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A B S T R A C T

The paper provides an overview of the innovative digital services and tools implemented within three research 
projects aimed at increasing knowledge and promoting the enhancement of illuminated manuscripts: Codex 4D, 
DataSpace-ISPC and Illuminated Manuscripts Hub. These very fragile and complex artifacts are contemplated in 
their dual role as physical objects and carriers of symbolic content. They are investigated and presented in their 
multiple tangible and intangible elements (codicological, palaeographic, art historical, material, etc.). Despite 
the peculiarities of the different actions, we propose an innovative multidisciplinary approach to the construction 
of cultural ecosystems and virtual representations able to integrate several information levels and making them 
accessible to both the research community and the general public in interactive virtual and mixed reality en
vironments. To connect these various digital resources, the use of a knowledge graph governed by a semantic 
reference model was tested. The data visualisation approach employed a multimodal strategy using interoperable 
frameworks. Beginning with semantic representation, the method enables multidimensional information 
exploration through a knowledge graph, 2D visualisation systems using the IIIF standard, and interactive 3D 
environments powered by ATON. Each application provides specific tools for managing data entry and curation 
activities.

1. Introduction

The study of tangible and intangible cultural heritage is based on a 
dialogue of knowledge, resulting from multidisciplinary and interdisci
plinary research using different scientific methods and approaches. This 
general principle, on which heritage science is based, appears particu
larly evident in the study of manuscripts, especially illuminated ones. 
Codices are investigated by codicologists, palaeographers, philologists, 
literary historians and others, as well as by art historians focused on the 
decoration of the text. The research community is particularly numerous 
and heterogeneous due to the specific nature of illuminated manuscripts 
as complex artifacts that convey texts enriched by ornamental elements 
and figural inserts. "A conglomeration of already existing disciplines spread 
among various fields that were to be put in dialogue with each other” (Bausi 
et al., 2015, 1), as it was defined in one of many interdisciplinary pro
jects involving scholars from different backgrounds.

The alteration of the textual sequence of a handwritten can be of 
interest to art historians and literary historians alike, just as the change 
of hands between illuminators, detectable in a border or a figural insert, 

can provide useful elements for palaeographical studies and codicolog
ical reconstruction. Owner's inscriptions or technical-operational notes, 
deliberately erased during the making but readable with the aid of 
specific tools, are as valuable to the codicologist as they are to the art 
historian. Examples of these multiple exchanges could be numerous, 
confirming the strong interdisciplinary nature of the study of illumi
nated books. The increasing use of complementary non-invasive diag
nostic investigations in the study of manuscripts further broadens this 
already extensive disciplinary horizon. The proliferation of analysis 
campaigns reflects the growing sensitivity and attention to the contri
bution they can make to our knowledge of these artifacts. We refer to 
methods and techniques that can be employed to characterize materials, 
provide evidence of working methods, and assess the state of conser
vation. The proliferation of these diagnostic campaigns is facilitated by 
increasingly sophisticated portable instruments that avoid moving the 
codices from their conservation places, thus reducing the costs and risks 
involved (Maniaci, 2022, 20–22). Integrating such heterogeneous data 
from specific fields as a basis for new shared knowledge is leading to a 
paradigm shift in the study of illuminated manuscripts. This is also 
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evidenced by the initiatives promoted by prestigious international in
stitutions, such as the Fitzwilliam Museum (The Fitzwilliam Museum, 
2025) and Cambridge University (Ricciardi, 2019; Panayotova, 2021) 
which saw the publication of the Illuminated platform: manuscripts in the 
making (https://www.fitzmuseum.cam.ac.uk/illuminated/), and the 
more recent and ambitious initiative of the Bibliothèque Nationale de 
France: Fabrique de l'art. Couleurs et matériaux de l'enluminure (Les fab
riques, 2025).

In recent years, we have approached these research topics with a 
multidisciplinary and interdisciplinary approach involving scholars 
from different backgrounds interested in specific aspects of illuminated 
manuscripts and addressing a heterogeneous audience.

We have designed and developed digital environments, tools and 
services to support the knowledge, preservation, representation and use 
of manuscripts, adopting different technological tools and communica
tion models to meet specific goals and expectations. Beyond the speci
ficities of individual initiatives, manuscripts have been studied as 
physical objects that transmit symbolic content, in their aspects visible 
and invisible to the naked eye, which we have interconnected to 
reconstruct artifacts in their complexity. Our key initiatives in this re
gard revolve around projects, some completed and some in progress, 
which we describe.

2. Codex 4D: journey in four dimensions into the manuscript

2.1. Introduction to the codex 4D project

The research project Codex 4D: journey in four dimensions into the 
manuscript introduced an innovative multidisciplinary approach to the 
study, digital representation, and narration of manuscripts, which goes 
beyond traditional 2D digitization and content aspects. It was carried 
out between 2021 and 2023 by the CNR ISPC in collaboration with the 
University of Tor Vergata, the Angelica and Casanatense Libraries in 
Rome, and the Italian node of the E-RIHS.it MOLAB Platform.

The project mainly focused on: 

1. the experimentation of a new pipeline in the digitization of the 
manuscript, encompassing both the visible elements on the surface 
and the hidden elements in the sub-surface layers, and the recom
position of the dataset into a single annotated virtual model, 
explorable in 4 dimensions;

2. The user experience design aimed to experiment with a new 
approach to scientific visualisation and the storytelling of manu
scripts in museums, capable of stimulating the public's interest in and 
understanding of these artifacts. For this purpose, virtual and mixed- 
reality environments were created to enhance the perception and 
comprehension of these artifacts, which are otherwise difficult to 
communicate to the wider public through traditional means.

Hidden elements may consist of preparatory drawings, pentimenti, or 
censorship, detachments or lack of gilding cohesion, etc. Furthermore, 
the invention of printing and the consequent increase in book produc
tion led to the reuse of pre-existing materials, in particular of papers 
containing older manuscript or printed text, in the sub-surface layers, to 
strengthen bindings (Petrucci Nardelli, 2007). This practice lasted until 
the 20th century, when more care was taken to preserve the library 
heritage.

The sub-surface elements, which constitute the 4th dimension of the 
manuscript, were documented and investigated using non-invasive 
infrared imaging techniques, such as pulsed thermography. The ther
mograms, or temperature maps, referred to the various stratigraphic 
levels, were aligned coherently on the 3D model to be more easily 
experienced and related to the visible information on the surface 
(Mercuri et al., 2018).

The aim project aim is to increase knowledge of the manuscript in its 
tangible and intangible aspects of form and structure, content and 

meaning, materials, execution techniques, and conservation history. The 
art-historical and textual aspects are made accessible in conjunction 
with the diagnostic and conservation aspects, through the definition of a 
complex and articulated methodological pipeline: from 4D digitization 
to knowledge, from user studies to the development of software plat
forms for the creation of interactive experiences addressed to different 
target groups.

In the context of the Codex 4D project, the first investigated codex 
was a 15th-century miscellany from the Casanatense Library, identified 
by shelfmark ms. 59, in parchment, and measuring 219x145 mm. Be
sides its historical and artistic importance, its binding and cover are 
composed of different materials, leather, wood and metal, which made it 
a perfect case study to test the effectiveness of reflectographic and 
thermographic techniques.

Besides, three codices, preserved at the Biblioteca Angelica in Rome, 
were investigated.

The first manuscript is De Balneis Puteolanis, identified by the 
shelfmark ms. 1474, measuring 184 × 130 mm. It contains the Latin 
poem composed by Pietro da Eboli between 1211 and 1221 to celebrate 
the therapeutic properties of the ruined Baths of Pozzuoli and Baia. The 
text was dedicated to Emperor Frederick II of Swabia, and it enjoyed 
considerable fortune. The copy found in the Angelica Library is the 
oldest known, and the most precious, commissioned perhaps by Fred
erick II's son, Manfred, to honor his father, probably around 1258–1266. 
Its illuminations are the work of a mid-13th-century Neapolitan atelier 
(Maddalo, 2003; De Angelis, 2018).

The second codex is Dante Alighieri's Divine Comedy, identified by 
the shelfmark ms.1102, whose dating is estimated in the second quarter 
of the 14th century, according to the most recent studies, shortly after 
the poet's death (Di Carlo et al., 2022). The manuscript, which measures 
345 × 240 mm, is on parchment. Hell is enriched by numerous illumi
nations that present abrasions and censorship, for example, on the 
nakedness of the devils.

Finally, the third manuscript is a Book of Hours, identified by the 
shelfmark ms. 459. It is a compendium of devotional texts addressed to 
laypeople, whose nucleus is constituted by the Office of the Virgin. This 
Latin manuscript, written in French Gothic minuscule, was created in 
the first half of the 15th century in France, on parchment, and measures 
235 x 160 mm. Due to the magnificence of its illuminations and gildings, 
it was also an exhibition of the prestige and wealth of its owners (Coccia 
Desogus, 1993–1996) (Fig. 1).

2.2. Methodological approach

The creation of the 4D model of the manuscript was made possible by 
the integration of three main techniques: 1) photogrammetry, 2) mid- 
infrared reflectography and 3) mid-infrared pulsed thermography.

Photogrammetry was used to document and create a 3D model of the 
surface of the artefact (Remondino and El-Hakim, 2006), in the various 
configurations chosen (e.g. closed book, book open at 180◦, book open 
on pages of relevant interest). Pulsed light thermography, in mid-wave 
infrared (MWIR), was employed to document the invisible elements of 
the same configurations, at progressive depth levels (Gavrilov et al., 
2014). The acquisition and use of reflectograms in the MWIR acquired 
with the same camera and from the same shooting points as the ther
mograms, but without the activation of flashes, facilitated the alignment 
of the datasets, according to a method described in detail in (Mercuri 
et al., 2024) and submitted for patent.

Techniques for surface and stratigraphic digitization were com
plemented by various non-invasive diagnostic techniques aiming at 
material characterization. They were conducted using mobile in
struments that were transported to the libraries, thus avoiding delicate 
handling operations of the precious manuscript towards other locations 
for acquisition. Chemical analyses through High Performance Liquid 
Chromatography and Fourier Transform Infrared Spectroscopy-FTIR 
were used to identify materials and the level of their degradation 
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(Società Chimica Italiana, 2023); microbiological analyses through Next 
Generation Sequencing e Sanger Sequencing were performed to detect 
traces of DNA on the parchment pages left by living or formerly existing 
bacteria and fungi (Migliore and Alabiso, 2024); physical analyses using 
a combination of techniques as X-ray Fluorescence (XRF), Vis-NIR 
reflectance and RAMAN spectroscopy, hyperspectral imaging, UV fluo
rescence and multi-band imaging techniques, supported the identifica
tion of pictorial materials as pigments (Montani et al., 2012; Delaney 
et al., 2014; Duran et al., 2014; Mosca et al., 2016; Rossi et al., 2021). In 
the latter case, the investigations focused on folios 9v-10r and 12v-13r of 
De Balneis Puteolanis (Pietroni et al., 2024). In this study, the infor
mation that emerged on the pictorial materials found in the illumina
tions was correlated with art-historical studies and with what the 
medieval recipe books indicate regarding the use and preparation of 
pigments in illuminations.

The aim of this integrated acquisition and analysis campaign was to 
test a replicable method for the representation of the manuscript in its 
multiple components and levels of knowledge, and to make it accessible 
to the public in various interactive virtual reality environments. All the 
acquired and processed historical-artistic and diagnostic information 
was mapped on the 4D model of the manuscript: the historical-artistic, 
technical, and conservation related interpretations were contextual
ized on the various visible and stratigraphic levels, in the form of 
annotations.

The project involved a multidisciplinary team consisting of art his
torians and historians of the illumination, codicologists and palae
ographers, conservation scientists with expertise in diagnostic 
techniques, designers and experts in user studies, 3D modelers, bi
ologists, chemists, physicists, virtual reality experts, computer scientists, 
and artists. Therefore, at the beginning, it was important to align the 
needs and demands of all, through co-design sessions, and to find a 
common vocabulary. This communicative effort, initially directed 
within the project team, was later expanded to reach a broader audi
ence. It aimed to transcend the disciplinary boundaries of the scholarly 
sphere in which the manuscript is usually confined and bring it to the 
attention of the wider public. To achieve this, the user experience design 
was supported by user studies conducted both before the development of 
the project and during its implementation to analyse the needs, expec
tations of the different target groups, usability and usefulness, and 
finally the appreciation of the application prototypes (Schettino et al., 
2023).

The insights gained were instrumental in selecting and structuring 
the contents in the applications and on the website. In fact, information 
related to the manuscript is organized according to a precise structure, 
useful for both content editors and end users. This is made possible by 
the creation of categories and subcategories of contents, recurring in all 
the digital output of the Codex 4D project (Table 1). The data model has 
been later optimized in occasion of the “Illuminated Manuscript” pilot, 
developed in the context of the DIGILAB and H2IOSC project (section 4). 
Therefore, experimentation with language also constituted an inter
esting challenge within the Codex 4D project, to transmit sometimes 
highly specialized content into an accessible, engaging and exciting 
form.

2.3. Results

The communicative approach of the Codex 4D project is not cata
lographic, but experiential, aimed at involving the public in an inter
active discovery experience of the manuscript understood as a complex 
artefact, shaped by the integration of craftsmanship, artistic techniques, 
and literary expertise.

Starting from the same dataset, several digital environments were 
thus created to be used in different contexts and addressed to various 
types of users: 

• a multimedia website (https://codex4d.it) that contextualises the 
project, presents the collection, and offers didactic and methodo
logical insights, tailored for a wide audience, particularly teachers 
and students;

• a 3D web app for the scientific and interactive visualisation of the 
manuscript in 4D and the analysis of specific elements on the an
notated pages, aimed at an expert audience;

• a holographic showcase for the presentation of the manuscript in 4D 
within museums and libraries, aimed at a wider public and adopting 
narrative and gamification strategies.

To enhance the accessibility of the illuminated manuscript, a 
narrative glossary was created (https://codex4d.it/en/narrated- 
glossary/). It provides the basic knowledge to undertake the journey 
through the manuscript, facilitating the understanding of terms and 
concepts that may not be immediately familiar. This glossary is not 
merely a list of definitions. On the contrary, it follows a structured logic 
that focuses on the materials, techniques, processes, and skills needed to 
create a codex. It uses simple language, without claiming to be 
exhaustive, and includes many images exemplifying concepts, some of 
which were provided by prestigious libraries (Fig. 2a and b).

The web app allows users to access scenes and interact with 4D 
models in real time. Models were uploaded, using the glTF standard 

Fig. 1. The manuscripts selected in the Codex 4D project: ms. 59, Miscellany of the 15th century (Casanatense Library, Rome); ms. 1474 De Balneis Puteolanis; ms. 
1102 Divina Commedia; ms. 459 Book of Hours (Angelica Library, Rome).

Table 1 
Categories and sub-categories in the Codex 4D project.

Categories Subcategories

lconography and 
iconology

Description Characters and Symbols
Dating and Attribution Ideological Message
Style Sources and Traditions 

Reconsiderations
Visual Comparisons Subsequent Modifications
Ornamental Elements ​

Materials and 
Execution 
Techniques

Particularities of Materials Particularities of 
Execution Techniques

Structure Size Binding Re-use Elements Structure 
ParticularitiesLayout

Conservation and 
Restoration

Restoration Physical Evidence
Biological! Evidence Theft And Subtraction 

Damage
Chemical Evidence ​

Text and Writing Transcription, Translation
Particularities of Writing 
Subsequent Amendments

Notes

Censorship Text Censures Damage Censures
Musical Annotation ​
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(KHRONOS, 2024), into a cloud-based collection and then published as 3D scenes, with each scene corresponding to a manuscript configuration. 
In the web app, it is possible to use a measurement tool (Fig. 3), adjust 
stage lighting to illuminate the manuscript from different distances and 
angles, and use the revealing lens (with variable beam) to switch be
tween the exploration of visible elements on the surface (RGB mapping) 
and stratigraphic layers in the infrared, at three different depths (Fig. 4).

It is also possible to display 3D annotations, i.e. point or area infor
mation associated with specific elements and attributed to both RGB and 
IR layers. These annotations are organised into categories and sub
categories, as shown in Table 1. The user can apply filters to display only 
those ones of interest (Fig. 5). The selected annotation opens in a side 
panel on the right, and includes the title, the layer to which it is asso
ciated, the thematic category and subcategory, a short explanatory text 
of maximum 120 words, as well as a bibliography, and multimedia el
ements that may consist of images, spectra, videos and audio files 
(Fig. 6). Physically-Based Rendering (PBR) materials have been adopted 
in the creation of 3D models for real-time visualisation, enriching the 
shader with roughness and metalness nodes (Fig. 7).

The web app can be accessed as a common user profile or as an ed
itor. The former allows users to explore the models, use interactive tools 
to analyse the different layers and open all associated content. The 

Fig. 2a. Narrated Glossary: main interface.

Fig. 2b. Narrated Glossary: example of content.

Fig. 3. Measurement tool implemented in the Codex 4D web app. The tool 
allows to measure simple linear distances among control points onto the 3D 
model. The Codex 4D web app has been created by CNR ISPC in collaboration 
with 3D Research srl.
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editor profile, which can be activated via authentication and login, not 
only inherits all the functionalities of the user profile, but also allows the 
user to edit existing annotations, delete them or create new ones, 
working on the existing manuscript papers. An interface has been inte
grated in the web app to create new annotations and contextualise them 
properly in the information architecture of the Codex 4D project (Fig. 8). 
An editor cannot create new scenes, add new configurations or new 
manuscripts. This feature has been instead implemented in the H2IOSC 
Illuminated Manuscripts Hub pilot presented in Section 4.

The web app is based on the open-source framework ATON, licensed 
under GPL v.3, which has been developed by CNR IPSC (ATON, 2025). It 
can be entered from the Home page or from the Collection section of the 
Codex 4D website. A demo of the web application is available in 
(Tube@CNR, 2025: https://tube.rsi.cnr.it/w/jZi6XWdHcqMBe 
YZo52SKTf).

The holographic showcase is conceived as a mixed-reality environ
ment; it functions as a small theatre, equipped with lights, direction 
software, and the possibility of activating multimedia events within it, in 
an interactive manner. The holographic showcase contains real objects 
related to the writing desk, parchment sheets, inkwells, pigments, a 
manuscript facsimile, and a candle holder. Around the real objects, a 
virtual representation takes place, using the Pepper's Ghost technique. A 
dramaturgy of the manuscript has been created: a narrator character, 
played by an actress filmed in green screen, lives between the pages of 
parchment, in the illuminations, between the texts lines, and tells us 
about that world from the inside; she is as small as the illuminated fig
ures, performs actions or activates tools to enhance reading and un
derstanding of the codex. She can travel from one manuscript to another 
one, taking on the role of genius loci, she expresses her feelings, doubts 
and astonishment. She explains the medieval technique to execute an 
illumination, a gilding through golden sheets, she explains the meaning 
of painted figures, and she helps the visitors to read and comment on 
some parts of the texts. She also shows how to perforate the paper to 
draw the horizontal and vertical lines to guide writing, and she finally 
tries the hard work of writing, acting on the virtual manuscript. The 
languages of scientific communication are thus pushed into experi
mental frontiers, promoting a sensory experience and adopting a poetic 
and exciting language, able to attract museum audiences and schools. 
The interaction interface allows the user to explore the manuscript using 
hand gestures, thanks to the Leap motion-capture sensor. Besides sto
rytelling, it is thus also possible to explore the 3D model in its depth 
levels (RGB and three IR levels) and to activate in-depth content 
contextualized in the model, relating to iconographic or iconological 
studies, text reading and translations, investigations into the pigments, 
and the state of preservation (Fig. 9).

A video demo is available at lhttps://tube.rsi.cnr.it/w/uSJwd 
7sKQiY3y8D4TSNfhJ.3.

An in-depth evaluation campaign was conducted to evaluate the user 
experience with the holographic showcase during its first presentation at 
the Science Festival in Genoa, in October 2022. The purpose was testing 
the usability, the attractiveness of the system, its social potential in the 
presence of families and schools, the usefulness and effectiveness in 
terms of education and content transmission. The survey was carried out 
through an integrated methodology combining direct observation, 
questionnaire and interviews on a sample of 54 visitors. Detailed results 
and considerations have been published in (Schettino et al., 2023). The 
positive and encouraging feedback (Fig. 10a–c) led to the final imple
mentation of the holographic showcase, including more contents. This 
final version was presented in the Angelica Library in Rome, during an 
exhibition dedicated to the Codex 4D project, from November 2022 to 
February 2023. During this period, a workshop was also organised, as 
well as visits to the digital applications guided by the researchers 
involved in the project and by the library staff responsible of the 
educational activities.

3. The DataSpace-ISPC platform and the illuminated 
manuscripts held at the Biblioteca Augusta in Perugia

3.1. Introduction to the DataSpace-ISPC project

DataSpace-ISPC (dataspace.ispc.cnr.it) is a digital platform for 
accessing, sharing, and long-term conservation of research data pro
duced by the Institute of Heritage Science (Bucciero et al., 2023). The 
platform provides access to innovative digital tools and services to in
crease knowledge and improve the conservation and use of cultural 

Fig. 4. Revealing Lens implemented in the Codex 4D web app. The tool allows 
to see under the surface and detect invisible or hidden elements in three pro
gressive stratigraphic IR layers.

Fig. 5. Interface to filter annotations by category, implemented in the Codex 
4D web app. In this case all categories have been selected to be visualized onto 
the 4D model.

Fig. 6. Codex 4D web app: example of annotation associated to the subsurface 
IR layer and visualized in the right-side panel.
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heritage from an interdisciplinary perspective, in according with the 
Open Science paradigm.

As noted above, heritage science is a multidisciplinary field in which 
heterogeneous data, methods, and techniques overlap, coexist, and 
collaborate to create new shared knowledge. DataSpace aims to 
harmonize divergent research perspectives and methods, enable syn
ergy, and foster dialogue between different research areas by connecting 
various digital resources (Fig. 11). To manage and establish connections 
among these heterogeneous digital scientific resources, ranging from 
historical analysis to diagnostic information based on material evidence, 
it is necessary to have a software platform capable of describing the 
mutual semantic relationships and employing a data model able to 
represent asset heritage and its dense network of attributes.

This cross-perspective is built on a knowledge graph, managed by a 
semantic reference model, serving as a link to connect various digital 

resources created from different viewpoints. A knowledge graph is a 
semantic network of entities—such as objects, events, situations, or 
concepts—that demonstrates the relationships among them. This in
formation is usually stored in a graph database and displayed as a graph 
structure. By integrating principles from graph theory and semantic web 
technologies, a knowledge graph creates a comprehensive network of 
interconnected data. This structure allows for advanced querying and 
reasoning capabilities, as well as the ability to infer new knowledge by 
navigating through the relationships within the graph. This approach 
aligns with the path taken in our country in implementing the digital 
ecosystem for cultural heritage by the Digital Library (Istituto Centrale 
per la Digitalizzazione del Patrimonio Culturale, 2025). Knowledge 
graphs are increasingly being adopted across international research 
projects spanning diverse fields and knowledge domains, enabling 
enhanced interoperability between platforms such as the European 
Collaborative Cloud for Cultural Heritage (ECCCH, 2025) and the Eu
ropean Open Science Cloud (EOSC, 2024). The structured semantic re
lationships inherent in knowledge graph architecture facilitate seamless 
data exchange and integration across previously siloed systems, allow
ing researchers to leverage multi-domain datasets with greater effi
ciency and analytical depth.

To build DataSpace-ISPC, we chose the Arches platform, which we 
integrated and customized with unique tools (Arches, 2025). Among the 
few systems and frameworks that use knowledge graphs (e.g. Research 
Space, 2022), Arches is one of the most advanced and reliable. Devel
oped by the Getty Conservation Institute and the World Monuments 
Fund, Arches is an open-source platform specifically designed for cul
tural heritage management. It uses a semantic graph to represent heri
tage data, enabling complex queries, data visualisation and 
collaborative workflows.

DataSpace-ISPC represented the first step towards designing a shared 
and more general digital platform of the E-RIHS Italian node (see Section 
4).

Fig. 7. PBR shaders implemented by the Codex 4D web app simulate the brilliance of gold, whose light reflections vary depending on the point of view.

Fig. 8. Annotation editor implemented in the Codex 4D web app.

Fig. 9. Codex 4D holographic showcase created by CNR ISPC and presented at the Angelica Library in Rome from November 2022 to February 2023. The different 
images are referred to: 1) the installation in the context of the historical Library; 2) the interaction through hand gestures to explore the codex in 4D; 3–4) the 
dramaturgical narration guided by a character living in the illuminations.
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DataSpace allowed us to address key issues in data management, 
data discovery and visualisation, and workflow management, and pro
vided invaluable experience for the design of DIGILAB. Moreover, the 
resources managed in DataSpace will be integrated into the new DIG
ILAB platform, becoming part of the new ecosystem for the science 
community.

3.2. Methodological approach

For the implementation and validation of the DataSpace-ISPC plat
form, we adopted an approach based on case studies documenting 
research scenarios useful for the analysis, discussion and learning of 
complex topics. The first selected case concerns the archaeological field, 
which was investigated starting from the Marmora Phrygiae project 
(Ismaelli and Scardozzi, 2016). The second project is about a small 
corpus of illuminated manuscripts investigated by the MOLAB Labora
tories of the European Research Infrastructure for Heritage Science 
(E-RIHS). The MOLAB platform allows to conduct advanced 
non-invasive analyses of cultural heritage to be carried out in situ, using 
advanced tools and expertise (Romani, 2020). To some extent, the 
considerations that the two case studies prompt are agnostic to the 
specific domain and more generally embrace the scientific field of her
itage science. We chose two research projects that are very different in 
terms of their aims and topics, ranging from archaeology to the study of 
illuminated manuscripts. However, both projects are linked by the same 
integrated and multidisciplinary approach inherent to heritage science. 
By analysing these two case studies, we were able to gain a deep un
derstanding of the specific needs and requirements of the researchers 
involved, and learn more about their data models, the types of resources, 
their data management methods and activities' workflows. Addressing 
these different needs and choosing the appropriate technological solu
tions to harmonize them was very important in the platform's design. 
Before moving on to the data collection and analysis, a long preliminary 
discussion took place to explore the nature of digital assets and the 

different ways they can be managed.
In implementing the case study regarding the illuminated manu

scripts, we paid particular attention to the management of the analytical 
data carried out by the E-RIHS Mobile Laboratories, integrating them 
with other digital resources useful to reconstruct the complexity of the 
artifacts. Especially, to manage the digital data relating to diagnostic 
analyses, we adopted a suite of Resource Models defined from the 
ongoing development of Arches for Science, a system that extends the 
Arches platform to manage and visualise scientific data and includes 
tools useful to scholars working in the field of heritage science. This 
extension allows, for example, to view, compare and share spectral data, 
raw data, annotate instrument data, etc. The package includes a range of 
pre-existing resource models based on the CIDOC-CRM (CIDOC-CRM, 
2024), which allows us to describe the reciprocal semantic relationships 
and to represent the patrimonial heritage with its dense network of at
tributes by a knowledge graph.

3.3. A case study on manuscripts held in Augusta Library

For the case study about illuminated manuscripts, we selected a 
corpus of codices of significant historical and artistic interest, held at the 
Biblioteca Augusta in Perugia. This collection was studied through 
multimodal analyses carried out in 2011 by the SMAArt Center of 
Excellence of the University of Perugia and by the Institute of Molecular 
Sciences and Technologies of the CNR. Although several years have 
passed and the MOLAB platform now has more advanced instrumenta
tion, and new investigation techniques, and methodologies, it still offers 
valuable insights into the challenges of data management.

During the measurement campaign conducted at the Augusta Li
brary, six illuminated manuscripts dating back to the 13th and 14th 
centuries were jointly analysed: the Chorales 2790, 2792, and 2795, the 
Missal A47, and two copies of the Divine Comedy, L70 and B25 
(Parmeggiani, 2006). Several sheets of each manuscript were investi
gated with non-invasive integrated analyses for material characteriza
tion, reconstruction of painting techniques, and assessment of the state 
of conservation. The integration of these very heterogeneous data, and 
their connection with humanistic knowledge enhance our understand
ing of manuscripts in all their complexity.

The techniques employed include imaging methods—such as visible 
photography, infrared reflectography, UV-induced luminescence, and 
false colour infrared imaging—as well as non-invasive spectroscopic 
approaches, including X-ray fluorescence, Fourier Transform Mid- 
Infrared, UV–Vis reflectance and fluorescence, and X-ray diffraction.

Among various customizations to the Arches platform, we added 
support for additional file formats (such as.mca and.dpt), which are now 
automatically recognized and plotted. This enhancement also enables 
users to apply comparative spectral evaluation to interpret their raw 
data more effectively (Pietroni et al., 2023).

Starting from data produced by MOLAB, we conducted an art- 

Fig. 10. User experience evaluation carried out on the Codex 4D holographic showcase in 2022, during its exhibition to the Science Festival in Genova. In 
collaboration with Patrizia Schettino, CNR ISPC. (a) ease of use of the gesture-based interaction, as declared by the visitors; (b) emotions revealed by users' facial 
expressions during the experience with the installation, as observed by the evaluator; (c) interest in the manuscript aroused by the experience with the holographic 
showcase, as declared by the visitors.

Fig. 11. DataSpace-ISPC home page.
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historical study of the manuscripts, describing their content, the illu
minations accompanying the text of the analysed folia, the aims of the 
project, and other relevant information relating to the codices. We then 
aggregated, put in order, and related this complex (digital) 
documentation.

To manage this data in the DataSpace-ISPC platform, we used a set of 
resource models from the ongoing development of Arches for Science. 
This package includes a set of pre-existing resource models based on the 
CIDOC-CRM, which allows us to describe the mutual semantic re
lationships and represent them through a knowledge graph (Fig. 12). To 
create semantic relationships between data, we made a mapping be
tween the resources shared by the teams involved in the project and the 
Arches for Science data models.

The digital representation of the manuscripts is thus enhanced by a 
series of resources that offer information on their tangible and intangible 
features. The resource models used for implementing this case study are 
Group, Project, Collection or Set, Observation, Digital Resources, 
Physical Thing, Instrument, Place, and Person. The related reports were 
customized to allow a graphic display of the information closer to the 
needs and conventions of the relevant scientific community.

For image visualisation and annotation creation, we employed open 
standards provided by the IIIF (International Image Interoperability 
Framework, 2025) to deliver high-quality digital images. This frame
work enables the comparison of images—even from different institu
tions—within a single viewer. The same solution has been adopted by 
some of the world's most prestigious libraries and virtual manuscript 
libraries, including the Vatican Library, the Bodleian Library, the 
e-Codices Virtual Manuscript Library of Switzerland, and others.

We implemented the IIIF standard for diagnostic investigation data 
as an innovative approach within the DataSpace-ISPC platform. This 
implementation enabled high-resolution image visualisation and lever
aged web annotation standards to document investigation results 
(Fig. 13). Building on this approach, we are now developing the new 
Mobile Diagnostic Data Manager (D-MDDM) system, which is almost 
entirely based on IIIF and will map all data on the ontological model we 
are engineering within the DIGILAB-IT platform. This comprehensive 
adoption will further enhance data interoperability, streamline cross- 
institutional access to visual information, and represent our 

contribution toward standardising documentation for analytical find
ings in heritage science research.

To facilitate the visualisation and analysis of manuscript 2D scans in 
an interoperable format, we integrated Mirador, an open-source IIIF 
viewer. Mirador (Mirador Project, 2024) enables users to interact with 
high-resolution images and their associated metadata. It supports deep 
zoom, side-by-side comparison of multiple manuscripts, and annotations 
in compliance with the Web Annotation Data Model.

As part of the platform's customization, a “Open in Mirador” option 
was implemented, allowing users to seamlessly open IIIF manifests 
within a Mirador instance hosted on the same server (Fig. 14). This 
integration ensures that manuscript images can be accessed, compared, 
and annotated efficiently within an interoperable environment, 
enhancing both research and digital preservation efforts. By leveraging 
IIIF's standardized approach, this setup also enables cross-institutional 
comparisons with other IIIF-compatible collections, fostering a more 
interconnected and reusable digital humanities ecosystem.

Fig. 12. Knowledge graph visualisation.

Fig. 13. Image and annotation visualized in IIIF and data plot for 
XRF technique.
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4. The DIGILAB platform of E-RIHS.it: tools and services for 
illuminated manuscripts

4.1. Introduction to the DIGILAB platform project

The Institute of Heritage Science leads the design and development 
of the DIGILAB Platform for the Italian node of the E-RIHS Infrastruc
ture, within the H2IOSC project (H2IOSC Project, 2025). H2IOSC is a 
pioneering project to create a collaborative cluster of European 
distributed research infrastructures involved in the humanities and 
cultural heritage fields, with operating nodes across Italy. H2IOSC has 
been funded by the European Union Next Generation EU and the Italian 
Ministry of University and Research as part of the National Recovery and 
Resilience Plan (NRRP).

The DIGILAB platform is currently under development, and the 
current observations relate mainly to the design activity. It will provide 
users with access to an interoperable ecosystem of data, tools and ser
vices to support the research, publication, conservation, enhancement 
and interpretation of cultural heritage. The platform will facilitate and 
enhance opportunities for collaborative research, promoting the devel
opment of Open Science. DIGILAB is aligned to EU policies regarding 
data management (FAIR, Open Research Data) and to the European 
Open Science Cloud strategy (EOSC). At the national level, DIGILAB will 
be coherent with the principles defined by the National Plan for the 
Digitization of Cultural Heritage, developed by the Central Institute for 
the Digitization of Cultural Heritage - Digital Library of the MIC.

The DIGILAB will be a semantic data management platform offering 
several services, such as: 

• Scientific data life cycle management services, including both low- 
level handling of graph-based data and Workflows for data entry, 
curation, processing, and publication.

• An interoperability framework between different data domains and 
different platforms, based on ontological data representation and 
APIs for efficient data exchange.

• Data/Knowledge preservation services for the conservation of the 
data and related knowledge hosted by the overall platform.

• Knowledge discovery services allowing the user to search and 
correlate heterogeneous data using the platform's user interface (UI) 
or advanced data interrogation approaches.

• Advanced data analysis instrumentation.

4.2. Methodological approach

To design the DIGILAB platform and its key features, several pilot 
projects were selected. A pilot project is a focused initiative aimed at 

exploring specific knowledge areas within the broader context of cul
tural heritage. These projects offer vertical experiences that facilitate in- 
depth testing and refinement of data integration methodologies, tools, 
and strategies. Each pilot project is linked to the DIGILAB knowledge 
base, facilitating efficient data access and management, and imple
menting a tailored interaction model that meets the specific community 
needs.

By adopting a bottom-up approach through these pilot projects, we 
can effectively define platform requirements and develop ontologies for 
various knowledge sub-domains.

Creating ontologies for the heritage science field is a challenging task 
due to the multidisciplinary nature of the research community and the 
diverse data it generates. Considering the intrinsic complexity and dy
namic nature of knowledge, the ontologies development involves mul
tiple cycles of validation and refinement. Ongoing feedback from 
domain experts will be crucial to identify gaps, discrepancies, or overly 
strict structures.

By adopting an iterative method, new data, techniques, and view
points will be incorporated into the ontology to meet the discipline's 
evolving needs. This structured yet flexible process will enable the 
ontology to meet the diverse requirements of the heritage science 
domain while ensuring interoperability and alignment with evolving 
research priorities.

4.3. Building an innovative scientific ecosystem: the pilot project 
illuminated manuscripts HUB

One of the Pilot Projects currently under development, within the 
H2IOSC project, focuses on illuminated manuscripts. The pilot, called 
Illuminated Manuscripts Hub, is based on the experience gained in the 
two research projects described above: Codex 4D and DataSpace-ISPC 
(Sections 2 and 3). This pilot project has a particular visibility in the 
H2IOSC project. Indeed, the handwritten texts were chosen as the cen
tral cultural objects for designing a pilot federation project. This deci
sion was made because written texts are the object of study of all 
research infrastructures involved in the project, albeit from different 
perspectives: philological, textual, linguistic, historical-artistic and 
diagnostic. Each infrastructure will provide specialized services and 
tools for the study of handwritten objects, enabling the processing of 
data, metadata, images, and digital resources.

The pilot aims to implement a virtual research environment to 
enhance understanding, exploitation, and sustainable use of these 
fragile artworks. This virtual space will offer access to heterogeneous 
data and a set of tools and services for data sharing, integration, and 
multimodal visualisation. It will contain resources on manuscripts from 
different periods, places of production and artistic traditions, but all 

Fig. 14. IIIF Manifest visualisation in Mirador.
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subject to diagnostic studies.
The digital Hub intends to improve the synergistic and transversal 

dialogue between the humanities, experimental and technological sci
ences to create shared and participatory knowledge. The HUB will be 
exposed on the E-RIHS DIGILAB platform, and it will be aligned with the 
FAIR data principles, also through data management policies given to all 
data providers. The digital environment will provide access to typo
logically heterogeneous data that will be semantically integrated: 
extensive information on the artefact about its several elements; 
analytical data resulting from the diagnostic investigation; research 
hypotheses, and the bibliography. Information about the manuscripts 
will be organized and represented through a knowledge graph. It will 
enable the creation of potentially infinite connections between the data, 
forming nodes in a network of relationships.

The Hub will host data on manuscripts analysed by MOLAB over the 
course of twenty years of activity. The Augusta Library manuscripts 
studied in the DataSpace-ISPC project, and the codices implemented in 
the Codex4D project, will be reused and integrated in the pilot. Several 
magnificent codices examined using analytical techniques, preserved in 
Italian and European libraries, including non-European ones, such as the 
Codex Cospi held in the University Library of Bologna (Miliani et al., 
2012), will be added. The codex (ms. 4093) was created by eastern 
Nahua painters during the 15th and early 16th centuries, likely in two 
different locations in the Puebla region of central Mexico. Analytical 
data provided by the MOLAB laboratory will be integrated with histor
ical, artistic and other relevant information before being mapped with 
the reference ontology developed within the H2IOSC project. This 
integration will enable a comprehensive understanding of the 
manuscripts.

Additionally, the pilot project will also include the digitization of 
new secular and liturgical illuminated manuscripts from various pe
riods, dating from the late 11th century to the early 16th century. The 
newly digitized codices are: 

• Benevento, Chapter Library, mss. 19 and 20. Two volumes of a 
Breviary Missal, in Beneventan script, datable to the 12th century. 
Both codices show a priestly figure kneeling beside the ornate initial 
T of Te igitur. Below the man's figure is written his name "Stephanus 
sacerdos", probably the patron of the manuscripts (Mallet and Thi
baut, 1997).

• Naples, National Library, ms. IV F 3. The codex contains the text of 
Ovid's Metamorphoses, accompanied by the Enarrationes of Pseudo- 
Lactantius, written in the margins within frames. The codex was 
almost certainly made in Bari between the end of the 11th and the 
beginning of the 12th century. The pages are richly illustrated by a 
single illuminator (Orofino, 2020; Díez-Platas, 2023).

• Naples, Girolamini Library, ms. CF. 4.1. The manuscript, in large 
format, commissioned by Pope Pius II (1458–1464), contains a finely 
illuminated copy of Ptolemy's Cosmography (Sonnino, 1995).

• Naples, Girolamini Library, ms. CF. 3.10. The codex contains the 
translation and commentary of Calcidius to Plato's Timaeus. It was 
written in 1507 for Matteo III Acquaviva by the calligrapher "Domni 
Viti" (Putaturo Murano, 1995).

These listed manuscripts were completely digitized, except for ms. 
20 from the Biblioteca Capitolare in Benevento, due to its poor state of 
preservation. To create 3D models of the codices, we selected some 
sheets of historical and artistic value. The acquisition was conducted 
using photogrammetry in three modalities: visible light (VIS), UV fluo
rescence (Fig. 15), and IR reflectography (IR850/IR960). The images 
were acquired using a Nikon D800e camera and a Canon M50 full- 
spectrum camera. For the UV fluorescence shots, a HOYA UV-IR filter 
was used, while a Yellow 495 F-PRO MRC 022 filter was applied to 
eliminate the blue component of the UV lamp. The IR reflectography 
was performed using two high-pass filters of 850 nm and 950 nm to 
obtain images with different levels of penetration into the manuscript 

structure. For illumination, the following sources were used: 2 Godox 
lamps with diffuser umbrellas; 2 UV sources at 365 nm filtered at 400 
nm; 2 S-SA3-45-C-IR 850 nm illuminators and 2 illuminators at 950 nm.

The manuscript 19, preserved at the Chapter Library of Benevento, 
and the splendid, illuminated copy of Ovid's Metamorphoses in the 
National Library of Naples (ms. IV F 3) were then subjected to further 
diagnostic studies by MOLAB to characterize the materials and recon
struct the execution techniques: Raman spectroscopy (Fig. 16), X-ray 
fluorescence (XRF) and, for the Benevento manuscript, Fourier trans
form infrared spectroscopy (FTIR) too. The data obtained are currently 
being analysed and interpreted. The Naples manuscript was also chosen 
to test the ontological model defined for illuminated manuscripts (see 
Paragraph 4.4).

Finally, the Illuminated Manuscripts Hub is designed to hold digital 
resources produced by other research groups, institutes, and individual 
researchers who have been working on the same topics for many years. 
The dialogue will generate potential synergies useful to the research 
community.

The scientific process underlying the digitalization and analysis of 
illuminated manuscripts was reconstructed, identifying the main 
research activities and the actors involved. Several languages are 
available for modelling processes and activities (Mili et al., 2010). We 
chose BPMN (ISO/IEC, 2013) because it is widely accepted as a global 
notation, allows the description of any aspect of the activities, and 
provides a clear graphical representation that is easy to understand for 
both technical and non-technical stakeholders.

Fig. 15. Naples, National Library, ms. IV F 3, ff. 81v-82r, UV fluorescence.

Fig. 16. Naples, National Library, ms. IV F 3, Raman spectroscopy.
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4.4. First thoughts on ontological model for illuminated manuscripts 
description

As seen in the previous paragraphs, in the DataSpace-ISPC project, 
illuminated manuscripts were described using Arches resource models, 
although these were not specifically designed for this type of object. In 
DataSpace, the focus was primarily on the analytical data obtained from 
investigations and on establishing semantic links to only a few essential 
elements of the artifacts.

In the design of the DIGILAB platform, we are instead measuring 
ourselves with the development of a conceptual model that allows us to 
semantically describe and represent an illuminated manuscript in its 
numerous tangible and intangible elements. Starting from this model, 
we are creating ad hoc resource models to connect digital resources and 
implement specific data management workflows.

In this first phase, we focused on a specific type of manuscript, the 
codex, whose definition is not ambiguous. It is a “libro formato da fogli 
piegati in due (bifogli) e riuniti in uno o più fascicoli, cuciti mediante un filo 
lungo la linea di piegatura” (book consisting of sheets folded in two 
(bifolia) and assembled into one or more quires, sewn together with a 
thread along the fold line (Maniaci, 1998, 75). The ontological model 
currently in development describes the codex as a complex object, a 
physical object vehicle of symbolic content.

A careful preliminary study of existing ministerial standards and 
cataloguing systems was undertaken to define the key concepts. For this 
purpose, the cataloguing model defined by the ICCD (ICCD, 2024) for 
the cataloguing of Opere e oggetti d'arte (works and art objects) was 
analysed, which includes illuminated manuscripts in the subject cate
gory Oggetti e opere di ambito librario (Objects and works of the book 
sector). At the same time, given the specificity of these artifacts, the 
standards for the cataloguing of manuscripts in Italian libraries, estab
lished by the ICCU for publication in the MANUS digital platform, were 
studied (Merolla and Negrini, 2014). This book devotes an appendix to 
the description of the illumination, taking up some suggestions made in 
previous works (Pace, 1990; Ambra et al., 2006). At the same time, we 
are working on the census and the analysis of the thesauri and vocab
ularies to describe the resources and integrate information coming from 
different sources with a common and shared language: for example, 
supporting vocabularies for filling in ICCD forms, Getty Vocabularies, 
Iconclass, guides specifically dedicated to illuminated manuscripts 
(Brown, 2018).

After establishing the necessary concepts for describing ancient and 
medieval illuminated books, based on the objectives of our pilot project, 
we proceeded to map them with conceptual models (Folliero, 2017; 
Coradeschi, 2021), starting from CIDOC-CRM and its exten
sions—CRMSci, CRMDig, CRMTex, and LRMoo. We are extending these 
models, introducing new classes and properties more responsive to the 
specific needs of the various disciplines involved in the study of illu
minated manuscripts.

The primary aim of this effort is to create data models and tools that 
enable the management of both data and metadata related to illumi
nated manuscripts. The ontological model includes several key areas. 
Among these, the main concern: 

• the making of the book, the ruling, the layout of a page, etc.
• The text, the writing system, the transcription and translation, and 

some other information about the text.
• The illumination, from the several decorative formulae to the ico

nography, style, materials, techniques and more.
• The binding in its main elements about the chronology, the cover, the 

decoration, the materials, and so on.
• The state of conservation and restoration, including related 

documentation.
• The actors involved in the making and history of the manuscript in 

different roles: author, commentator, translator, scribe, illuminator, 

patron, restorer, creator of iconographic program, bookbinder, and 
so on.

• The scholars' hypotheses concern several physical and symbolic 
elements.

• The diagnostic investigation, to increase knowledge about manu
script making, materials, techniques, and conservation state.

• Linking the various elements with digital representations to create 
the heritage digital twin.

The ontological model will be extended to include elements not yet 
represented. This improvement will enable us to meet the needs of re
searchers investigating specific aspects using distinctive methodological 
approaches and software tools, like the automatic text recognition and 
transcription instruments. Moreover, the semantic representation of the 
information supports deeper multimodal engagement with the manu
scripts, enabling access to their various knowledge domains through 
different exploration pathways, such as knowledge-graph–based visu
alisation and navigation.

4.5. Illuminated Manuscripts Hub interface

At the time of writing, the pilot Illuminated Manuscripts Hub is still 
under development. Its completion is scheduled for April 2026. For this 
reason, the interfaces shown in the next figures are not completely 
refined.

Accessibility, ease of use, and the pleasantness of the interface are 
the primary preconditions to encourage and motivate researchers to 
explore and enrich content and experiment with the different func
tionalities offered by the pilot. The layout has been structured as simply 
as possible, avoiding excessive technical complexity.

Access to the digitized manuscript collection is provided via a 
landing page offering either a grid or a list view. Each manuscript entry 
immediately includes information about the availability of a 2D viewer, 
3D player, or both (Fig. 17). These manuscripts may be searched or 
browsed by title, author, date, shelfmark, and place of conservation, 
while we continue to develop a more efficient and user-friendly search 
interface.

After selecting a manuscript, the user is taken to a detailed page that 
offers a multi-modal representation of it (Fig. 18). The manuscript is 
introduced with a brief description and basic metadata, such as the 
author, place and date of production, material, consistency and mea
surements, which provide a concise overview. For a more comprehen
sive description, a detailed scientific sheet is available. Information 
about the manuscript is also presented through a structured sheet 
organized into labelled sections at the bottom of the page, including 
Historical Context, Text and Writing, Making, Illumination, Diagnostic 
Investigations, Conservation and Restoration and Bibliography. All in
formation units are derived from an underlying semantic data model 
based on a specific ontology that supports their conceptual organization.

In addition to presenting descriptive data, the details page provides 
access to the three main manuscript representation tools: the knowledge 
graph, the 2D viewer, and the 3D player.

The knowledge graph illustrates the connections among concepts, 
entities, relationships, and events associated with the manuscripts, 
based on the underlying semantic models. In its first version, this 
knowledge graph is implemented in Vis.js-Network (https://visjs.github 
.io/vis-network/docs/network/), but also other software libraries will 
be tested for the final development.

As you scroll down the page, you will come to a section containing 
the Mirador viewer of the IIIF manifest for 2D images enriched with 
annotations on various elements of the manuscript and imaging in 
multiple spectral wavelengths. These annotations are managed through 
a semantic framework that ensures their formal definition and interop
erability. Another section is dedicated to a 3D player based on the ATON 
framework. This enables users to explore multi-textured and multi- 
layered annotated models of some manuscript configurations digitized 
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in 3D or 4D, when stratigraphic depth levels are available. It offers 
various tools for interaction, analysis, and annotation. Here as well, the 
annotations rely on semantic modelling, which provides a consistent 
structure for describing and relating the represented features.

4.5.1. 3D player for illuminated manuscripts
The main tools implemented in the 3D web app derive from the 

Codex 4D project with some extensions (Fig. 19). They are available in 
the toolbar on the left.

Light: it allows the user to move the main scene light to better illu
minate certain details, either by bringing it frontally and closer to spe
cific areas of the manuscript, or in an oblique position. When activated, 
this tool moves and aligns the scene light to the position of the camera 
and its target. The position change can be static or continuous. In the 
second case, the light continues to follow the camera as it moves.

Measure: it allows to measure single segments and polylines with 
straight lines and angled vertices at control points. In this second case, 
the software calculates the sum of all measured portions of the polyline, 

returning the global value. This option can be useful to measure the 
curved fold of pages to a very good approximation.

Revealing lens: it allows the stratigraphic layers of the manuscript to 
be explored, thus switching from surface RGB to MWIR images or other 
mapping channels from imaging; the lens radius can be adjusted through 
a dedicated slider in the interface. Within the lens, the user can choose to 
visualise an animation loop showing all available layers in sequence or 
can choose to visualise a specific layer by selecting it from the pop-up 
menu at the bottom of the 3D frame (Fig. 20).

Change texture: different textures can be applied and visualized onto 
the 3D model of the manuscript, derived from diagnostic investigations 
(RGB, UV, NIR, MWIR, etc.). They can be selected and changed through 
a pop-up menu at the bottom of the 3D frame.

Visualise and filter annotations: it enables the display of annotations 
referring to specific elements of text or decoration, or structure, mapped 
onto points or areas of the virtual model. A pop-up menu allows the user 
to filter annotations to be displayed on the model by category. Cate
gories and sub-categories are compliant with the Illuminated 

Fig. 17. Catalogue interface of the pilot Illuminated Manuscripts Hub.
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Manuscript Ontology.
Annotations may be associated with the visible (RGB) layer, or any 

other layer derived from imaging of stratigraphic documentation. Con
tent associated with an annotation appears in a side panel on the right. It 
can be textual, either written or vocal, and can also contain multimedia 
files. Through the generic user profile, annotations can only be accessed 
(Fig. 21).

Create annotations (for editors only): By activating the editor profile, 
the tool for creating a new annotation becomes available. It can be given 
a spherical shape, with a radius of varying size, or an irregular closed 
shape, drawn manually by positioning control vertices with mouse 
clicks.

Annotation editor: Once the new annotation shape is drawn, the 
annotation editor will appear. Here, the researcher can insert title, 

Fig. 18. Interface including the main sections and players of the pilot.

Fig. 19. Main interface of the 3D player integrated in the pilot Illuminated 
Manuscripts Hub.

Fig. 20. Revealing lens implemented in the 3D player of pilot.

Fig. 21. Annotation visualisation and filtering interface in the 3D player of 
the pilot.
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category, and subcategory, reference layer, text description (maximum 
120 words), bibliography, spectra derived from diagnostic analyses, and 
an unlimited number of multimedia content items (Fig. 22).

Manuscript configuration selection: above the 3D frame, there is a 
menu of available configurations for the manuscript, from which the 
user can choose the one they wish to visualise and interact with in the 3D 
frame.

Create new manuscript configuration (for editors only): By activating 
the editor profile, the tool enabling the creation of a new configuration 
appears. A dedicated interface allows the researcher to upload a new 
model.

4.6. Legacy and improvements of the pilot Illuminated Manuscripts Hub 
compared to the codex 4D project

The Codex 4D project was addressed to several target groups: ex
perts, students, and general users of museums and libraries. This 
ambition led the research team to carry out extensive user studies to 
diversify and expand communication languages and digital applications. 
Conversely, the pilot “Illuminated Manuscript Hub” is addressed to the 
scientific community and does not aim to be accessed by any user. The 
information architecture of the Codex 4D project was inspired by the 
sheets released by the Italian Central Institute for Catalogue and Docu
mentation (ICCD) for mobile historical artistic artifacts. In the pilot 
Illuminated manuscript Hub contents are rooted on a strong data model 
and standardized ontology, which has been created to ensure full 
interoperability with national and international databases adopting 
FAIR principles and based in the CIDOC Conceptual Reference Model. 
Hopefully, this will lead to compliance with the European Collaborative 
Cloud for Cultural Heritage (ECCCH, 2025) under development (EC-RI, 
2025). Unlike the Codex 4D project, where the 3D model of the manu
script was displayed with a single static 4K texture, the pilot implements 
an 8K multi-resolution texture visualisation. Therefore, as the user 
zooms in on the model, the geometry is dynamically divided into tiles, 
and a portion of the texture is assigned to each one. The multi-resolution 
management allows for greater detail in visualisation, while keeping 
real-time data handling efficient and optimized. The multi-resolution 
system is managed by CESIUM, which has been integrated with ATON.

As in the Codex 4D project, the pilot can be accessed as a common 
user, for consultation purposes only, or as an editor, for the integration 
of new content or modification of existing ones. Any type of content, 2D 
digitization, 3D models, texts, multimedia, and annotations can be 
added and integrated in the pilot by the research community, using the 
database structure, services and interfaces offered by DIGILAB, if they 
respect the technical and interoperability requirements.

A significant enhancement compared to the Codex 4D project is the 
ability for the editor to save edited content as a draft prior to publica
tion. This feature enables the editor to complete the integration process 

over multiple work sessions and share the new contribution only after 
thorough editing and review.

4.7. Next steps for the illuminated manuscripts Hub

The Illuminated Manuscripts Hub pilot project also envisages a 
connection with services developed by other Research Infrastructures 
participating in the H2IOSC cluster, within which the DIGILAB platform 
is being developed. In the near future, it is hoped that digital twins 
(Niccolucci et al., 2023) of illuminated manuscripts will incorporate the 
Internet of Things (Hamilton, 2017): the use of sensors, actuators, an 
internet connection, and software control, combined with machine 
learning and data analysis, will enable the exchange of information 
between the virtual (cybernetic) and physical components. These ad
vancements could be highly beneficial to monitor environmental con
ditions in which manuscripts are preserved, accessed, or restored, 
potential exposure to pathogens, or tampering.

Similarly, automated services such as text analysis, handwriting 
transcription, translation, and text-to-speech systems could further 
enhance the Illuminated Manuscript Hub facilities, promoting greater 
accessibility, interaction, and understanding of these complex artifacts.

5. Conclusion

Ancient manuscripts are complex and extremely fragile objects. The 
legitimate needs of conservation and the efforts to enhance them often 
seem hard to align. Illuminated manuscripts are usually reserved for 
consultation by specialists and scholars only, and some, due to their 
greater value, are entirely excluded from public access. Manuscripts can 
be observed during exhibitions, but most of the public often has only a 
superficial interaction with the artefact, as it is displayed inside show
cases without the ability to fully appreciate or understand it. The vol
umes are typically presented statically, dimly lit for conservation 
reasons, and opened to a page chosen for its particularly significant 
content, either written or decorated.

Online catalogs and digital systems, despite their increasing number, 
rarely provide information on the material aspects of these artifacts, 
despite growing scholarly interest.

In this paper, three projects developed by CNR ISPC to enhance 
knowledge and the conservation and valorisation of illuminated man
uscripts using a multidisciplinary approach have been presented. These 
environments, services, and digital tools offer an innovative approach to 
the study, digital representation, and narration of the manuscript, as 
complex and dynamic cultural objects carrying tangible and intangible 
elements. This approach is based on a direct and interactive experience 
with multidimensional and multimodal digital representations in virtual 
and mixed reality environments, as well as in a 2D viewer based on the 
IIIF standard, supported by a knowledge graph that enhances semantic 
relations among components.

Therefore, scholars and researchers from diverse fields, as well as 
common users, have been involved, each contributing their own 
perspective, needs, and expectations to the project. The convergence of 
many viewpoints toward a common language and the definition of an 
integrated methodology led to the creation of digital environments 
tailored to a diverse audience, ranging from specialized researchers in 
the field to the public of museums and libraries.

For instance, the Codex 4D initiative was intended for a variety of 
audiences, such as specialists, students, and the wide public visiting 
museums and libraries. This objective led the research team to under
take comprehensive user studies to enrich and broaden the digital 
platforms and communication strategies: a web app 3D is conceived for 
scientific data visualisation, and a mixed reality environment, the ho
lographic showcase, engages common visitors and school students in a 
multisensory and emotional experience with the manuscript.

The Data Space-ISPC project was designed to meet the needs of the 
scientific heritage community. It has led to the implementation of digital 

Fig. 22. Create annotation tool and annotation editor in the 3D player of 
the pilot.
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services and tools for accessing, viewing, and analysing data, with a 
particular focus on the resources provided by diagnostic campaigns, 
which are used to characterize materials, reconstruct execution tech
niques, and assess the conservation state of manuscripts. We used 
ontological data models based on CIDOC-CRM and the knowledge graph 
paradigm to manage the digital data.

The Illuminated Manuscripts Hub is a digital environment currently 
under development that will be integrated into the DIGILAB platform of 
the Italian node of E-RIHS. It will provide access to typologically het
erogeneous, semantically linked data, including information on tangible 
and intangible elements; scientific data derived from complementary 
diagnostic investigations; research hypotheses, etc. The Hub will also 
offer digital tools and services for the sharing, integration, and multi
modal visualisation of resources in 2D and 3D, as well as multidimen
sional visualisation through knowledge graphs. The ontological model 
defined for the Illuminated Manuscripts Hub pilot project will be 
expanded to encompass additional entities and relationships, as well as 
new types of written artifacts, including archival documents.
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Società Chimica Italiana, 2023. Atti del_XXX Congresso Della Divisione Di Chimica 
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