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Abstract: Despite the current success of virtual tours, there is a lack of scientific literature on virtual visits to archaeological sites.
Moreover, there are few valid design procedures proposed for creating such virtual tours. This paper presents a framework intended as
a working structure for creating virtual tours of archaeological sites that involves adding layers of multimedia information to 360°
panoramic images. It considers the three essential aspects that any virtual visit to cultural heritage should include: dissemination,
research, and didactics. This framework was used to design a virtual tour of the Roman archacological site ‘La Matilla’ in Fuente del
Maestre, Spain. The site is currently inaccessible due to being buried under a road shortly after its discovery. The virtual tour was
created using 360° panoramic photographs taken with a virtual camera applied to the digital 3D model of the site. Layers of information,
such as sounds, images, videos, and 3D reconstructions have been added and are easily accessible from the navigation menu. A virtual
assistant has also been included to facilitate the visit, enhance comprehension of the site, and improve access to information, promoting
inclusivity. Finally, we compare our virtual tour with similar experiences and suggest improvements for future virtual tours.

Keywords: virtual tours; digital heritage; 3D modelling; virtual reality; archaeology; engineering

1. Introduction

The application of different digital technologies to cultural heritage, both tangible and intangible, has dramatically
enriched this field in recent years [1]. Technology has contributed to more thorough documentation of cultural heritage
assets, which has led to their better understanding from a scientific point of view. All these have, in turn, brought cultural
heritage closer to the public more attractively and appealingly [2]. Furthermore, digitization is the backbone for innovation
within the businesses associated with cultural tourism, both in terms of demand and supply [3], since digital technologies
can help cultural tourists through their multiple functionalities to respond even to specific and sporadic constraints, such
as a pandemic, thus becoming a strategic asset for the revival of global tourism [4].

Among other digitization techniques, reality capture has been used in recent years to ensure the permanence and
survival of historical sites. It allows for the reconstruction of their physical reality with high accuracy. The 3D models
produced have a wide range of applications. One such application is the creation of virtual tours, which have been proving
their potential and their efficacy as representation, promotion, and communication tools in the field of cultural heritage,
not least because they are affordable and can reach large numbers of visitors, as they present many potentialities in terms
of inclusiveness [5].

These advantages have led to a significant increase in their popularity in recent years. This trend was further accel-
erated during the COVID-19 lockdown, as virtual tours became a window to the world and the means to explore sites or
visit museums beyond the confines of one's home. 3D virtual tours, pioneered and led by museums [6], have since devel-
oped into a more widespread practice due to their ability to make cultural heritage more accessible, attractive, and under-
standable. Virtual tours have evolved into a fundamental tool for facilitating access to places that might otherwise be
inaccessible for various reasons. They are thus an unbeatable resource for promoting the accessibility of cultural heritage
for people with disabilities and become essential for reliving lost archaeological heritage.

As mentioned, museums have been at the forefront of the development and the use of 3D virtual tours of cultural
spaces, and there is a growing body of scholarly literature on this specific topic. Among them, the work presented in [7]
is noteworthy for describing one of the most comprehensive experiences of visiting heritage preserved in museums which
can be replicated in other contexts. The authors identify the virtual tour as one of the most appropriate technologies to
meet the needs of promotion and virtual exploitation of this type of cultural institution. It describes the design process of
a virtual tour, focusing on the study of the interface layout and the selection of the most suitable functions for it, for the
resources of the Puglia Regional Museum Directorate. Its added value compared to existing virtual tours up to then lies
in the integration of several technological solutions in an articulated and flexible system: a virtual tour platform, a map,
and a 3D model viewer.

3D virtual tours have not been limited to the scope of museums. Nonetheless, although many initiatives that embrace
the potential of virtual tours to explore cultural heritage sites and buildings, and preserve their memory have recently
emerged, there remains a scarcity of scientific literature on this topic. In [8], authors go for a holistic approach to cultural
heritage, noting that conservation efforts have not always been balanced between tangible and intangible heritage. They
argue that 3D technologies have primarily been used to document the tangible structures of heritage sites and propose a
virtual tour of the Tampines Chinese Temple in Singapore emphasizing the holistic approach by incorporating historical
and socio-cultural knowledge of the temple into it.

The creation of virtual tours for heritage sites is typically achieved through the use of 360° images. [9] presents a
low-cost VR360 application created from spherical images captured with 360° cameras. The 360° experience allows users
to virtually journey the city of Bari (Italy) along its history up to the present day. The tour is enriched with various types
of informative content such as text, videos, audio, and 3D models. Another example of visiting heritage cities can be
found in [10], which proposes an immersive interactive virtual tour. It is designed using 360° videos to trip around the
historic center of Rethymno, Greece, using Oculus Rift VR Headset. The authors also provide guidelines for designing
360° immersive video virtual tours based on the test carried out to assess the experience.

There are some other proposals to virtually tour specific heritage buildings. For instance, [11] offers a 360° tour of
a traditional Malaysian house dating back more than a century. It aims to raise public awareness of the need to preserve
and safeguard the indigenous constructions in the area. [12] demonstrates the advantages of using cutting-edge digital
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solutions for data collection, storage, and communication. The aim is achieved by creating and validating a workflow
based on thematic virtual tours of 360° scenes. The workflow has been applied to a case study of the Norman-Swabian
Castle in Gioia del Colle, Italy. Several informative contents and digital products are integrated as external
hotspots/switches.

On other occasions, 3D virtual tours have also served to create synergies between the most significant archaeological
and natural sites in their natural environment and nearby museums. The project reported in [13] generated real and virtual
palecenvironmental maps and itineraries, accessible on the web, to valorize the rich cultural and natural heritage area of
the Versilia Plain (Italy). Developed with free open-source libraries, it aims to use a holistic methodology to promote a
different kind of tourism in the area. The authors propose a multidisciplinary approach based on geological, biological,
and archaeological data and define both real and virtual itineraries that complement each other.

There is a different group of proposals that suggest virtual tours as an alternative for projects that need to represent
conservation challenges in 3D but do not have the budget or time for a 3D model. Thus, in [14] the authors present a
workflow for virtual tour (VT) and information modelling (IM) environments as a middle ground and test it in a case
study. The VT/IM environment includes building plans, previous conservation reports, image galleries, databases on
previous interventions, and brief descriptions of conservation problems. For the case study analyzed, a comparison of the
efficiency in terms of structure documentation time, required funds, and size of the resulting data files with the 3D docu-
mentation methods was made and VT/IM was found to be efficient for this project typology. This is similar to the case
presented in [15], where virtual tours are identified as an intermediate solution, from a cost-benefit perspective, between
highly accurate 3D models created with laser scanners and photogrammetry and the information provided by panoramic
photographs. They configure a rapid survey approach while offering a representation of a descriptive-immersive nature.

In the study in [16], virtual reality (VR) was used to raise awareness about the heritage communities that are endan-
gered by human activities such as war, local conflicts, and tourism. The study found that research on digitization methods
for recording cultural heritage sites and identifying patterns of change over time is limited. So, the aim of the research
was to develop a digitally integrated framework of longitudinal observations of cultural and historic sites and present it
via an interactive VR platform that offers a simulated environment of the Kandovan settlement, the last cone-shaped
community in the world. Users can experience the changes that this community has undergone over the last two decades.

Above all, most of the virtual tours proposed to date in the field of heritage have been developed in the context of
implementing strategies that favour the interest and commitment of visitors. Especially when kids and teenagers are the
main objectives, the use of information and communication technologies (ICTs), virtual reality (VR) and other techno-
logical resources can enhance the experiences created [17], as they are digital natives [18]. From this perspective, when
designing a virtual tour, it is important to consider the didactic use of heritage. This ensures that visitors can fully appre-
ciate the significance of the site. The introduction of a digital agent can improve the understanding of the remains by
presenting the information more engagingly. This is why our proposal suggests using a digital pedagogical agent to en-
hance learning. In this sense, the work presented in [19] describes an experience of virtually visiting St Andrews Cathedral
with first-year pupils from a secondary school using different devices. The suitability of the activity as a pedagogic tool
was tested through a questionnaire provided to all participants. While museums and other cultural institutions have led
the practice of using digital agents to provide further information [20-24], it is not yet common to virtually tour heritage
remains and sites. A decade ago, an avatar was included in a 360° virtual tour to show the possible routes to visit the
complex of the Strasbourg baths [25]. Despite its simplicity, as it is quite a few years old, it demonstrates the benefits of
using an avatar or virtual assistant to improve the usability of virtual tours. Since then, the literature has been almost
nonexistent.

In short, at a time when we are witnessing a change in cultural and tourism consumption habits [26] that is incorpo-
rating a new generation who have grown up in the digital world, it is necessary to constantly implement improvements to
make these experiences more attractive, meaningful, and inclusive.

In this scenario, we have created our virtual tour to relive an archaeological site that is currently inaccessible. Alt-
hough its value as a tourist resource is undeniable, this virtual tour also combines some of the features seen in the expe-
riences listed above and provides some new features to facilitate its usability, increase its versatility, and improve the
sensations that users experience. The application presented in this paper has been developed to virtually visit the remains
found in the vicinity of Fuente del Maestre, in the southwest of Extremadura (Spain). This archaeological site, which
preserved vestiges from different historical periods, principally Roman, is currently located under the route of the EX-
360 road, which links the mentioned town with the neighboring Villafranca de los Barros. Once the site was fully exca-
vated, it was possible to study a total of nine different ceramic kilns and the structure of a poorly preserved building where
it is thought that the production of pieces and the management of this pottery industry would have taken place. The
chronology of these kilns has been dated between the 1st and 3rd centuries AD based on the pottery that has been pre-
served, especially the type of three-lobed mouth jars that were found in many of these kilns. These were dug out of the
limestone floor, which has allowed a large part of the substructure to be preserved. The construction was made of brick,
the same material used to build the perfectly executed semicircular arches. Some of them had a fairly well-preserved
upper grate because they were built in an earlier depression in the ground. Among all the kilns used for firing ceramic
vessels, one for making tiles and bricks stands out because of its size, which is the largest, and because it was reused to
build another one inside the firing chamber. Archaeologists have demonstrated that after the original use of these kilns
was abandoned in the first half of the 3rd century AD, this area was used as a rubbish dump for the cleaning of a nearby
villa [27].

Economic factors led the authorities to keep the original project of the route that links the two towns, so they decided
to document the remains and then bury them underground. Thus, it was that the nine Roman ceramic kilns and the poorly
preserved officina, as well as the other Visigothic and antique Arab vestiges found "disappeared", buried again, this time
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under the asphalt of the road. 3D scanning and digitizing the remains was the sole possibility to preserve them for the
future [28]-[29].

Therefore, the virtual visit proposed in this work is not only an attractive tourist experience developed to promote a
new type of tourism, more inclusive, and with a language closer to the new generations but also the only way that exists
to visit a site that is no longer accessible and will not be accessible for generations to come. It integrates a wide variety
of solutions from the literature review that are combined in a novel layered framework, and it was enhanced with a 3D
model viewer that allows viewing and measuring of point clouds.

Unlike most reported experiences, it has been designed for outdoor spaces and does not require the installation of
any specific application or large storage space. The tour was created from a set of 360° panoramic images captured with
a virtual camera placed at various points in the original digital 3D model. Like others, it includes a layer of multimedia
information (such as texts, videos, and images) to make the visit more comprehensible. But, in this case, we have incor-
porated a virtual assistant to further facilitate the understanding of the different parts being viewed. This increases the
usability of the experience, makes it more attractive for virtual tourists, and turns it into an excellent way of disseminating
a site that would otherwise fall into oblivion. Additionally, it incorporates some resources that can benefit other types of
users, such as a tool for measuring structures and distances. The integrated 3D models accurately preserve the size of the
different spaces and buildings, making it the only instrument that documents the geometry of the site. This is greatly
advantageous for the work of researchers and archaeologists, as it is the only way to access the site.

Nor can we forget the didactic aspect that archaeological heritage has for a better knowledge of history and the
geographical environment. Our proposal can serve as a powerful didactic tool to aid in the understanding of archaeological
sites, which can often be difficult to comprehend due to their state of conservation. Among other things, it allows for the
visualization of a 3D reconstruction of the kilns, providing people with a perspective of what they looked like 2000 years
ago. This helps to understand what the Roman ceramic workshops were like. It has been also used as a didactic resource
for students from primary school and trainee teachers to learn about Roman history. The results of this study are currently
under research.

This triple aspect: dissemination, research, and didactic, makes the experience presented in this paper one of the
most complete virtual tours reported in the field of historical heritage. Additionally, we propose a working methodology
based on a layered framework that can be replicated in other cases to generate this type of experience. To this end, Section
2 describes the software, resources, and devices used to create, spread, and visualize the virtual tour. It also defines the
different layers of the proposed framework. Section 3 presents the digital content generated for visiting the Roman site of
La Matilla, inaccessible at present. The different layers that make up the experience and the information and elements
collected in each of them are described in detail in this section. Finally, in Section 4, we compare the features of our
virtual tour with other similar experiences found in the literature, highlighting the improvements that ours entails con-
cerning what has been done so far.

2. Materials and Methods

In order to design and develop a virtual tour, it is necessary, on the one hand, to decide what users should perceive
of the tour scenario, i.e., what elements will make it up, what information will be delivered. On the other hand, another
important issue is the method by which it will be deployed among potential users, i.e., which technology will be used,
how the interaction will be, how the elements of the tour are represented. Both the composition of the virtual tour itself
and the technical means to get it to end-users are crucial considerations when designing and developing an engaging,
accessible virtual tour, and condition the digital elements that compose the experience.

In this section, we propose a method for deploying virtual tours and present a layered framework that can be applied
generically to any virtual tour.

2.1. Virtual visit design

The main objective of this work is to make the remains of the now-buried archaeological site of La Matilla available
to society. To this end, we have sought to generate content that does not require either the installation of any specific
application or a large storage space. Among the various alternatives available to help in the design of virtual tours, this
work makes use of the software 3D Vista [30] to build most of it. This software produces as a result a website with a set
of pages that compose the visit. Additionally, other open-source applications have been used to edit such pages and add
new ones and content. To distribute the resulting website, it is proposed to install it on a public server. Given that there is
currently a wide variety of devices to view web content, everything is developed with a responsive design compatible
with the vast majority of devices (computers, cell phones, tablets...), as well as browsers (Chrome, Firefox, Opera, Sa-
fari...) whose use is more widespread. Additionally, the possibility of visualization of the contents through virtual reality
headsets has been included since they give rise to a greater immersion in the virtual visit of the remains. As shown in
Figure 1, the dissemination of the virtual tour is carried out through the global dissemination of the URL of the server on
web pages, emails, and social networks. Moreover, dissemination of this URL locally through the use of physical printed
media, i.e., attaching the QR code to different types of printed advertisements, is proposed. In addition, in the field of
cultural heritage, it may be interesting to offer a visit at the location where the heritage elements are located, in an inter-
pretation center or stand.
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Fig. 1 Scheme for the virtual tour deployment, from the server to the display devices, through different media

2.2. A layered framework for the generation of virtual tours

This paper proposes a framework for virtual tour designing based on the layered division shown in Figure 2. In the
following, the proposed structure will be broken down and a brief description of each of the layers will be provided.
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Fig. 2 Layer-based framework for virtual tour designing

For the virtual tour concept itself, it can be said that the basic elements that it should integrate are a set of 360°
panoramic images or panoramas and/or a set of 3D assets to be explored by the user through a navigation interface. Each
of the elements allows the visualization of a scenario in a specific state corresponding to the moment when such panora-
mas or 3D data are associated (Figure 3). It may be interesting to include in the visit the possibility for the user to observe
different states of the scenario, either corresponding to different instants of time or corresponding to different modifica-
tions or recreations that could be made from it. For example, the user could explore a building in which various renovation
projects are proposed and analyze how it would look with each of the alternatives. Therefore, each scenario included in
the virtual tour can have associated j panoramas/3D assets corresponding to j states.

To enrich the visit, a layer with multimedia elements can be added to help the user better understand the scenarios
they are visiting. This multimedia layer can be broken down into four sub-layers: text, sound, image, and video:

e Text: This one can be considered basic and is incorporated in most virtual tours. This sub-layer includes labels,
tooltips, and elements with plain text or rich text. Labels are very short, fixed blocks of text that are superimposed
on panoramas and/or 3D assets and allow the user to identify elements of the scene. Tooltips can be somewhat
longer than labels, but they are not fixed, they only appear when the user points the mouse cursor, the controller,
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or the point of view on some point, element of the panorama or interface, for a certain time. In order to include
more extensive explanations, plain text or rich text elements are used at desired points of the scenario. Both are
integrated within a pop-up window that includes only text, in the former, and text formatted with images, videos,
and/or sound, in the latter.

e Sound: This sub-layer integrates sound effects, music or ambient sound, voice-over to add explanations during
the visit, and text-to-speech, with a view to integrating accessibility functions, which serve to listen to a voice
reading the blocks of the text sub-layer.

o Image: This sub-layer includes photographs, infographics (e.g., pre-rendered images), schemes (e.g., conceptual
maps), and drawings (e.g., sketches, plans).

o Video: This sub-layer is formed by contents that may include a coordinated sequence of the elements of the
upper sub-layers (text, images, sound). In this sub-layer, there are videos recorded in the real scenario of the
visit, pre-rendered videos of the 3D contents, short documentaries, animations (e.g., dynamic conceptual maps),
and/or video presentations (e.g., sequence of enriched text). Videos can also be generated in panoramic mode.

Another layer that greatly enhances the didactic functions of the virtual tour is that of virtual assistants. These are
videos in which a person or a computer-designed character provides narration about some content. Although it is based
on videos, it is included in a separate layer since they are normally designed to be integrated into the virtual tour scenario,
resulting in a mixed reality layer, with a coherent integration between a real recorded person or virtual rendered character
and the scenario created from photos or 3D models. The use of photorealistic rendered 3D avatars opens up new creative
possibilities for virtual tour narration and guide characters by leveraging 3D animation and rendering technologies to
customize avatar appearance and movement.

The 3D assets layer is also another layer that can be attractive to the user. It includes textured 3D models, in point
cloud or mesh format, of objects, buildings, environments, etc. that can be explored in real-time. As mentioned above
regarding the panoramas, 3D assets with different states can also be included in this layer. It is one of the layers that most
depends on the characteristics of the browsers and devices used to visualize the visit. For its integration, it will normally
be necessary to include plugins that allow the management of such models from the browsers.

In terms of user interaction with the elements that compose the virtual tour, the inclusion of the navigation interface
layer is essential. This allows the user to switch between the different panoramas or 3D assets that make up the visit, as
well as between their different states. It also allows the user to modify the point of view within each of the panoramas or
3D assets. Furthermore, the interface acts as the gateway allowing users to access the resources contained within the
previously described layers.

As for the menu-gallery layer, it is the layer that offers the user the possibility to configure options that are related
to the user's preferences, or the specific device being used. For example, you can configure the volume associated with
each of the elements of the sound layer or activate options related to accessibility such as text-to-speech or font size. As
for device-specific options you can choose whether to activate the use of the gyroscope if a mobile or tablet is being used.
When the gyroscope is activated, it is possible to change the point of view in the exploration of panoramas and 3D assets
by turning the device towards the place you want to observe. On the other hand, if you wish to activate the viewing option
using virtual reality devices, it may be useful to select the user's interpupillary distance (IPD), so that the 3D viewing is
optimal. To enable this choice, it is necessary to have generated the panoramas, images, and/or videos, in stereoscopic
format and with the different interpupillary distances that you want to offer to the user in this menu. Finally, this last layer
can also include a gallery or menu from which the user can choose which panorama of the visit he/she wishes to explore.
In this way, the user will not have to follow a specific itinerary within the visit but will be able to explore each of the
scenarios in the desired order. This gallery can be offered as a list or mosaic of images, also in map format, in which the
user knows the location of each panorama within the environment that is part of the virtual tour.

The order proposed for the layers in Figure 2 is based on the most common way in which the different elements
usually appear in virtual tours. Viewed from bottom to top, first, the user has a menu that allows starting with the most
elementary unit of the tour, the 360° panorama. A tour could consist only of one panoramic image, but in the case of
adding more, a navigation menu will be accessible on the 360° image itself to display other panoramic images or to
visualize elements of the other upper layers that can be included in the tour.

It should be noted that, according to the proposed division by layers, a virtual tour does not necessarily have to be
formed by all the layers described, nor by all the contents proposed within each of them. What can be considered essential,
for the very concept of the virtual tour, is to include an interface for navigation and some specific content for viewing
and/or listening, whether it is a panorama, a 3D asset, or other multimedia element.

3. Results

This section is devoted to explaining the digital content generated for the development of the virtual tour of the
Roman archaeological site of La Matilla. In order to facilitate its description, it is organized according to the layered
framework proposed in this work. Before this, the stage of data collection and generation of the 3D model is briefly
outlined.

3.1. 3D Data acquisition and modelling

Due to the size of the site, the heterogeneity of its architectural elements, and the environmental conditions in each
of the areas to be captured, we decided to perform the 3D digitization using different scanning technologies: a Faro LS880
terrestrial laser scanner (TLS) with a built-in RGB camera, an Artec MTH 3D handheld structured-light scanner and a
Nikon D60 digital camera, whose photographs were used in a photogrammetry software.
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The use of three acquisition technologies does not mean that the digitization process of the site was carried out three
times. The aim was to use each one depending on the space to be scanned and its conditions. Specifically, the laser scanner
was used on the exterior of the site and the handheld scanner was used for data acquisition in the interior of the different
kilns. The digital camera was used both outside and in some areas of the kilns where the handheld scanner could not
access.

With all the data acquired with the different sensors, the 3D model of the site has been created:

e The FARO LS880 has a linear accuracy of +3 mm at 25 m. The 3D points obtained with the TLS were recorded
and processed to generate a colored 3D point cloud. These 3D points have been triangulated and the texture was
processed to generate a colored mesh of the exterior of the archaeological site. MeshLab software was used for
the triangulation process and the final texture computation. For the rest of the 3D modeling tasks, the Faro Scene
was employed.

e The data acquired with the handheld scanner, which has a resolution of up to 0.5 mm, were processed, recorded,
and integrated to obtain a 3D mesh of the interior of each of the kilns. For the generation of these models, mainly
Artec Studio software was used. The algorithm in [31], which is implemented in MATLAB, was used to fill the
holes in some of the meshes. MeshLab has also been used to analyze and repair the mesh. Finally, some occa-
sional mesh retouching was performed in Blender software. Also, in some specific cases, it was necessary to
perform texture equalization, for which GIMP software was used.

¢ Structure from Motion (SfM) software, Agisoft Metashape, was used with the photographs (3872 x 2592 pixels)
taken with the digital camera. This software registers the different shots and creates partial triangular meshes.
The dimensions of these meshes do not correspond to those of reality. To scale them, distances between points,
corresponding to relevant features, of the meshes obtained from both scanners, were measured. The meshes
obtained with Metashape were scaled applying such distances. Then, a non-homogeneous registration process of
the photogrammetric meshes and those obtained from scanners was performed.

The complete 3D model of the archaeological site was generated in three phases. First, the meshes obtained with the
laser scanner and the photogrammetry, which correspond to the exterior of the site, were registered and integrated into a
single mesh. Next, the same process was carried out with the meshes corresponding to the interior of the kilns, which
were created from the handheld scanner and photogrammetry, producing unique meshes for each of the kilns. Finally, the
set of meshes was registered and integrated to obtain the final model of the archaeological site. Figure 3(a) and Figure
3(b) show a 3D model of one of the kilns with and without texture, respectively. For a more detailed discussion of the
creation of the 3D models, see reference [29].

(@) (b)

Fig. 3 3D model of one of the kilns of the archaeological site with and without texture in (a) and (b), respectively

3.2. Panoramas layer

As indicated, arguably the basic elements of any virtual tour are a set of 360° panoramic images (or panoramas) to
be explored by the user using a navigation interface.

Panoramas can be obtained either from photos or video recordings taken in a real environment or from images
generated from 3D models of this environment. In the first case, one can use either sequences of regular photos obtained
by regular cameras that have to be stitched in further processing, or photos taken in a single shot by specific 360° photo
capture devices consisting of 2 or more cameras, usually with wide-angle lenses. Alternatively, panoramas can be obtained
from 3D models, requiring the use of software that allows both the inclusion of virtual cameras with specific configura-
tions at desired points of the 3D model and the generation of rendered images of the scene. One might think that the first
type of panoramic images provides greater realism to the visit, as they allow, for example, the inclusion of everyday
scenes of an environment, such as the movement of people in a street. However, by digitizing real environments with
high-quality textures, such as those obtained with 3D scanners or photogrammetry, it is also possible to produce images
that bring great realism. One obvious difference between these two ways of generating panoramas is that the first limits
the generated panoramas to the points where the capturing device is placed, whereas with digital models the choice of the
camera location can be fine-tuned.

In the case of our virtual tour, when the decision to develop the experience was made, the site was already under the
new road and no panoramic photos were taken during the digitization phase. Thus, unlike most of the virtual tours reported
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in the literature [7-8] and [13-16], the panoramas for our experience were generated from the digital 3D model of the site.
Since this model was produced with high-resolution textures, the panoramic images that can be obtained from it have a
similar quality to those that would have been obtained with 360° photos taken before burial.

As mentioned in section 2, a virtual tour can include monoscopic or stereoscopic panoramas. Monoscopic panoramas
are those consisting of a single expanded image representing the 360° view of the camera and can be obtained by the
procedures outlined above. To obtain stereoscopic panoramas, there are also two different methods: either using specific
devices, when capturing real environments, or defining virtual stereoscopic cameras, when working with 3D models.

In this work, the open-source software Blender has been used to obtain panoramic images from 3D models, both
monoscopic and stereoscopic. Within this program, the selection of the Cycles render engine is essential to obtain the
panoramas. Next, the basic element to continue with the procedure is the definition of the virtual camera. Specifically,
for this type of image, it must be chosen that the camera has a panoramic lens and that the type of panorama it generates
is equirectangular. Although the horizontal and vertical angles to be captured by the camera can be decided, to obtain a
360° panorama, the ranges should be -180° to 180° longitude and -90° to 90° latitude. Figure 4 shows a screenshot of the
camera lens configuration in Blender for the generation of 360° panoramas.

v Lens

Type Panoramic

Panorama Type Equirectangular
Latitude Min -90°
Max 90°

Longitude Min -180°
Max 180°

Shift X 0.000
X 0.000

Clip Start 0.101 m
End 100 m

Fig. 4 Camera lens configuration in Blender software to generate the panoramas

The camera must be positioned at the point in the scene from which the panoramic image is to be obtained (Figure
5(d)). As for the distance of the camera with respect to the surface of the 3D model, it must be set to the value of the
average height of a person (170 cm in our case). For the virtual tour generation procedure presented in this paper, the
camera orientation must be completely horizontal. The software used for the visualization of panoramic images imple-
ments a projection of the 2D image calculated on a sphere. When the user changes the point of view it implies the rotation
of that sphere. Most panorama viewing software does not allow to modify how the projection is carried out on that sphere.
That is why this camera orientation condition is imposed. Figure 5(a) and Figure 5(b) show two orientations of the camera
in a scene within Blender, one completely horizontal and the other with a tilt angle, respectively (the camera is represented
by the wireframed pyramid model). The two panoramas that are generated from both cameras can be seen in Figure 5(c)
and Figure 5(e). The effect produced in the panorama viewer using the image in Figure 5(e) can be seen in Figure 5(f)
(the initial user view is represented by the oriented green pyramid in the center of the sphere).

Once the image rendering has been calculated, an image like the one shown in Figure 5(b) is obtained. By modifying
the Shift X parameter of the camera lens (Figure 4) the content of the image is shifted horizontally. In this way, one can
choose which element of the scene will appear in the center of the image, i.e., you can choose what the user of the visit
sees as soon as he/she opens the panoramic photo. Of course, once opened, the user will be able to explore other elements
by scrolling up and down the photo.

Regarding Blender's image generation options, the output image must be sized to have a 2:1 aspect ratio, i.e., with
a horizontal size twice the vertical size. In addition, to optimize the image for integration into the tour, it is advisable that
these sizes have values that are powers of two.

(a) (b)
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Fig. 5 Two orientations of the camera in a scene within Blender: (a) completely horizontal, (b) with a tilt angle (the camera is repre-
sented by the wireframed pyramid model); (c) Panoramic image obtained from the camera of (a); (d) Location of the camera in the
center of the scene; (e) Panoramic image obtained from camera of (b) Effect produced in the panorama viewer when projecting the
image in (e) onto a sphere

Following this procedure, seven exterior and three interior (one for each of the kilns) panoramas have been gener-
ated. Figure 6 shows the different locations where the virtual camera was placed, the green signals corresponding to
exterior locations and the blue ones signposting the position of the interior locations. All the images were generated with
a size of 8192 x 4096 pixels (aspect ratio 2:1). An example of such images can be observed in Figure 8(a).

N A N e A e N A TS SIANIASIATSIATS

Fig. 6 Locations of the virtual camera for panorama generation. Green: exterior locations; blue: interior locations

For the generation of panoramic photos aimed at providing a stereoscopic image, it is necessary to activate this mode
in the virtual camera. Among the parameters associated with this element, the one called interocular distance is used to
adjust the interpupillary distance for which the panoramas are to be generated. As mentioned in the previous section, in
order to make the visit more adaptable to different types of virtual reality devices and users, it is convenient to generate
each panorama for different values of this parameter, and, in this way, to be able to offer the user the option that best suits
his/her profile. On the other hand, the stereoscopic image will be composed of the two sub-images corresponding to each
eye, left and right. These two sub-images can be arranged so that one appears on top of the other (top-bottom arrange-
ment), or side-by-side (side-by-side arrangement). In our case, we have chosen the top-bottom type (Figure 8(b)).

In many cases, only monoscopic panoramic images are available, generated either in real scenarios or from 3D
models. In such cases, if the user has a device with stereoscopic vision, he/she would see the monoscopic panorama as
the projection of the image onto a sphere, in the center of which the user virtually stands. The radius of the sphere R,,
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also called the "VR distance" of the panorama, has a strong relationship to the user's perception of the scale of the land-
scape seen in the panorama. It is a common mistake in designing virtual tours for VR headsets not to properly set the
value of this distance. Thus, a high "VR distance" can give the user the feeling that the landscape is larger than it really
is, and conversely for a low "VR distance". Therefore, this is a value that has to be fine-tuned for each of the configurations
used to obtain the panoramas, so that once a 360° camera has been chosen, the value of this parameter that gives the best
results will be determined and applied to all the images generated by that camera. In Figures 7(a), 7(b), and 7(c), the
panorama of Figure 5(b) is projected onto three spheres with different radii. Those Figures depict the sections of such
spheres with the user/camera view represented in their centers by an oriented green pyramid. Figure 7(d) compares their
radii (VR distances). Thus, the user will perceive the scene of the largest radius, R, bigger than the scene with the shortest
one, R;.

-

@) (b) (© (d)

Fig. 7 (a), (b), and (c) shows the section of three spheres with different radii where the panoramic images are projected to generate the
panoramas to be viewed with virtual reality devices (the centered green pyramid represents the user/camera view); (d) a comparison
between those radii is depicted: R3 > R2 > R1

In our virtual tour, the option of viewing the visit through virtual reality devices was included. Three stereoscopic
panoramas were generated with each camera with the following interpupillary distances: 58mm, 63mm, and 68mm, which
are typical values in virtual reality viewers. Specifically, the Meta Quest 2 headset has these three presets to configure the
interpupillary distance. To that end, when generating panoramic images with Blender, the stereoscopic output with up-
down mode is selected. In this way, an image like the one shown in Figure 8(b) is obtained, where in the upper half is the
panoramic image corresponding to the left eye and in the lower half the one corresponding to the right eye.

10
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(b)

Fig. 8 (a) Monoscopic panorama of the virtual tour; (b) Stereoscopic panorama (top-bottom arrangement) in which the image at the
top corresponds to the view of the left eye and the image at the bottom to the view of the right eye

3.3. Multimedia assets layer

3DVista manages the creation of content for the multimedia layer by means of hotspots. As known, hotspots are
definable interactive areas within the panorama that perform an action when the mouse/controller is placed on them.

The 3DVista library has different icons to choose from according to the action that the hotspot is going to perform,
but it is also possible to customize them. The icons used for the different types of hotspots in our virtual tour have been
created with Adobe Illustrator in PNG format. Figure 9 shows the icons for opening an image (a), playing a video (b),
displaying information (c), which opens a rich text window, opening the 3D viewer to visualize the corresponding 3D
point cloud (d), and activating or deactivating the reconstruction of the dome of the different kilns (e).

(@) (b)

Fig. 9 Hotspot icons were created for the virtual tour of La Matilla

(© (d) ()

We have also used a hotspot from the 3DVista library together with the "Show information™ tooltip text that executes
the "PDF Popup" command so that when clicking on this icon, a PDF is displayed (Figure 10(a)). In addition, a submenu
hotspot associated with a main hotspot has been inserted in the panorama of each kiln. It is an icon of a monument, which
opens a submenu with four options: "View image", "View the information", "View 3D model", and “Activate reconstruc-
tion" (Figure 10(b)).

Show information

(a) (b)

Fig. 10 (a) Hotspot plus tooltip text; (b) Submenu hotspot

3.4. Virtual assistant layer

3D Vista also supports the integration of video within a panorama to provide content to the virtual assistant layer.
For example, the virtual assistant can appear standing on the floor of one of the panoramas. Figure 11 shows the usual
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process for generating the assistants from studio recordings of real people to their subsequent incorporation into the virtual
scenario using chroma keying. After recording the video, a post-process for adding a coherent shadow is applied and a
new video is obtained.

LA MATILLA @E’
u;

ESTUDIO Y DOCUMENTACION DE LA MATILLA, FUENTE DEL MAESTRE, BADAJOZ.

(b)

Fig. 11 (a) Video studio with a green background to record videos of the virtual assistant; (b) Integration of the virtual assistant in the
virtual tour, that coherently appears over the ground with an artificially generated shadow

3.5. Navigation interface layer

This layer can also be referred to as the skin. The skin of a virtual tour consists of icons added to the main viewer,
which can either execute specific functions or simply serve as decorative icons consistently displayed across all panora-
mas. Containers have been utilized to incorporate text labels and logo graphics for navigation interface embellish-
ments/info. Functional icons can be organized into various groups based on their particular capabilities:

e Scroll icons, which are used for moving around the panoramas. Zoom icons, to zoom in and out in the different
panoramas.

Full-screen icon, to activate/deactivate the full-screen mode. This icon has been created with Adobe Illustrator.

Map icon, to activate or deactivate the visualization of the floor plan of the site. Historical information icon, that
opens a guide with historical information on the site of La Matilla extracted from [27]. This guide can be down-
loaded, printed, etc., and has been created with Adobe InDesign in PDF format.

e Location icon, which opens a video showing the location of the archaeological site of La Matilla. It starts with a
view of the Earth from space and scrolls until the current appearance of the site's location. Once this location is
reached, the plan of the site as it was after excavation is displayed. Virtual Reality icon, to activate the VR
function so that the virtual tour can be visualized using Virtual Reality headsets.

Figure 12 is a screenshot of the main viewer of our virtual tour, in which all the elements described above are visible.

JUNTA DE EXTREMADURA | < - LA MATILLA

Consejeia de Economa,Cienca y Agenda Digial ESTUDIO Y DOCUMENTACION DE LA MATILLA, FUENTE DEL MAESTRE, BADAJOZ.
120172 FIRBHCIAdO POF
la Unién Europea

-

Fig. 12 The main viewer of the virtual tour for the Roman site of La Matilla where the elements of the navigation interface layer are
shown
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3.6. Menu-gallery layer

As explained in section 2, the menu-gallery layer is the one that offers the user the possibility to configure options
according to his/her preferences or to the specific device he/she is using. In our virtual tour, in addition to the accessibility-
related options that are usually included in this type of application, we have added the possibility to choose between three
different IPD values when the VR display mode is activated, as explained in section 3.2.

Furthermore, to allow the user to choose the panorama he/she wishes to explore without having to follow a specific
itinerary within the tour, the map of the site shown in Figure 6 has been added. This map can be activated or deactivated
at will by the user through the map icon of the navigation layer and allows him/her to locate the area he/she is visiting at
any given moment as well as to move between panoramas in the order he/she wants.

3.7. 3D assets layer

To cope with the 3D assets layer, the need to reduce the resolution of 3D models is inevitable, since 3D exploration
must be compatible with the majority of possible devices. Among the different alternatives available, we decided to use
Potree Viewer [32], an open-source 3D visualization tool that offers enhanced capability to fuse, analyze, interpret, and
share large point clouds thanks to its powerful WebGL-based rendering engine. It is quite user-friendly and easy to man-
age, and its interface gives users a good degree of interactivity, in a way that fosters exploration. It is endowed with
functionalities such as the capacity to make measurements on it, modify the appearance of the point cloud, or delete a part
of it.

Potree is designed to work with point clouds in LAS format and octrees. To include point clouds to be visualized in
the experience, it is necessary to convert them beforehand if they are in another format.
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Fig. 13 Tools menu in Potree where the user can access measurement tools and configure display and navigation-related options

4. Discussion

Virtual tours are here to stay. After some hesitant beginnings, their success during the period of the 2020 lockdown
has made them indispensable, and every day new possibilities to visit the most significant monuments and places of world
heritage appear. A new chance to travel the world opens for those who may never be able to do so for different reasons,
following in the wake of Google Earth.

Precisely because virtual tours may be the only option for some people, such as those with disabilities, to visit these
places, it is important that they provide more than just an aesthetic and artistic experience. They should be accompanied
by a series of improvements so that virtual visitors understand the sites that are visiting, learn about the historical back-
ground they contain and thus benefit from this experience more profoundly to foster “public awareness and engagement
in the need for their protection and conservation”, as proclaimed by the I[COMOS [33]. One of the comparative advantages
of the experience described in this paper, which is scarcely present in the others analyzed, is that it includes a virtual
assistant. Virtual assistants are, in part, frequent on museum virtual tours [20-24],[34], but they have not been incorporated
to the same extent when touring heritage sites [25]. It is also remarkable the importance of virtual tours in providing
accessibility [35] and fostering inclusion of people with disabilities, as can be seen in [9] and [36]. In this sense, the very
experience proposed in this paper made accessible a site that is not. But, beyond this, it includes another tool that improves
inclusion: an immersive reader that allows visually impaired people to access the information presented in textual form.

In terms of conservation and research, this proposal is a clear commitment to show the importance of cultural herit-
age 3D digitization to preserve it for future generations, as is done in [9], which includes an extensive bibliography on
this subject. About its importance for research, it goes beyond the usual proposals for 3D virtual tours. Thus, as said
above, unlike most of the virtual tours reported in the literature [7-8] and [13-16], the panoramas for our experience were
generated from the digital 3D model of the site after being scanned by a long-range laser scanner. For this reason, it
preserves the real dimensions with millimetric precision. Aware that this is a great help for researchers since it is impos-
sible to approach the site again because it is underground, a tool that allows measurements to be taken of the various
spaces that make up the site has also been implemented.

13
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Regarding the importance of this type of resource for Education, bibliography on assessing the benefit of including
virtual technology and extended reality in the teaching of historical subjects and heritage education is increasing [35-39].
To assess the validity of this virtual tour as an active learning methodology, we designed a didactic intervention. The
results were collected through a questionnaire and analysed using an exploratory and descriptive methodology in terms
of usability, learning outcomes, and emotional responses [40]. In summary, the student positively evaluated the virtual
tour presented in this paper, with positive emotions predominating over negative ones. The virtual experience received
high ratings from the students, with most giving it a top score. Participants quickly learned to use it and did not find it
complex. Additionally, they found it useful for learning history and believed it contributed to the development of digital
competence. Moreover, they perceived that the class was more attentive and motivated with this methodology. Regard-
ing the emotions experienced, the students reported feeling low levels of nervousness, frustration, or anxiety, and high
levels of curiosity and joy. This intervention was the first test to analyse its validity as a didactic resource. The study is
planned to be extended with a larger sample and applied to different educational stages.

In addition, we conducted a comparative analysis of our proposal with similar applications mentioned in the intro-
duction section, focusing on their information layers. The findings of this analysis are summarized in Table 1.

It is evident that only the approach presented in this paper incorporates all the layers of the framework outlined in
Section 2.2. The inclusion of all the layers guarantees that the application is both user-friendly and adaptable to all users,
owing to the Navigation and Menu-Gallery layers. The remaining layers ensure that the information provided to users is
diverse and tailored to their objectives (cultural, touristic, or research), and to their needs and preferences (visual infor-
mation, text, sound, video, 3D models...). Based on these factors, it can be concluded that the virtual tour presented in
this paper is a valuable tool for the dissemination of cultural heritage, especially for sites like La Matilla that are no longer
accessible. Furthermore, this work aims to establish the foundation for creating virtual tours using the proposed layered
framework, potentially leading to significant advancements.

It is important to nete that no special software or plug-ins are necessary to access the presented virtual tour. Any
browser is sufficient for users to access all the functions and information, improving the tool’s usability and making it
accessible to everyone, regardless of their technical skills. This aspect is particularly noteworthy because the technical
difficulty of using these applications is a major obstacle to their popularization [40].

Table 1 Comparison of the implementation of the different layers of the framework proposed in section 2.2 for the virtual tours dis-
cussed in section 1

Menu — Gallery | 360° Panorama' | Navigation | Multimedia as- | Virtual assis- | 3D Assets®
interface sets? tants
Ours Yes Stereo Yes Video, image, | Yes More features
sound, text
[7] No Mono Yes Image, text. No No
[8] No Stereo Yes Video, Image, | No Only viewer
text
[13] Yes Mono Yes Image, text No No
[14] No Mono Yes Image, text No No
[15] No Stereo Yes Text No No
[16] Not reported Stereo Not re- Not reported No No
ported

! Stereo, mono
2 Video (vid), image (im), sound (snd), text (txt)
3 Only viewer, more features

To conclude this section, we propose a series of improvements to work on in the near future for the application's
content and its potential uses. For instance, we suggest designing an interpretation stand to demonstrate the versatility
and applicability of our proposal. This stand could be located in the area where the site was formerly situated, next to the
road. The concept is that any driver passing by would be made aware of this point of interest. They would have the option
to stop, read the information, and access the virtual tour using a mobile device (see Figure 14). Additionally, an Al tool
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

will be integrated to translate the information into multiple languages, as it is currently only available in Spanish. Like-
wise, we will continue researching and testing the possibilities of using this virtual tour as a didactic resource, extending
the study currently underway to other age groups and visitors typology.

Fig. 14 Simulation of the use of the interpretation stand at the kilometer point where the buried remains are located
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