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Abstract

Ancient stringed instruments from the 17th and 18th centuries are essential for global cultural heritage
but pose preservation and study challenges due to their fragility and rarity. Digital reproductions and
interactive story maps offer new ways to analyse these instruments, providing historical, mechanical,
and acoustic insights while aiding modern luthiers in replication. This paper presents a novel method-
ology and software that integrates 3D models of historical instruments into interactive story maps
using Semantic Web technologies. The system enables users to explore 3D models with embedded
annotations from Sketchfab and supports the creation of formal narratives enriched with geospatial
and multimedia content. Each narrative event is linked to a backend knowledge base (KB) struc-
tured with established ontologies. The tool is open-source and web-based, and allows interoperability
between its story maps and external KBs such as Wikidata and Europeana. It supports multiple
levels of descriptive details, from precise 3D model annotations to broad geographic and temporal
references. An evaluation case study featured 25 participants exploring a story map about a 1737
Antonio Stradivari violin, connected to a KB of 1,716 triples. The results highlight the tool’s usabil-
ity and effectiveness in representing the violin’s spatiotemporal and cultural context, showcasing the
value of combining 3D models and geospatial data to enhance cultural heritage preservation.
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1 Introduction

The preservation of cultural heritage (CH) is
essential for comprehending historical contexts, as
it establishes a tangible link to the traditions,
knowledge, and values of antecedent generations
[1-3]. Concurrently, it contributes to shaping the
future by fostering a sense of identity and conti-
nuity, which is fundamental for the development

of resilient and inclusive societies. The protection
of CH facilitates the bridging of cultural divides,
enhances mutual understanding, and stimulates
innovation through the integration of diverse
human experiences. Specifically, the examination
of ancient CH artefacts yields significant insights
into ancestral lifestyles, production techniques,
and socio-cultural practices while ensuring their



conservation for posterity. Moreover, advance-
ments in technology have enabled increasingly
precise methods for preserving and representing
CH artefacts, thereby improving their documen-
tation, restoration, and replication, particularly
concerning ancient musical instruments [4-7].
Among the most esteemed cultural heritage
artefacts, ancient musical instruments are pre-
served in museum collections globally; however,
they are predominantly no longer played. In con-
trast, stringed instruments such as violins, vio-
las, and cellos continue to be actively performed
in concerts worldwide and are rarely displayed
in museums. Notably, these instruments often
maintain their original acoustic quality and func-
tionality centuries after their construction [8-10].
This phenomenon is particularly evident in violins
crafted by renowned master luthiers from the sev-
enteenth and eighteenth centuries. Contemporary
luthiers frequently encounter challenges in repli-
cating the superior craftsmanship of distinguished
artisans such as Antonio Stradivari and Guarneri
del Gesu. Furthermore, professional musicians
seek high-quality instruments and aspire to per-
form on these historic masterpieces. Consequently,
a comprehensive understanding of the techniques
employed by these master luthiers would provide
significant benefits to both instrument makers and
performers. Additionally, ancient violins and the
music they produce constitute an integral compo-
nent of both tangible and intangible global cul-
tural heritage, offering substantial cultural value
to the broader public when contextualised within
their historical and cultural frameworks [11, 12].
Historical stringed instruments currently
played by musicians in concert settings are
inherently fragile, rendering direct access and
examination challenging. Nonetheless, the inves-
tigation of these instruments can be facilitated
through the creation of a virtual, functional
counterpart known as digital twin. A digital twin
is a three-dimensional (3D) model generated via
3D scanning techniques [13, 14], such as pho-
togrammetry or micro-computed tomography
[15-18], of the physical instrument, enabling
comprehensive analysis of its mechanical and
acoustic characteristics alongside its historical
and cultural significance. A digital twin extends
beyond a mere geometric representation by inte-
grating historical, socio-cultural, and acoustical

data [19, 20]. Typically, it encompasses a phys-
ical model detailing mechanical and acoustic
sound production mechanisms [21-23]. The con-
textual information embedded within includes:
(i) a general contextualisation outlining the
temporal and geographical origins of the instru-
ment; (ii) an account of relevant socio-political
circumstances; and (iii) a detailed contextualisa-
tion concerning individual components as well
as construction and maintenance interventions
performed by luthiers over time. These layers of
contextualisation can effectively be represented
by embedding the three-dimensional model of the
instrument within a digital narrative framework,
supported by a geographical visualisation such
as a map to chronologically and spatially track
narrative events. Such map-based digital narra-
tives, commonly named story maps, are typically
implemented as interactive online maps enriched
with textual content, images, videos, data, and
multimedia elements [24]. The three-dimensional
digital model of a musical instrument may be
augmented through a story map comprising a
sequence of events annotated with spatial coordi-
nates and temporal references, thereby situating
the instrument and its components both geo-
graphically (on the map) and historically (over
time). The events incorporated into the story
map can convey detailed information regard-
ing the materials and distinctive features of the
instrument, as well as the locations and condi-
tions that influenced its artisan’s craftsmanship,
thus facilitating contextualisation from general
to specific levels. Drawing upon Korzybski’s
General Semantics theory [25] and corroborating
studies [26-30], story maps enable a perception
of emotive dimensions beyond those afforded
by a three-dimensional model alone, rendering
them particularly suitable for describing musi-
cal instruments. Furthermore, story maps can
exploit contemporary technological advancements
in knowledge representation to construct open
and interconnected knowledge graphs that link
an individual instrument to related objects and
events [31-35].

This paper introduces a methodology and
accompanying software for the integration of
three-dimensional models of historical musical
instruments into story maps. We enhanced
the Story Map Building and Visualising Tool



(SMBVT) — a platform that uses Semantic Web
technologies to represent spatiotemporal narrative
data [30, 36] — to enable the management of
story map events linked to 3D models and their
constituent components, thereby facilitating the
depiction of their geographic and cultural con-
texts. Consequently, we developed and released
a novel, open-source, and freely accessible tool
designed to construct story maps based on 3D
models of musical instruments as well as cultural
heritage artefacts more broadly.

As a case study, we present a story map
developed for a 1737 violin crafted by Antonio
Stradivari. The story map elucidates the instru-
ment’s historical dimensions, geographic trajec-
tories, temporal progression, and socio-cultural
contexts, while facilitating the exploration of high-
resolution three-dimensional models. Through a
user-test evaluation, we examine the effectiveness
of our tool in representing the instrument’s spa-
tiotemporal and historical-cultural attributes and
enhancing the overall experience of 3D model visu-
alisation, inspection, and navigation. The findings
indicate that our tool holds significant potential
for advancing the comprehension of cultural her-
itage artefacts. Although our story maps do not
constitute digital twins — owing to the absence
of physical or acoustic modeling - they serve as
essential contextual frameworks supporting digital
twin development.

This paper is organised as follows: Section
2 reports about state-of-the-art 3D model inte-
gration with story maps and musical instrument
description through Semantic Web technologies.
Section 3 describes our methodology and software
to accomplish this task. It also describes the case
study and the evaluation methodology. Section 4
reports the evaluation results. Finally, Section 5
comments on the results and concludes.

1.1 Principal research objectives

In the following, we list the principal objectives of
this research:

® Preservation and Representation of Cultural
Heritage (CH): We aim to enhance the study
and preservation of CH artefacts, especially
ancient musical instruments. We provide an
interactive way to explore CH artefacts by inte-
grating 3D models with historical, geographical,
and socio-cultural contexts.

® Development of a 3D Story Mapping Tool:
To reach the previous objective, we propose
an extension of the Story Map Building and
Visualising Tool to integrate 3D models and
spatiotemporal events with digital narratives.

® Knowledge Representation and Interoperabil-
ity: We facilitate open, interconnected access
to information about CH artefacts, leveraging
Semantic Web technologies and a knowledge
representation approach. This allows the struc-
turing and interlinking of historical and contex-
tual information within a knowledge graph.

e User Evaluation and Enhancement of Digital
Interaction: We assess the effectiveness of 3D
story maps in conveying historical and cultural
contexts through a case study describing a 1737
Stradivari violin. We evaluate the quality of the
user interaction with the story map creation
tool and the story’s effectiveness in improving
the understanding of the CH artefact.

2 Related works

This section provides an overview of software that
integrates 3D models into story maps, potentially
utilising knowledge representation technologies.
These approaches have features and capabilities
that can be fairly compared with our solution
to highlight the complementary aspects of our
approach.

In [37], the author proposed enhancing user
engagement with story maps by converting tra-
ditional two-dimensional map components into
dynamic three-dimensional animations. The study
employed machine learning to differentiate picto-
rial maps from other types, subsequently focus-
ing on detecting objects within historical maps
and transforming them into interactive 3D mod-
els designed to guide users through quizzes and
virtual reality experiences.

An investigation into story maps and 3D data
visualisation was conducted and documented in
[38]. This research examined the ability of 3D
visualisation to effectively represent complex spa-
tiotemporal and semantic constructs. By devel-
oping novel 3D prototypes based on Space-Time
Cubes [39], the study demonstrated the efficient
aggregation and presentation of spatiotemporal
datasets, thereby enhancing the understanding of
historical phenomena. Story maps served as tools
for geospatial storytelling, integrating interactive



and multimedia components to create engaging
geographic narratives.

In [40], the authors developed a GIS-based
web application to convey the history, biodiver-
sity, geodiversity, and cultural features of Salamis
Island (Greece) through an interactive story map.
Using photogrammetry, they reconstructed 3D
models of culturally signi cant sites to support the
narrative. Similarly, [41] introduced a story map
that investigated the geomorphology and history
of the Methana Peninsula (Greece), incorporat-
ing 3D representations that enabled interactive
engagement with the peninsula's distinct geologi-
cal characteristics.

ArcGIS StoryMaps is a web-based applica-
tion allowing users to create interactive narratives
using maps and geographic content [42, 43]. Users
can integrate 3D model les into applications like
ArcGIS CityEngine [44, 45] and embed 3D con-
tent via URL or HTML from external repositories.

A limited free version is available, but it restricts
map interaction and theme customisation, as well
as accessibility and external content embedding,
which, however, are crucial for e ective story map
creation.

Cesium Stories is another commercial platform
for creating 3D story maps [46]. It streamlines
the creation of 3D narratives from high-resolution
data and supports web-based streaming. The plat-
form provides a free account with 5 GB of storage
for 3D models and 15 GB for data stream-
ing. Cesium also integrates CesiumJS, an e -
cient open-source library for visualising 3D story
maps [47]. A key limitation of this system is its
reliance on geographic representation, which pre-
vents disabling background map visualisation for
non-geospatial objects.

The Google Maps Platform o ers a digital sto-
rytelling tool enabling users to create story maps
using photorealistic 3D tiles [48]. This tool caters
to (i) journalists for location-based article contex-
tualisation, (ii) travellers for interactive logs, and
(i) educators for immersive experiences. Google
also provides a visualisation service for story
maps, allowing associations with textual informa-
tion and YouTube videos, though it restricts other
multimedia types and multiple images per event.

Matterport is commercial software creating
immersive 3D reproductions of physical spaces
using specialised cameras [49, 50]. It allows adding

information on a 3D model, enhancing the digi-
tal story through model augmentation. Primarily
aimed at real estate visualisation and construc-
tion documentation, this software o ers high-
quality representation and augmentation of phys-
ical spaces but lacks certain interactive capabili-
ties.

Concerning knowledge representation, the
Omeka S web publishing platform o ers a visual
representation of semantically enriched multime-
dia data, designed for cultural heritage collections
[51]. In the context of musical instruments, seman-
tic descriptions have been explored in studies char-
acterizing violin timbers through sound qualities
and instrument components [52], and proposing
taxonomies of musical instruments [53]. Research
has also described diverse contextual dimensions
of instruments, including provenance, usage in
compositions, performing artists, and accompani-
ments [54, 55]. For instance, the Melody platform
enables the embedding of semantic descriptions
for musical instruments, representing them as nar-
ratives [56]. While these approaches have proven
e ective, they are mainly tailored to musical
instruments and speci ¢ aspects of cultural her-
itage preservation, lacking integration of spatial
and three-dimensional representations.

Overall, these tools e ectively ful | their des-
ignated functions; however, they show limitations
in interoperability between narratives generated
within the same software and those from dif-
ferent platforms. We have drawn insights from
these systems to develop a solution with comple-
mentary features: (i) a freely accessible software
and web service for embedding externally sourced
3D models; (ii) support for spatiotemporal, geo-
graphic, and model-based story maps; (iii) the
ability to associate extensive multimedia con-
tent with events; (iv) an expanded ontology for
semantic description of cultural heritage artifacts
and contexts, beyond musical instruments; and
(v) a standard-based knowledge graph integrated
into the backend that connects all stories cre-
ated with the tool, enabling interoperability and
embeddability across knowledge bases.

3 Methods

This section describes (i) the starting point of
our tool for 3D story map building (Section 3.1),
(i) the tool itself (Sections 3.2-3.5), (iii) the



case study (Section 3.6), and (iv) the evaluation
methodology (Sections 3.7 and 3.8).

3.1 Baseline software

The Story Map Building and Visualising Tool
(SMBVT) is a semi-automated system designed
for the construction and visualisation of story
maps via an intuitive web interface, underpinned
by Semantic Web technologies [30]. This tool sys-
tematically organises the knowledge that forms
the narrative through a formal representation
grounded in the Narrative Ontology (NOnt) [57{
59], a vocabulary based on CIDOC CRM specif-
ically developed to represent narratives. SMBVT
is open-source software providing a freely accessi-
ble web service for creating story maps to describe
territories beyond conventional cartographic rep-
resentations [30, 60]. Within this framework, a
story is conceptualised as a sequence of events,
each annotated with spatial and temporal meta-
data and visualised on a geographic map. Fur-
thermore, each event is augmented with textual
descriptions, hyperlinks, images, and videos dis-
played upon selection. The narrative can be repre-
sented either temporally as a timeline to elucidate
the plot or spatially as a map to illustrate its
geographical progression. User interaction with
events is facilitated through sequential scrolling
along the temporal axis or by directly selecting
corresponding reference markers on the map.

Each event is linked to a set of entities that
constitute its essential components, such as loca-
tions, individuals, and organisations. These enti-
ties are derived from the Wikidata knowledge
base [61] to guarantee the use of standardised
vocabulary and concepts. The SMBVT backend
populates the NOnt by generating a knowledge
base (KB) comprising entities extracted from the
events. Given that events may share entities with
other narratives created by SMBVT, events and
stories are inherently interconnected within the
KB. Furthermore, individual stories can be linked
to external KB resources, including those avail-
able in the extensive Europeana cultural heritage
digital library [62{64].

SMBVT was deemed an appropriate foun-
dational software to develop a 3D story map-
building tool due to its provision of essential
intra- and inter-connection capabilities. Moreover,
it had openness features that aligned with our

requirements. These attributes rendered it com-
plementary to the alternative systems discussed
in Section 2. Further elaboration on SMBVT is

provided in [30] and Section 3.2.

To embed 3D models and additional geo-
graphic features in the SMBVT narratives, we
extended it by introducing new functionalities,
summarised as follows:

1. We added the possibility to integrate 3D model
navigation, annotations, and user interaction
from an external online model visualisation
platform [65];

2. We enabled the SMBVT story creation inter-
face to manage 3D scenes, geospatialised
geometries, and non-geospatial background
images;

3. We introduced new types of events (3D mod-
els, map-based events, and general descrip-
tive events), while allowing the creation of
sequences of mixed event types within the same
story.

4. We enabled the import of overlaying points,
polygons, and geometries to de ne event loca-
tions on a map.

By supporting the creation of diverse event
types, our system facilitates the construction of
narratives in which each event is associated with a
detailed and contextually appropriate spatiotem-
poral description. This methodological framework
allows content creators to enhance 3D models
by integrating general contextual information and
model-speci ¢ details through event-related infor-
mation and targeted annotations. For example,
an event may describe the restoration of a par-
ticular component of a violin, indicated precisely
on the 3D model via a localised annotation, and
subsequently linked to a geographical reference on
a global map identifying the location where the
repair took place.

3.2 The 3D Story Map Building
and Visualising Tool

The SMBVT provides a graphical interface that
facilitates the creation of narratives by users.
The story creation process initiates when the
user inputs a title that encapsulates the cen-
tral theme of the story. Subsequently, the system
automatically associates this title with a relevant
Wikipedia entity, referred to as the subject entity,



and presents it to the user for con rmation. Fol-
lowing this step, the tool employs Wikipedia's
ocial APIs and SPARQL Query Service [66,
67] to retrieve all pages that are directly linked
to the subject entity, alongside pertinent infor-
mation regarding associated entities, including
their names, descriptions, and images. Utilising a
knowledge representation approach, the tool also
acquires the Internationalized Resource ldenti-
ers (IRIs) for the extracted entities. Furthermore,
users are empowered to de ne new entities by pro-
viding their names, descriptions, IRIs, and NOnt
classes.

We extended SMBVT to integrate and con-
textualise 3D models and geospatial geometries
within semantic narratives. In particular, we intro-
duced the capability to create three distinct types
of narrative events within a single story (Fig. 1-a):
3D-type events, Map-type events, and Slide-type
events.

3D-type events involve three-dimensional
models, enabling users to navigate and interact
with the models hosted on Sketchfab [65], a widely
employed online platform for displaying and shar-
ing 3D models within virtual environments. This
platform supports models equipped with mate-
rials, lighting, and scalable elements, accessible
across mobile, desktop, and virtual/augmented
reality devices. Sketchfab facilitates the incor-
poration of point-specic annotations on the
model's surface, each linked to a unique identi-
er and accompanied by explanatory text. For
our research, we have integrated the Sketchfab
scene visualisation within the SMBVT interface.
This integration prevents users from exiting the
story visualisation when a 3D scene is displayed.
When users create a 3D-type event, they are
required to complete a series of elds common
to all event types (Fig. 1-b), including: (i) the
event title, (ii) a textual description, (iii) the
start and end dates, which denote a reference
time frame with granularity ranging from sec-
onds to years, (iv) associated Wikidata entities
drawn from a continuously updated list generated
by the SMBVT at story creation, (v) the pri-
mary sources for the textual description, and (vi)
related digital objects (such as web pages, audio
les, and entities from external KBs) and media
objects (including multiple images and videos to
be displayed within the narrative). Furthermore,

3D-type events necessitate additional con gura-
tion elds for model scene visualisation, speci -
cally the Sketchfab unique model identi er and
the Sketchfab annotation identi er. These elds
inform the SMBVT of the specic model to be
embedded and the annotation on which the visu-
alisation should concentrate. This methodology
also enables model navigation through the anno-
tations within a story (Section 3.3). Moreover, it
enhances the information associated with the indi-
vidual model annotations through supplementary
elds and semantic information.

Map-type events are events tied to spe-
ci ¢ geographic locations indicated on a map. The
creation of a map-type event necessitates the com-
pletion of the common elds required for other
event types, from the event title to the associated
digital objects. Additionally, it introduces a dedi-
cated location eld, wherein users are required to
input geometry in the Well-Known Text (WKT)
format, as speci ed by the Open Geospatial Con-
sortium [68]. The geometry must conform to the
WGSB84/EPSG:4326 reference system. To facili-
tate this process, a user-friendly widget is avail-
able, which can be activated via a side button.
This tool enables users to either select a point on
a global map or delineate a polygon. The widget
subsequently converts the drawn geometry into a
WKT string. The chosen geometry is then visually
represented and zoomed on, providing a refer-
ence location or area associated with the event,
e ectively overlaid on a background world map
(Section 3.3).

Slide-type events are inherited from the pre-
vious version of the SMBVT. These events are not
associated with 3D models or maps; rather, they
serve to enhance the overall narrative context and
content. Slide-type events ask the creator-users to
Il'in the common elds of all events to de ne the
time and semantic frame of the event. Addition-
ally, they require users to specify a background
image as a visual reference for the event. This
image should be distinct from those indicated in
the multimedia-objects eld, which will appear in
the side description text (Section 3.3). The back-
ground image may be uploaded directly via an
import form or supplied through an external URL.

The software architecture of the newly devel-
oped 3D Story Map Building and Visualising Tool
is depicted in Figure 2. The tool is implemented
as an open-source Java application running on a



Tomcat service [69]. Its web interface interacts
with back-end services to store narrative infor-
mation, generate semantic representations, and
create story map visualisations. Narratives and
their associated events are represented internally
using a JSON [70] schema aligned with the Narra-
tive Ontology. The entities involved in a narrative
are extracted from Wikipedia and Wikidata dur-
ing the story creation process. These entities,
along with the narrative data, are stored in a Post-
greSQL database [71]. All event-related data (e.qg.,
textual data, links to audio, videos, and 3D mod-
els) entered via the tool interface are also saved
in the database. The tool retrieves the JSON rep-
resentation of the story from the database. Then,
using a Java-implemented tripli er [72], the tool
converts the JSON representation of the story into
a Web Ontology Language (OWL) graph [73] com-
pliant with the NOnt, and stores it in an Apache
Jena Fuseki SPARQL server [74]. The conver-
sion pipeline is inherited from the SMBVT and
is described in the related paper [30]. Finally, the
tool generates a public URL where the resulting
story map can be visualised. If links to 3D models
are included in the story, the tool uses the Sketch-
fab Viewer API [75] to embed the Sketchfab model
visualisation in the story map.

Our software architecture inherits the separa-
tion between the narrative authoring environment
and the semantic KB from the SMBVT. During
narrative creation, curators only interact - behind
the scenes - with structured tabular and JSON-
based representations of entities and events, which
support rapid editing, incremental re nement, and
usability for non-expert users. The semantic KB is
instead conceived as a publication-level artefact,
generated once the narrative reaches a coherent
state and intended for interoperability, long-term
preservation, and semantic querying. This delayed
semantic binding allows the system to align narra-
tive content with the domain ontology and exter-
nal knowledge bases at publication time, while
avoiding early and potentially rigid semantic com-
mitments during authoring. Previous deployments
of SMBVT [24, 29, 76] have demonstrated that
this design supports the medium-term extension
of narratives through iterative publication cycles,
semantic merging of newly generated graphs, and
ontology evolution, while balancing curator usabil-
ity, software maintainability, and the robustness

and extensibility required for complex narrative
pathways.

The next section explains how our new ver-
sion of the SMBVT manages the visualisation of
a sequence of multi-type events within one story.

3.3 Visualising mixed event types in
a story map

We enhanced the SMBVT story-visualisation lay-
out to accommodate the management of sequences
of multiple and diverse event types. The revised
layout employs a vertical format for story maps,
facilitating navigation through narrative events,
in contrast to the prior horizontal con guration,
which was predominantly oriented to timeline
visualisation. We determined that this vertical lay-
out was more user-friendly and intuitive for man-
aging heterogeneous event sequences, particularly
in contexts involving 3D scenes. Such a design bet-
ter aligns with conceptual event sequences rather
than strictly temporal ones, thereby enabling a
more uid perception of the visualisation as it
transitions between di erent 3D annotations.
During the navigation of stories, the visualisa-
tion dynamically adapts according to the selected
event type. In the case of 3D-type events, a 3D
model is prominently positioned at the centre of
the screen. Accompanying descriptions, multime-
dia elements, and Wikidata entities are systemati-
cally arranged on the left-hand side (Fig. 3-a). The
3D model is fully interactive due to the seamless
integration of the Sketchfab scene, which empow-
ers users to rotate, resize, and zoom in or out
using mouse controls for a comprehensive explo-
ration from various perspectives. When a specic
annotation is identi ed within the event form, the
viewer's focus is automatically directed towards
the pertinent section of the 3D model. Further-
more, the annotation and associated textual infor-
mation are displayed within the 3D scene, thereby
enriching the contextual information provided in
the left-hand panel. This integration augments
the Sketchfab 3D scene and annotations with
additional contextual text, images, references,
and semantic annotations (Wikidata/user-de ned
entities). Entity correspondence within the KB
facilitates the interconnection of stories and the
linking to other KBs that include similar objects.



In Map-type events, a geographic map occupies
the right side of the screen, while textual descrip-
tions and related digital or multimedia objects are
presented on the left side (Fig. 3-b). The map
highlights the event location by overlaying either
a pin or a polygon, as speci ed in the event form.
These locations are enriched by semantic anno-
tations that facilitate connections to other narra-
tives, KBs, and other event types. For instance,
this framework enables a direct linkage between a
narrative concerning a Stradivari violin produced
in Cremona (ltaly) and another narrative (possi-
bly in Europeana) regarding Northern lItaly that
also references Cremona.

In Slide-type events, the background image
is intentionally darkened to enhance the read-
ability of the overlaid text (Fig. 3-c). Textual
descriptions, alongside additional images and mul-
timedia content, may be displayed either centrally
or on the left side of the screen, depending on
the creator-user's selection within the event form.
This event type corresponds to a reference image
that is augmented with textual, multimedia, and
semantic information, thereby establishing con-
nections to other narratives and KBs.

We implemented the interfaces for three events
utilising the StoryMapJS open-source library [77],
which facilitated the representation of narrative
data in a slide-based format. The original ver-
sion of this library was limited to the display of
slides featuring geographic maps exclusively. Con-
sequently, we extended the functionality of the
library to accommodate all event types, enabling
the system to (i) manage temporal indicators,
(ii) showcase multimedia elements associated with
each event, (iii) seamlessly integrate Sketchfab
scenes, and (iv) handle events lacking geographic
information. We substituted the previous SMBVT
visualisation module with this new visualisation
module. Furthermore, we expanded the SMBVT
story-building interface to incorporate the new
event types and execute the new visualisation
module. Subsequently, we included these exten-
sions within an updated SMBVT software released
as a new open-source solution (Supplementary
Material). Additionally, we provide a dedicated,
free-to-use service instance designed for construct-
ing and publishing story maps through this tool
(Supplementary Material).

3.4 Ontology extension

Reusing the SMBVT provided us with the
advantage of inheriting its knowledge manage-
ment technology. The baseline ontology (NOnt)
already supported the description of spatiotem-
poral events interconnected by semantic relations.
We extended NOnt to incorporate concepts cor-
responding to 3D models and their annotations,
which were not natively supported by the pre-
vious version of the ontology. Specically, we
integrated appropriate classes and properties from
reference vocabularies such as the CIDOC CRM
[78] and RDF [79]. In particular, we reused
the CIDOC CRM E36 \Visual Item" class to
represent pairs of 3D models and model anno-
tations. This class encapsulates the intellectual
and conceptual dimensions of signs, images, or
other visual works, independent of their physical
medium.

Furthermore, we extended the SMBVT to gen-
erate a unique IRI for each 3D model. We also
enabled the generation of an IRI for each 3D
model-annotation pair by concatenating the anno-
tation number to the base 3D model IRI. We
reused the RDF [80] \label" property to asso-
ciate each instance of the \Visual Item" with
a human-readable label. To denote the relation-
ship between a 3D model and its annotations, we
reused the CIDOC CRM \is composed of" prop-
erty. Moreover, we reused the CIDOC CRM P67
\refers to" property to connect the 3D models
and their annotations to a narrative event. Events
were already represented by the CIDOC CRM E5
\Event" class in NOnt. We de ned a new prop-
erty, \hasDescription", within NOnt to attach an
overall textual description to a 3D-type event. We
described multimedia data (images, videos, audio
les, and other digital objects) associated with a
3D-type event by reusing the CIDOC CRM E73
\Information Object" class and linked them to the
event through the P67 \refers to" property.

The SMBVT already pre-categorises the enti-
ties involved in the event | corresponding to
those available in Wikidata or de ned by the
user | as actors, places, objects, and immate-
rial items. It represents these entities through the
CIDOC CRM classes E39 \Actor", E53 \Place",
E19 \Physical Object", and E89 \Propositional
Object", respectively. When these correspond to



Wikidata entities, the KB uses the \hasWiki-
dataEntity" NOnt property to connect the cor-
responding Wikidata IRI to the entity. One new
version of SMBV inherited these features.

Upon the publication of a narrative via a ded-
icated publication button, the SMBVT automat-
ically generates an OWL graph of the knowledge
encapsulated in the created narrative. This graph
is compliant with the NOnt and guarantees adher-
ence to the Linked Open Data paradigm. The
OWL graph is automatically stored in a Fuseki
triplestore [81], which serves as the system's back-
end KB and provides a SPARQL endpoint [82,
83] for executing semantic queries. We modi ed
the publication process to incorporate the newly
added event types, classes, and properties, thereby
populating the KB with the updated version of
the NOnt that included the classes and properties
explained above.

3.5 Theoretical and practical
implications of our research

The added value of our approach, emerging from
the previous sections, can be summarised as fol-
lows:

1. We allow users to build a story map as a
sequence of heterogeneous events involving 3D-
model-associated events, geospatial events, and
generic multimedia events. The stories support
di erent granularity levels for each event: spa-
tial (from one point to a large area), temporal
(from a speci c instant to an entire year), 3D
(from one point annotated on the model mesh
to an entire scene), abstract (from small images
accompanying an event to an overall conceptual
image).

2. A KB that extends the CIDOC CRM-based
NOnt ontology is used as the backend service
to augment each event with semantic informa-
tion. This allows each event to be automati-
cally connected with other reference KBs such
as Wikidata and Europeana, independently of
the event type. The connection with Wiki-
data further augments the properties and the
descriptions associated with the event through
additional data from international communities
and Wikipedia. The connection with Euro-
peana, one of the largest CH digital libraries in
Europe, allows a user to connect a story (down

to a single event) to a larger cultural and touris-
tic context. This aspect is particularly crucial
to advertise small territories internationally.

3. The semantic annotations establish a robust
connection between diverse event types. For
instance, the 3D reproduction of a musical
instrument is automatically associated with
the event indicating its place of manufacture,
as both share the same location entity. Fur-
thermore, the KB ensures that these events
are interconnected with all other stories and
events created with our tool that reference
the same entities. This KB simplies the
retrieval of these interconnections through a
single SPARQL query, as demonstrated in [24].
By building upon the SMBVT, we enhance
interoperability between heterogeneous events
and stories, as well as across di erent narra-
tives. This characteristic is distinctive within
the realm of story map creation.

4. We released our tool as open-source, free-to-use
software, usable without limitations through
an open web interface (Supplementary Mate-
rial). Given the limitations of the tools reported
in Section 2, this is another distinguishable
feature of our approach.

Overall, the points above indicate that our
proposal is novel in the current scenario of story
map-building.

3.6 Case Study

To evaluate our tool, we used data provided by \Il
Poggio Montecastelli" [84], a Cultural Association
located in Montecastelli Pisano, a small medieval
village in the heart of Tuscany, Italy. Il Poggio
organises events focusing on science and music,
hosts scientic experiments in psycho-acoustics
[85], and incorporates a violin-making workshop.
In this workshop, ancient musical instruments are
scanned, reproduced as 3D digital models, and
subsequently crafted into physical replicas for use
in public concerts. This Association serves as an
international hub, attracting professional artists
worldwide and hosts musicians who specialise in
diverse ancient instruments.

The Association formally agreed to share their
precious and unique 3D scan collection as part of
a non-pro t research initiative titled \ViolTwin".
The initiative's objectives were threefold: (i) to
assess the feasibility of narrating a story centred



around the 3D reproduction of a musical instru-
ment, (ii) to develop a product bene cial for both

the general public (providing insight into the his-
tory, locales, and attributes of the instrument) and
luthiers (enhancing their understanding of crafts-
manship), and (iii) to connect the collection, the
Montecastelli village, and the Association to a
broader European context.

In this paper, we present a comprehensive eval-
uation of a story map constructed around a violin
crafted by Antonio Stradivari in 1737, which is
part of the Association's collection (Fig. 3-a). This
violin represents one of the last instruments pro-
duced by Stradivari, who was 93 years old at
the time of its construction. It is probable that
his sons, Francesco and Omobono, assisted him
due to his advanced age. Nonetheless, Stradi-
vari's original signature remains visible inside
the instrument's soundbox: Antonius Stradivarius
Cremonensis / Faciebat Anno 1737. The physi-
cal violin is currently housed at the Staatskapelle
Dresden, one of the oldest orchestras globally,
established in 1548, and has also been performed
in Montecastelli Pisano. The Association's inter-
est in reproducing this violin was motivated by the
opportunity to understand, through reproduction,

a violin with a distinctive sound that has endured
over the centuries, while also establishing a refer-
ence that may bene t future luthiers. This violin
has a rich history, marked by multiple incidents;
it sustained signi cant damage in two separate
events | once in 1800 and again in 1910 | when
two individuals accidentally sat on it. However, it
has consistently been fully repaired and restored
to a playable condition.

The Association provided two high-resolution
3D models in OBJ format: one was created using
a high-resolution structured-light scanner that
focused on the violin's external and internal struc-
ture, while the other was produced with a lower-
resolution photogrammetric scanner that recon-
structed the model's mesh and texture. Addition-
ally, the Association shared four reference images
and a video related to this instrument. To supple-
ment the information found in o cial documents
and multimedia references, we interviewed master
luthier Philipp Bonhoe er from the Association,
who provided insights into signi cant historical
developments as well as the phases of instrument
building, maintenance, and restoration. Based on
his expertise, the master luthier also identi ed and
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suggested the speci ¢ structural components and
areas of the instrument to be annotated and high-
lighted within the 3D models. The information
provided by the master drew on multiple comple-
mentary sources: (i) his direct knowledge gained
through discussions with the current and previous
owners of the instrument, (ii) specialised techni-
cal literature consulted during the reconstruction
of a faithful copy of the violin, and (iii) authori-
tative reference works on the history of the violin
and on Antonio Stradivari's production. We cre-
ated four audio les in MP3 format from this
interview to enrich the narrative events of the
story. The 3D models were imported into two
Sketchfab scenes, where lighting, materials, scale,
and both external and internal annotations were
con gured in accordance with the luthier's rec-
ommendations (Supplementary Material). Despite
this careful curation process, a degree of uncer-
tainty inevitably remains regarding certain histor-
ical aspects of the instrument, as no single direct
and fully authoritative source exists for its com-
plete history. This uncertainty was therefore an
intrinsic characteristic of the narrative.

Based on these data, we constructed a story
map (available in English and Italian; Supple-
mentary Material) that detailed key historical
milestones and the geographic locations associ-
ated with the violin's construction, performance,
and repairs over the centuries, while also eluci-
dating its connection to the Montecastelli village.
The story map encapsulated (i) the history of
the violin, (ii) the cultural, temporal, and spa-
tial context in which it was created and remains
in use, and (iii) an overview of its components,
enriched with relevant textual and multimedia
annotations supplemented by the audio excerpts
from the interview.

The story map comprised a total of 11 events,
of which eight featured 3D models. The rst story
event was a Map-type event introducing mas-
ter Stradivari, with a reference polygon over the
city of Cremona (Fig. 3-b). This event included
several entities linked to Wikidata entries relat-
ing to the artists and locations mentioned in
the accompanying text, such as Niccob Paganini,
Giovanni Battista Viotti, Antonio Stradivari, Cre-
mona, France, and the United Kingdom. The
subsequent event was a Slide-type event that
introduced the violin, along with a Wikidata refer-
ence to the Dresden Staatskapelle, which currently



houses it, as well as a video depicting a perfor-
mance featuring the violin in the chapel (Fig. 4-a).
Events 3 through 10 were 3D-type events, which
included an overview of the violin (Fig. 3-a) and
explanations of its distinctive components (Fig.
4-b). The text incorporated insights provided by
master Bonhoe er, who elucidated the individ-
ual parts and associated facts, complemented by
multimedia links to listen to the luthier's com-
mentary. Wikidata entities associated with each
event represented key concepts mentioned in the
descriptions. The story alternated between the
textured model and the structural scan, maintain-
ing the same pose to create the impression of a
sudden transition from a textured to a structural
perspective. This alternation allowed visitors to
engage interactively with the two models, address-
ing both general stakeholders (who might navigate
the events following the proposed narrative) and
luthiers (who may wish to examine details of the
instrument). Collectively, the events provided all
visitors with comprehensive insights into the com-
ponents of the violin, including the scroll, the
f-holes, the sound post, and even Stradivari's sig-
nature located within the internal portion of the
sound box (Fig. 4-b). The story concluded with a
Slide-type event that described the violin-making
workshop in Montecastelli Pisano and its connec-
tion to the original and replicated violins (Fig.
3-c).

The evaluation was structured into two dis-
tinct phases addressing di erent research objec-
tives based on the presented case study. The rst
phase (story map creation, Section 3.7) focused
on the usability and technical e ectiveness of the
story creation environment and involved evalua-
tors with academic, technical backgrounds. The
second phase (story map visualisation) evalu-
ated narrative visualisation and exploration and
included participants with varying degrees of
domain expertise, including instrument makers,
musicologists, and users with knowledge of ancient
music. This distinction re ected the di erent com-
petencies required to assess authoring work ows
versus narrative consumption and interpretation.

3.7 Evaluating the story map
creation

The evaluation presented in this section aimed to
assess the usability of the case study story map
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and its e ectiveness in ful lling the objectives of
the ViolTwin initiative.

As the initial evaluation phase, we focused on
the user interaction experience with the story map
creation tool. Speci cally, we assessed the chal-
lenges encountered and feedback provided by non-
expert users when building a story map related to
a speci ed topic. The insights gathered were cru-
cial in identifying areas for enhancement in the
interface design.

Five doctoral students from the University
of Pisa (Italy) were recruited to construct story
maps incorporating the three types of events delin-
eated in the preceding sections. These candidates
possessed diverse academic backgrounds, from
Computer Science to Digital Humanities. Speci -
cally, two hold degrees in Digital Humanities, one
in Computer Engineering, and two in Cultural
Heritage. Such varied academic proles repre-
sent potential user groups, including humanities
scholars, museum practitioners, cultural heritage
specialists, and engineers focused on applications
within cultural heritage.

We identi ed four primary tasks that each
student needed to complete:

1. Creating a 3D-type event in which the sound
post of the violin (an internal component of the
instrument) was shown;

2. Creating a presentation about Antonio Stradi-
vari through a Map-type event;

3. Creating a Slide-type event that showcased the
Montecastelli violin workshop;

4. Publishing a comprehensive story map that
incorporated the aforementioned events.

The tasks were designed to be concise and spe-
ci ¢ to enhance the granularity of the evaluation.
The rationale behind the task de nitions was to
encourage users to recreate pivotal events in the
history of the 1737 Stradivari violin central to the
case study. We communicated this rationale to
the students to elucidate the purpose behind their
actions, fostering more authentic and insightful
interactions. Notably, all students had undergone
pre-training on utilising the tool. Furthermore,
they were provided with comprehensive texts and
URLSs for populating the entity forms.

Five subtasks were associated with the four
main tasks:



1. The event creation tasks necessitated that users
added event titles, textual descriptions, and rel-
evant Wikidata entities (selected from those
suggested by the tool);

2. For the 3D-type event, users were required to
input the Sketchfab identi er of the 3D scene
representing the Stradivari violin;

3. For the Map-type event, users had to incor-
porate an image through an external URL
and delineate a polygon around Stradivari's
birthplace in Cremona;

4. For the Slide-type event, users were to insert
a relevant background image via an exter-
nal URL and include the web site \Il Poggio
Montecastelli" as a digital object;

5. During the publication step, users were tasked
with previewing the story map and using the
designated buttons to create and publish the
associated KB.

After the story creation sessions, we system-
atically collected data regarding user interactions
throughout the principal tasks and subtasks. We
evaluated the following performance metrics: (i)
the percentage of subtasks completed correctly,
(ii) the time taken to nalise each subtask, and
(i) the percentage of errors committed during
subtask execution. Based on our observations of
the users' ease of interaction with the interface,
and given that users were equipped with the
necessary materials to full the entry forms, we
classied a subtask as failed if not completed
within one minute, and as successfully completed
otherwise.

3.8 Evaluating the story map
visualisation

As the second evaluation step, we concentrated on
the user interaction experience with the case study
story map. In this instance, the users were not
story creators and represented a heterogeneous
group, which included expert instrument makers
as well as individuals with varying levels of interest
in the subject matter.

To simulate this diversity, we invited a cohort
of 20 participants spanning dierent ages and
competencies to interact with the story. The par-
ticipants included computer scientists and human-
ists, all with varying degrees of interest in violin
making and chamber music; speci cally, 55% were
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aged 18{30 years, 35% were aged 31{50 years,
and 10% were aged 51{65 years. The majority
of participants possessed a background in Digi-
tal Humanities (45%) or Computer Science (35%),
while a smaller proportion had backgrounds in
Humanities (10%) or other elds (10%). Further-
more, 15% identied as instrument makers or
chamber music enthusiasts. A signi cant major-
ity (90%) accessed the story map via a computer,
whereas 10% used smartphones.

Participants interacted with the Stradivari vio-
lin story map and subsequently completed an
anonymous survey created using Google Forms
to collect feedback on speci ¢ evaluation aspects.
The survey began by gathering general informa-
tion from participants, including age, educational
background, and device usage. Additionally, it
inquired whether participants were instrument
makers and their level of interest in chamber
music. This question aimed to identify respon-
dents with specialised knowledge or interest in the
subject, given that their insights could provide
deeper and more valuable feedback regarding the
visualisation's e ectiveness.

Following this part, the form collected quan-
titative data regarding the quality of interaction
with the story map by requesting participants to
rate various aspects on a scale from 1 to 5: (i) The
initial question evaluated the overall usability of
the story map, speci cally whether navigating and
visualising the events within the map was intu-
itive or convoluted. Subsequently, three questions
focused on 3D model interaction, whereby partici-
pants were asked to rate (ii) the ease of interaction
with the 3D model, (iii) the usefulness of navi-
gating across model annotations to enhance story
comprehension, and (iv) the e ectiveness of the
3D models in improving knowledge about the vio-
lin. The survey then progressed to evaluate other
event types by requesting ratings on (v) the useful-
ness of background images (in Slide-type events)
to aid in event-content understanding, and (vi) the
usefulness of displaying a polygon on a geographic
map (in the Map-type event) to add geospatial
context to an event. Lastly, the survey allowed
users to submit a free-text response to justify their
ratings.

The overall numeric assessments from the six
evaluation assets served to assess the quality of
the user experience, and consequently, the e ec-
tiveness of our story map-building approach in



illustrating the historical context of the violin. The
free-text responses were subsequently analysed
to elucidate possible reasons for any weaknesses
identi ed.

4 Results
4.1 Knowledge Base

The knowledge base associated with the case
study comprised a total of 1716 triples. For the
present evaluation, we focus on the KB corre-
sponding to a 3D-event type representing the
\Scroll" component of the violin in our case
study (Fig. 5). This graph was derived from an
event form compiled via the story map building
interface, wherein the event creator specied a
title, a description, one related Wikipedia entity
(speci cally, \Violin"), an associated audio con-
tent, in addition to a corresponding 3D model and
annotation sourced from Sketchfab (\Scroll).

The knowledge graph was formally consistent
and interoperable with other knowledge bases due
to its reuse of publicly available reference ontolog-
ical classes and properties. Moreover, we veri ed
that it was publicly accessible. This characteristic
ensured compliance with the Linked Open Data
paradigm and fostered interoperability with large
knowledge networks [86].

Within the graph, the \Stradivarius 3D
model”, represented as a \Visual Item", was linked
to its annotation (\The Scroll", another \Visual
ltem™) via the P106 property \is composed of".
The model and the annotation were connected
to a narrative \Event" through the P67 property
\refers to". This same event was further linked
to a textual description of the \Scroll* anno-
tation using the \hasDescription" property. An
MP3 audio le featuring master luthier Bonho-
e er elucidating details about the \Scroll" was
represented as an E73 \Information Object" and
connected to the event through the P67 property.
The Wikidata entity was represented as an E19
\Physical Object" and linked to the event via the
\hasWikidataEntity" property.

4.2 Story map creation

Evaluating the user interaction experience with
the story map creation tool underscored its gen-
erally good usability (Table 1). All participants
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completed the macro tasks successfully, achiev-
ing a 100% completion rate. All subtasks were
executed correctly except for two subtasks: The
subtask about \adding an image using an exter-
nal link" was accurately performed by only 2
out of 5 users. The predominant error identi-
ed was that users instinctively opted to use the
button for image upload (after downloading the
image) rather than directly copying and pasting
the external URL link.

The subtask about \adding the Il Poggio Mon-
tecastelli web site as a digital object" proved to
be more critical, with only 1 out of 5 users execut-
ing it correctly. The main error observed was that
most users failed to press the con rmation but-
ton necessary to accept the insertion of the digital
object.

Errors were due to the fact that users took
more than one minute to complete the tasks.
However, these errors did not impede the overall
completion of the macro tasks, as all users were
able to autonomously correct their mistakes after
a few attempts.

In summary, this evaluation illustrates that the
tasks were largely immediate and intuitive, given
that only 2 out of 16 subtasks (12.5%) exhibited
errors. Furthermore, the nature of these errors
provides clear direction for future interventions to
enhance the usability of our tool.

4.3 Story map visualisation

The story map visualization assessment, con-
ducted over the six evaluation assets delineated in
Section 3.8, highlighted strengths and weaknesses
of our story map visualisation (Fig. 6).

Regarding the overall usability of the story
map (Fig. 6-a), 55% (11 out of 20 participants)
assigned the maximum rating of 5, 35% (7 users)
assigned a very high rating of 4, and 10% (2
users) assigned a medium rating of 3. Notably, no
participants assigned lower ratings, indicating a
generally positive perception of the story map's
intuitiveness and ease of navigation through the
events.

Regarding the ease of interaction with the 3D
models (Fig. 6-b), 50% (10 users) assigned a 5-
rating, 35% (7 users) assigned a 4-rating, 10% (2
users) assigned a 3-rating, and 1 user assignhed
a 2-rating. Although most users rated the inter-
action highly, nding it su ciently intuitive, one



participant expressed confusion due to the abil-
ity to orbit around the model, which could lead
to a distraction from the main subject of the
annotation.

Regarding the usefulness of navigating across
the 3D model annotations to enhance story com-
prehension (Fig. 6-c), 65% (13 users) assigned a
rating of 5, while 15% (3 users) assigned a rating of
4, another 15% (3 users) a rating of 3, and 1 user a
rating of 2. The single dissenting participant pre-
ferred a more static focus on each annotation and
judged the 3D visualisation marginally superior to
a static image.

Regarding the usefulness of the 3D models for
enhancing the understanding of the Stradivari vio-
lin (Fig. 6-d), 70% (14 users) assigned a rating of
5, 20% assigned a rating of 4, and 10% a rating of
3. These ndings indicate that the 3D visualisa-
tions were overwhelmingly recognised as providing
an advantage over static images in comprehending
the instrument.

Regarding the usefulness of background images
to support content understanding (Fig. 6-e), 45%
(9 users) assigned a rating of 5, 40% (8 users)
assigned a rating of 4, while 3 users assigned rat-
ings of 3, 2, and 1, respectively. This scenario
re ects a consensus on the utility of background
images, although some users expressed a prefer-
ence for the quality and impact of 3D models.

Finally, concerning the usefulness of the poly-
gon overlayed on the geographic map for geospa-
tial contextualisation (Fig. 6-f), 75% (15 users)
assigned a rating of 5, 15% (3 users) assigned a rat-
ing of 4, and 10% (2 users) assigned a rating of 3.
Thus, the geographical information was acknowl-
edged as an added value, yielding a high consensus
among participants.

As for the free-text responses, most partici-
pants emphasised that the opportunity to explore
the models in detail enriched their learning expe-
rience. Some users suggested the inclusion of addi-
tional annotations on the 3D models to provide
supplementary context and information. Further-
more, participants generally found the background
images bene cial in supporting the understanding
of the event content; however, some recommended
enhancing the contrast between the text and back-
ground images or adjusting text placement to
improve readability. All participants highlighted
the utility of visualising the contextual polygon on
the geographic map, noting that it complemented
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the narrative and bolstered their spatial under-
standing. Additionally, several users advocated
for incorporating multiple geometries, points, and
polygons within the events.

5 Discussion and conclusion

Our results demonstrate that users generally
appreciated the added value of 3D models and
geospatial information in the case-study story
map. This indicates that integrating such informa-
tion into narratives improved the accessibility and
interpretability of static visuals, providing more
immersive experiences and enhancing user engage-
ment, consistent with ndings from other studies
[87, 88]. The narrative presented as a case study
enriched the traditional story map by bridging the
gap between 3D representations, the spatiotempo-
ral unfolding of the narrative, the broader context,
and human perception. Compared to alternative
methods, we have shown that our approach could
e ectively manage 3D model inspection, map visu-
alisation, and traditional events to establish a
novel type of story map. Using a KB as the back-
end, based on widely used ontologies, was a further
distinguishing feature. This KB facilitated the
connection of heterogeneous events in our stories
to broader contexts, which may be advantageous
for cultural and touristic applications.

In summary, the story map presented (i)
allowed users to appreciate the details of a rare
ancient instrument, (i) o ered auditory experi-
ences through audio-video samples, (iii) enabled
the inspection of the violin components at varied
levels of competency (from overviews to struc-
tural details), and (iv) improved the understand-
ing of the instrument's spatiotemporal pathways
and cultural context. While this experience can-
not replace direct, live interaction and audi-
tory engagement, it provided a more comprehen-
sive experience than traditional indirect methods
(e.g., through technical sheets and static image
sequences).

Another signi cant point is that the back-
end KB allows for the interconnection of di erent
narratives created by various authors, potentially
leading to the discovery of new relationships
among events and objects [29, 30]. This aspect
holds substantial potential for uncovering rela-
tionships over time and across geographies among
the life histories of di erent instruments. Finally,



releasing our tool as an open-source and freely
accessible web service empowers users to overcome
the limitations of commercial software. This is
particularly advantageous for public research and
non-pro t organisations.

Despite the positive usability feedback from
the creators and visualisers of our story map,
several areas for improvement were identied.
These aspects will be the focus of our future
enhancements and form general best practices for
developing subsequent narratives. Regarding story
creation, we will explore usability improvements
for digital objects and image importing. In terms
of story visualisation, we observed that increas-
ing the number of annotations and events for the
3D models would enhance user experience in two
primary ways: rst, it would provide additional
technical details for instrument makers; second, it
would o er less interactive users the opportunity
to examine various parts and views of the model.
Finally, while the geospatial representation was
deemed e ective overall, it will require incorporat-
ing multiple geometry management tools within
the story map building interface.

As a subsequent development to showcase and
evaluate our tool, we narrated the stories of other
instruments from the Associazione il Poggio Mon-
tecastelli (Fig. 7 and Supplementary Material).
Speci cally, we detailed a \Viola" crafted by mas-
ter luthier Gasparo da Sab in 1580, and a \Viola
da Gamba" created by master Francesco Ven-
tura di Linarol in 1585. The insights and feedback
received from the luthiers regarding these nar-
ratives enlightened us on their practical utility
for instrument reproduction, in addition to serv-
ing as a means of preserving cultural heritage.
For instance, the \Viola da Gamba" has recently
disappeared due to legal sequestration [89], mak-
ing our story the only means to appreciate this
ancient masterpiece structurally and culturally.
This narrative has been instrumental in assisting
the luthiers from il Poggio in recreating a copy. As
an ancillary story, we assembled a contextual story
map of the Montecastelli village itself (Supplemen-
tary Material), featuring touristic points of inter-
est elaborated through story events and enriched
with links to Wikidata/Wikipedia pages for addi-
tional information. Ultimately, we compiled the
three ancient instrument narratives along with
the story of Montecastelli into a website to pro-
mote the cultural heritage of the territory. These
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examples illustrate the potential our methodol-
ogy holds for other museums and workshops -
especially those equipped with scanning tools - to
reach broader audiences.

Although the case study presented in this
paper focuses on a single class of artefacts (vio-
lins), the scalability of our tool across hetero-
geneous cultural heritage domains is primarily
ensured by the design of the Narrative Ontology
and its separation of narrative modelling from
domain knowledge representation. This ontology
is intentionally domain-agnostic and models gen-
eral narrative primitives - such as events, agents,
temporal relations, and places - rather than
domain-speci ¢ semantics. As a result, the core
narrative structure remains stable when applied
to dierent artefact types or even to complex
heritage contexts such as sites and landscapes.
Domain-speci ¢ concepts introduced by new arte-
fact classes are not embedded into the narra-
tive model itself, but are instead represented
through external domain ontologies and linked
to the Narrative Ontology via alignment and
semantic linking strategies. This approach pre-
serves interoperability while minimising the need
for structural changes to the narrative frame-
work. The conceptual scalability of this design
has been validated through the reuse of the
Narrative Ontology in several projects spanning
markedly dierent knowledge domains, includ-
ing mountain value chains in the Horizon 2020
project MOVING (bioeconomy) [28, 29], medieval
travel narratives in the Italian National Research
Project IMAGO (Latin philology) [90], and CNR
research on ecosystem-based models for predicting
the Giant Squid di usion (computational biology)
[91]. Therefore, the presented tool can accommo-
date diverse narrative domains while maintaining
a consistent narrative backbone.

As a nal note, it is essential to emphasise that
our methodology only partially satis es the crite-
ria of a digital twin for a three-dimensional musi-
cal instrument. Speci cally, it primarily addresses
the historical and cultural context of the instru-
ment alongside its three-dimensional visualisation,
while excluding its mechanical and acoustic char-
acteristics. Consequently, our approach should be
regarded as a complementary component intended
to be integrated with a comprehensive simula-
tion of the instrument. Such a simulation can be
embedded within a narrative framework to enable



users to engage with sound production processes
or specialists to analyse sound generation mecha-
nisms. A story map can indeed incorporate sam-
ples and outputs from simulations to represent the
internal functioning of the instrument succinctly.
The narrative environment should therefore serve
as an adjunct to external simulation tools designed
for virtual sound reproduction [92, 93], speci -
cally addressing expert luthiers aiming to replicate
sound mechanics in other instruments. An integra-
tion between our tool and a mechanical-acoustic
model is underway in the PlaceMUS XR Euro-
pean project [94], through the creation of seven
musical pathways that will embed the physical and
acoustic characteristics of ancient instruments into
narratives to produce richer and more immersive
representations of musical heritage.

One interesting potential application case is
the description of ancient instruments, whose
history and iconography are intertwined with
their functioning, materials, and craftsmanship,
which should be studied and represented together
within a unied view [95{97]. The combina-
tion of story maps and simulation tools holds
broad implications for cultural heritage preser-
vation and museums because it facilitates expla-
nations of the instrument for diverse audiences,
ranging from general visitors to expert practition-
ers [98, 99]. Moreover, our tool o ers signi cant
potential bene ts for specialist users such as musi-
cologists and experts in historical luthiery. The
use of semantically grounded entities, explicit
provenance links, and ontology-aligned knowl-
edge graphs enables ne-grained representations
of instruments, makers, materials, and historical
contexts. This structure supports advanced schol-
arly activities, including cross-source comparison,
temporal reasoning, and the exploration of alter-
native interpretative narratives. Furthermore, the
separation between story creation and semantic
publication allows domain experts to engage with
enriched narrative outputs without being exposed
to the technical complexity of semantic modelling,
while still bene ting from its expressive power and
interoperability.
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Tables and Figures

Task Completeness (%) | Sub-task Avg. time (s) |Errors (%)
Creating a 3D-type adding title 7 0
event in which a 100 adding description 10.8 0
violin's sound post adding  Wikidata 18.6 0
(internal to the entities
'S”hséwr:“em) s adding the ID of 16.2 0
the 3D model
Creating a add|ng t|t|e 12.8 0
presentation about adding description 27.6 0
Antonio Stradivari 100 adding  Wikidata 51 0
in the form of a entities
Map-type event adding an image 25.4 60
using an external
link
adding polygon 38 0
coordinates
. adding title 4.2 0
Cr_eatlng a adding description 14.8 0
Slide-type event 100 ddi iKid
presenting a violin adcing Wikidata 154 0
workshop entlt.|es
adding a back- 15.6 0
ground image by
using an external
link
adding the \ll Pog- 134 80
gio Montecastelli"
web site as a digital
object
Publishing a story map 100 viewing the story 6.8 0
including the previous preview
events. publishing the 4.2 0
story

Table 1: Evaluation of the story map-creation interface. The rst column reports the user macro-task
names; the second, the percentage of users who eventually completed each macro task; the third, the
subtasks required to complete the macro task; the fourth, the average time required by the users to
complete each subtask; the fth, the percentage of users who committed errors during subtask execution.
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Fig. 1: The interface of our tool to create (a) narrative events and, in particular, (b) 3D-type events.
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Fig. 2: The software architecture of the newly developed 3D Story Map Building and Visualising Tool
(SMBVT).
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Fig. 3: a. A 3D-type event showing an overview of the 3D model of a Stradivari violin, dated 1737.
b. A Map-type event reporting biographic and geographical references about Antonio Stradivari's life.
c. A Slide-type event with a background image referring to the violin reproduction in the workshop of
Montecastelli Pisano (Tuscany, Italy).



Fig. 4: a. A Slide-type event reporting a brief history of the Stradivari violin in textual format, embedding
a YouTube video in which a violinist of the Dresden Staatskapelle plays the violin. b. A 3D-type event
showing Stradivari's signature inside the 3D-reproduced violin sound box, with a side explanation of the

f-hole function in a violin.
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Fig. 5: The knowledge graph of the classes and properties that formally represent a 3D-type event (violin
Scroll). The event was created through our tool (top-left image) and contains the identi ers of the 3D
model on Sketchfab and the Scroll-related annotation. Contextual information from the graph is shown
at the left of the 3D Scroll visual representation (top-right image).
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