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Abstract. Historical city centres represent invaluable cultural and architectural
heritage, often facing challenges such as neglect, urbanisation, and dwindling
visitor engagement. Italian city centres are usually rich in historical buildings,
statues and open-sky arts, causing difficulties in changing the urbanisation tissue
and promoting infrastructural works in front of the citizens. Therefore, it is fun-
damental not only to document and survey the current state with geomatics tech-
niques but also to propose engaging and educational experiences for citizens ex-
ploiting the potential of VR. In fact, VR offers an immersive and interactive me-
dium that can bridge the gap between the past and the present, revitalising these
urban gems while preserving their historical significance. This paper focuses on
two aspects of historical city centres' digital documentation: (a) the geomatics
integrated survey exploiting LIDAR and UAV photogrammetric techniques and
(b) the process of optimising geomatics products into VR experiences. A big is-
sue in transposing dense digital models into a VR environment is the infor-
mation's weight, which prevents the app from running smoothly. We aim to com-
prehensively examine the potential, challenges, and best practices for processing
surveying data at optimal efficiency with respect to a VR environment.

Keywords: VR environment, 3D model, Cultural Heritage, LIDAR, UAS, Geo-
matic.

1 Introduction

Historic city centres represent cultural and architectural treasures of immeasurable
value [1]. They serve as custodians of history, reflecting traces of bygone eras through
their architecture, streets, and monuments. These places captivate not only with their
aesthetic beauty but also with their ability to tell stories, revealing the evolution of so-
cieties over time. The preservation of historic city centres is essential for safeguarding
cultural diversity, promoting intercultural understanding, and providing a tangible con-
nection to our past [2]. Furthermore, they contribute to sustainable tourism, fostering
the conservation and appreciation of our heritage riches [3, 4]. Nowadays, Virtual Re-
ality (VR) plays a pivotal role in the preservation and promotion of cultural heritage



[5-7]. It offers an immersive platform that allows individuals to step back in time and
explore historical and cultural sites with unprecedented realism and interactivity. VR
enables the creation of faithful digital replicas of heritage sites, artefacts, and artworks,
ensuring their conservation for future generations [8—10]. Moreover, it enhances edu-
cational experiences by providing students and enthusiasts with dynamic, hands-on
learning opportunities, making history and culture more engaging and accessible [11—
13]. Additionally, VR contributes to the accessibility of cultural heritage, enabling in-
dividuals with physical limitations or geographical constraints to experience and appre-
ciate these treasures [ 14]. By blending technology with culture, VR revolutionises how
we engage with our past, fostering a deeper connection to our heritage and encouraging
its preservation for posterity.

Virtual reality is a powerful technology that promises to change our lives [15] by
simulating a virtual environment that immerses users to the extent that they have the
feeling of "being there" [16]. In recent years, virtual reality has made a comeback
mainly in the field of gaming and entertainment and is supported by low production
costs and affordable retail prices; however, this technology is nowadays widely used in
various research fields such as medicine [17-20], military purposes [21], and education
[22]. More recently, this technology has been used for cultural heritage domain [23, 24]
and tourist and informational purposes, such as virtual museum visits [25, 26], where
users can virtually move between art installations and inspect them.

Recent studies have proposed procedures for taking advantage of three-dimensional
photogrammetric or LIDAR models and recreating virtual reality environments [27,
28], mainly focusing on mesh generation and importing in a virtual environment. Nev-
ertheless, to the best of our knowledge, no study describes the complete workflow to
follow in a detailed and exhaustive way to acquire a georeferenced three-dimensional
model to be imported and visualised in VR. Photogrammetry is the process of deriving
metric information about an object through measurements made on object photographs
[29]. This well-established methodology is widely used in civil engineering [30, 31],
mapping [32] and 3D modelling [33, 34]. 3D modelling is a process that starts from
data acquisition and ends with the final 3D virtual model [33], and it can now be con-
sidered one of the most important and attractive products of photogrammetry [35, 36].
Traditional 3D models are generated with aerial and/or terrestrial images [33, 37] ac-
cording to consolidated Structure from Motion/Multi-View Stereo (SfM-MVS) work-
flows [38, 39]. However, with the advent of LIDAR (Light Detection and Ranging) as
a commonly used instrument in the remote sensing field, new three-dimensional models
are generated using this approach [40, 41] or by combining it with the photogrammetric
procedure and according to standardised procedures [33, 42—44]. Nowadays, generat-
ing a 3D model through an integrated approach is preferred because of the ease of ac-
quisition, mainly due to the photogrammetric part, and the simultaneous high accuracy
due to the LIDAR survey.

When discussing VR experience with headset devices, it is important to build appli-
cations optimised enough to run smoothly on their target devices and avoid discomfort
for the user [45]. This is particularly true when the developed application must repro-
duce digitally real objects to let the user interact with them [46]. Optimising a VR pro-
ject is a complex task involving developers and artists to simulate the complex reality



in a virtual environment. While modelling from scratch a digital asset unrelated to the
physical world is a task related to digital artists, reconstructing existing objects, struc-
tures or environments is nowadays demanded to the potentiality of the photogrammetric
process [47, 48]. With photogrammetry, creating extremely high-quality assets for non-
VR usage is possible, mainly required in the engineering architecture and environment
fields [49]. The workflow applied for photogrammetric reconstruction is primarily de-
voted to producing cartographic products like Digital Elevation Models (DTM) and
Orthomosaic Maps. Point clouds are sometimes used to perform specific tasks like se-
mantic segmentation, classification or 3D mapping [50]. In this panorama, the optimi-
sation parameters are totally different concerning VR 3D modelling, as the photogram-
metric model must ensure accurate geometric reconstruction for measuring and design
and confident radiometric response for monitoring and documentation.

In this study, our goal is to fill the gap mentioned above, proposing a standardised
workflow that describes the entire process necessary for the creation of a complete vir-
tual environment, starting from the acquisition phase, passing through data processing
and the generation of a three-dimensional model, and finalising it with export into vir-
tual reality for educational purposes. In particular, we will go into depth about the pho-
togrammetric products and highlight the difficulties encountered and the challenges to
be overcome to optimise the result in the best possible way regarding quality and pro-
cessing time. Specifically, we will propose a Virtual Reality outdoor environment rec-
reating a city portion of Turin (Italy), including Carlo Alberto Square, Carignano
Square, and Carignano Palace. Due to the historical value of this area, the final goal is
to enhance and promote the cultural heritage from an artistic point of view, giving vir-
tual reality a tourist, educational, and didactic purpose. This study is a natural continu-
ation of our previous study [44], in which we had deepened the survey and post-pro-
cessing phase but in which the implementation in a virtual environment had only been
hinted at.

2 Materials and methods

In this chapter, the study area is first introduced, and the methodology adopted is
subsequently described in depth in terms of sensors and instrumentation used and how
it was integrated to obtain a coherent final product, placing greater emphasis on photo-
grammetric processing and optimization for VR experience.

2.1 Survey area

The survey area, as shown in Figure 1, extends for about 21,000 m?, and it includes
Carignano Square, Carignano Palace, Carlo Alberto Square, Principe Amedeo Street
and Cesare Battisti Street (both in the extension between Carignano Square and Carlo
Alberto Square), Carlo Alberto Street (between Carlo Alberto Square and Po Street)
and Po Street (between Castello Square and Giambattista Bogino Street). As high-
lighted in [44], the survey and the high-resolution 3D model generation were performed
with the aim of implementing the model in a virtual environment and providing an



interactive tool for the enhancement of the survey area and innovatively advertise citi-
zens and tourist (with a greater level of detail on Palazzo Carignano and the statue of
Carlo Alberto). Additional goals were (i) to provide support for the renovation of Carlo
Alberto Square, where a station for the new underground city metro line will be real-
ised; (i) to measure the exact location of the statue dedicated to Carlo Alberto (placed
in the homonymous square) which, to preserve its integrity, will be removed during the
construction phase and subsequently placed back in the exact location; and (iii) to carry
out further analyses concerning possible road interferences between the surface road
network (in particular public transport by rail) and the planned underground road.
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Fig. 1. Study area. EPSG: 32632 [44].

2.2  Materials

Table 1 summarises the sensors used during the survey. A DJI Mini Mavic drone
was used to acquire rooftop images; the Riegl VZ-400i laser scanner combined with a
Nikon D80OE digital camera was used to acquire a dense coloured point cloud to re-
construct the fagade geometries with high-resolution; finally, the texture generation in
narrow streets was entrusted to a Ricoh Theta V 360° camera.

The topographic phase of the survey, fundamental to defining a standard reference
coordinate system for harmonising data, was done with the support of two GNSS re-
ceivers (Leica GS14 and Leica GS18), which can receive both the GPS and GLONASS
constellations. Also, a Leica Geosystem Image Station total station and prisms were
needed to create a polygonal scheme consisting of 14 station points required to georef-
erence the point cloud and the images acquired.



Table 1. Specifications and purpose of the sensors used in the in-situ survey.

Sensor Characteristics Purpose
Resolution 12 Mpx
DJI Mini Mavic Focal Length 4 mm Roofs modelling
Sensor 1/2.3" CMOS
Measure technique ToF
Operative dist 0.5 —800
F(;;e\:/ra fre distanee 10093 600m High-detailed recon-
RIEGL VZ-400i struction of facade
Frequency 100/1200 Hz cometries
Accuracy 5/3 mm &
Size 206 x 308 mm
Resolution 36.2 Mpx . .
NIKON DSO0E | Focal Length 60 mm Héﬁle’r'ieiﬁled texture
Sensor 35,9 x 24,0 mm CMOS &
Resolution 12 Mpx (x2)
Sensor 1/2.3 CMOS (x2)
Leica Geosystem | Angle measure accuracy "
Image Station 1 Hzand V 0.5"(0.15 mgon)
Prisms Reflective Yes Lidar and 1mages
georeferencing
GS14 and GS18 .
GNSS receivers GNSS Systems Multi-frequency

The VR experience populated with the digital model obtained by the integrated sur-
vey was developed using Unity software (Unity Technologies) and deployed in the
Meta Quest Pro headset. Unity is a cross-platform game engine able to support Android
platforms and customisation for headset VR applications. For this project, the Unity
Editor version 2021.3.19f1 has been used.

Meta Quest Pro is a mixed reality (MR) headset developed by Reality Labs, a divi-
sion of Meta Platforms (formerly Facebook, Inc.). Meta Quest Pro has a resolution of
1832*1920 pixels per eye and a claimed field of view of 106° (horizontal) x 96° (ver-
tical). Table 2 summarises the technological features of the headset.

Table 2. Technical specs of Meta Quest Pro headset.

Sensor component Characteristics

Operating system Android

Headset processor Qualcomm Snapdragon XR2+

Headset dimension 265 mm (length) x 127 mm (height) x 196 mm (width); 722g (weight)
Display LCD 1800 x 1920 per eye @ 72-90 Hz

Graphics Adreno 650

Eye-tracking 5x IR imaging sensor (12° FOV)

Headset-tracking 10x imaging camera for 6 DoF SLAM inside-out
Storage memory Western Digital 256GB NAND flash

Memory (RAM) Micron Technology 12GB LPDDRS, SDRAM
Controller processor 2x Qualcomm Snapdragon 662, Arm-based, octo-core
Controller tracking SLAM based on 5 imaging cameras




2.3 Methods

Addressing the integration and optimisation process of 3D photogrammetric prod-
ucts for VR use requires dividing the workflow into two main steps: the execution of
the integrated survey, exploiting the methods and techniques of geomatics, and the pro-
cessing and manipulating of derived data for the VR experience.

Integrated survey. The primary challenge in creating a high-detail, multi-scale, and
versatile 3D model of a city lies in finding a compromise between the time spent on
data acquisition and data processing. This involves a thorough analysis of the relation-
ship between the area to be surveyed, the time required for surveying, and the careful
selection of appropriate sensors to ensure sufficient detail based on the survey objec-
tives. Since the investigated area is characterised by various difficulties (i.e., walking
area, flight restrictions, numerous architectural details), it was necessary to plan the
survey carefully, in particular: (i) the UAS flight planning required careful considera-
tion of factors such as proper overlap, correct resolution, adequate camera orientation,
optimal acquisition time to minimise shadows on facades, and adhering to safety re-
quirements in light of the high tourist activity in the area; (ii) the location, number, and
resolution of TLS scans were carefully set to achieve a continuous surface with a con-
sistent point density; (iii) the methodology for acquiring photos for texture reconstruc-
tion was constrained by the varying illumination conditions on the facades, adding to
the complexity of the task. Consequently, multi-sensor and multi-scale approaches were
necessary to fulfil these requirements. Some areas within the surveyed region may have
greater significance, such as the Carignano Palace facade and Carlo Alberto's statue,
compared to other buildings in Cesare Battisti and Principe Amedeo Streets. Combin-
ing optical and LiDAR sensors was considered to balance resolution demands and
available resources. Figure 2 shows the workflow followed in this study.
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Fig. 2. Workflow of the paper.

In-situ survey. The topographic network needed for georeferencing the acquired data
was established comprising four vertices strategically positioned to ensure ample satel-
lite visibility. The coordinates of these vertices were measured using GNSS instrumen-
tation in rapid-static mode (Leica GS14 and Leica GS18), with each point stationed for
one hour. The total station was also used to determine the position of specific reference
points. This process led to the creating of a polygonal scheme comprising 14 station
points. In addition, circular retroreflective artificial targets with a 5 cm radius were
strategically placed along the facades and measured using the total station (Figure 3).
Due to the reflectivity information, these targets can be easily identified within the Li-
DAR point clouds. Furthermore, natural points with distinct features were also meas-
ured (Figure 3). Altogether, a total of 264 points were measured to enable the georef-
erencing of both LiIDAR and photogrammetric acquisitions.



Fig. 3. Example of a retroreflective target (left) and natural point (right) [44].

42 LiDAR scans were needed to obtain a complete point cloud of the area. The ac-
quisition frequency was set equal to 600 kHz (equivalent to an acquisition speed of
approximately 250,000 points per second), and the angular resolution was carefully set
to ensure a point was captured approximately every 6 mm at a distance of 10 m from
the station point. The combination with the NIKON digital camera allows the assigning
of colour information to the point cloud.

The DJI Mini Mavic UAS was employed to conduct a high-resolution survey of the
roofs with both nadiral and oblique views, ensuring complete coverage of the entire
area and gathering detailed information about ceilings and walls for integration into the
LiDAR model. The flight height was set at 40 meters above the ground to achieve a
Ground Sample Distance (GSD) of less than 2 centimetres. In total, 1,599 images were
acquired during the survey.

Digital images from the ground at a high resolution, particularly for the facades of
buildings, were needed to guarantee the high quality of the 3D model textures. To
achieve this, approximately 400 images were captured using the NIKON D80OE cam-
era, employing a nadiral angle as close to the facades as possible. This data collection
focused on the buildings facing the two squares and included Carlo Alberto's statue.

Data processing. The GNSS data was post-processed in relative mode using the data
from the GNSS Interregional Positioning Service (SPIN 3 GNSS) permanent network
within the Leica Geo Office (LGO) software. For the reference cartographic grid, the
UTM-WGS84 projection was chosen. However, a conventional local isometric system
(MTL2 1S0250) was adopted to avoid typical cartographic representation distortions.
Regarding the GNSS heights, they were measured above the ellipsoid and subsequently
converted into orthometric heights using the "ITALGEO2005" geoid undulations
model provided by the Italian Geographic Military Institute (Istituto Geografico Mili-
tare, IGM).

The compensation of the network using MicroSurvey Star*Net software resulted in
an estimated coordinates standard deviation (RMSE) of'less than 1 cm. To georeference
the UAS photogrammetric products, specific Ground Control Points (GCPs) were
marked and measured using GNSS receivers. The NRTK-GNSS method, with real-time
centimetric precision, was utilised for these measurements, thanks to the corrections
received from a local network of permanent SPIN 3 GNSS service stations. Photo-
graphic points easily identifiable in drone images, such as pavement edges, road mark-
ings, and corners of maintenance holes, were used for this purpose. The field-acquired



coordinates were then exported using LGO software to obtain the final coordinates in
the national geodetic reference system ETRF2000 with 32N UTM projection.

The data collected from the laser scanner and the topographic survey underwent
post-processing using Riegl's RiScan Pro software. To achieve relative registration of
scans and georeferencing in the absolute coordinate system, retroreflective targets were
employed. Each target was associated with the actual coordinates measured during the
topographic survey. The initial registration of scanning positions was performed semi-
automatically based on voxel analysis. The identified targets in the scans served as ad-
ditional observations for relative registration between scans, enhancing the accuracy of
scan location estimation. Subsequently, further optimisation was carried out for relative
registration between scans and georeferencing. This optimisation considered all the ac-
quisitions made and available targets, GNSS measurements, and altitude measurements
from the inertial platform. During this optimisation phase, flat patches representing the
environment's surfaces were extracted from each scan. An iterative process was then
used to seek homologous planes between different scans and establish their correspond-
ence. This procedure permanently corrected the relative positions between the scans
while simultaneously estimating the absolute position of the scans. As raw scan data
typically lacks radiometric information, the Riegl VZ-400i relies on its digital camera,
mounted on top of the instrument, to attribute colour information to each pixel. How-
ever, for this process, calibration data of the camera is required. Although the internal
calibration of the camera is known in advance, recalibration of external parameters is
necessary whenever the camera is mounted on the instrument. These external calibra-
tion parameters can be estimated by matching common points between the scan and the
images acquired at the same station point. After this calibration process, each point in
the cloud is coloured according to the corresponding pixels of the assigned calibrated
images. Finally, the georeferenced point cloud, as shown in Figure 4, was exported in
las format.

Fig. 4. Registered point cloud [44].

Regarding the photogrammetric procedure, all the images were processed using
Agisoft Metashape Professional, a commercial software based on Structure-from-Mo-
tion (SfM) techniques. In the initial phase, a fully automatic alignment between images
was performed to reconstruct the relative positions. A photogrammetric camera cali-
bration was conducted to determine essential parameters such as the correct focal
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distance, main point position, sensor distortions, and radial and tangential optics. To
generate a dense point cloud, the algorithm computes depth maps, which are derived
through the application of dense stereo-matching techniques. These depth maps are
computed by considering the relative exterior and interior orientation parameters of
overlapping image pairs, estimated through bundle adjustment. Multiple depth maps
are generated pairwise for each camera and subsequently merged to form a consolidated
depth map. This merging process leverages the surplus information in the overlapping
regions to eliminate inaccuracies in in-depth measurements. To improve accuracy, 10
Ground Control Points (GCPs) were manually selected and marked on various images.
Among these, five were chosen as checkpoints (CPs) for validation purposes. The block
compensation process resolved the residuals on GCPs and CPs, leading to the refine-
ment of the camera calibration. As a result, the images were accurately positioned and
oriented in space, ensuring alignment with the isometric coordinate system. To create
the textured 3D model of the study area, the dense point clouds obtained from the pro-
cedures mentioned above were integrated, resulting in a comprehensive model of the
urban environment. The dense cloud was then divided into seven distinct portions to be
processed separately. A full resolution was chosen for the main buildings: Carignano
Palace, the National Library, and Carlo Alberto's statue. However, 1 to 5 centimetres
resolution was used for buildings facing the square and terrain. The dense georefer-
enced models served as a basis for generating the 3D mesh, focusing on achieving a
high-quality level maximising the number of triangles for optimal representation.

Photogrammetric processing and optimisation for VR experience. This section is
dedicated to applying photogrammetry in VR development, outlining the steps to bridge
the divide between digital reconstruction and the optimisation necessary for virtual re-
ality. The optimisation of a VR project is a multifaceted endeavour that requires col-
laboration between developers and artists to replicate intricate real-world scenarios
within a virtual environment faithfully. The proposed workflow focuses on the photo-
grammetric processing and optimisation aspects of geometric and radiometric recon-
struction. Other parameters unrelated to the photogrammetric procedure are not consid-
ered for this work. Shadowing, aliasing, mipmapping, and other optimisation aspect are
strictly related to the digital artist choice and requires specific competence related to
the game design and VR tools developers.

The proposed workflow can be synthesised in the following bullet points list and
described in Figure 2:

e Dense polygonal mesh model generation and detailed texturisation in
Metashape;

e Mesh refinement in Metashape;

e Mesh Decimation, Retopology and Texture baking;

e Scene setup, controller input mapping, and mesh collider in Unity.

Dense polygonal mesh model generation and detailed texturisation in Metashape. Us-
ing photogrammetry, it is possible to create an extremely accurate model of real-world
objects. Typically, a photogrammetric survey provides geometrically and



radiometrically reliable data for documentation, modelling, simulation and analysis.
Creating digital assets for VR using photogrammetry follows different requirements
and constraints instead. Usually, in engineering, architecture, archaeology and geosci-
ence, the mesh generation is a step that can be avoided, opting for the direct use of
dense cloud as the basis for DEM and orthomosaic. In the case of digital assets for VR
experiences, the dense polygonal mesh generation is mandatory and will be used to
populate the scene.

Mesh refinement in Metashape. The photo-consistent mesh refinement operation allows
for iteratively recovering details (bas-relief or ditch) using a variational refinement
method described in [S1]. The result is a mesh that automatically and adaptively adjusts
to image resolution. The required parameters are (i) quality, (ii) iterations and (iii)
smoothness. The first defines the image downsizing with the same principle of image
alignment; the second describes the number of iterations of the variational method; the
third represents a classical smoothness threshold. Starting from the high-resolution po-
lygonal mesh, the refined mesh is produced with an increased balance between noise
suppression and feature recovery.

Mesh Decimation, Retopology and Texture baking. The refined mesh obtained in the
previous step is now the most detailed and optimised mesh obtainable from the photo-
grammetric workflow. Unfortunately, dense polygonal meshes are unsuitable and not
remarkably manageable for VR software due to the data size and the complexity. More-
over, while most photogrammetric applications require only access to the 3D model
and inspect it through viewer software, VR experiences require simulating a player
moving closer to the object.

Therefore, it is common to produce several versions of the model, from low-poly to
high-poly, interchanged during the user's movement. It is evident that creating several
models of the same asset at different resolutions is a time-consuming process. There-
fore, several methods have been developed to reshape the model, decreasing its size
while keeping its complexity and details. These methods consist of reducing the number
of polygons without losing details and maintaining the geometrical information of the
original mesh. Mesh decimation and retopology methods are the most valuable methods
to solve this task. In this work, both methods have been applied to evaluate which one
allows the better result in terms of cost/benefits. Mesh decimation is utilised to diminish
the complexity of a model by substituting a high-resolution mesh with a lower-resolu-
tion alternative while preserving the capability to represent the object's geometry accu-
rately. Metashape software implements a specific tool that requires defining the target
polygon number.

While Mesh Decimation applies a decimation algorithm to reduce the number of
triangular faces, the Retopology method operates on a mesh's topology to obtain a
cleaner and simplified polygonal mesh composed of more easily manageable shapes
(usually quadrangular faces). This automatic technique is implemented in several soft-
ware programs, which allows the conversion of the triangular mesh into a quad-mesh
that guarantees an effective interaction with texturing and animation software,
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contributing to minimising the dimensions of the model and their rendering time. This
conversion has been demanded by the Instant Meshes software [52].

Regardless of the method used to simplify the high-resolution mesh, the next step in
the workflow is baking the diffusion maps and normal maps. Baking involves transfer-
ring the textures generated from the high-resolution model to all other low-poly models.
This task requires consistency between the UV space of the texture and the 3D space
of the model. Keeping as much quality as possible before the baking process is funda-
mental. Diffuse maps are texture maps that show the colour information reprojected by
the images to the model. Normal maps complement diffuse maps and are texture maps
that can give the appearance of additional geometry or details on flat surfaces and are
used to make a low-poly mesh appear high-poly. Both maps are required to provide
detailed material texture with depth perception.

In this workflow, we start by creating the high-resolution diffuse and normal texture
in Metashape software. Then, we independently upload the quad-mesh or decimated
mesh and bake the diffuse and normal maps. The procedure can be repeated for each
Level of Detail designed for the VR experience.

Scene setup, controller input mapping, and mesh collider in Unity. Once all meshes are
obtained in different LoD, converting them into scene-ready meshes with the correct
orientation, pivot and uv set is required. This process can be done directly in Metashape
during the export operations. The software chosen to develop the VR experience is
Unity (references). The virtual set in Unity is called scene, and it hosts all the elements
composing the project. A basic VR scene must contain an XR Origin, which defines
the tracking data reference system. It allows the alignment of the tracking data acquired
by the headset and aligned in a real-world reference system to the reference system
defined in the unity environment. The XR Origin contains children's objects like the
user's headset (Main Camera object) or the hand-held device (XR controller). Funda-
mental Objects are also the locomotion system to move around the scene and an input
system to interact with the 3D objects. The test VR experience proposed in this work is
a virtual tour without interaction of the portion of Turin city obtained with the integrated
survey. Therefore, it was required to map the user's movement (walking, climbing) and
to set up the mesh collider. Once the VR environment was correctly populated, the
developed application was built and delivered for Android.

3 Results and discussion

The results of the study conducted in this paper are shown and discussed in this
chapter. Please refer to [44] for further information regarding the integrated survey,
while the results regarding the integration of VR are described in an exhaustive manner.
For illustrative purposes (also on a visual level) we have chosen to show the analyses
regarding Carlo Alberto’s statue.



3.1 Integrated survey

The survey's final result consists of an integrated point cloud with about 5 billion
points containing radiometric and LiDAR intensity information. The following checks
were performed to validate the registration and georeferencing procedure accuracy con-
cerning LiDAR and photogrammetric.

Concerning the LiDAR cloud, the accuracy of the scanning registering procedure
was evaluated through the estimated deviations between the targets identified in the
scans and their known coordinates (measured with the total station). The results of this
analysis are shown in Table 3, and an RMSE of approximately 4 cm between points
can be observed.

Table 3. Estimated residues between targets identified in scans and known coordinates [44].

dX[m] |dY[m] | dZ[m] [ Dist.[m]
Min -0.08946 -0.07368 | -0.13934 | 0.001692
Max 0.088073 0.105132 | 0.087002 | 0.156342
Mean 0.000671 -0.00033 0.002233 | 0.032446
RMSE 0.018788 0.020184 | 0.029044 | 0.040049

Concerning the photogrammetric survey, the final output was validated by analysing
the estimated residuals on the control points and checkpoints (Table 4). The acquired
measurements reflect the general geometric precision of the photogrammetric models
produced using the Structure from Motion (SfM) technique. The point cloud compre-
hensively portrays the structures' rooftops and vertical dimensions. However, it lacks
density in the lower sections of the buildings within narrow streets, where distortion is
apparent even in oblique images. Consequently, a choice was made to reduce the quan-
tity of ground-based photogrammetric data collection in these regions and instead uti-
lise LIDAR data for 3D reconstruction.

Table 4. Results of the photogrammetric block adjustment [44].

X (m) Y (m) Z (m)
RMSE 0.016 0.013 0.027
10 GCPs error 0.019 0.017 0.022
5 CPs error 0.016 0.013 0.027

It is important to remember that extraneous information is frequently captured dur-
ing the data collection procedure. This issue is particularly pronounced in urban set-
tings, where the raw scan data becomes distorted due to various interferences, such as
highly reflective surfaces (like headlights and water), transparent materials (such as
glass), and moving elements (for instance, people and vehicles). Among these factors,
moving elements posed the most significant source of disturbance: pedestrians moving
through the area during the measurement process led to disruptions in the point clouds.
Initially, all individuals and unneeded objects within the scene were manually elimi-
nated from the point cloud. Subsequently, the remaining noise was mitigated through
the Statistical Outlier Removal (SOR) tool, which identifies and removes points likely



14

unrelated to the modelled surfaces. This technique involves computing the average dis-
tance between each point and its neighbouring points (using six neighbours in this
study). Points that exceed the average distance, multiplied by a coefficient derived from
the standard deviation (0.5 in this instance), are filtered out. Despite these filtering pro-
cedures, managing the extensive point cloud still presented challenges and demanded
substantial time due to its high point density. The point cloud was then systematically
downsampled to facilitate the analysis and modelling tasks based on the area of interest.

3.2 VR application

Among the seven portions processed in the previous section, Carlo Alberto's statue
has been selected for the following parametrisation analysis. The dense point cloud
obtained by the photogrammetric processing was a three-band 8-bit cloud composed of
47,405,562 points obtained by setting the quality parameter to "high", which downscale
the images by a factor of 4. The processing time was 5 hours and 32 minutes, producing
a file of 706.05 MB. The dense cloud was used to compute the polygonal mesh model,
obtaining 9,481,010 faces and 4,746,181 vertices in 3 hours and 40 minutes. The verti-
ces were colourised again with three bands of 8-unit colour information, and the entire
mesh was texturised with a high-quality 8,192 x 8,192, 4 bands, uint8 texture. The ob-
tained 3D mesh focused on achieving a high-quality level, maximising the number of
triangles for optimal representation.

Dense Point Cloud Dense Triangulated Mesh Textured Model

Fig. 5. Dense point cloud (left), dense triangulated mesh (middle) and textured model (right)
of Carlo Alberto's statue.

Further processing steps have been applied in Metashape to obtain the mesh required
for subsequent steps described in Figure 5. Firstly, using the Metashape tool "refine
mesh", an iterative process was used to recover surface details like bas-relief or ditch.
Then, the texture was computed again on the refined model at the highest quality. The
resulting 3D mesh was composed of 11,736,644 faces, 5,873,952 vertices and textur-
ised with an 8,192 x 8,192, 4 bands, 8-unit image. The required processing time for
refinement and texturing was 20 minutes, and the result was stored in 629.80 MB space.



The result was exported both in .obj and in.ply file format, with the texture stored in
.jpg (Figure 6).

Original Mesh Refined Mesh
Fig. 6. Triangular Mesh structure: Original (left) and Refined (right).

Retopology. The refined 3D polygonal mesh model was imported into Instant Mesh
software to perform an automatic retopology to minimise the model dimensions by
transforming the mesh into a quadrangular faces model (Figure 7). In the case of vertex
singularities detected by the algorithm, a semi-automatic brush tool has been used to
change the polygons' direction. Figure 8 shows different Levels of Details of the quad-
ratic mesh, among which LoD 4 was selected to preserve the details of the original
mesh, although obtaining a model light enough to be managed in VR software.

Refined Mesh Quad Mesh

Fig. 7. Mesh obtained in Instant Mesh software at LoD 4.
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LoD1 - 7 thousand vertices LoD2 - 33 thousand vertices LoD3 - 71 thousand vertices

LoD4 - 154 thousand vertices LoDS5 - 296 thousand vertices Original mesh

Fig. 8. Different LoD obtained in Instant Mesh software.

The normal map obtained in Metashape can now be applied to the low-poly model
obtained by retopology. In VR software, this gives the appearance of fine surface details
without the need for a high polygon count.

Unity. After setting up the VR scene, the controller input mapping and the mesh col-
lider, the app was tested on the Meta Quest Pro device and the performance parameters
were analysed. We used an XPS 15 7590 Windows 11 computer (Intel(R) Core(TM)
19-9980HK CPU @ 2.40GHz, NVIDIA GeForce GTX 1650, 32 GB RAM) to run the
VR experience and display it on a Meta Quest Pro (Model: DK94EC) through a wire
connection (QuestLink) with a fresh rate of 90 Hz. These are reported in Table 5, while
Figure 9 shows an example of the interactive VR environment scene to explore Carlo
Alberto's statue.

Table 3. Performance of the VR application.

Graphics 22.4 FPS

CPU: Main 44.7 ms render thread 21.0 ms
Batches: 125

Tris: 1.3 M

Vert: 708.8k

Screen: 890x451 — 4.6 MB

SetPass calls: 125




Also, an entire scene of the integrated survey has been set up. The workflow fol-
lowed was the same, but in order to maintain the optimal user experience, the Carigano
Palace and the National Library were further divided in function of the floors. This
resulted in generating a mesh with the maximum number of triangles for the lower
portions of the facades while limiting the model's quality on the subsequent floors.

Fig. 9. VR environment scene of Carlo Alberto's statue and Palazzo Carignano.

4 Conclusions

In this work, we propose a comprehensive workflow for building a VR application
using digital assets obtained by optimising photogrammetric and LiDAR 3D models.
The workflow is applied on a high-detail, multi-scale 3D model of a city, which has
been obtained through a multi-sensor integrated survey, exploiting UAV photogram-
metry and TLS. VR is an innovative technology widely used to create faithful digital
replicas of heritage sites and create immersive and engaging experiences. Historical
city centres are also resistant to modification through the construction of modern infra-
structure due to the presence of historical budlings and the opposition of many inner-
city communities; therefore, VR applications can show how the construction of new
infrastructure can change the neighbourhood's appearance while respecting the histori-
cal heritage. If in our previous study we limited ourselves to describing the data collec-
tion and processing phase in order to obtain a 3D model, in this study we also examined
the precautions to be followed to implement this model correctly and efficiently in a
virtual environment.

The importance of integrating geomatic techniques has emerged once again, and it
will play a fundamental role in the following years since virtual reality is experiencing
a quick increase of interest from private and public bodies for the innovative advertising
and tourism of cultural heritage or museums. Optimising procedures to produce digital
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assets is fundamental to exploit the 3D survey potentiality without stressing headset
hardware.

The results are excellent; however, further tests are needed to validate the proposed
workflow in other environments (e.g., indoor, natural areas, etc.) and to describe and
solve all the difficulties that may be encountered as the scenarios vary.
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