By exploiting Revit’s three-dimensional visualization of the environment model,
the tool allows for early-stage simulations of AAL device integration, enabling an
assessment of their impact on the living space. This approach helps identify the most
suitable solutions for the individual’s specific needs and guides subsequent design
decisions.

Future works foresee developing and testing more use cases to address various
living conditions, impairments, disease-related limitations, and aids. In the future, the
ontology underlying the system will be populated with several use cases, leveraging
clinical collaboration and more matching between aids and the health conditions they
address. This would enhance the system’s robustness and pave the way for validation
with designers and architects.
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