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Abstract

Cultural heritage is no longer something that can only be experienced in a museum
exhibition. Digital tools have facilitated the distribution of material relating to arte-
facts, both in its representation and in presenting its context. This paper describes
how digital modelling techniques can be synthesised with 3D scanning to digitally
restore artefacts and create authentic replicas of their original states. The digi-
tal artefacts can then be used to assist the process of interpreting these artefacts in
diverse forms, both in the museum and outside the museum. The study looks at Pic-
tish sculpture as a case-study, restoring 3D models of two stones, and creating vary-
ing opportunities for their interpretation. As part of this study, new interactive tools,
a virtual reality environment, and a virtual tour are built to assist immersive inter-
pretation of the Pictish sculpture. The application of these digitised objects serves
as an opportunity for informal learning. These applications were evaluated during a
drop-in session. Findings show that all participants enjoyed the immersive mode of
learning with 89% also showing a willingness to learn more about the topic.

Keywords Digitisation - 3D modelling - Heritage interpretation - Immersive
learning - Virtual reality - Digital heritage

1 Introduction

The digitising of historical artefacts — in this case-study early medieval, Pic-

tish sculpture — is a crucial aspect of the conservation, preservation, and inter-
pretation of culture. Advancements in technology have made it possible to create
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reconstructions of the past which go beyond a photograph or digital image. Increas-
ingly, museums are digitising their collections, turning them into 3D models through
object scanning, and using them as “digital surrogates” to make the artefact acces-
sible in the digital world (Hindmarch et al., 2019). Scans of objects can be used to
interact with the artefact in new ways: rotating, zooming in, and digitally handling
the artefact, something which is not common in traditional museum settings. This
closeness to the digital model provides opportunities for people to get close to arte-
facts. However, it is often still presented in an environment that is not representative
of its original context and use, or how that may have changed over time.

Digital modelling has been beneficial in developing replicas of the past. 3D mod-
elling software and gaming engines can build objects and environments from the
ground up. This has given new opportunities to interact with the past. Presenting
artefacts as realistic 3D models can help the viewer understand their historical rel-
evance as they can be visualised better. This could further be heightened by placing
them in their historical setting. The importance of 3D models in increasing public
engagement, accessibility, and experience has been observed in many settings (Jeffs
et al., 2017). Additionally, the creation of digital forms of cultural heritage means
that cultural heritage can be included in immersive informal learning activities, out-
side of a school’s curricula and within museums and homes.

This research takes a practice-led approach with two objectives:

e To discuss how digital modelling techniques can be synthesised with 3D scanning
to digitally restore artefacts and create authentic replicas in their original states.
e To present different modes of interpretation using authentic digital replicas.

Whilst the project focuses on Pictish sculptures, namely, the St Madoes Cross-
Slab (Fig. 1) and the Inchyra Symbol Stone (Fig. 2), the techniques developed can
be applied to other artefacts. The stones, which had already been photogrammetri-
cally scanned, were restored using digital modelling software (Fig. 3 and Fig. 4) and
then used in various immersive experiences, eliciting varying interpretations, and
assisting in the cultivation of new learning on the Picts.

This article builds on a conference paper presented at the iLRN conference in
2022 (Pisani et al., 2022). The framework presented in this conference is described
in this article, and then strengthened through evaluation carried out on the immer-
sive applications built as a result of the initial case-study. The project outlined in this
article contributes to the Immersive learning Knowledge Tree (Beck et al., 2021) by
providing an exemplar case study which is novel in nature. This case study furthers
research in the use of immersive learning in the cultural heritage field of inquiry.

This study makes a novel contribution to the field by combining the technical
object restoration methods with the creation of digital resources that can be used in
cultural heritage education. To the best of our knowledge, this is the first practice-led
study which documents the entire process from restoring digitised artefacts to giving
back their context by placing them in authentic environments. This process helps to
make immersive learning experiences in informal education a more valuable experi-
ence. This work shows that immersive learning approaches can be applied to create
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Fig. 1 St Madoes Cross-Slab (Front and Back)

alternate uses of digitised artefacts which can help museums include their digitised
collections in educational material within their museums, in schools, or online.

The next section provides a background into the various parts of this project.
Firstly, by providing an analysis of digitising techniques and how restoration of digi-
tal models can take place, and then by looking at the literature to note how other
projects have utilised different immersive experiences to divulge historical informa-
tion. Section 3 describes the methodology for this research. The results are evaluated
and discussed in Section 4.

2 Literature Review

This section provides an overview of techniques for digitising and restoring historical
artefacts and the areas of virtual reality where digitised artefacts can be used in. This
follows the practice-led methodology and informs how the creation of these assets
can be used for immersive learning by creating a package of tools around digitised
artefacts. In practice-led research, the content and processes generate the knowledge
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Fig.2 Inchyra Symbol Stone (Front and Back)
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Fig. 3 Restored St Madoes Cross-Slab (Front and Back)

(Edith Cowan University Library, 2022). Therefore, the final outcomes were achieved
by working from the ground up and exploring how the separate digitisation and res-
toration techniques (Section 2.1 and Section 2.2) can work together to create digital
interpretations of heritage through virtual reality (Sections 2.3 and 2.4). Section 2.5
includes the historical research that applies specifically to this project.

2.1 3D Digitisation Techniques

Creating a 3D model through digitisation can preserve a lot of information that a flat
photograph cannot, such as size, texture, structure, and surface shape. Once a model
has been created there are a variety of ways to interact with it: from the use of the
model in virtual gallery, virtual reality or augmented reality to 3D printing and han-
dling in physical interactions. The 3D scanning of artefacts enables non-intrusive
preservation, research, restoration, and exploration of theories about their use and
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Fig.4 Restored Inchyra Symbol Stone (Front and Back)

@ Springer



Education and Information Technologies (2024) 29:10009-10042 10015

appearance. Accurate data in 3D can be captured through photogrammetry, struc-
tured light scanning, and laser scanning.

In photogrammetry, data points are taken from photographs, and thus include col-
our information. This helps to create a digital model with accurate textures (McCa-
rthy et al., 2020). With the increase in computing power, it has become possible to
handle hundreds of photos of one object. Digital cameras are readily available, and
free and easy-to-use software make community-based projects a possibility (McCa-
rthy, 2014), making photogrammetry a practical tool to create authentic assets.

When scanning small artefacts, structured light scanning is more favourable than
photogrammetry as it can capture more details (Shurik, 2018). This is also the case
in finely detailed artefacts (Ruiz et al., 2021; Mathys et al., 2013). The downside
to structured light scanning is that it cannot be used on well-lit areas or in outdoor
environments where ambient light overpowers the projected light.

The popularity of laser scanning has recently surged due to LiDAR and ToF scan-
ners in consumer portable products. This has facilitated crowd-sourced projects,
such as the Earth Archive project which aims to scan and map the entire surface of
the Earth to digitally preserve the Earth’s surface for future use (Altaweel, 2020).
Terrestrial laser scanning has successfully been used to preserve monuments and
buildings (Pritchard et al., 2017). Accurate replicas can be made which can help
rebuild damaged buildings, like the Notre Dame Cathedral (Pratico et al., 2020), and
to analyse their conservation state (Pesci et al., 2012; Costanzo et al., 2015). Spatial
3D models are increasingly used in virtual museums and many times, some form of
laser scanning is used to achieve this.

Often, projects make use of a mix of scanning technologies, depending on the
object being scanned, and the intended use of the digital model. Textures obtained
from photogrammetry could also be laid over more detailed point clouds obtained
through LiDAR scanning (Emmitt et al., 2021).

In the last 20 years digitisation techniques have become more accessible. The
equipment required to make the digitisation is available at commodity prices. A
photogrammetry kit consisting of lights, camera, and tripod and laptop is within the
reach of most museums. Consequently, there are new digital pathways for museums
to engage with their communities and audiences (Cassidy et al., 2018). The creation
of 3D cultural heritage assets is an important step in developing authentic experi-
ences which can be used in immersive informal learning applications.

The digital models of the Inchyra Stone and St Madoes cross-slab were created
using photogrammetric methods and were made available through SketchFab and
international Image Interoperability Framework galleries.

2.2 Digital Restoration Methods

Theories about an artefact can be explored on a digital model. Non-invasive restora-
tion and reconstruction show how an artefact looked through time. 3D scanning has
been used to repair physical artefacts by 3D printing missing pieces (Jo et al., 2020).
Restoring an artefact could bring to light new ideas and link the artefact to its context.
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Working digitally facilitates an open workflow which keeps 3D visualisation projects
sustainable and accessible as encouraged by the London Charter (Denard, 2012).

Repainting Many sculptures were once painted with no physical remnants left
today. Paint restoration work has previously been applied to digital models of Pictish
stones (McCarthy et al., 2020). Their work on medieval stone crosses had a focus of
restoring the narrative function of the crosses. Audiences were shown unpainted and
painted models in virtual reality. Painted models were better understood by audi-
ences. This work shows that 3D models can be used to enhance physical interaction
and disseminate the historical narrative to a wider audience, immersing them in this
narrative. A recoloured reconstruction of the St Madoes cross-slab was previously
used in a mixed reality exhibition, Picts and Pixels, at Perth Museum and Art Gal-
lery in 2017 (Hall, 2020). A video was used to show the stone slab and it contributed
to positive reactions from the audience. However, the model was painted in strong
colours. Certain details were lost, and the damaged top part of the stone was not
reconstructed. The new version of the colour model has been created for use in the
new Perth Museum, set to open in 2024. The colour scheme will be intermittently
projected onto the actual cross-slab and supporting interpretation made available on
a digital console. Visitors will also be able to play around with colour selection to
create their own colour models.

Reconstruction Recreating missing pieces can prove challenging depending on the
affected area and the information available. Commonly, a similar item or area of
the object is scanned, and the resulting model is added to the missing part of the
model being restored. This involves fitting the reference surface around the area of
the damage by adjusting their point clouds (Kesik et al., 2017). While this method
provides accurate repairs, it is difficult to achieve if the content of the missing area
is uncertain. The reference material must also be very similar to the object being
restored. Automated mesh editors have been developed using mathematical Poisson-
based gradient field manipulation to combine meshes (Yu et al., 2004). However,
this is limited to the framework used in their experiment. Other algorithms can ena-
ble intuitive cut-and-paste operation when editing surface meshes, where a detail
from a reference mesh can be pasted onto a target surface, provided that there is a
continuous one-to-one mapping (Biermann et al., 2002).

This article proposes more straightforward workflows which make editing a 3D
model accessible by implementing 3D modelling techniques using computer graphi-
cal software. Digital software that allows manipulation of a mesh has been utilised
before, such as in reconstructing missing bones in palaeontological scans (Laut-
enschlager, 2016). However, our approach goes further by reconstructing missing
pieces of the digital mesh and then restoring the object to its original appearance.
The St Madoes stone was restored using Adobe Mudbox—a digital painting and
sculpting software, while the Inchyra symbol stone, which had larger areas for resto-
ration, was completed using Blender—an open-source 3D creation suite. The use of
these programs is discussed in Section 3.1.

The issue of authenticity is one that arises when artefacts are digitised but there
is a gap in the literature which describes how research that is done when restoring
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an artefact is presented to the public. The concept of authenticity is discussed with
relevance to “identical reconstructions” and their “falsification’ of history” (Piaz-
zoni, 2020). Once a 3D model of an artefact is created and restored, it becomes an
artefact in itself. Interpretation should therefore include both the historical interpre-
tation relevant to the real object, as well as the findings and decisions that were part
of the restoration process. There are already established strategies that help show
uncertain data in reconstructions, such as through media that describes the processes
or reliability of the result, comparisons of versions, differently coloured renders, etc.
(Pietroni & Ferdani, 2021). Piazzoni stresses that people’s desires and emotions are
what makes heritage. With this in mind, interpretation around the authenticity of
reconstructions should incorporate the public and their conclusions of what might
have been real. Traditional methods, like the ones mentioned earlier, are often laid
out by the exhibition creator, and do not allow space for the public to think about
and explore the researchers’ decisions.

2.3 Exploring Virtual Environments

Museums are striving to incorporate virtual and augmented reality as an immer-
sive tool for visitor learning and engagement. This is particularly pertinent in Perth
at present where the new Perth Museum is in development, as mentioned above.
Amongst its new displays will be the assemblage of Pictish sculpture from Perth-
shire, never before seen as a group. One of the ways the Museum is seeking to make
this material further accessible is through digital approaches to communicate sen-
sory perceptions around colour and place, as discussed above. Some of the ideas
were trialled in temporary exhibitions, notably in 2015-16 with The Cradle of Scot-
land (working in partnership with The Glasgow School of Art and the Hunterian
Museum & Art Gallery) and in in 2017, with Picts and Pixels (working in partner-
ship with St Andrews University and SmartHistory).

Virtual reality communicates these sensory perceptions by creating immersive
narratives of the past in a complete realistic ecosystem (Cerato & Pescarin, 2013).
Interaction in the virtual world leads to story progression with the object changing
or coming alive in the virtual world. This is often representative of an emphatic sto-
ryline, where the user progresses through the experience and develops an emotional
connection to it. Virtual environments have also been used and documented as part
of virtual museums, showcasing models and reconstructions both in museums and
online (McCaffery et al., 2015).

Virtual worlds have applications beyond museums. They are being used in edu-
cation, entertainment, and by experts to navigate new theories (Cerato & Pescarin,
2013; Miller et al., 2012). Immersive applications provide opportunities of experi-
ential learning that is difficult to achieve through traditional artefact viewing, thus
it is one of the modes of interpretation that are developed in this study. It allows
cultural heritage to transcend “space and time” (Cecotti, 2022) making it available
across countries and recreating heritage across time periods. As Cecotti shows, such
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applications can be used in educational formal learning and also through other social
experiences in informal learning settings.

People engage differently when presented with a new world of information. Some
will explore the extents of the world, others will stop and look at everything they
see, interacting with each object. However, where data is uncertain, it should be
communicated in a transparent manner. This can be achieved by documenting all
sources and material and allowing them to be accessed from within the virtual envi-
ronment (Fleury & Madeleine, 2012). Having this transparency ensures that a coher-
ent virtual world can be creatively developed around an artefact even when there is
partial contextual data available.

System and narrative immersion can be heightened by challenge-based immer-
sion (Nilsson et al., 2016). Both are present in virtual environments that recreate the
past. Challenge elements within a virtual environment work with the narrative ele-
ments in the immersive system to absorb the user further into the environment and
disassociating them from the physical world. This relates to Agrawal et al.’s defini-
tion of immersiveness and highlights the fact that cultural heritage applications can
contribute to the development of immersive learning in informal settings (Agrawal
et al., 2020). Means of adding a challenge include treasure hunt activities (Martina,
2014) or other interactive elements, such as configuring or creating new objects in
the environment. Configuration allows further exploration as users interact with the
environment in a creative way.

The effects of using virtual reality in both formal and informal educational envi-
ronments have already been discussed in several studies. Virtual reality has been
found to increase motivation through heightened attention and satisfaction (Casu
et al., 2015). Students also feel that material presented in VR is more relevant to
their studies, whilst in informal contexts, the use of virtual environments was proven
to heighten engagement by linking the content to the lived experiences and knowl-
edge of visitors (Kersting et al., 2020).

Virtual environments also increase acceptance of the material and the methods
used to present it (Ch’'ng et al., 2020). Such studies made use of objects recon-
structed from referenced museum artefacts. However, the selection of real-life dig-
itised objects used in reconstructions was generally low, when compared to generic
or remodelled artefacts. In Ch’ng et al.’s work, for instance, only 9 out of the 27
items used were digitised or modelled on museum artefacts. This is despite record-
ing a stronger sense of presence and a sense of meaningfulness when interacting
with the museum objects. Hence, the significance of incorporating museum objects
into immersive cultural heritage education becomes evident, underscoring the
imperative for further investigation and development of authentic and life-like digi-
tal surrogates.

2.4 Accessible Virtual Tours
Here, virtual tours refer to two broad types of tours: immersive 360° tours which

require a VR headset, and 360° tours which can be viewed on a 2D screen, such
as laptop or smartphone. In both cases, photos or videos of a location need to be
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taken using 360° cameras. Videos can create more immersive output; however, 360°
photos can also allow exploration of the scene and include various hotspots to move
between scenes.

Despite not being completely in a digital environment, users still find virtual
tours immersive and engaging (Argyriou et al., 2020). Such tours can capture the
location without needing to recreate it in a gaming engine. The final package is often
less substantial than the entire environment, thus requiring less powerful and more
easily available hardware to run. Such virtual tours can also include narrative and
gamified elements through mission-like walkthroughs or knowledge-based games as
presented in Argyriou et al. This study also showed that movement and navigation
can be simulated through walking videos. Virtual tours can also combine the tangi-
ble with intangible heritage (Mabh et al., 2019). This allows both the physical cultural
heritage site and intangible information to be documented and made accessible and
communicated throughout the tour. Mah, et al. combine images and photographs
in addition to 360° photos to create a virtual tour of the Tampines Chinese Temple
which also shows ritual practices and highlights the significance of artefacts within
the temple. The added accessibility of virtual tours means that this is a viable mode
of interpretation that can be explored.

The content of such tours could also be replicated in tours which do not require
VR headsets. Whilst this reduces the immersiveness aspect, it makes the content
available outside of VR. Tours which require VR headsets are appropriate in a
museum setting, where a headset and system can be installed. There are also options
to make VR accessible at home by creating web-based VR tours or applications.
However, the majority of people do not own a VR headset at home, despite the avail-
ability of lower-priced and portable models that have become available in recent
years. There is also a question of device compatibility — where a VR app is built for
a museum, the device is known, and the application can be designed and developed
accordingly. At home, there is a greater availability of different devices so the shared
experience might not be compatible with user devices. This creates a requirement
for a different system which can allow the exploration of a virtual environment by a
wider audience.

Additionally, 360° photos and videos can be taken in a reconstructed environment
to capture the location and make it available outside the environment in a non-VR
headset dependant method. Whilst virtual environment can be experienced in dif-
ferent immersive layers (Khorloo et al., 2022), exports presented in tours can let the
user experience pre-defined routes within the environment. Furthermore, it allows
the combination of real-life information and imagery to be combined with the vir-
tual environment, facilitating the comparison of the two environments. Such tours
can be built using online tools such as Kuula. These allow 360° media to be expe-
rienced on a screen. Although removing the fully immersive element that one can
experience when wearing a headset, these tours are more accessible. They can also
represent a high-resolution snapshot of a real-life or recreated location using pano-
rama imagery. Online services such as the ones mentioned above, typically have free
versions and are easy to use by members of the public, without the need for coding
experience or high-power devices. This is important for the cultural heritage sec-
tor as adoption challenges of virtual worlds remains one of the biggest obstacles
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(Gaspar et al., 2020) in any educational setting. Thus, creating virtual tours to show-
case cultural heritage artefacts can be one way that a museum with limited resources
can create immersive learning opportunities for its audience.

2.5 Historical Research

The historical research is what drives the subsequent developments in practice.
The reliability of these approaches lies in the fact that the proposed development is
rooted in research, thus providing authentic replicas. When in an immersive environ-
ment, users tend to acquire factual knowledge of what they are seeing. Therefore, it
is necessary to ensure that all development is based on historical research. (Makran-
sky & Petersen, 2021). This section details historical research that was vital to the
development of the assets of this study.

The approach presented in this article was applied to reconstructions of two Pic-
tish sculpted stones: the St Madoes cross-slab and the Inchyra symbol stone. These
were chosen as key pieces of sculpture in the Museum’s collection, with a critical
significance to understanding the Picts in the Perthshire region. The cross-slab is a
largely intact monolithic sculpture of the eighth century (Fig. 1), whilst the symbol
stone is a possibly sixth/seventh century sculpture carved episodically in different
orientations, with Pictish symbols, to which at least three sets of ogham inscriptions
have been added (Fig. 2). More images of the stones can be found in (Hall, 2012).
The sculptures are part of the collections of Perth Museum and Art Gallery.

A Pictish colour palette was composed to establish cohesiveness between the
restored models and to ensure future reconstructions on other Pictish stones. The
objective was to create a range of colours that would have been available to and
likely be used by the Picts. Therefore, concurrent historical sources were investi-
gated to make decisions on the colour selection. These sources included pigment
remains on stone and illuminated manuscripts contemporary with the Pictish period.

Roman stonework has revealed a colour palette rich in reds and yellows, with
traces of white lead (Campbell, 2020). These colours have also been observed on
post-Roman, Insular sculptures including the Anglo-Saxon Lichfield Angel. Here,
the core colours used were mixed to create different hues, as well as adding black
and white to create different shades (Geary & Howe, 2009). Red pigment was found
on sculpted interlace of the Pictish Portmahomack sculptures, while white, which
was possibly used as a base layer, was found on the Goodlyburn cross-shaft' (Hall,
2020). These findings reveal that reds, yellows, and white should be present in a
Pictish colour palette. They also give an indication of which areas were painted and
what effect could have been desired; most notably, using a white background to cre-
ate contrast with the intricate designs.

More information was drawn from illuminated manuscripts, especially the
Book of Kells (Fig. 5), created circa 800AD, and the Lindisfarne Gospels, created
circa 715-720AD. These Insular artworks include intricate and colourful patterns

! The white pigment on the Goodlyburn cross-shaft was identified by eye only. It is currently awaiting
XRF confirmation.
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Fig.5 The Temptation of Christ from The Book of Kells (The Book of Kells, c. 800 CE)

in bright colours and a range which goes beyond red and yellow, to include blues
and greens as well. These are the core hues that would have been available to Picts
through natural minerals and plants. A reconstruction of the Forteviot burial monu-
ment reproduced similar colours from the manuscripts (Fig. 6) (Hall, 2020). From
these colours, a 10-colour palette was created which is shown in Fig. 7. The 10
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Fig.6 Forteviot burial monuments (Campbell & Driscoll, 2020, Figure 10.2)

hues can be lightened or darkened and can capture accurate colours in any Pictish
reconstructions.

With regards to the restoration of the sculptures, Inchyra has the most damage.
The wider part of the stone is broken off—destroying one of the fish symbols at that
end of the face. This could be reconstructed by looking at the complete fish symbol

Fig. 7 Reusable Pictish colour
palet

#275268 #B39C66

#5B738E #B47435

#65919D #90321E

#749179 #973F3C

#61794C #602C32

@ Springer



Education and Information Technologies (2024) 29:10009-10042 10023

incised on the other side. Most of the remaining restoration was in reconstructing
pieces of the stone that had chipped off. Interestingly, two symbols on the Inchyra
stone, on the side of the intact fish, appear not to have been finished by the sculptor
(Stevenson, 1961). These were only lightly incised in the final restored version and
left unpainted to reflect their incompleteness.

The symbols on the St Madoes cross-slab have seen some erosion and damage
and needed fine-tuning of their detail. The panels at the back of the stone are harder
to make out but previous research had established what the symbols originally were
(Hall, 2020). The largest piece to be reconstructed was the top, where a pair of
crouching lions were identified (Hall, 2012). The reconstruction draws mostly from
the lions carved on the Pictish sarcophagus found at St Andrews which was sculpted
in the same period.

2.6 Research Aims

Since their re-discovery of the St Madoes and Inchyra stones in the nineteenth and
twentieth centuries respectively they have generally been treated as individual arte-
facts. In actuality, they come from the same temporal period and were found within
the same landscape, something that is not immediately apparent due to the markedly
changed landscape in which they once resided (Hall, 2012).

Whilst there are many separate studies that look at restoring museum artefacts
from a technical perspective or building immersive tools for cultural heritage edu-
cation, there is a lack of studies that document the entire process of authentically
restoring artefacts and building multiple modes of interpretation around them. There
is also great potential in creating and using virtual environments as a platform for
presenting and experiencing digitised cultural heritage artefacts and how these
impact understanding of past cultural landscapes.

The research, therefore, aims to digitise and restore the collection of stones
found to give visitors a better sense of their sensory perception through re-imag-
ining how they were coloured and to present them to an audience who might not
know of their link and the environment where they were found. As demonstrated
in the literature, virtual reality can facilitate this knowledge transfer by situating a
restored stone in its environment. Virtual tours then make this experience accessi-
ble to a wider audience, even outside the museum. This is done in this research by
combining digitisation and restoration techniques to create new modes of inter-
pretation. In addition, we will investigate how enabling learners to interact with
authentic replicas can increase engagement with the historical material. Through
the different modes of interpretations created and their evaluation, this research
will answer how presenting the stones in their original environment can increase
the knowledge and understanding of this unique environment. It is, of course, but
a first step, but the advantage of the digital environment is the relative ease with
which it can be updated as our understanding deepens.

@ Springer



10024 Education and Information Technologies (2024) 29:10009-10042

3 Methodology

Following a practice-led methodology, our objectives were to restore the Pictish
stones, place them within their contextual environment and create diverse modes
of interpretation. The adoption of this methodology is justified as the process of
creating digital interpretations is considered integral to the research process and
contributes to the generation of new knowledge in the domains of Pictish sculp-
ture and heritage education. The research involves exploring how digitization and
restoration techniques can work together to create digital interpretations of herit-
age artifacts. This process involves experimentation and iteration, which are key
components of practice-led research. This methodology is not solely based on
existing literature or theory, but rather on the processes involved in creating digi-
tal interpretations of heritage artefacts prioritizing the practical intricacies associ-
ated with them.

The procedures within this methodology followed an explorative approach
with each component prescribing the next, and with multiple reiterations of the
steps that make up each component. Figure 8 shows this process.

Data collection occurred twice. Once through interviews and discussion with
other heritage professionals after the first stone was restored. The second data col-
lection occurred after the digital modes of interpretation were created. Through a
drop-in focus group session, surveys were collected. These were analysed through
qualitative methods which offer an effective way of understanding the behaviour,
knowledge acquisition, and opinions of the participants after experiencing the
various interpretations. Though the outputs can be implemented informal and for-
mal education, this research looks specifically at informal out-of-syllabus learn-
ing, such as in the museum or at home. Therefore, the sample of people recruited
for the focus group were not educators of this subject, but rather, people who
might be interested in learning more about it.

Create Digital Interpret Implement

Artefact Artefact Knowledge

¢ Digitise ¢ Create digital ¢ Informal

e Historical _modes of _ education
reseach interpretation e Formal
* Restore ¢ Evaluate with education
different

groups

Fig. 8 Methodology to create authentic digital replicas and modes of interpretation
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3.1 Creating and Restoring Artefacts

After the necessary historical research was done, the 3D models of the stone
could be digitally restored. A workflow for artefact restoration was developed and
applied to both sculptures. This is detailed below:

Conduct historical research and form a colour palette.
Plan a colour scheme for each artefact.

Import digitised 3D model.

Sculpt missing sections.

Restore selected areas by painting and refining detail.
Export model for use in future applications.

A

This workflow can be applied to any artefact, irrespective of its historical
period. The concepts in the workflow can be adapted according to the artefact;
for instance, if an artefact does not have missing fragments, that step can be
skipped. Working with a digital model which has been obtained through 3D scan-
ning methods allows the final digital model to have realistic textures and accurate
details. These would not be possible if a digital model is recreated from scratch.
Conversely, relying entirely on the digitisation process means that the digital arte-
fact only represents the heritage object as it is now. Synthesis of modelling and
digitisation allows both realistic details and the rejuvenation of the artefact, so we
can visualise and manipulate the artefact as it may have been when first in use.
The following section will describe some techniques that can be applied. It is not
a comprehensive list, but the tools can be reused on any 3D model, as deemed fit.

The choice of software is an important one and for this project Adobe Mudbox and
Blender were utilised and compared. Mudbox is a software dedicated to sculpting and
painting a 3D mesh. It was appropriate for St Madoes as most of the restoration involved
manipulating the existing mesh. This was possible using the sculpting tools which alter
the model similarly to real-life sculpting. Since Inchyra required more extensive recon-
struction, it was restored using Blender, which offers a suite of features that go beyond
sculpting and editing. These include Boolean operators which seamlessly add new parts
of the mesh. Moreover, Blender comes with multiple modifiers such as Remesh and
Decimate. These tools help to fine-tune the final meshes, especially when new pieces
have been added. The Remesh modifier can be controlled to reduce the number of faces
without reducing the quality of the details. The mesh can also be Triangulated and Dec-
imated to ensure smoother sculpting. Additional areas can be added and then joined to
the model using the Boolean Union operation to remove unused vertices. The Remesh
modifier can be reapplied to cohesively join additional fragments to the original mesh
and clean it up before further sculpting takes place.

Once the structural changes have been made, the sculpting of details and painting
can commence. Painting and refining should be done in a cyclical approach which
ensures that areas of the model are viewed from every angle. Painting can be done on
top of textures obtained through photogrammetry. Models which have been remeshed
require a new UV projection to distribute the 3D vertex points onto the 2D texture.
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One of the uses of a digitised cultural artefact is to preserve it for future genera-
tions and to catalogue it digitally. As such, a high level of detail which encompasses
every aspect is required. However, for the model to be usable in other immersive
applications, a balance must be reached between quality and size. This was a chal-
lenge while restoring. If the model has a small number of faces, it becomes difficult to
sculpt details accurately. Higher-resolution meshes are required if the model is going
to be displayed in life-size or bigger dimensions. On the other hand, this increases
the number of faces and the size of the model. The final model becomes unusable in
other applications due to a slow loading time. Computers or portable devices with
less graphical power would struggle to smoothly interact with the model.

In Blender, file size can be reduced in multiple ways. The Decimate modifier reduces
the number of faces with minimal shape changes by reducing unnecessary vertices in
“flat’ areas where there is not much change in the topology. This is critical to ensure that
detail is not lost. Blender also supports geometric mesh compression and can export the
restored model in different formats to suite the intended use: FBX is a binary 3D format
which can store multiple subdivision surfaces in less space and is ideal for use of the
model in gaming engines; the gITF format, on the other hand, is optimised for real-time
transmission, making it better suited for web-based applications. Because of its efficient
size, it is widely used for VR and AR applications, as well as many digital heritage pro-
jects and public domain catalogues (Bradshaw & Crabb, 2020).

3.2 Digital Modes of Interpretation

The goal of restoring 3D artefacts is to bring them closer to the community.
Immersive learning opportunities can be constructed through having accurate 3D
digital replicas and restoring them in an authentic manner. Immersive applications
provide an opportunity to learn about artefacts and their context and are also a
non-invasive means of understanding sculpture further as they require, for exam-
ple, no actual application of colour to the sculpture. The restoration of these two
stones has brought them together and they can be presented in meaningful ways.

The following sections will detail several modes of interpretation that have
been developed which make use of the authentic restored reconstructions. More-
over, these digital tools can be experienced in multiple locations. This ensures
that interpretation can happen at the museum, at home, or anywhere in between.
The audience is also varied. Therefore, in the case of the Pictish sculpture pre-
sented here, interpretations can be done by museum visitors, students, local
people in Perthshire, tourists, scholars, etc. These backgrounds diverge through
their experience of the digitised material, creating diverse interpretations.

3.2.1 Interactive Configurator Tool

There is always room for interpretation when repainting historical/cultural artefacts,
especially when little concrete evidence is present. This is something that ought to
be communicated to the audience, without detaching from the learning experience.
An online interpretation tool which enables the application of different colours on
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the artefact is effective. This is presented as part of a web interface that introduces
the stones, their history, and context. The website is not overloaded with information
to keep the content direct and meaningful. Additionally, it raises interest and allows
the user to start forming their own thoughts and theories about how the stones might
have looked. A 3D visualisation is embedded which lets the user configure the dif-
ferent colours of the stone to reflect their own perceptions (Fig. 9).

The configurator was built using the JavaScript library Three.js, ensuring it can
work on any modern browser. It accepts 3D models in the GLTF format and can
decode compressed models as well. The application builds the scene including the
object, lights, and camera on an HTML canvas. Once the model is loaded, three.js
extensions provide orbit controls which allow panning, rotating, and zooming via
mouse or touch. The user can then recolour the stone by selecting any part of the
stone and choosing from the swatches of the provided Pictish colour palette. The
configurator can be accessed through the interactive web interface at https://cineg.
org/painting-the-picts/imagine/.

The 3D configurator is a valuable learning tool which emphasises the fact that the
colouring of the stone is an exploratory task. This is shown to the viewer in a subtle
manner which does not detract from the richness of the experience. Restricting the
colour palette to the colours available to the Picts establishes their historical accu-
racy, whilst the freedom to create their own colour scheme certifies that the colour

Select base stone colour:

White v

Grab (left-click) to rotate model. Scroll to zoom. Grab (right-click) to pan around model

Click on any coloured area of the model and then select a different colour from the palette below
Fig. 9 Colour configurator tool showing the St Madoes Stone. Users can recolour the stone by clicking
on the stone areas and selecting the new colour
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scheme of the model is not an exact replica. The benefit of this tool is that when pre-
sented in a virtual environment, the additional thinking provides a challenge-based
approach to immersion as defined by (Nilsson et al., 2016).

3.2.2 Virtual Environment

Building a virtual environment of St Madoes in the early medieval period was an
essential next step in disseminating an interpretation of the historical environmen-
tal context in which the Pictish stones had operated. The landscape has drastically
changed due to a railway and motorway that presently pass through it. Archaeologi-
cal, topographic, and onomastic evidence indicates that St Madoes was a signifi-
cant place and had been since the Bronze Age, with some element of curated ritual
continuity. Known features and finds include Bronze Age burial mounds and stand-
ing stones and a Roman coin hoard and brooch. The Inchyra stone was found adja-
cent to a Bronze Age burial mound and itself horizontally capped a burial. The St
Madoes stone was found in the church burial ground, which when founded in its
Pictish use may have encroached upon the remnants of a prehistoric cemetery and/or
ritual space. From the churchyard came a further piece of Pictish sculpture currently
lost and the recent find of another fragment of symbol stone indicates a concentra-
tion of Pictish sculpture in the area. This makes St Madoes/Inchyra a prime loca-
tion for recreating a historical virtual landscape. There has been no archaeological
excavation in or around the St Madoes churchyard or close to where both sculptures
were found, which means there is no solid, archaeological date for reconstructing
the environment beyond the stones themselves and the morphology of sites in the
landscape. Comparison with related sites that have been excavated thus becomes an
important source of comparator data, e.g., the excavation of the Pictish landscape at
Forteviot (Campbell & Driscoll, 2020).

The Unreal Gaming Engine was used to create the virtual environment. The land-
scape maps were obtained from Digimap and used to create the digital landscape.
The restored stones were imported and placed in their imagined appropriate loca-
tion. A medieval chapel was recreated. No reference remains have been found, but
other historically contemporary buildings indicate that the chapel was most likely
built of wood with a thatched roof. The model is relatively simple, without the pre-
cise detail that is present in the stones. The door and windows do not open, and
the textures are two-dimensional. This highlights the fact that it is in part a crea-
tively drawn reproduction reflective of its time, and not an authentic reconstruction
based entirely on direct, archaeological evidence (though informed by reconstruc-
tions made based on sites excavated elsewhere). Barrows were added to indicate the
burial mounds and a cemetery built near the church and the cross-slab (Fig. 10).
As the St Madoes and Inchyra sculptures were unlikely to be the only stones cre-
ated for the site (a further cross-slab fragment was found in the nineteenth century
and then lost (Hall, 2012, pp. 89-90, Fig. 7.2) and an additional Symbol stone was
reported on recently (Hall, 2019)), suggestions for a range of other burial monu-
ments were added referencing the known designs of stones from other parts of Pict-
land (Fig. 11). The scene was populated with estimates of typical flora and com-
pleted with indications of settlements.
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Fig. 10 Pictish environment showing the St Madoes Stone, cemetery, and Pictish church in the back-
ground

Fig. 11 Inchyra Stone placed in the environment with additional non-player characters
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The virtual environment provides opportunities to walk around the scene with
a first-person perspective. As a learning environment, users can freely explore the
environment, intrinsically finding answers to their questions about the stones. As
this can be applied to any artefact, users can learn about the people who built and
used historical artefacts through seeing and interacting with the worlds they lived in,
and not just through reading information. Parallels and contrasts between the current
environment and the historical one can easily be drawn which assist in the under-
standing of this cultural landscape and its evolution. The realistic ecosystem created
here ensures that an immersive narrative can be realised (Cerato & Pescarin, 2013).
Through this, the sensory perceptions that allow the audience to understand how the
stones looked and how they were situated can be communicated.

3.2.3 Location Tours

Museums have increasingly been implementing virtual tours of their collections.
This mode of interpretation can be transferred to locations as well. One of the
aims of this project was to represent the cultural landscape in Perthshire and how
it has changed over the years. A set of location tours was created to encourage
interpretation around this aim. The virtual environment described above was
reused. Several 360 photos were taken around important points of the landscape.
These were exported and a Kuula tour was created, highlighting areas of inter-
est and providing more information about the locations. Additionally, 360 photos
were taken in the real world, in approximately the same location of the 360 pho-
tos exported from the environment. These were added to another Kuula tour. Sim-
ilar hotspots were added, calling attention to the differences in the environment.

The idea behind this mode of interpretation is to present the environment and
generate thoughts on how the landscape has changed by comparing the two in a
similar manner. People already familiar with the Perthshire landscape can view
the landscape in a new light. On the other hand, people who are unfamiliar with
the area, can better visualise the extent of this settlement. The importance of why
this work was carried out becomes apparent as the stark contrast between the two
environments can be seen.

By eliminating well-known landmarks, such as the motorway and railroad
which divide the landscape, a new understanding of how the Picts lived across
the area can be achieved. The locations now considered as three distinct villages,
become one large area of settlement. The whole area was once probably consid-
ered a significant and influential area. This can be presumed from the multiple
burial sites, which were reused over the ages. Bronze age remains were found
around Forteviot and Inchyra and it seems the Picts continued to consider the
areas to be sacred and important, using the locations as their own burial grounds.
Today, the landscape is ordinary and very little is seen from its considerable
history.
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This kind of interpretation and understanding can be achieved through tools such
as virtual tours and made available to an international audience through the internet.
This overcomes the obstacle of adopting virtual environments (Gaspar et al., 2020)
by making it more accessible. Programs which create interactive virtual tours, such
as Kuula are easy to use. As discussed in Section 2.4, open-source or free alterna-
tives make this mode of immersive interpretation accessible to museums and herit-
age centres.

4 Evaluation

Evaluation was carried twice, once after the model was restored, and once after
the modes of interpretation were created. The work was initially shared with sev-
eral history and museum professionals who provided feedback. This first round
of feedback was collected specifically on the restoration and colourisation of
the stone. This helped define the kind of interpretations that could be developed
in the next stage. The debate of whether the Picts painted on a white base layer
or directly onto the stone was prominent. The configurator tool was modified to
reflect this by including a choice of both options. The consulted experts were sat-
isfied with how the surfaces were digitally restored during the process of sculpt-
ing on the 3D model. There were positive comments on how the colour interplays
with reliefs in the stones, bringing out unseen detail. They commented on how
more insight into the appearance of the stones, for instance at different times of
the day, can be obtained by using the stones in a virtual environment. This high-
lighted the importance of developing various modes of interpretations around one
subject, with each mode of interpretation providing different layers of knowledge
and learning about the subject.

The second round of evaluation was done after the virtual environment was
built. This involved testing of the virtual environment in VR. A webpage intro-
ducing the Picts and the topic of recolouring ancient artefacts was first pre-
sented to the subjects. This assisted in conveying key information about the
Picts. Additionally, the webpage contained the interactive colour configurator
tool. Participants were allowed to play around with this tool to become more
familiarised with the coloured artefact. Following this stage, they were given
instructions on how the VR experience will work. The participants were shown
the controls for moving forward in the environment and for jumping to the next
scene. They were instructed to explore the environment as they would like, as
well as skip to the preconfigured scenes whenever they want. They were not
given any time limit. Afterwards, they were asked to fill in a survey to describe
their experience.

The data collection was held in a lab in the school of Computer Science and
participants were voluntarily recruited through flyers and email. The email
was sent to the university museum team to recruit museum professionals. The
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participants recruited are representative of a public who had very little or no
knowledge of the subject topic, mirroring how museum visitors come in contact
with artefacts in a museum that they know little about. A total of 17 participants
took part in the study, with the majority being students, but also including lec-
turers and museum curators. The age varied between 18 and 64 years, with 53%
of the participants falling in the 18-24 years category. The participants mostly
had some experience of working with digital technologies, but most of them had
never or only once used VR. The VR application was viewed through an Oculus
Rift S connected to a PC. An external TV displayed the experience for people
accompanying the participant. Another PC and monitor were used to access the
informative webpage during the first part of the study.

To evaluate the effectiveness of the immersive modes of interpretation
designed, four evaluation themes were created: the system’s ease of use, user
engagement, learning ability, and its significance to the cultural heritage. The
survey contained 12 statements which asked participants whether they strongly
agreed, agreed, neither agreed or disagreed, disagreed or strongly disagreed with
each statement on a 5-point Likert scale. These statements gather information
about the specified themes (Fig. 12). These questions were followed by three free
text questions asking participants to describe their experience, what they enjoyed
the most, and any areas of improvement.

The results from the Likert-style questions are summarised in Fig. 12. Overall,
the response was positive. The questions are grouped according to their evalua-
tion theme. The free-text questions were coded and collated into topics outlined
in the tables below.

Table 1 contains all the coded responses listed by the different users with the
percentage reflecting how many times it was mentioned. Figure 13 and Fig. 14

Pictish VR Environment

1 thought the system was easy to use.
1 found the interaction easy and responsive.

The exhibit was engaging.

1found this experience immersive

| now know more about the subject.

Having used the exhibit | want to learn more about the topic.

I enjoyed this way of learning.

The physical and digital heritage complemented each other.

This will help communicate heritage.

This method supports museum communication if it's closed to the public.

It helps safeguard and advocate its physical counterpart.

This increases community access to their heritage.

0.

=1

% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0%  100.0%

mStrongly Agree  mAgree M Neither Agree or Disagree  ® Disagree M Strongly Disagree

Ease of use Engagement Learning Ability Significance to Cultural Heritage
Fig. 12 Responses to survey evaluation statements
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Table 1 List of coded responses for “What three words best described your experience with the exhibit?”

ordered by their frequency

What three words best described your experience with the exhibit?

interesting 18%
immersive 14%
engaging 12%
fun 12%
interactive 8%
different/original/new 6%
exciting 6%
informative 6%

intriguing 4%
impressive 2%
Picts 2%
motion-sickness 2%
captivating 2%
visual 2%
realistic 2%
colourful 2%

were coded through an inductive approach to reflect all the categories that the users
mentioned in their responses. This is especially helpful to categorise the improve-

ments suggested by the users.

The four core themes of the survey are evaluated below against the results sum-

marised above.

B Coloured representation of
the stones in the original
environment/on location

M Exploring the subject (stones)
in 3D/detail

m Using a VR headset/new
technology to view heritage

Exploring the
world/immersed in
environment

M Article
information/knowledge
obtained

Fig. 13 Coded results for: What did you enjoy most about the experience?
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W Detail to graphics/sound - immersive
M Features (walk in hut, interactions,
props)

® Movement/orientation/controls

Signposting/instructions

12.50%

H Changes to web interface/configurator

® N/A - no improvements suggested

B More information provided

Fig. 14 Coded results for: How could the experience be improved?

4.1 Ease of Use

This theme looks at whether the participants found the system and interactions easy
to use and responsive. Whilst the respondents were in the majority strongly agreeing
with the statements, 18% of the respondents were neutral. Looking at the responses
on what improvements they would like to see in Fig. 14, 20.8% of responses were
regarding the movement in the environment and an additional 12.5% suggested more
signposting or instructions. Movement in a virtual world can be problematic. The
aim is to make the experience as immersive as possible, but sometimes this might
not be intuitive whilst within the VR world, especially for inexperienced users. This
reduces the engagement, enjoyment, and learning possibility. The tested system’s
mode of movement which was to go forward in the direction the user is looking, is
realistic and mimics real-world walking. However, for the participants, it was not
always intuitive as they had to turn around whenever they wanted to go somewhere
that was not directly in front of them. This could be improved by using the joystick
on an Oculus controller to indicate direction (instead of using the trigger to indicate
forward). Another way to facilitate movement around objects would be to include
hotspots, marked perhaps by a glow on the ground, which the user can point at in
order to move to that point of view. This can make it much easier to move around
the stones, for instance, to see them from different angles. This should be kept in
mind when designing immersive learning applications.
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4.2 Engagement and Immersiveness

All the participants agreed that the exhibit was engaging and 76.5% of the partici-
pants agreed that the experience was immersive, with the rest neutral. 45.8% of
the improvements suggested by participants fall into categories which can further
improve this. Adding more detail to the graphics, as well as the inclusion of sound
can make the environment more immersive. New features such as interacting with
props or going into the buildings would make the experience more interesting and
engages the user for a longer period.

The immersive element was greatly enjoyed by the participants. The most
common theme when asked what they enjoyed the most was seeing the coloured
representation in the original environment. This satisfies one of the project’s
objectives of representing the context of the stones and bringing their history
alive. Another highlight for the participants was using the VR headset to explore
heritage. This reflects other research that measures engagement in similar virtual
reality learning apps (Bodzin et al., 2020) but stresses the effectiveness of using
innovative technologies to create modes of interpretation of historical artefacts.

4.3 Learning Ability

One of the aims of this study was to use different modes of interpretation to
expedite learning about elements of history or culture, in this case Pictish sculp-
ture. The different modes tested here — web interface, colour configurator,
virtual environment — were successful in engaging the participants in learn-
ing about a topic they knew little about. The participants agreed that they knew
more about the subject and enjoyed learning in this experience. Besides, 88.2%
showed a willingness to learn more about the subject. This is an important
condition. Museums’ focus on teaching the public about their collections goes
beyond what is physically in the museum. One participant commented that they
would have liked more information displayed within the experience, indicating
that the experience was not over-saturated with information and was a good plat-
form for the dissemination of this knowledge.

The objective of such interactive experience is to ignite an interest in the user
to keep on learning about the subject. Whilst this experience might have been
an introduction to the topic, leaving the participants interested even after the
exhibition is over can lead to future consumption of related material. Because
“interesting,” “fun,” and “exciting,” were amongst the most frequently used to
describe the experience (Table 1), there is a higher chance that it is memorable,
creating future connections and learning opportunities.

Despite this, out of the 88.2%, only 23.5% ‘strongly agreed’ to learning
more about the subject outside of the environment. This is also reflected in the
fact that the “article information/knowledge obtained” was the least source of
enjoyment (Fig. 13). What this could indicate is that the quality of the provided
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interpretive information should be of better quality. This is to ensure that partici-
pants understand and learn enough to continue seeking more information, and
to make the knowledge acquired just as much of a highlight as the immersive
experience itself.

A response from a participant: “I enjoyed seeing the recreations of the carv-
ings and symbols as if it were in person. I liked learning about the exhibit
beforehand and then entering the virtual experience and being able to visual-
ize what I had just read about,” encapsulates how it is the combination of these
modes of interpretations that heightened the learning aspect, rather than the
most immersive or enjoyable one on its own.

4.4 Significance to Cultural Heritage

Another important objective is that this work is significant to the cultural herit-
age it represents. Overall, this had a positive reaction from the participants, where
they believe that the digital experience provided appropriate interpretations of the
physical artefact. Interestingly, the lowest scored statement in this section was that
the experience increases community access to their heritage. This could be due to
the fact that the participants came from an international background, and so, they
might not have considered this work as improving access to “their”” heritage. In fact,
a forthcoming work from the University of St Andrew’s research team indicates that
similar work is important in promoting the experience of culture as part of the com-
munity it is representing. The work utilises a similarly built virtual environment of
North Uist and evaluates it within a community of people from North Uist and a
statement similar to the one presented here, received a higher score.

5 Discussion

Advancements in technology, such as 3D modelling and virtual reality, have intro-
duced new possibilities for studying and interpreting heritage. This research dem-
onstrates the potential of these technologies in the field of cultural heritage, empha-
sizing their value in preserving, studying, and presenting historical artifacts in
innovative and engaging ways.

One innovative method presented involves restoring a digitised model and cre-
ating multiple modes of interpretations around it. Embedding the 3D model of St
Madoes Stone in a gallery-type representation hosted on Sketchfab or in a IIIF gal-
lery on a web page enables the user both to manipulate the stone and to have access
to its context and relevant narrative. Furthermore, the user can also manipulate the
stone by choosing colour schemes from an appropriate palette. This addresses the
issue of how to make clear what is known and what is not known. On their learning
journey, the user is empowered to explore the colour space that was available to the
Picts.

Synthesizing 3D digitization and modelling techniques to recreate objects as they
appeared in the past, with precise detail obtained from physical digitization, represents
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a new field. This approach builds upon existing digital reconstruction and 3D digitiza-
tion literature, benefiting from the increased accessibility of commodity computers,
graphics engines, and cameras. The methods showcased in this research demonstrate
the feasibility of reconstruction from digitization and have broader applicability.

This development is significant in both the heritage and the educational fields
because it enables the creation of highly accurate and detailed reproductions for
use in a multitude of digital tools. The digitisation reconstruction techniques shown
here are accessible because they require little or no coding knowledge and use
open-source software which continues to improve. This should become the stand-
ard in reconstructions, allowing the wealth of objects digitised through museums
and organisations to be used effectively. Incorporating highly realistic artefacts in
reconstructions is the future of heritage education, especially considering the rise of
artificial intelligence. Digitization plays a crucial role in preserving and conserving
historical artifacts, allowing for the creation and restoration of authentic digital sur-
rogates, as demonstrated with real-life data in this research and potentially with Al
in the future. This is particularly valuable when preserving physical objects that are
at risk of damage due to climate change or conflicts.

This research addresses the issue of limited access to cultural heritage education.
Geographical, financial, physical, or other barriers often prevent individuals from vis-
iting heritage sites in person. By making heritage accessible through various digital
means, a wider audience can engage with and learn about these artefacts. This research
focuses on immersive learning opportunities for informal education, utilizing interactive
tools, virtual reality environments, and virtual tours. These approaches enhance the edu-
cational experience and promote a deeper understanding of the cultural heritage, par-
ticularly in settings where traditional teaching methods may not be as effective or engag-
ing. For instance, these multiple modes of interaction benefit educators teaching children
with Special Educational Needs and Disabilities (Pitchford et al., 2018).

Placing the stone within a historic landscape improves our understanding of the land-
scape, and the stone’s significance within it. The creation of the landscape is a learn-
ing process, but it also makes exploration of Pictish landscapes something that can be
undertaken by the general public. The availability of gaming computers and virtual real-
ity headsets, and improved digital literacies, means that this sort of exhibit and exhibition
is possible in the home, schools and in museums. However, barriers still exist, as not
everyone possesses game-capable computers or VR headsets. To address this, a virtual
tour of the landscape, comprising a series of 360 images with hotspots accessible via
an app or web browser, provides an accessible immersive learning experience. Evalua-
tion responses indicate that users found the systems easy to use, enjoyable for learning,
and effective in communicating heritage in an engaging manner. As supported by the lit-
erature review, emerging game technologies and virtual reality contribute to engagement
with heritage while facilitating learning through various interactive interpretations. This
evaluation reflects the positive impact of these technologies.

Additionally, this research introduces a new way of engaging the public, by
granting them control over interpreting researchers’ decisions. This addresses the
authenticity gap found in the literature where heritage creators where heritage
creators typically hold final authority in restoring artifacts and presenting specific
discourses. Involving people in the interpretation process is crucial for fostering a
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deeper understanding and increased engagement with heritage. The colour configu-
rator deals with this issue by acknowledging the uncertainty in knowing how the
stones were coloured whilst giving the audience the chance to interpret it and make
their own choice. What this suggests is that this tool, used with the other immersive
tools, stimulates discussion and engagement with the topic at hand.

However, this study does not address whether similar responses can be observed
in a formal educational environment. Evaluating the effectiveness of digital modes
of interpretation for Pictish landscapes in classrooms would be a fruitful area for
future research. A natural progression of this work is to analyse how non-player
characters can be included in the scene to help pass on information about the topic,
either replacing or supplementing textual information in the environment. Further-
more, enhancing the challenge-based immersive experience can be achieved by
including the user’s own configured and customized stone model within the environ-
ment. This approach strengthens the connection between the colouring of stones and
how they were perceived in their original context.

This research makes a valuable contribution to the existing literature by pre-
senting an integrated approach to creating multiple modes of interaction for herit-
age studies, using realistic reconstructions. While these modes of interaction may
have been utilised individually in previous studies, their combined application offers
a more immersive and cohesive experience. This integrated approach facilitates a
departure from compartmentalized thinking and encourages a holistic understand-
ing of the subject matter. The techniques employed in this research also demonstrate
the feasibility of not only creating authentic replicas of artefacts but also digitising
entire cultural landscapes by leveraging a combination of traditional and immersive
media. By utilizing interactive tools, this research supports the adoption of co-crea-
tion approaches in the field of heritage research and education.

6 Conclusion
The study set out to:

e Discuss how digital modelling techniques can be synthesised with 3D scanning
to digitally restore artefacts and create authentic replicas in their original states.
e Present different modes of interpretation using authentic digital replicas.

This paper has made several contributions which encourage the effective and
innovative use of digitised historical, archaeological, and cultural artefacts. On a
conceptual level, a workflow has been developed which synthesises 3D modelling
techniques with digitised artefacts. This can be used to authentically restore artefacts
in a non-invasive digital manner. This has been applied to the St Madoes and Inchyra
Pictish stones. In the process, a Pictish colour palette was composed which can be
applied to any future colourisation of Pictish stones. A colour configurator tool has
been developed which boosts interpretation, and the stones were placed in a vir-
tual environment, representative of their context. A virtual tour has been created to
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assist in making the immersive virtual environment available outside of a VR head-
set experience. The restored digital models have thus been utilised to create immer-
sive and exploratory modes of interpretation which aid in the understanding of the
stones’ original landscape. This is crucial in immersive learning contexts, both for-
mally and informally, where a holistic understanding of the contexts of artefacts can
be achieved through interaction with such historically accurate reproductions.
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