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Abstract.

Framing digitalisation as an opportunity for heritage governance, this contribution introduces
predictive usability as a paradigm for rethinking museums as dynamic and inclusive ecosystems. To
this end, it presents an open-source platform that integrates spatial, behavioural, and accessibility
data to support the management of sites within the National Museum System. The validation
process, conducted with the Regional Directorate for Museums of Lazio and the Archaeological
Museum of the lItalic Peoples “Amedeo Maiuri” in Veroli, verified the platform’s operational
robustness with respect to the contents of the PEBA and, through simulated datasets, to patterns of
spatial and content use. The results confirm its reliability as a decision-support tool and highlight its
potential scalability in more complex museum contexts.
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Introduction

Digitalisation has become a fundamental strategic component in the management, enjoyment, and
transmission of tangible and intangible cultural heritage to future generations (European
Commission, 2025). Within the European framework of the Digital Decade 2030, it has emerged as
a cornerstone of public policies aimed at enhancing cultural assets capable of generating cultural,
social, and economic value beyond national boundaries.

Among the applications of emerging technologies designed to strengthen knowledge and promotion
of cultural heritage is the creation of virtual replicas of artworks, monuments, and cultural sites.
These replicas can integrate linked open data and expanding modes of access and engagement
(Niccolucci et al., 2023), with clear benefits in terms of inclusive participation by increasingly diverse
audiences.

With specific reference to museum spaces, the conversion of environments and their characteristics
into digital models expands opportunities for interaction between individuals and cultural assets. It
also enables analyses based on the integration of heterogeneous datasets, supporting collaborative,
data-driven management processes (Hou et al., 2024).

Within the broad range of factors that systemically contribute to the proper functioning of museum
environments, a primary concern is ensuring physical, sensory, and cognitive access and usability
for all individuals, as established by the Convention on the Rights of Persons with Disabilities (United
Nations, 2006). It therefore becomes essential to consider the potential offered by recent digital tools
to investigate and enhance the usability of cultural buildings, with the aim of improving the overall
quality of the visitor experience.

It is within this context that the paradigm of “predictive usability” (Villani et al., 2024) is framed. This
approach seeks to assess museum usability ex ante, anticipating the effects of spatial configurations
and exhibition layouts on different user profiles and supporting evidence-based reconfigurations.
Operational approaches include configurational analyses (Hillier and Hanson, 1989; Hillier, 2007)
and virtual simulations aimed at verifying in advance spatial performance in relation to accessibility
requirements (Andrich et al., 2022), probable visitor pathways (Centorrino et al., 2021; Gath-Morad,
2022; Lo Turco et al., 2022), and perceived quality of the user experience (Ceccarelli et al., 2024).
Such tools are valuable both in supporting the design phase and in guiding organisational and
strategic decisions during the operational phase.

The need to adopt digital tools capable of enabling the information-based management of the
multiple dimensions characterising cultural sites is closely linked to the evolution of the very concept
of the museum. In 2022, ICOM defined the museum as an institution serving society — open,
accessible, and inclusive — committed to promoting diversity and sustainability. No longer conceived
solely as a place of conservation, the museum is now understood as a network of spaces for social
interaction, education, and participation, interconnected with one another: an ideal testing ground for
recent innovations aimed at improving facility management and broadening access to cultural
content (ICOM, 2019).

In Italy, these principles are shared by the National Museum System (SMN), which aims to establish
a network among nearly 5,000 museums and cultural institutions across the country to enhance
usability, accessibility, and sustainable management (MIBACT, 2018). Coordinated by the
Directorate-General for Museums (DGM), the SMN operates through multi-level and intersectoral
cooperation and provides for the voluntary participation of museums in compliance with uniform

Pag.2di17



FCHNE

FIRENZE
U'NTVERSé

Journal of Technology for Architecture and Environment PRE

quality standards structured around organisation (including guarantees of physical, sensory, and
cognitive accessibility), collections, communication, and relationships with local communities.

Since 2018, all Italian cultural institutions have been required to adopt a Plan for the Elimination of
Architectural Barriers (PEBA), aimed at planning progressive improvement interventions (MIBACT,
2018b). Attention to this issue has been further strengthened by the National Recovery and
Resilience Plan (PNRR), which has allocated dedicated funding for the removal of physical and
cognitive barriers in museums ' (Directorate-General for Museums, 2022).

Museums therefore constitute complex systems in which conservation, safety, accessibility,
managerial sustainability, and quality of experience intersect. Each intervention requires balancing
heterogeneous demands within a regulatory framework that is both articulated and continuously
evolving. In the absence of adequate tools, there is a risk of proceeding through fragmented and
misaligned interventions, with limited capacity for ex ante evaluation of their impacts.

Within the field of scientific research, recent studies have proposed digital environments —
information frameworks — capable of integrating heterogeneous datasets to overcome data
fragmentation in cultural heritage management. These include, for example, systems addressing
architectural and artistic documentation (Lei et al., 2025), as well as the functional, structural, and
energy performance of historic buildings (Massafra et al., 2026).

In this direction, and focusing specifically on the usability and accessibility of cultural sites, this
contribution presents the development of an open-source platform that integrates spatial,
behavioural, and accessibility data. The platform is conceived as an infrastructure capable of
supporting and informing decisions related to usability throughout the entire life cycle of SMN sites,
from the planning and design of improvement interventions to the management and long-term
monitoring of usage practices.

The platform is structured according to a multi-level logic consistent with the organisation of the SMN
— from the Directorate-General for Museums (DGM) and the Regional Directorates for National
Museums (DRMN) to individual museum institutions — and generates a series of dashboards that
correlate usability data at both territorial and building scales.

The results presented stem from an Implementing Agreement for Scientific Collaboration between
the Regional Directorate for National Museums of Lazio (DRML) and the Department of Planning,
Design, and Architecture Technology (PDTA) at Sapienza University of Rome. The agreement was
aimed at developing tools for accessibility and environmental communication, with application to the
Archaeological Museum of the Italic Peoples “Amedeo Maiuri” in Veroli (FR).

Methodology

The conception of a platform aimed at managing the dynamics related to the usability of cultural sites
within a structured system such as the National Museum System (SMN) entails the simultaneous
consideration of a multiplicity of actors and information flows operating at different scales and
oriented towards distinct objectives. The multi-level nature of this complexity renders sectoral
interpretations inadequate; for this reason, the study adopts an integrated approach that combines,
on the one hand, the centrality of users — according to the principles of human-centred design (ISO
9241-210:2019; Giacomin, 2014) — and, on the other, the valorisation of data as concrete tools to
support decision-making processes, within a data-driven perspective (Divan, 2017).
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The overall objective of the study was to explore the development of a prototype platform designed
to transform collected data into operational knowledge aimed at optimising the usability of cultural
sites for the widest possible audience. This objective was articulated into three partially overlapping
specific sub-objectives, which structured the operational phases:

- predictive usability (Villani et al., 2024), understood as the capacity of the prototype to simulate and
optimise spatial flows and modes of use of spaces and contents;

- accessibility of spaces and contents in a holistic sense (Lauria and Ndreca, 2025), understood as
the capacity of the prototype to monitor and optimise the use of aids for universal accessibility;

- user experience, understood as the capacity of the prototype to monitor the emotional dimension
associated with the visit experience (King et al., 2023).

On this basis, the methodological pathway was structured into two main, closely integrated macro-
phases, each articulated into a series of operational domains (Fig. 1).

Phase 1 — Conceptual Development

The first phase, design-oriented in nature, concerned the definition of the conceptual and
informational framework underlying the platform and included the following operational domains:

- Domain 1.1: Identification of users and analysis of their informational needs, with the aim of
conceiving the prototype as a concrete, integrated tool for communication and coordination across
different governance levels. This activity led to the identification, at the territorial scale, of (i)
institutional decision-makers — corresponding to operators of the Directorate-General and Regional
Directorates — interested in systemic and comparative large-scale views; and, at the building scale,
(i) museum operators, oriented towards continuous monitoring of usability dynamics; (iii) technical
staff, focused on system performance; and (iv) the public, conceived as active users for whom the
platform functions as an interface aimed at enhancing awareness of the visit experience;

- Domain 1.2: Identification of input data aligned with users’ informational needs and the three
specific sub-objectives, differentiated by scale (territorial or building) and by nature (static or
dynamic);

- Domain 1.3: Definition of Key Performance Indicators (KPIs) to monitor the achievement of the
specific sub-objectives, specifying for each the enabling data and calculation methods (Tab. 1);

- Domain 1.4: Selection of Capabilities, understood as the digital functionalities — Data Services,
Integration, Intelligence, User Experience (UX), Management, Trustworthiness — that the platform
must ensure in order to meet the design premises. This activity was conducted with reference to the
“Digital Twin Capabilities Periodic Table”, an international methodological framework developed by
the Digital Twin Consortium (van Schalkwyk et al., 2022);

- Domain 1.5: Preparation for the integration of the PEBA within the platform as a specific system
capability, with the aim of correlating accessibility parameters with behavioural data. This involved
formalising the descriptive information contained in this accessibility planning tool into structured
data directly usable within an information system;

- Domain 1.6: Definition of enabling technologies and specific technological solutions for each
Capability category, ensuring concrete implementability. To guarantee technical feasibility, choices
were guided by three criteria: (i) adoption of open-source tools to ensure transparency and optimise
economic sustainability; (ii) minimisation of the impact of data collection on the visitor experience
and protection of personal data — central issues in the use of big data for behavioural analysis
(Jingwen and Lin, 2023); and (iii) optimisation of technological solutions to reduce the complexity of
the information infrastructure.
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Phase 2 — Operational Development

The second phase, purely implementation-oriented, concerned the concrete configuration of the
platform based on the conceptual premises defined in Phase 1. The ThingsBoard environment,
selected for its open-source nature and capacity to manage real-time data, constituted the reference
technological infrastructure (De Paolis et al., 2018). Within this infrastructure, the operational
domains were articulated as follows:

- Domain 2.1: User profiling through the configuration of roles, permissions, and informational views
at both the territorial scale (DGM, DRMN) and the building scale (museum staff, technical personnel,
public);

- Domain 2.2: Structuring of assets, understood in ThingsBoard as the entities (physical or abstract)
monitored by the system. This included (i) the definition of asset profiles — predefined models
grouping homogeneous assets — distinguishing six profiles (DRMN, Building, Floor, Room,
Exhibition, PEBA); (ii) standardisation and bulk import of attributes based on simulated static
datasets; and (iii) the establishment of semantic relationships among assets through dependency
graphs reflecting the multi-scalar logic of the analysed elements;

- Domain 2.3: Configuration of simulated devices: virtual entities replicating the behaviour of sensors
and actuators installable in the experimental environments. This activity first consisted in the
definition of device profiles: groups intended to characterise the behaviour of 10T devices in terms of
their modes of data acquisition, transmission, processing, and visualisation.

Consistent with the design-phase technological choices, the profiles defined within the platform
distinguish between: (i) medium-range (up to 1 metre) Ultra High Frequency (UHF) Radio Frequency
Identification (RFID) readers to detect user presence near exhibitions through anonymised tagged
wristbands provided at entry; (ii) short-range (up to 10 cm) High Frequency (HF) RFID readers to
monitor direct interaction with accessibility aids (tactile maps, 3D prints, etc.);(iii) cameras equipped
with Edge Artificial Intelligence (Edge Al) to anonymously detect and translate facial expressions
near significant artworks into structured data; (iv) interactive totems to collect visitor feedback; and
(v) QR codes to simulate access to in-depth digital content during the visit.

This phase also required a technical feasibility assessment regarding potential overlaps in reading
ranges among spatially proximate devices. The explanatory results for the "Amedeo Maiuri" Hall,
located on the first floor of the Archaeological Museum of the Italic Peoples “Amedeo Maiuri” in Veroli
(FR) — the experimental case study — are shown in Fig. 2.

Domain 2.3 concluded with the configuration of semantic relationships between devices and assets,
in coherence with the hierarchical structure of the system.

- Domain 2.4: Data simulation to verify model coherence and functionality. This included (i)
generation of dynamic simulated datasets in Python for each device profile; (ii) real-time data
transmission to devices via the Message Queuing Telemetry Transport (MQTT) protocol; and (iii)
time-based KPI calculation through the platform’s Application Programming Interfaces (APIs);

- Domain 2.5: Configuration of real-time malfunction alerts using ThingsBoard’s Rule Chains
mechanism;

- Domain 2.6: Design and configuration of interfaces, defining unique coding systems, access
permissions, thematic areas, and widgets. The relationships among dashboards were managed
through the assignment of access permissions and dedicated navigation widgets across different
system levels. A schematic overview of this phase is presented in Fig. 3.
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Results

The entire development process — both conceptual and operational — of the platform within the
ThingsBoard environment was carried out as an integral part of the experimental phase of the
research, with the aim of verifying its flexibility and its capacity to support decision-making processes
related to the inclusive usability of cultural sites. In this sense, the experimentation represented not
only the validation of the methodological choices but also an operational verification within a concrete
system.

A central element of the experimental phase was the continuous and iterative engagement with end
users, both during the development stage and in the final testing phase. At the territorial scale, the
dialogue involved the Directorate-General for Museums (DGM) and the Regional Directorate for
National Museums of Lazio (DRMN Lazio), which promoted the collaboration agreement and was
adopted as a representative case study. At the building scale, the process was guided by the staff
of the Archaeological Museum of the Italic Peoples “Amedeo Maiuri” in Veroli (FR), selected as the
experimental laboratory within the investigation of individual cultural sites. This interaction enabled
the progressive calibration of the design premises and operational outcomes, orienting the
development towards actual needs.

The experimental process led to the implementation of a prototype platform structured as a system
of informational interfaces (i.e., dashboards) corresponding to the various levels of the SMN’s multi-
scalar hierarchical structure. The proposed organisation coherently reflects the observation scale,
user profile, and nature of the monitored data, ensuring informational continuity and navigability
across levels, with the aim of fostering an integrated interpretation of phenomena related to usability.
At the territorial scale, the platform provides two main interfaces. The first (Fig. 4a), intended for the
DGM, offers a synthetic and comparative overview of the SMN at the national level. By integrating
maps, tables, and filters, it enables the aggregation of information concerning the Regional
Directorates, highlighting systemic dynamics and potential criticalities. By interacting with territorial
markers, users can access the immediately subordinate informational level, dedicated to the
management of individual Regional Directorates and exemplified in the case study of the Lazio
Region (Fig. 4b). This interface provides a territorial overview of cultural sites within the regional
domain, displays attributes in tabular form, includes a KPI-dedicated area, and incorporates a
filtering system to identify dynamics of interest.

At the building scale, the experimentation focused, by way of example, on the design of interfaces
intended for the staff of the Archaeological Museum of the Italic Peoples “Amedeo Maiuri”. The first-
level dashboard (Fig. 5a), accessible by activating the territorial markers in the immediately higher-
level interface, addresses the entire cultural site and is organised into thematic sections: on the left,
an area monitors real-time entries; at the centre, a section displays key KPIs related to usability and
access to PEBA digitised content; at the bottom, a panel records system malfunctions; and on the
right, a navigation area provides intuitive access to lower levels of analysis.

By selecting the names of individual rooms, users can access the room-level dashboard (Fig. 5b),
exemplified by the “Amedeo Maiuri” Hall, which retains the same thematic structure while adapting
data granularity and KPIs to the scale of analysis. Similarly, through the navigation area, it is possible
to access an additional informational level dedicated to individual exhibition setups (Fig. 5c),
structured according to the same logic, thereby ensuring coherence and intuitiveness in the user
experience.

Although experimental in nature and open to further development, the prototype platform constitutes
the operational translation of the proposed conceptual framework. It finds concrete expression in the
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data-processing system accessible through the described multi-scalar interfaces and establishes the
foundations for a replicable model of data-driven management of museum usability.

Discussion of results, limitations, and development trajectories

The innovative character of the research described lies in the implementation of an open-source
platform that enables the various actors responsible for museum governance, as well as visitors, to
interrelate spatial data, accessibility information, and usage dynamics within a single information
environment oriented towards decision support for the SMN and for the entire life cycle of individual
cultural sites. In its prototype configuration, the platform therefore represents an operational
infrastructure for evidence-based management of usability (Zallio and Clarkson, 2021).

By overcoming analytical approaches that tend to treat data separately, the developed framework
conceives usability as an integrated and adaptive system, capable of evolving in response to usage
feedback within a dynamic information ecosystem that processes real-time data and enables
predictive simulations.

In its current configuration, the platform allows the monitoring of relationships among indicators of
regulatory compliance, the effectiveness of inclusive design solutions, visitor numbers, dwell times,
and aggregated emotional responses. It thus provides decision-makers with knowledge elements
concerning emerging criticalities and potential areas for improvement.

The interface, structured according to hierarchical levels consistent with the functioning of the SMN,
enables learning from the actual use of spaces and the progressive adaptation of design and
management choices, including the definition of intervention priorities, in line with the most recent
adaptive management systems for the built environment (Yap et al., 2025).

A further aspect of interest concerns the possibility, at a more detailed scale, of correlating usability
data with qualitative dimensions of the cultural experience. This opens the opportunity to evaluate
not only spatial efficiency and flow management, but also engagement and the relational quality of
the visit experience, thereby contributing to a broader interpretation of inclusivity.

The continuous dialogue with the Directorate-General for Museums, the Regional Directorate for
National Museums of Lazio (DRML), and the management of the museum selected as case study
throughout the experimental process made it possible to identify several limitations, whose shared
discussion provided insights for subsequent developments. First, the experimentation conducted on
simulated data does not yet allow verification of the robustness of the developed indicators. The
actual installation of sensors in the case-study museum — already agreed upon with the DRML — and
the collection of real data will constitute an essential step for evaluating the model and, if necessary,
recalibrating the KPlIs.

In addition, the absence of native integration between ThingsBoard and Building Information
Modeling (BIM) models — only partially mitigated through the use of customised widgets that facilitate
immediate recognition of spaces for navigation — limits the platform’s interoperability with broader
lifecycle management processes of cultural sites.

A further limitation lies in the current lack of structured integration with advanced artificial intelligence
modules and simulation tools, thereby constraining the platform’s capacity to perform advanced
predictive analyses and support alternative scenarios evaluation.

From the perspective of future developments, the integration of machine learning modules
represents a promising direction, as it could enhance the predictive capacity of the system by
enabling the assessment of user behaviour in relation to the usability of different design
configurations, including wayfinding interventions. In this perspective, the system could support the
evaluation of inclusivity across alternative solutions by measuring their effectiveness against
objective indicators derived from behavioural data. Indeed, the use of machine learning algorithms
in cultural contexts has recently been explored in relation to flow analysis and path personalisation,
yielding positive results in the optimisation of the visitor experience (Li and Liu, 2025).
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Concurrently, strengthening the adoption of open standards for data modelling and exchange could
enhance the replicability of the platform at the national scale, contributing to the development of a
shared infrastructure for data-driven management of cultural sites. Within a digital governance
framework oriented towards the usability of cultural heritage, the platform could be configured as a
strategic tool capable not only of supporting museum institutions in the management and
enhancement of their sites, but also of promoting an inclusive design culture sustained by digital
technologies able to monitor, predict, and dynamically update accessibility conditions. In this way, it
could concretely contribute to reducing the gap between declared accessibility and accessibility
effectively experienced, while simultaneously valuing the specificities of different museum contexts.

Conclusions

This contribution has sought to demonstrate how usability in cultural sites should be assumed as a
structural indicator of design quality, embedded within a dynamic system that can be governed over
time through integrated digital tools.

Although still at an early stage, the developed platform represents an initial step towards
operationalising the paradigm of predictive usability, through an infrastructure capable of connecting
spatial, behavioural, and accessibility data within a multi-level information environment reflecting the
organisational structure of the National Museum System.

The experimentation conducted in collaboration with the Regional Directorate for National Museums
of Lazio and the Archaeological Museum of the Italic Peoples “Amedeo Maiuri” made it possible to
verify the operational validity of the model. This occurred both through the structured verification of
the PEBA contents — considered as a reference framework for regulatory compliance in terms of
accessibility — and, through simulated datasets, the monitoring of visitor flows and modes of spatial
use. The results thus demonstrate the platform’s effectiveness as a decision-support tool and confirm
its potential scalability and applicability within more complex museum contexts.

The proposed approach aims to provide tangible support to museum institutions in the management
and enhancement of their sites and cultural heritage, fostering more informed governance practices.
In particular, the value of the proposed digital infrastructure lies in its capacity to structure, within a
single adaptive information ecosystem, a shared knowledge and operational framework across
different governance levels. Furthermore, it promotes an inclusive design culture by consolidating
the understanding of usability as a driving factor for the optimal functioning of the museum organism.

NOTES

" Within the framework of the National Recovery and Resilience Plan (PNRR), the objective of
adapting museums to meet the needs of the widest possible range of users has been further
reinforced by allocating part of Investment 1.2 of Component 3 of Mission 1 — “Tourism and Culture
4.0” to the drafting of a strategic plan of national relevance (structured by region), aimed at providing
a comprehensive overview of the implementation of the inclusivity principles established by current
legislation.
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Fig. 05 — The interfaces related to the building scale exemplified in the case study of the
Archaeological Museum of the lItalic Peoples “Amedeo Maiuri”: (a) the scope of investigation

of the entire building, (b) the “Amedeo Maiuri” hall and (c) the individual exhibition.
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Tables
Scale Cod KPI Calculation method Objectives Input data M.U.
Territorial 1 Percentage of active Digital (n. sites with active DT/n. tot. eoe -n. active DT; %
Twins sites) x 100 -n. managed sites
2 Percentage of PEBAs (n. sites with PEBA/ n. tot. . -n. PEBAs approved; %
approved sites) x100 -n. managed sites
Building 3 Distribution of site visits n. visitors/ hour/ day/ week/ L -n. site visits n.
month -timestamp
4 Percentage of visits per floor (n. floor visits/ n. tot. visits) eoe -n. site visits %
x100 -n. floor visits
-timestamp
5 Percentage of visits per room (n. room visits/ n. tot. visits) eoe -n. site visits %
x100 -n. room visits
-timestamp
6 Percentage of visits per (n. artwork visits/ n. tot. eoe -n. site visits %
artwork visits) x100 -n. room visits
-timestamp
7 Room occupancy rate (n. room visits/ max. eee -n. room visits %
capacity) x100 -max. capacity
-timestamp
8 Sub-areas occupancy rate (n. sub-areas visits/ max. coe -n. sub-areas visits %
(artwork) capacity) x100 -max. capacity
-timestamp
9 Average time spent in the site Tot. time spent in the site/ n. L -n. site visits Sec.
site visits -timestamp
10 Average time spent in the Tot. time spent in the room/ L -n. room visits Sec.
rooms n. room visits -timestamp
11 Average time of interactions Tot. time of interaction/ n. L -n. artwork visits Sec.
with the artworks artwork visits -timestamp
12 Percentage of multimedia (n. interactions/ n. tot. visits) L -n. site visits %
device usage x100 -n. interactions
-timestamp
13 Average time of interactions Tot. time of interaction/ n. tot. L -n. interactions Sec.
with multimedia devices interactions -timestamp
14 Rate of change in turnout (Current/ previous turnout) coe -turnout %
x100 -timestamp
15 Device malfunction frequency n. malfunctions/ monitoring 3 -n. malfuntions n.
time -timestamp
16 Percentage of accessibility (n. interactions/ n. tot. visits) eee -n. site visits %
aids usage x100 -n. interactions
-timestamp
17 Average time of interacions Tot. time of interaction/ n. tot. eoe -n. interactions Sec.
with accessibility aids interactions -timestamp
18 Percentage of accessible (n. accessible rooms/ n. tot oo -n. accessible rooms %
rooms rooms) x100 - n. rooms
19 Percentage of accessible (n. accessible artworks/ n. tot oo -n. accessible artworks %
artworks artworks) x100 - n. artworks
20 Percentage of interactive (n. interactive artworks/ n. tot oo -n. interactive artworks %
artworks artworks) x100 - n. artworks
21 Percentage of artworks visited (n. visited artworks/ n. tot. L -n. visited artworks %
per room artworks) x100 -n. artworks
22 Predominant emotion per Max (emotions) o -emotions n.
artwork
23 Average satisfaction level with sum of scores (1-5)/ n. o -scores n.
the visit answers -n. answers
24 Average satisfaction level with sum of scores (1-5)/ n. oo -scores n.
accessibility answers -n. answers
25 Percentage of QR codes (n. uses/ n. tot. site visits) coe -n. uses %
usage x100 -n. site visits

Legend of specific sub-objectives
e Predictive usability  Accessibility to spaces and contents

» User experience

Tab. 01 — Summary of KPIs at various scales. For each, the sub-ojectives they refer to and the input
data required for their calculation are indicated.
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