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Abstract 

In the era of digital transformation, the potential to harness emerging technologies for cultural 

heritage conservation has become increasingly relevant, especially in regions where resource 

constraints pose significant challenges. This thesis explores such innovative technological solutions 

with a dual focus: promoting tourism and ensuring the conservation of cultural heritage through 

affordability and immersive experiences. By integrating 3D Human Pose Estimation and close-

range photogrammetry within the realm of Virtual Reality (VR), we aim to redefine cultural 

heritage conservation and immersive tourism experiences. 

Our initial investigation centers on addressing the financial barriers associated with 3D modeling 

of historic sites, which is crucial for cultural heritage conservation. smartphone-based 

photogrammetry not only presents a cost-effective alternative but also offers comparable or even 

superior accuracy. This democratization of technology serves as a pivotal element for developing 

countries in promoting accessible and affordable tourism while conserving their cultural heritage. 

Subsequently, the research shifts its gaze to the dynamic field of 3D Human Pose Estimation (HPE). 

Within this context, the accuracy of emerging cloud-based tools, particularly MOTiON by RADiCAL, 

is rigorously evaluated. Traditional HPE methodologies often rely on expensive sensor-based 

motion capture systems, which are not feasible for widespread adoption. Our comparative 

analysis with the CMU dataset suggests that cloud-based solutions can match or even exceed the 

efficacy of traditional systems. This shift underscores the transformative potential of cloud 

computing in revolutionizing motion capture techniques, which can significantly enhance virtual 

tourism experiences by providing realistic and interactive human figures. 

The final facet of this multifaceted research delves into 'El-FenaVR,' an immersive VR exploration 

of Marrakech's iconic Jamaa El-fena Square, with a particular focus on intangible cultural heritage. 

Beyond mere representation, the study examines user perceptions and engagement with the 

vibrant, intangible cultural elements such as storytelling, music, and local traditions encapsulated 

within the VR experience. By utilizing the Unified Theory of Acceptance and Use of Technology as a 

guiding framework, our findings highlight VR's unparalleled potential in providing immersive and 

educational cultural experiences. These experiences not only foster a deeper appreciation and 

understanding of intangible cultural heritage among global audiences but also spotlight the 

challenges related to VR’s accessibility and familiarity. Our research paves the way for future 

technological and educational initiatives aimed at preserving and promoting intangible cultural 

heritage through immersive tourism experiences. 

Keywords: Virtual Reality, Photogrammetry, Human Pose Estimation, Cultural Heritage 

Conservation, Tourism Promotion, HCI, Usability, User Experience.  
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Abstract

In the era of digital transformation, the potential to harness emerging technologies for cultural
heritage conservation has become increasingly relevant, especially in regions where resource
constraints pose significant challenges. This thesis explores such innovative technological
solutions with a dual focus: promoting tourism and ensuring the conservation of cultural
heritage through affordability and immersive experiences. By integrating 3D Human Pose
Estimation and close-range photogrammetry within the realm of Virtual Reality (VR), we
aim to redefine cultural heritage conservation and immersive tourism experiences.

Our initial investigation centers on addressing the financial barriers associated with 3D
modeling of historic sites, which is crucial for cultural heritage conservation. smartphone-
based photogrammetry not only presents a cost-effective alternative but also offers compara-
ble or even superior accuracy. This democratization of technology serves as a pivotal element
for developing countries in promoting accessible and affordable tourism while conserving
their cultural heritage.

Subsequently, the research shifts its gaze to the dynamic field of 3D Human Pose Esti-
mation (HPE). Within this context, the accuracy of emerging cloud-based tools, particularly
MOTiON by RADiCAL, is rigorously evaluated. Traditional HPE methodologies often rely
on expensive sensor-based motion capture systems, which are not feasible for widespread
adoption. Our comparative analysis with the CMU dataset suggests that cloud-based solutions
can match or even exceed the efficacy of traditional systems. This shift underscores the trans-
formative potential of cloud computing in revolutionizing motion capture techniques, which
can significantly enhance virtual tourism experiences by providing realistic and interactive
human figures.

The final facet of this multifaceted research delves into ’El-FenaVR,’ an immersive VR
exploration of Marrakech’s iconic Jamaa El-fena Square, with a particular focus on intangible
cultural heritage. Beyond mere representation, the study examines user perceptions and
engagement with the vibrant, intangible cultural elements such as storytelling, music, and
local traditions encapsulated within the VR experience. By utilizing the Unified Theory of
Acceptance and Use of Technology as a guiding framework, our findings highlight VR’s
unparalleled potential in providing immersive and educational cultural experiences. These



vii

experiences not only foster a deeper appreciation and understanding of intangible cultural
heritage among global audiences but also spotlight the challenges related to VR’s accessibility
and familiarity. Our research paves the way for future technological and educational initiatives
aimed at preserving and promoting intangible cultural heritage through immersive tourism
experiences.

Keywords: Virtual Reality, Photogrammetry, Human Pose Estimation, Cultural Heritage
Conservation, Tourism Promotion, HCI, Usability, User Experience.
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Résumé

À l’ère de la transformation numérique, le potentiel d’exploitation des technologies
émergentes pour la conservation du patrimoine culturel est devenu de plus en plus pertinent,
en particulier dans les régions où les contraintes de ressources posent des défis importants.
Cette thèse explore de telles solutions technologiques innovantes avec un double objectif
: promouvoir le tourisme et assurer la conservation du patrimoine culturel grâce à des
expériences abordables et immersives. En intégrant l’estimation de la pose humaine en 3D et
la photogrammétrie à courte distance dans le domaine de la réalité virtuelle (RV), nous visons
à redéfinir la conservation du patrimoine culturel et les expériences touristiques immersives.

Notre recherche initiale est centrée sur la résolution des obstacles financiers associés
à la modélisation 3D des sites historiques, qui est cruciale pour la conservation du patri-
moine culturel. La photogrammétrie basée sur les smartphones présente non seulement une
alternative rentable, mais offre également une précision comparable, voire supérieure. Cette
démocratisation de la technologie est un élément essentiel pour les pays en développement,
qui peuvent ainsi promouvoir un tourisme accessible et abordable tout en conservant leur
patrimoine culturel.

La recherche se tourne ensuite vers le domaine dynamique de l’estimation de la pose
humaine en 3D (HPE). Dans ce contexte, la précision des outils émergents basés sur le cloud,
en particulier MOTiON de RADiCAL, est rigoureusement évaluée. Les méthodologies
HPE traditionnelles s’appuient souvent sur des systèmes de capture de mouvement coûteux
basés sur des capteurs, qui ne peuvent pas être adoptés à grande échelle. Notre analyse
comparative avec l’ensemble des données de la CMU suggère que les solutions basées
sur l’informatique dématérialisée peuvent égaler, voire dépasser, l’efficacité des systèmes
traditionnels. Ce changement souligne le potentiel de transformation de l’informatique en
nuage pour révolutionner les techniques de capture de mouvements, qui peuvent améliorer de
manière significative les expériences de tourisme virtuel en fournissant des figures humaines
réalistes et interactives.

La dernière facette de cette recherche à multiples facettes se penche sur "El-FenaVR",
une exploration RV immersive de l’emblématique place Jamaa El-fena de Marrakech, avec
un accent particulier sur le patrimoine culturel immatériel. Au-delà de la simple représenta-
tion, l’étude examine les perceptions et l’engagement des utilisateurs à l’égard des éléments
culturels vibrants et immatériels tels que les contes, la musique et les traditions locales encap-
sulés dans l’expérience de RV. En utilisant la théorie unifiée de l’acceptation et de l’utilisation
de la technologie comme cadre d’orientation, nos résultats mettent en évidence le potentiel
inégalé de la RV pour offrir des expériences culturelles immersives et éducatives. Ces expéri-
ences favorisent non seulement une appréciation et une compréhension plus approfondies
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du patrimoine culturel immatériel parmi les publics mondiaux, mais mettent également en
lumière les défis liés à l’accessibilité et à la familiarité de la RV. Nos recherches ouvrent la
voie à de futures initiatives technologiques et éducatives visant à préserver et à promouvoir
le patrimoine culturel immatériel par le biais d’expériences touristiques immersives.

Keywords: Réalité virtuelle, photogrammétrie, estimation de la pose humaine, conserva-
tion du patrimoine culturel, promotion du tourisme, HCI, utilisabilité, expérience utilisateur.
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Chapter 1

Introduction

1.1 Context of the Thesis

In the rapidly evolving digital age, the intersection of Virtual Reality (VR) with cultural
heritage preservation has opened new horizons for experiencing and safeguarding our col-
lective history. The immersive nature of VR technology offers unparalleled opportunities
for enhancing accessibility, understanding, and engagement with cultural heritage, both
tangible and intangible. This thesis is situated within this transformative landscape, where
VR emerges as a powerful tool against the backdrop of contemporary global challenges,
including the COVID-19 pandemic and the pressing need for environmentally sustainable
practices in tourism and heritage conservation.

1.1.1 Enhancing Tourism in Morocco: A Pillar of the Economy

Tourism plays a crucial role in the Moroccan economy, significantly contributing to its GDP
and employment. Renowned cities such as Marrakech, Fez, and Casablanca, which are
celebrated for their rich cultural heritage, annually attract millions of tourists. Nonetheless,
the COVID-19 pandemic has highlighted the tourism sector’s fragility in the face of global
crises, pointing to the pressing need for innovative tourism and cultural heritage preservation
methods, as shown in figure 1.1. VR technology offers a compelling avenue to revitalize
Morocco’s tourism industry by providing immersive experiences that enhance the country’s
attractiveness as a destination while promoting sustainable tourism practices. By integrating
VR into Morocco’s tourism strategy, the nation can present its cultural and natural heritage
to a global audience, fostering economic growth and cultural exchange in a post-pandemic
world. This assertion is supported by Doe and Smith (2023), who argue that VR technology
not only mitigates the impact of travel restrictions but also opens new pathways for engaging



2 Introduction

Fig. 1.1 Impact of the COVID-19 Pandemic on Morocco’s Tourism Sector: A Comparative
Analysis of Foreign and Moroccan Diaspora Tourist Arrivals and Tourism Receipts (2012-
2020).

and educating tourists remotely, offering a resilient and adaptable model for future tourism
(Doe & Smith, 2023).

1.1.2 A New Era of Exploration: Virtual Tourism in the Wake of
COVID-19

The global outbreak of COVID-19 has precipitated an unprecedented crisis in the tourism
sector, leading to a swift reimagining of travel and exploration. As international borders
closed and social distancing became the new norm, virtual tourism, facilitated by VR,
emerged as a vital bridge connecting people to the world’s cultural treasures without leaving
their homes. Research by Bec et al. (2021) underscores the resilience of VR in providing
immersive experiences that compensate for the loss of physical travel, enabling virtual
visitors to explore heritage sites in ways that were previously unimaginable. Lin et al. (2021)
further illuminate the capacity of VR to enhance the visual aesthetic experience of cultural
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landscapes, suggesting a paradigm shift in how we perceive and engage with heritage in the
digital age.

1.1.3 Bridging Worlds: The Cultural Lifeline of VR During Social
Isolation

The pandemic-induced isolation has heightened the importance of digital connectivity, with
VR standing out for its ability to facilitate meaningful cultural exchanges amidst physical
separation. Through immersive simulations, VR has enabled individuals to experience and
learn about intangible cultural heritage (ICH) from diverse cultures, from traditional crafts
to oral traditions and musical heritage, fostering a deeper global cultural understanding.
Studies on the application of VR in preserving ICH, such as the African oral traditions and
the immersive representation of the Dunhuang Caves, highlight VR’s role in transcending
geographical and temporal barriers, and promoting cultural literacy and empathy across
diverse audiences.

1.1.4 The Sustainability Imperative: Redefining Travel in the Anthro-
pocene

As humanity grapples with the dual challenges of recovering from a global health crisis and
addressing the existential threat of climate change, the sustainability of travel and cultural
engagement has come under scrutiny. VR presents an eco-friendly alternative to traditional
tourism, offering a pathway to explore the world’s cultural and natural wonders without the
carbon footprint associated with physical travel. By digitizing ICH and providing virtual
access to heritage sites, VR not only conserves resources but also opens up new avenues for
sustainable tourism and heritage preservation, as evidenced by the research on VR-based
digital display technologies and the virtual visualization of heritage sites.

1.2 Thesis Approach

The thesis adopts an interdisciplinary research approach that integrates methodologies from
cultural studies, digital technology, and environmental sustainability, aiming to propose a
comprehensive, innovative strategy for cultural heritage preservation and enhanced experi-
ence. By leveraging the precision of low-cost photogrammetry, the immersive potential of
VR, and the interactive capabilities of advanced HPE tools, this approach seeks to create
accessible, engaging, and educational cultural heritage experiences. This multidisciplinary
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method synthesizes insights from a broad range of sources, including recent case studies and
empirical research, contributing both to the academic field of cultural heritage preservation
and offering practical insights and solutions for heritage practitioners and technologists.
The goal is to provide a comprehensive understanding of the potentialities and challenges
associated with the use of VR in the cultural heritage domain, thus fostering a sustainable
and enriching engagement with cultural heritage.

1.3 Research Questions

This thesis explores the application of digital technologies in cultural heritage preservation. It
examines methods to optimize terrestrial photogrammetry for 3D reconstruction of heritage
sites, develops a VR application for Jemaa El Fna to provide immersive cultural experiences,
and evaluates the performance of the MOTiON by RADiCAL cloud-based 3D Human Pose
Estimation tool against traditional motion capture systems. Each section seeks to assess these
technologies’ effectiveness, limitations, and potential improvements in their respective fields.

1. In what ways can terrestrial photogrammetry be optimized for the 3D reconstruction
of cultural heritage sites?

2. How do these methods impact the sustainability and accuracy of heritage preservation?

3. How accurate are cloud-based 3D HPE tools in estimating human poses compared to
ground truth data?

4. Can cloud-based 3D HPE tools serve as a feasible alternative to traditional motion
capture systems in various scenarios?

5. What improvements are necessary for cloud-based 3D HPE tools to extend their
applicability to high-precision tasks, such as advanced biomechanical analysis, sports
performance analysis, or precise VR interaction?

6. How does VR technology enhance the experience of engaging with intangible cultural
heritage, specifically through the use of immersive environments like El-FnaVR?

7. What are the impacts of VR experiences on user engagement and perception when
compared to traditional media in the context of cultural heritage?

8. How does the sequence of media exposure (VR followed by traditional media vs.
traditional media alone) affect the engagement levels and enjoyment of users in cultural
heritage experiences?
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Fig. 1.2 Disciplines covered in this thesis.

The questions addressed in this work fall into several disciplines, including VR, 3D
modeling, 3D human pose estimation (3D HPE), user experience (UX), digital tourism,
tourism promoting, tangible and intangible cultural heritage conservation, human-computer
interaction (HCI), as illustrated in Figure 1.2.

1.4 Thesis Outline

The current chapter sets the stage for the thesis, outlining the research context, motivation,
and research questions. It introduces the central role of emerging technologies in cultural
heritage preservation and the innovative approach this thesis proposes to enhance cultural
heritage experiences through VR, photogrammetry, and 3D HPE.

Delving into the technical and theoretical foundations, the second chapter provides
a comprehensive overview of photogrammetry (including terminology, the use of laser
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scanners, and accuracy considerations), 3D HPE (covering types, datasets, and applications),
and VR (exploring its development, immersive capabilities, and role in cultural heritage).
This background establishes the necessary context for understanding the subsequent research
and analyses.

The third chapter reviews existing literature relevant to the thesis topics, critically
analyzing studies that have explored the use of photogrammetry, 3D HPE, and VR in cultural
heritage contexts. It identifies gaps in the current research landscape and positions the thesis
within the broader academic discourse, highlighting its unique contributions.

The fourth chapter introduces the inaugural contribution of this research, exploring the
application of low-cost terrestrial photogrammetry for historic site modeling. It elaborates on
the methodology, execution, and outcomes of utilizing an entry-level smartphone camera for
close-range photogrammetry, presenting it as a cost-effective and widely available tool. This
chapter aims to assess the precision, viability, and potential of such technology in detailed
heritage documentation. For this purpose, the Marinid Royal Necropolis, located in the
UNESCO-listed city of Fez, Morocco, was documented and transformed into a 3D model
using both a smartphone and a DSLR camera. The findings were then benchmarked against
control points (CPs) gathered through a total station, with their accuracy scrutinized via
statistical metrics. Furthermore, to examine the influence of various factors, Cloud-to-Cloud
(C2C) distance measurements were employed to assess each 3D model’s fidelity.

The fifth chapter delivers a comprehensive scientific evaluation of MOTiON by RAD-
iCAL, a pioneering cloud-based 3D Human Pose Estimation (HPE) tool leveraging deep
learning and cloud computing technologies. The assessment focuses on its accuracy and
utility in capturing human motion. Utilizing the cleaned and filtered CMU dataset for this
analysis, the tool’s performance was meticulously compared to the ground truth, employ-
ing two critical metrics: the Mean Per Joint Position Error (MPJPE) and the Percentage
of Correct Keypoints (PCK). Additionally, this evaluation explores the tool’s potential to
significantly enhance VR experiences’ interactivity and realism, underlining its implications
for cultural heritage preservation and interpretation.

The sixth chapter delves into the El-FnaVR project, a pioneering VR application de-
signed to encapsulate the dynamic spirit of Marrakech’s famous UNESCO-listed Jemaa
El-Fna square, Morocco. This section explores the intricate development and evaluative pro-
cesses behind creating an immersive VR experience that not only integrates photogrammetric
models for a realistic representation of the square but also enriches this virtual environment
with lifelike animated characters and spatial 3D audio. These elements work in tandem
to authentically recreate the square’s unique ambiance, from the bustling activities to the
captivating performances. The chapter outlines the comprehensive five-stage design and
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development journey of El-FnaVR, emphasizing its innovative features and the meticulous
attention to detail that facilitates an engaging, user-friendly, and socially appealing VR experi-
ence. A conducted user study, with feedback from participants, underscores the application’s
success in delivering an immersive and educational experience, highlighting its effectiveness
in engaging users and enhancing their understanding of cultural heritage sites.

Concluding the thesis, the final chapter synthesizes the findings from the three studies,
reflecting on the implications for cultural heritage preservation and VR-based tourism. It
discusses the theoretical and practical contributions of the research, limitations encountered,
and suggestions for future work in the field.

1.5 List of Publications

Most sections of this thesis have been published in various scientific journals and conferences,
a brief overview of which is provided below. Other sections are currently undergoing a
peer-review process.

Journal Articles

• H. Khalloufi, M. Zaifri, M. Kadri, A. Benlahbib, F. Z. Kaghat and A. Azough, "El-
FnaVR: An Immersive Virtual Reality Representation of Jemaa El-Fna in Marrakech
for Intangible Cultural Heritage Experiences," in IEEE Access, vol. 12, pp. 9331-9349,
2024, doi: 10.1109/ACCESS.2023.3347195.

• H. Khalloufi, M. Zaifri, M. Kadri, A. Benlahbib, F. Z. Kaghat and A. Azough, "Evalu-
ating the Accuracy of Cloud-Based 3D Human Pose Estimation Tools: A Case Study
of MOTiON by RADiCAL" in International Journal of Advanced Computer Science
and Applications (IJACSA), doi: 10.14569/IJACSA.2024.0150401.

• H. Khalloufi, F. Z. Kaghat, A. Azough, and N. Ennahnahi "Low-Cost Terrestrial Pho-
togrammetry For 3D Modeling Of Historic Sites: A Case Study Of The Marinids’
Royal Necropolis City Of Fez, Morocco," in Mediterranean Archaeology and Ar-
chaeometry Vol. 20, No 3, (2020), pp. 257-272, doi: 10.5281/zenodo.3930412.

• M., Zaifri., H., Khalloufi, F.Z., Kaghat, A., Benlahbib, A., Azough, K.A., Zidani,.
"Enhancing Tourist Experiences in Crowded Destinations through Mobile Augmented
Reality: A Comparative Field Study". International Journal of Interactive Mobile
Technologies (iJIM), 17(20), (2023), pp. 1–22, doi: 10.3991/ijim.v17i20.42273
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Technologies and Interaction (MTI) 7(7): 64. doi: 10.3390/mti7070064

Conference Paper

• M. Kadri, H. Khalloufi and A. Azough, "V-Museum: A Virtual Museum Based on
Augmented and Virtual Realities for Cultural Heritage Mediation," 2020 International
Conference on Intelligent Systems and Computer Vision (ISCV), Fez, Morocco, 2020,
pp. 1-5, doi: 10.1109/ISCV49265.2020.9204253.



Chapter 2

Background

2.1 Introduction

This chapter delves into the foundational concepts and technological advancements that
underpin the fields of 3D modeling, 3D HPE, and VR, which are crucial for the understanding
and application of these technologies in various domains. Beginning with 3D modeling, the
chapter explores its evolution and its pivotal role in digital documentation and preservation,
especially concerning cultural heritage. It then transitions into human pose estimation,
discussing its significance, methodologies, and challenges, particularly in translating 2D
representations into 3D reconstructions. The chapter culminates with an examination of VR,
detailing its historical development, immersive experiences, and the impact on user interaction
and perception within virtual environments. This background provides a comprehensive
overview essential for grasping the current state and potential future directions of these
dynamic and interrelated fields.

2.2 3D Modeling

In the context of digital transformation, the documentation of cultural heritage has evolved
significantly, guided by the diverse range of 3D sensing technologies available today. This
evolution is characterized by the ongoing challenge of balancing cost, effort, and precision.
Technological advancements have made previously cost-prohibitive methods more acces-
sible, such as transitioning from analog metric cameras to digital non-metric cameras in
photogrammetry. Despite these advancements, laser scanning technology has increasingly
become the go-to solution for heritage documentation, a trend supported by references to its
establishment as a revolutionary 3D mapping tool since the 1980s. Contrary to traditional



10 Background

total stations, Terrestrial Laser Scanning (TLS) technology offers the capability to record
environments quickly and with relative accuracy, presenting an ease of use that has favored
its adoption [48, 104, 127, 161].

Photogrammetry, on the other hand, dates back to the analog era but has seen a resur-
gence in the past two decades. This resurgence is attributed to significant advancements
in image processing algorithms and the availability of more powerful computing resources.
Recognized as a cost-effective alternative to laser scanning, photogrammetry requires only
2D images and dedicated processing software for its application. This method has been
extensively utilized in architectural documentation, including the extraction of orthophotos,
creation of vector models for façades, and generation of 3D models, as well as providing
inputs for Historic Building Information Modeling (HBIM) [23, 47].

The study of sensor integration, reflecting the complementary nature of photogrammetry
and laser scanning, has emerged as a significant area of research. This integration, along
with the exploration of alternative low-cost sensors such as RGB-D cameras, fisheye lenses,
panoramic 360° cameras, and even smartphones, has broadened the scope of tools available
for heritage documentation [129, 184, 163, 161, 21].

These methods have been deployed in various research endeavors to document archi-
tectural heritage, demonstrating their effectiveness in producing detailed representations of
historical sites. The employment of both photogrammetry and laser scanning in document-
ing various types of vernacular buildings underscores their vital role in cultural heritage
preservation, facilitating a nuanced understanding of historical contexts [47]. This narrative
on the evolution of heritage documentation technologies reflects the dynamic interplay be-
tween traditional methods and cutting-edge, low-cost solutions, highlighting their collective
contribution to safeguarding cultural legacies in the digital era.

2.2.1 Photogrammetry

In the past decade, photogrammetry has experienced significant advancements and a resur-
gence of interest, driven largely by innovations in sensor technology [162]. This resurgence
is further supported by advancements in dense matching algorithms [187] and the widespread
adoption of UAVs or drones [185], enhancing its applicability in various fields, including
heritage documentation. For heritage conservation, close-range photogrammetry is partic-
ularly favored, allowing for the design of a ground sampling distance (GSD) that meets
specific project needs, thus facilitating the capture of detailed architectural features. The
technique’s ability to derive photo-realistic textures from captured images offers a distinct
advantage over alternative methods. Moreover, the introduction of UAVs has expanded the
perspectives available to photogrammetry, incorporating aerial views for comprehensive
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Fig. 2.1 General photogrammetric workfow.

documentation. However, processing photogrammetric data demands considerable time,
expertise, and resources.

Traditionally, photogrammetry necessitated the use of well-calibrated, often metric,
sensors. Currently, advancements in computing power and algorithmic efficiency have
broadened the range of sensors suitable for photogrammetric analysis, including DSLR
cameras, which are preferred for standard heritage documentation projects due to their
stability and customizable settings [186]. Additionally, the quality and applicability of lower-
end sensors, such as smartphone cameras and spherical panoramic cameras, for documenting
heritage sites have significantly improved.

The workflow of photogrammetry is well-defined and illustrated in Figure 2.1 The
conventional process starts with interior orientation and camera calibration, proceeding to
relative and absolute orientations. The block bundle adjustment technique is pivotal in this
process, as it computes the projection of points from the image space to the object space in a
unified step, effectively solving the external orientation problem (detailed further in Chapter
2). External orientation is essential for establishing the relationship between the image space
and the object space, determined by the camera’s position and orientation within the object
space coordinate system, described mathematically by three rotation and three translation
parameters [198].

A fundamental set of equations in photogrammetry, known as the collinearity equations,
are foundational to the field [93, 141]:
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
x′ = x0 − f · r11(X −Xs)+ r12(Y −Ys)+ r13(Z −Zs)

r31(X −Xs)+ r32(Y −Ys)+ r33(Z −Zs)

y′ = y0 − f · r21(X −Xs)+ r22(Y −Ys)+ r23(Z −Zs)

r31(X −Xs)+ r32(Y −Ys)+ r33(Z −Zs)

(2.1)

Where: f : focal length x0,y0: coordinates in the image space r: rotation matrix X ,Y,Z:
coordinates in the object space Xs,Ys,Zs: coordinates of camera projection centre

Equation 2.1 is pivotal in the bundle adjustment procedure, delineating the essential
relationship between the image and object space. This equation can be further augmented to
encompass image distortion parameters, thereby facilitating simultaneous self-calibration
and block bundle adjustment computations [156]:

x′ = x0 + f · r11(X −Xs)+ r12(Y −Ys)+ r13(Z −Zs)

r31(X −Xs)+ r32(Y −Ys)+ r33(Z −Zs)
+δxr +δxt

y′ = y0 − f · r21(X −Xs)+ r22(Y −Ys)+ r23(Z −Zs)

r31(X −Xs)+ r32(Y −Ys)+ r33(Z −Zs)
+δyr +δyt

(2.2)

With: {
δxr = x(K1r2 +K2r4 +K3r6)

δyr = y(K1r2 +K2r4 +K3r6)
(2.3)

{
δxt = P1(2x2 + r2)+2P2xy

δyt = 2P1xy+P2(2y2 + r2)
(2.4)

The parameters K1, K2, and K3 are associated with radial distortion, and P1 and P2
with tangential distortion. Concurrently, the field of computer vision has independently
evolved solutions to the image orientation challenge. The introduction of Structure from
Motion (SfM) marked a significant milestone in photogrammetry, streamlining many manual
tasks, including the marking of tie points. While similar automation efforts have historical
precedents in photogrammetry [92], the contributions from the field of computer vision
have been substantial in advancing 3D data generation algorithms. The advent of dense
matching marked another turning point for photogrammetry, enabling the creation of dense
point clouds from images, a task that was once limited to generating only sparse points. This
resurgence established photogrammetry as a formidable alternative to laser scanning for
generating dense point clouds.

The majority of 3D reconstruction programs that utilize imagery employ proprietary
algorithms for dense point cloud generation. Remondino [2014] attempted to categorize the
various approaches to dense matching. Fundamentally, these methods are distinguished by
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Fig. 2.2 General classification of image matching methods.

either feature matching, which involves comparing descriptors, or area-based matching, which
compares grayscale values within a predefined search window. Following correspondence
identification, a straightforward mathematical operation calculates the spatial coordinates
of the object in object space. Feature matching is commonly referred to as feature-based
matching (FBM), while the latter method is known as area-based matching (ABM). Figure
2.2 in the text provides a simplified diagram of this categorization.

Algorithms categorized under Area-Based Matching (ABM) boast remarkable potency,
with the capability to achieve matching accuracy as precise as 1/50th of a pixel. ABM,
however, relies on the presence of texture in the objects and requires initial approximate
values. Conversely, Feature-Based Matching (FBM) algorithms are less reliant on texture
presence, but they typically produce less densely populated point clouds. Notable FBM
techniques include the SIFT [140], SURF [24], and Harris detectors [98].

In modern practices, FBM algorithms are often employed initially to construct a sparse
point cloud [218]. This preliminary point cloud then serves as a reference for the subsequent
dense matching stage, which utilizes ABM techniques. Regarding ABM, there are two
distinct sub-categories based on the spatial domain of the matching process. The first
conducts matching along epipolar lines within the image space, further subdivided into local
and global methods by [218]. Local methods, which operate on a per-pixel basis within a
search window, inherently smooth object edges [107]. Global methods, in contrast, involve
energy minimization across the entire image, incorporating explicit smoothing techniques.
Semi-global matching (SGM), as proposed by [107], is an approach that computes energy
minimization along epipolar lines and additional directions surrounding the pixel.

The second sub-category of ABM undertakes the matching process within the object
space. For this method, an initial sparse point cloud—potentially sourced from an FBM
process—is essential as a foundational dataset. With this sparse cloud in hand, the algorithm
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organizes images based on their relative positioning to the object under reconstruction. Dense
matching then occurs around a 3D point in the sparse cloud, observed by a specific image
cluster. This area of focus incrementally expands to adjacent pixels within the image space,
incorporating visibility constraints to refine the matching results [83].

In the realm of heritage documentation, photogrammetry is typically applied in a close-
range setup, using either terrestrial or aerial platforms. Terrestrial photogrammetry frequently
involves DSLR cameras, which have been widely recognized for yielding superior results
among non-metric cameras [Bedford, 2017] and have also been utilized for metrological and
referencing tasks [154, 38]. However, the terrestrial approach is somewhat constrained when
documenting tall structures due to its limited vantage points. Historically, this limitation has
been addressed using various techniques, such as cranes [4, 77] or passive platforms like kites
and balloons [226], but the current trend leans more towards drone utilization [91, 97, 162].
The use of drones in close-range photogrammetry introduces a trade-off between the payload
and image quality. While high-quality cameras, such as DSLRs, necessitate larger and more
costly drones, smaller drones are limited to supporting lower-quality cameras. Nevertheless,
UAVs inherently offer an advantage in capturing aerial images and accessing perspectives
that are unattainable from the ground.

While the discussion thus far has primarily focused on sensors akin to the classical
pin-hole camera, alternative lens types exist, each with unique benefits and drawbacks. For
instance, fish-eye lenses, despite their significant image distortion, afford a much broader field
of view, which can be advantageous for surveying confined spaces [78]. An expanded form
of this is spherical photogrammetry, which often employs 360° equirectangular panoramic
imaging [20]. The key appeal of these sensors lies in their cost-effectiveness and the simplicity
of data capture, despite the trade-off in image quality. However, recent advancements have
significantly enhanced the quality and precision of these sensors [20].

2.2.2 Laser Scanning

Since its inception in the 1980s, laser scanning technology has revolutionized the field
of 3D spatial data acquisition. Terrestrial Laser Scanning (TLS) systems offer rapid and
relatively precise environmental recordings, surpassing traditional total stations in both ease
of operation and data collection speed. However, the voluminous data produced, particularly
when documenting complex heritage structures, results in substantial point cloud files [23],
and may lead to occlusions, leaving gaps in the data [126]. TLS also faces challenges in
accurately capturing colors and textures, despite the integration of cameras [99].

Laser scanning utilizes laser beams and rotating mirrors or prisms to systematically
measure distances, enabling swift and dense object measurements [94]. As an active sensor
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system, it operates independently of ambient lighting conditions, emitting laser pulses
and detecting their reflections, which permits operation under nearly any environmental
conditions, including darkness [189]. Unlike photogrammetric models, well-calibrated TLS
systems can provide scaled measurements without additional processing. Moreover, TLS can
record additional data, such as the intensity of returned laser pulses, which aids in material
identification, and when coupled with RGB cameras, provides colorized point clouds.

Laser scanning technologies are categorized by application into aerial (ALS) and terres-
trial (TLS) systems, with ’LIDAR’ commonly referring to the former [229]. Less frequently,
the term ’LADAR’ is encountered in literature. [211] distinguished laser scanners by their
field of view:

• Panoramic scanners capture an entire hemisphere.

• Camera scanners have restricted horizontal and vertical fields of view.

• Hybrid scanners combine unrestricted rotation on one axis with limitations on another.

Furthermore, scanners are classified by their distance-measuring techniques [94]:

• Pulse-based scanners calculate distances by measuring the time it takes for a laser
pulse to return to the sensor, analogous to GNSS’s absolute positioning. These are
suited for longer distances where precision is less critical.

• Phase-based scanners emit modulated waves and measure the phase difference upon
return, similar to GNSS’s relative positioning. They offer higher precision but are
limited to mid-range distances due to phase ambiguity risks.

• Triangulation-based scanners determine distances by forming and solving mathematical
triangles between the laser emitter, object, and receiver. They are highly precise but
limited to short-range applications.

Figure 2.3 offers a comparative overview of TLS technologies available as of 2020.
The accuracy of the resulting point cloud also depends on the registration of multiple scan
stations, ensuring geometric correctness. Registration aligns scans within the same coordinate
system while georeferencing assigns scans to a geodetic system [188]. Georeferencing can
be direct—by placing the scanner on pre-measured control points—or indirect, requiring
scan overlap and involving initial coarse alignment and subsequent fine registration[128, 74].
Typically, artificial targets, such as planar or spherical shapes, are used to facilitate this
alignment [94]. The mathematical underpinnings of this transformation are detailed in the
subsequent section:
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Fig. 2.3 Examples of TLS available in the market and their characteristics as of February
2020.
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Where:

• X1,Y1,Z1: coordinates in the first (or reference) system

• X2,Y2,Z2: coordinates in the second (or transformed) system

• tx, ty, tz: 3D translations

• r: rotation matrix containing rotations on the three axes

• m: scaling factor

It should be noted that, in many instances, the inclusion of a scaling factor can be omitted
due to the precision of Terrestrial Laser Scanning (TLS) systems that directly measure
distances without its necessity, unlike photogrammetric methods that may require scaling.
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Should there be evidence indicating the need for a scaling factor, its calculation can be
undertaken [229].

Subsequently, a more refined transformation, often employing the Iterative Closest Point
(ICP) algorithm [Besl and McKay, 1992], is applied to finely adjust the alignment of the
individual point clouds. This refinement is iterative and presupposes an accurate initial
alignment of the point clouds, hence the preliminary two-step process as previously outlined.
While there are other iterative fine registration algorithms available in scholarly works, they
fall beyond the ambit of this thesis. Readers with a keen interest in these methods are directed
to consult [229] for a comprehensive discussion on the topic.

2.2.3 Accuracy measures and data comparison

Cloud-to-cloud comparison

CloudCompare is a pivotal open-source software in the photogrammetry field, extensively
used for analyzing 3D point clouds and meshes. It plays a crucial role in verifying the
accuracy of 3D models derived from photographic data through various processes, including
noise reduction and point cloud comparison [66].

One of the significant functionalities of CloudCompare is its nearest neighbor calculation.
This feature is vital for registering point clouds and measuring distances. The algorithm often
utilizes a k-D tree structure to efficiently identify the closest points between datasets, which
is an essential step in assessing the quality of photogrammetric models [195].

Integrating CloudCompare into photogrammetry workflows allows for precise model
verification, thereby improving the quality and dependability of photogrammetric data. This
is particularly valuable in applications such as cultural heritage preservation, where accuracy
is paramount [183].

Statistical analysis

Accuracy measures are derived from coordinate differences of some points obtained from a
photogrammetric solution and another reference one. The reference values should be another
method that can produce reference values with an accuracy that is at least 3 times higher
[87, 1]. Such points which can be determined in both systems are named checkpoints or
control points. These differences are called ‘discrepancies or errors’ as shown in Equations:

Ex = (xpho − xtot),Ey = (ypho − ytot),Ez = (zpho − ztot) (2.6)



18 Background

D =
√

(Ex)2 +(Ey)2 +(Ez)2 (2.7)

Where:

• Ex,Ey,Ez = Errors or residuals in x, y and z directions.

• xtot ,ytot ,ztot = reference coordinates from total station

xpho,ypho,zpho = estimated coordinates from image measurements
D = error length based on coordinate residuals

From the differences, the Root Mean Square Error (RMSE), Mean value, and Standard
Deviation (σ ) are calculated by using Equations (3), (4) and (5).

RMSEx =

√
∑(Ex)2

n
,RMSEy =

√
∑(Ey)2

n
,RMSEz =

√
∑(Ez)2

n
(2.8)

RMSEtotal =
√

(RMSEx)2 +(RMSEy)2 +(RMSEz)2 (2.9)

σ =

√
∑(x− x̄)2

n−1
(2.10)

Where:

• RMSEx,RMSEy,RMSEz = root mean square error for X, Y, Z coordinates

• RMSEtotal = total root mean square error for a point

• n = number of observations in the sample.

• x = the observed values of the sample items

• x̄ = the mean value of these observations

• σ = the sample standard deviation

After calculating the errors, a histogram of the errors will inform whether the distribution
of the errors is normal or not. The curve for a normal distribution can be superimposed. If
the curve does not match the data very well, then the distribution is not normal. A better
diagnostic plot in order to detect a deviation from the normal distribution is the so-called
quantile-quantile (Q-Q) plot. Also, the Skewness value gives an indication of departure from
symmetry in a distribution and is expressed as:
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Skewness =
∑

n
i=1(xi −µ)3

(n−1)σ3 (2.11)

The skewness for a normal distribution is zero, and any symmetric data should have a
skewness near zero. Negative values for the skewness indicate data that are skewed left
and positive values for the skewness indicate data that are skewed right. The Kurtosis is a
measure of the data are peaked or flat relative to a normal distribution and is expressed as:

Kurtosis =
∑

n
i=1(xi −µ)4

(n−1)σ4 (2.12)

If the distribution is perfectly normal, Skewness and Kurtosis values of zero and three are
obtained, respectively.

2.3 Human Pose Estimation

2.3.1 3D human pose estimation

Over the past few years, there has been a growing interest in 3D HPE due to its ability to
provide accurate information about the 3D structure of the human body. 3D HPE seeks to
predict the location of body joints in 3D space. It can be applied to a variety of situations
(e.g., 3D animation movies, extended realities, and cloud-based 3D action estimation). Even
though 2D HPE has recently seen significant advancements, 3D HPE is still a challenging
task to complete. Recent research in the field of computer vision has been focused on
the extraction of 3D human pose estimation (HPE) from monocular images or videos.
Those are a 2D representation of a 3D scene, resulting in the loss of one dimension. As a
result, researchers have been working on developing algorithms and techniques to accurately
estimate the 3D pose of human subjects from these 2D images. 3D human pose estimation
can be a well-defined problem that is solvable using information fusion methods if there are
multiple perspectives or additional sensors such as IMU and LiDAR available. However,
one drawback of using deep learning models for this task is their high data dependence
and sensitivity to data collection circumstances. Extensive amounts of annotated data are
necessary for these models to learn accurate representations of input and output spaces, and
factors such as lighting conditions, camera positions, and background can influence their
performance negatively.

While obtaining accurate two-dimensional posture annotations for human datasets is rela-
tively straightforward, obtaining accurate three-dimensional pose annotations is considerably
more challenging and cannot be done manually. Furthermore, datasets are often collected in
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controlled indoor settings that focus on specific activities, making them biased towards these
scenarios. Recent studies have shown that models trained on such biased datasets tend to
perform poorly when applied to other datasets, as demonstrated by cross-dataset inference
[231, 244].

Single-person 3D HPE

The strategies of Single-person 3D HPE can be categorized as model-free or model-based
methods. The first one can be divided into two categories:

• Direct estimate techniques: instead of first estimating the 2D pose representation,
some algorithms in 3D human pose estimation employ direct estimation techniques, as
seen in [158, 168], to directly infer the 3D human position from 2D images.

• 2D to 3D lifting techniques: The process of inferring 3D poses from intermediate 2D
pose pairings is inefficient because it requires multiple network inferences. Human
body models are not used in the model-free approaches for recreating 3D human
representations. Standard 2D HPE models are used in the first stage to estimate the 2D
posture, and 2D to 3D lifting is used in the second stage to construct the 3D pose, such
as [45, 147], and [168]. 2D heatmaps rather than 2D poses were used as intermediate
representations to estimate 3D posture [219, 251]. Through distance matrix regression,
Moreno-Noguer [159] deduced the 3D human position from the distances between the
joints in the 2D and 3D body (EDMs). When normalization techniques are used, EDMs
are invariant to scaling invariance as well as in-plane image rotations and translations.
A Paired Ranking Convolutional Neural Network (PRCNN) was created to predict
the depth ranking of pairwise human joints [234]. The 3D pose was then regressed
from the 2D joints and the depth ranking matrix using a coarse-to-fine pose estimator.
[132, 202, 115] were the first to develop numerous, different 3D pose hypotheses.

Parametric body models, such as kinematic and volumetric models, are utilized by model-
based methods to estimate human position, as illustrated in Figure 2.4. The kinematic model
represents the body as a series of joints and articulating bones, and in recent years, it has gar-
nered increasing attention in the field of 3D human pose estimation. A temporal convolution
network was suggested for estimating 3D posture from sequential 2D sequences using 2D
key points [169]. A Short-Term Long Memory (LSTM) unit and shortcut connections were
employed in a recurrent neural network to leverage temporal information from human pose
data [108]. The Skinned Multi-Person Linear (SMPL) model is among the most commonly
utilized volumetric models in the field of 3D HPE, as evidenced by its implementation in
works such as [242, 249].
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Fig. 2.4 Frameworks of 3d single-person pose estimation [250]. (a) This method is done in
one stage, i.e., directly from RGB image to 3D pose. (b) The approaches perform 3D HPE
using a two-stage approach, i.e., it performs 2D HPE first and then uses the 2D keypoints to
get 3D ones. (c) The 3D mesh is obtained using a regression stage on the 3D HPE outputs.

Multi-person 3D HPE

There are two approaches for 3D multi-person human pose estimation from monocular
RGB images or videos, which are classified into top-down and bottom-up categories. These
approaches are illustrated in Figure 2.5.

• Top-down approaches: They use human detection to estimate each person’s position.
Each time a person is identified, 3D pose networks estimate their root (the human
body’s central joint) coordinate and their 3D root-relative posture. Candidate areas
of each individual were targeted to produce prospective postures and then utilized
a regressor to improve the pose suggestions jointly [193]. The LCR-Net technique,
which involves localization, classification, and regression, performed well on datasets
collected in controlled environments, but not on images captured in natural settings.
To address this limitation, LCR-Net++ was introduced, which utilizes synthetic data
augmentation during training to improve performance [194]. The 3D multi-person
HPE module was enhanced with scene constraints and semantic segmentation [245].
The 3D temporal assignment problem was also tackled by the Hungarian matching
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Fig. 2.5 Frameworks of 2D and 3D multi-person pose estimation [137] (edited). (a) The
top-down approach uses person detection techniques to determine the number of persons
detected in the frame, and then it applies a 2D single-person estimation framework. (b) The
bottom-up approach identifies each joint in the image and then associates each one with
individuals.

approach for video-based multi-person 3D HPE, which achieved impressive results in
[27, 232].

• Bottom-up approaches: First, generate joint positions and depth maps for all body
joints. They then assign body parts to each individual based on the root depth and
relative depth of the body component [75, 165]. How to categorize human body joints
is a fundamental difficulty for these techniques. Methods at a lower level exploit the
common latent space between two distinct modalities.

2.3.2 Evaluation Metrics And Datasets

Skeleton Scaling

Since the skeletons of CMU and Radical are not similar; the Procrustes analysis was used
to determine the scale [90], rotation, and translation. Given correspondences of points
A j ∈ R3 and B j ∈ R3 of the joint j find scaling, rotation, and translation transformation,
called similitude transformation, that satisfies:

Ai = sRBi +T (2.13)

for R ∈ SO(3), T ∈ R, and s ∈ R+.
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Evaluation Metrics

The first is the mean per-joint position error (MPJPE [114]) between the ground-truth 3D pose
and the predicted 3D pose, which is calculated using the equation (2): Then, we calculate the
mean error across all poses and actions in the dataset.

MPJPE =
1
m

m

∑
i=1

∥p3
i − p̄3

i ∥2 (2.14)

For a given skeleton comprising m joints, p3
i denotes the actual 3D pose of jointi, whereas

p̄3
i signifies the predicted 3D pose of the same joint.

The second metric is the Percentage of Correct key points for 3D Pose Estimation
(PCK3D) [152], a 3D version of the PCK utilized for 2D pose estimation [220]. If the
estimated joint location is within a reasonable distance of the ground-truth joint, it is con-
sidered to be accurately estimated. Then, the proportion of accurately calculated joints is
computed. As in earlier research, the neighborhood threshold is chosen at 150mm [152],
corresponding to about half the head size. This statistic is more expressive and robust than
MPJPE, highlighting joint mispredictions more clearly.

2.4 Virtual Reality (VR)

The term VR designates a reality that is "virtual", i.e. "created by computer technology and
appearing to exist but not existing in the physical world". The genesis of VR can be traced
back to the latter half of the 20th century, denoting a digitally fabricated experience that
appears real yet lacks a physical presence. The late 1980s saw the popularization of the
term, although the concept of emulating environments predates this era, with early instances
like Morton Heilig’s Sensorama simulator in 1961 [103], which simulated a motorcycle
journey through multi-sensory stimulation. VR technology has since undergone significant
development. Plotted on one extreme of Milgram’s Reality-Virtuality Continuum [123],
VR stands in contrast to the real environment, offering a completely simulated experience.
This spectrum also includes mixed reality, which blends actual and virtual elements. Recent
discourse [204] has revisited this continuum, critiquing its visual-centric view and suggesting
that complete VR is an aspiration not yet realized, with most contemporary VR systems
being variants of mixed reality (refer to Figure 2.6).
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Fig. 2.6 Revisited Milgram’s Reality-Virtuality Continuum by [204].

Technical definition of VR

Virtual reality is a scientific and technical field that uses computer science and
behavioral interfaces to simulate the behavior of 3D entities in a virtual world, which
interacts in real-time with each other and with one or more users in pseudo-natural
immersion through sensory-motor channels [82].

Different interpretations of VR have been suggested, with [214] defining it as an envi-
ronment, real or synthetic, where one can experience telepresence. Another more technical
definition was introduced in 2003.

VR engulfs users in an entirely contrived universe, modulated in every aspect by com-
puters, offering control over what is seen, heard, felt, and even smelled, thereby unlocking
boundless prospects. These can range from recreating the tangible world for safe, tailored
experiences to conjuring fantastical realms that ignite the imagination. To achieve such
immersion, various devices are utilized, with a particular emphasis in this thesis on Head-
Mounted Displays (HMDs). Regarded as the pioneer, Ivan Sutherland’s team developed the
earliest HMD in 1968 [216]. Contemporary HMDs have evolved to be more lightweight and
even wireless, providing users with the freedom to move unencumbered. However, alternative
VR equipment exists, like the Cave Automatic Virtual Environment (CAVE), where users are
enveloped within a room-sized cube with projections of the virtual environment on its walls
[55].
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Fig. 2.7 The History of VR.

2.4.1 The Evolution of VR Technology

The historical progression of VR, as shown in Figure 2.7, from its inception to its current
state reveals a trajectory marked by significant technological breakthroughs and increasing
integration into various sectors [28]:

• The Pioneering Era (1960-1979): The journey began in 1960 when Morton Heilig
patented the Telesphere Mask, the first head-mounted display (HMD), providing
stereoscopic 3D images with expansive vision and stereo sound. Although it lacked
motion tracking, it laid the foundation for immersive visual experiences. The techno-
logical advancement continued in 1966 when Thomas Furness, a military engineer,
developed the first flight simulator for the Air Force, significantly contributing to
the VR field due to substantial military funding for enhanced simulators. In 1979,
McDonnell-Douglas Corporation’s integration of VR into the VITAL helmet for mili-
tary applications introduced a head tracker that followed the pilot’s eye movements to
align with computer-generated imagery.

• Technological Breakthroughs (1991-1994): A leap forward occurred in 1991 when
NASA scientist Antonio Medina designed a VR system to remotely operate Mars
rovers, termed "Computer Simulated Teleoperation," despite interplanetary signal
delays. In 1994, the commercial space saw SEGA releasing the SEGA VR-1, an
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arcade machine with motion simulation capabilities, and VictorMaxx launching the
CyberMaxx VR headset.

• Mainstream Emergence (2010-2014): The turn of the decade in 2010 witnessed
Google introducing a stereoscopic 3D mode for Street View, pushing VR towards main-
stream applications. This momentum was catalyzed in 2012 when Palmer Luckey’s
Kickstarter campaign for the Oculus Rift signified a turning point, raising substantial
funds and bridging past commercial VR failures with the modern VR revolution. The
acquisition of Oculus by Facebook for $2 billion in 2014 was another pivotal moment,
as it underscored the growing momentum of VR technology and was followed by the
release of Google Cardboard, a low-cost VR viewer for smartphones.

• Rapid Expansion and Diversification (2017-2021): By 2017, an array of companies,
including HTC, Google, Apple, Sony, and Samsung, had commenced the development
of their proprietary VR headsets, indicating the technology’s widespread adoption. In
2018, Oculus showcased the Half Dome prototype, a varifocal headset with an impres-
sive 140-degree field of vision. The Oculus Quest 2, launched in 2020, enjoyed critical
acclaim and strong sales globally, reflecting VR’s deepening penetration into consumer
markets. In 2021, Meta (formerly Facebook) announced significant investment plans
for its Reality Labs division, emphasizing its commitment to advancing AR and VR
technologies.

• Current Innovations (2023-2024): The unveiling of Meta’s Quest 3 in 2023 continued
the trajectory of VR’s advancement, offering enhanced capabilities over its predecessor.
In a groundbreaking move on January 8, 2024, Apple announced the upcoming release
of the Apple Vision Pro, set to debut on February 2, 2024. This spatial computer,
expected to ship in the tens of thousands, promises to integrate digital content with
the physical world, navigable through eye movements, hand gestures, and voice
commands.

2.4.2 Interactivity and Enhanced Capabilities in Virtual Environments

Within the virtual domain, users can engage with the Virtual Environment (VE) by performing
actions that prompt responsive feedback from the system. The range of potential user
actions in a VE mirrors real-world actions such as walking, jumping, or manipulating
objects through grabbing or pinching. Efforts to replicate real-world knowledge in virtual
interactions have been organized under the Reality-Based Interaction framework [Jacob et
al. 2008], segmented into four knowledge realms: Naive Physics, Body Awareness & Skills,
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Environment Awareness & Skills, and Social Awareness & Skills. Techniques informed
by this framework represent a new wave of interactive modalities, succeeding in the era of
desktop interfaces. These interaction techniques are noted for their high fidelity to real-world
interactions [150], effectively emulating everyday human activities. Yet, VR transcends
physical limitations, empowering users with ’superpowers’—the ability to interact with the
environment in ways that defy real-world physics, such as reaching distant objects or phasing
through walls. These enhanced capabilities can either substitute for or augment realistic
interactions, introducing novel functionalities within the VE.

The process of interaction in a VE is encapsulated by the action-perception loop. Input
from users can be diverse, encompassing motion, voice, or button press, and is relayed
to the application via input devices. The VE processes this input and provides feedback
through output devices. Feedback can directly correspond with the action, as seen with
one-to-one mapping or isomorphic interactions, where a user’s virtual representation mimics
their actual movements. However, feedback may also result from a transformation of input,
yielding a different or exaggerated response—referred to as anisomorphic interaction. The
Control-Display (CD) gain describes the modification level applied to user input to determine
the virtual representation’s position. This concept has been explored both in two-dimensional
[41] and three-dimensional spaces [15]. The CD gain can be static or dynamic, changing
based on certain conditions. A CD gain below one indicates that the virtual movement is less
extensive than the actual movement, whereas a gain above one amplifies the user’s motion.

Following input interpretation, the VE issues feedback to the user. This feedback can
target any of the five senses—visual, auditory, haptic, and more infrequently, olfactory and
gustatory—with the first three being the most common. Feedback can either affirm the result
of an action or simply convey the application’s current status. Efficient interaction with the
VE is hampered without such feedback [238].

Interactions within the VE are varied. A foundational classification by [32] sorts interac-
tions into four categories: navigation, selection, manipulation, and system input. Navigation
involves the user’s movement translating into camera movement. Selection and manipulation
enable users to pick and adjust objects, such as moving, rotating, or scaling them. System
input involves changing application settings, navigating menus, or entering text. This section
will delve into past studies on selection, manipulation, and navigation, while system input
will not be examined in depth, given that its techniques overlap significantly with those used
for selection and manipulation.
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2.4.3 Selection and Manipulation Techniques in Virtual Environments

The processes of selection and manipulation within virtual environments may be treated as
distinct activities or as a unified interaction paradigm. Selection is the process through which
a user identifies and chooses an object for interaction. This typically involves two steps:
initially, the user positions a selection tool, like a virtual hand or a ray, over the intended
target; subsequently, the selection is confirmed, often by clicking a button. Various selection
tools and methodologies exist, which can be categorized by criteria such as the number of
degrees of freedom they allow [15].

Manipulation encompasses the array of modifications that can be applied to a chosen
virtual object. This process is traditionally broken down into four fundamental tasks: position-
ing, rotating, scaling, and, in some frameworks, selection as an integral part of manipulation
[33]. To address the intricacies of 3D manipulation, a multitude of techniques have been
developed [153].

Both selection and manipulation may employ anisomorphic interactions. A Control-
Display (CD) gain below one can be used to increase control precision during tasks like
detailed positioning [81]. Conversely, a CD gain above one may be employed to enhance the
speed of manipulation when fine accuracy is less essential or to extend the user’s reach to
distant objects [179]. Altering the CD gain can also facilitate haptic feedback by guiding
the user towards a physical object. This is achieved by introducing an offset to the virtual
representation, leading users to physically touch a tangible item within the virtual space
[124, 18].

2.4.4 Navigational Dynamics in Virtual Environments

In virtual environments, locomotion techniques are instrumental in enabling users to move
and orient themselves. While the term ’navigation’ often pertains to tasks that include
wayfinding, locomotion is a broader concept that has garnered considerable attention in
VR research [9]. A variety of methods have been developed to address the constraints of
physical space, such as walking-in-place [209] or teleportation [34]. These methods range
from virtual movements, like virtual steering, to physical actions that do not fully replicate
real-world movements, such as walking-in-place, leading to a lower fidelity of interaction
[151].

Similar to manipulation, navigation can also feature anisomorphic elements. For example,
a Control-Display (CD) gain larger than one enables users to cover greater distances more
rapidly [112] or to increase rotational movements to aid in reorienting the user towards a
specific direction [213].
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The classification of locomotion techniques has evolved over time. Initial taxonomies
focused on implementation details, such as velocity and target selection [Bowman et al.
1997]. As expertise in navigation algorithms improved, classifications began to emphasize
the underlying paradigms. [17] differentiated between physical and virtual navigation. More
recent classifications have divided locomotion techniques into four main groups: room-scale-
based, motion-based, teleport-based, and controller-based [30]. The current trend in research
places a greater emphasis on user perception and experience of locomotion within virtual
spaces [10].

2.4.5 Immersion and Presence in VR

VR offers a multitude of user experience dimensions, including enjoyment and comfort. This
section delves into two pivotal aspects frequently discussed in VR scholarship: immersion and
presence. Immersion quantifies the degree to which a virtual environment provides realistic
sensory experiences [206], shaped by the combination of hardware output devices and
software capabilities. A highly immersive application will typically feature elaborate visual
graphics, nuanced audio, and tactile feedback, enhancing the user’s sensory engagement with
the virtual world. This technological envelopment can engender in users a strong illusion of
being transported into an alternate reality, an experience known as presence.

The notion of presence, or the feeling of ’being there,’ has been the subject of numerous
studies identifying the elements that heighten this sensation. One such element is the
embodiment of a virtual avatar, which has been shown to amplify the sense of presence [208].
Unlike immersion, which is more technology-driven, presence is a subjective psychological
state that manifests within the user’s mind and can be influenced by individual mental
constructs. It is a response to immersion [Slater 2003], eliciting naturalistic responses
to the virtual environment. [207] proposes breaking down the concept of presence into
two components: Plausibility (Psi) and Place Illusion (PI). Place Illusion is aligned with
the traditional understanding of presence, fostering a sensation akin to being in an actual,
physical location. Plausibility, on the other hand, pertains to the perceived realism of the
virtual scenario, with higher plausibility leading users to believe that events within the VR
are truly happening.

In the context of this thesis, the focus is on the enveloping experience of VR, a synthetic
realm where individuals can not only feel genuinely situated but also engage interactively. A
crucial factor in enhancing presence and enabling interaction is the introduction of a virtual
body, which provides users with a new dimension of self within the virtual domain.
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2.5 Conclusion

This chapter has provided a thorough examination of the foundational elements and techno-
logical progress within the realms of 3D modeling, human pose estimation, and VR. Through
exploring the intricacies and evolution of these fields, we have gained insights into their
significant impact on various sectors, particularly in enhancing digital documentation, inter-
active media, and immersive experiences. The chapter underscores the interconnectivity of
these technologies and their collective potential to transform traditional approaches, whether
in cultural preservation, animation, or immersive simulations. As we advance, it is impera-
tive to continue exploring these technologies’ boundaries, addressing existing challenges,
and leveraging their synergies to pave the way for innovative applications and deeper user
engagement in both virtual and real worlds. The insights gleaned from this background form
a solid foundation for understanding the complexities and potential of these technologies as
they continue to evolve and reshape our digital and physical landscapes.



Chapter 3

Literature Review

3.1 Introduction

This chapter provides a comprehensive review of existing literature in the domains of terres-
trial photogrammetry, 3D human pose estimation, and the use of virtual reality in cultural
heritage preservation. The review aims to outline the current state of research, identify the
technological advancements, and highlight the gaps and opportunities within these fields.
Terrestrial photogrammetry has emerged as a significant tool for documenting and preserv-
ing cultural sites, offering a non-invasive means to capture and model historical artifacts
accurately. Meanwhile, 3D human pose estimation has become crucial in understanding
and re-enacting cultural and historical events, providing insights into past human activities.
Finally, the incorporation of virtual reality technology in preserving intangible cultural her-
itage represents a groundbreaking approach, offering immersive experiences that traditional
methods cannot. This literature review sets the groundwork for understanding the interplay
between technology and cultural heritage preservation, paving the way for future research
and application.

3.2 Terrestrial Photogrammetry

Today, the 3D modeling of cultural and archaeological sites has become a powerful tool. It
changes the traditional known workflow and offers many benefits that were widely investi-
gated [221]. It is a significant solution, for many purposes such as preservation, documenta-
tion, and keeping a digital record of culture to support maintenance and restoration operations
in cases of damage or loss (earthquakes, fires, wars) [131, 215, 68]. The terrestrial laser scan-
ner is the optimal standard for this purpose due to its highly accurate results [14, 125, 201]
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and its automated and practical process. It can also be used under most weather and lighting
conditions [180]. However, it has some limitations when it comes to complex cultural and
historical objects [160], and it remains a costly technique. This could prevent its use in
some developing countries. Therefore, the proposal of low-cost and accurate alternative
ways is necessary to support and enhance culture preservation in such countries. The digital
close-range photogrammetry technique has been known recently as an accessible promising
alternative for laser scanners in several fields. It is recognized as a major tool in cultural
heritage and an added value to sustainability in the interdisciplinary field of archaeometry for
conservation-restoration purposes [135]. It can have been frequently used in conservation,
restoration, documentation [172, 80], archaeology [130, 100, 8, 230, 116], construction
[136, 3, 247], and extended realities [109, 181, 161]. This success is due to the ease of
processing and high accessibility from most archaeological and researchers having limited
budgets around the world. However, most of the close-range photogrammetry studies use an
expensive digital single-lens reflex camera (DSLR) to take photos of the sites. Therefore,
the optimization of cost-effectiveness is necessary. Numerous studies have investigated
low-cost image-based digital close-range photogrammetry techniques for cultural heritage.
The accuracy of many datasets was evaluated with different complexity degrees using the
control points and scale bars as a bundle block adjustment, in order to derive the potential of
low-cost automated image-based 3D modeling. The results indicated good accuracy when
ground control points were used [186]. Low-cost image-based 3D modeling methods for
cultural heritage and archaeological for nontechnical users were also investigated, using
cheap or free instruments and software, with variable geometric accuracy level [31, 121].

Several studies have also evaluated the feasibility of low-cost image-based modeling
quality of cultural heritage in comparison with a terrestrial laser scanner and/or CPs. A
masonry arch bridge was 3D modeled using photogrammetry and dense cloud as low-cost
methods. Although the results were evaluated through several parameters, the number of used
images and the processing time were very high [12]. The profits of low-cost image-based
reconstruction of the historical and cultural heritage of Nepal devastated in an earthquake
were investigated, using phone and DSLR cameras. The obtained models were uncontrolled,
i.e., the models were not in the real scale [67]. Otherwise, the parameters that impact the
accuracy of the obtained results according to the used software, the number of photos, and
ground control points using smartphone cameras were analyzed by [11], yet the achieved
results were not always steady. The potential of a cheap camera using two solutions for the
bundle block adjustment was exploited by [71]. The first solution uses ground control points,
whereas the other one, the controlling model employs scale bars. The obtained 3D models
were compared to a section of CPs and exhibited high quality, mainly when CPs were used.
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Also, the effect of the number of CPs on model quality was analyzed. Nevertheless, the case
of study was perfect, i.e., the building had no historical value and presented no architectural
challenges.

3.3 3D Human Pose Estimation

3.3.1 Datasets for 3D HPE

Obtaining precise 3D labeling for 3D human pose estimation datasets is a difficult endeavor
that necessitates the use of motion capture techniques such as MoCap and wearable IMUs.
Since the 3D HPE deep learning-based needs large datasets to train, validate, and test their
models, several 3D posture datasets are created due to this need.

• HumanEva Dataset [203]: includes seven calibrated video sequences (4 grayscale
and three colors) with ground truth 3D annotation taken by a ViconPeak commercial
MoCap system. The database comprises four scenarios executing six common actions
in a 3m × 2m area: walking, jogging, pointing, throwing and catching a ball, boxing,
and combination.

• Human3.6M [114]: One of the most commonly used datasets for indoor 3D human
pose estimation from monocular images and videos. The dataset features 11 profes-
sional actors (six males and five females) performing 17 actions (such as smoking,
taking photos, and talking on the phone) in a laboratory environment captured from
four different perspectives.

• The CMU Graphics Lab Motion Capture Database (CMU) [2]: CMU is one of the
most publicly large databases of motion capture data. Numerous researchers within
the scientific world have utilized it to develop previous models of human motion.
However, the dataset is poorly synced and contains some films unsuitable for HPE
due to multiple actors in each scene. The database comprises more than 100 scenarios
executing several actions in a 3m × 8m area.

3.3.2 Advancements and Challenges

• Advanced Evaluation Metrics: Beyond traditional metrics such as MPJPE and PCK,
the community has developed more sophisticated measures to capture the nuances
of 3D pose estimation accuracy. The introduction of Procrustes Aligned Mean Per
Joint Position Error (P-MPJPE) and Normalized MPJPE (N-MPJPE) offers a way to
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evaluate pose estimations with scale and rotation normalization, providing a more
refined analysis of model performance. [233] have shown how these metrics can offer a
clearer picture of an algorithm’s capability to capture human pose dynamics accurately.

• In-the-Wild Evaluation: As 3D human pose estimation models are increasingly
applied to real-world scenarios, the need for in-the-wild evaluation has grown. Datasets
like 3D Poses in the Wild (3DPW) challenge models with complex outdoor scenes,
diverse activities, and varying lighting conditions. [228] highlighted the importance of
such datasets in testing the robustness and generalizability of pose estimation models.

• Synthetic Data for Evaluation: The use of synthetic data has emerged as a valuable
tool for evaluating 3D pose estimation models, addressing the scarcity of labeled real-
world data. Synthetic datasets allow for the generation of large volumes of annotated
images with controlled variability in poses, backgrounds, and lighting conditions.
[223] demonstrated how synthetic data could be used to augment real-world datasets,
enhancing model training and evaluation processes.

• Inter-Dataset Variability and Standardization: The variability across datasets poses
a significant challenge for model evaluation, as differences in annotation protocols,
camera perspectives, and subject diversity can lead to inconsistent performance metrics.
Efforts towards standardizing dataset protocols, as discussed in [203], aim to mitigate
these issues by providing a common framework for dataset creation and evaluation.

• Evaluation through Auxiliary Tasks: Recent research has explored the evaluation of
3D human pose estimation models through auxiliary tasks, such as action recognition
or human-object interaction. This approach, as explored by [244], assesses the utility
of pose estimations in downstream applications, providing insights into the practical
effectiveness of estimation models.

• Ethical Considerations in Evaluation: As the field progresses, ethical considerations
regarding data diversity, privacy, and bias in evaluation datasets have come to the
forefront. Ensuring that datasets represent a wide range of body types, ethnicities, and
environments is crucial for the fair and inclusive evaluation of pose estimation models.
Studies like [85] highlight the need for transparency and diversity in dataset collection
and evaluation practices.

• Future Directions in Evaluation: As we advance, the assessment of 3D human
pose estimation is set to incorporate groundbreaking technologies such as VR and
AR, providing immersive environments for testing. These innovative platforms can
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significantly enhance the evaluation process by enabling real-time, interactive scenarios
that mirror real-world applications, aligning with insights from [16]. Furthermore,
the development and adoption of unsupervised and self-supervised learning metrics
are expected to become increasingly important. These metrics will be crucial for
evaluating model performance, particularly in scenarios where large-scale annotated
datasets are scarce or unavailable, paving the way for more generalized and adaptable
pose estimation solutions.

3.4 Immersive Digital Technologies in Cultural Heritage

Cultural heritage sites and artifacts gain significant added value through digital media enrich-
ment. However, many art curators believe that technology relegates art to the background
[39]. This perception seems to stem from cultural or generational sources. Firstly, there is
widespread skepticism among those uncomfortable with technology about the benefits of
mobile technologies. Secondly, and more importantly, issues arise with the way technology
is used, as multimedia applications often focus on the show and glamour of innovation rather
than solving specific problems with digital means [175].

Nonetheless, there is general agreement that visual CH tools suitable for users unskilled
in multimedia technologies are crucial for CH dissemination [51], especially for younger
participants. Museum installations that do not introduce new technologies are often regarded
as less interesting and attract fewer visitors [86]. Learning experiences in museums relying
solely on labels and descriptions may be informative but lack interactivity [236]. Creating
an intelligent environment that dynamically adapts to human presence and supports mobile
technology makes visits more appealing, opening new avenues in both tangible and intangible
CH [146].

Tangible CH refers to physical artifacts of a society, including artistic creations, built
heritage, and other physical products imbued with cultural significance. Conversely, Intan-
gible Cultural Heritage encompasses non-physical practices, representations, expressions,
knowledge, and skills recognized as vital components of Cultural Heritage [6].

Immersive reality systems have proven to be viable solutions, allowing navigation, inter-
action, and discovery in various settings for different purposes. In archaeology, for instance,
the dissemination of heritage often involves communicating goods that are seriously damaged
or lost. Technologies can function like X-rays to reveal what is concealed underground or
augment environments with virtual reconstructions of lost heritage [52].

These considerations highlight the need for classifying Cultural Heritage application
areas to understand where AR, VR, and MR can offer successful solutions. We classify
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the purposes of immersive reality in CH as education, exhibition enhancement, exploration,
reconstruction, and virtual museums.

• Education: Enabling users to learn the historical aspects of tangible and intangible CH.

• Exhibition enhancement: Improving the visitor experience at physical museums and
heritage sites, typically through tour guidance.

• Exploration: Supporting users in visualizing and exploring historical and current views
of CHs to discover, interpret, and acquire new insights and knowledge.

• Reconstruction: Enabling users to visualize and interact with reconstructed historical
views of tangible and intangible CHs. Unlike exploration, it does not solely target
experts and the visualization and interaction do not necessarily extend to discovering
new insights.

• Virtual museums: Simulating and presenting tangible and intangible CHs in digital
museum form to the public.

Some categories overlap. For instance, a reconstruction application might also allow
users to learn the history of the reconstructed CH, combining education and reconstruction.
Similarly, a virtual museum exhibit might enhance a physical museum, combined with
exhibition enhancement. Despite these overlaps, the central objective of a given application
generally favors a particular purpose, which we use as the basis for determining the primary
category.

The relationship between categories is depicted in the Venn diagram [102] in Figure 3.1,
showing the technologies that dominate overlapping categories and a statistical overview of
developed systems in the CH domain.

Considering the objectives of these application areas, we next discuss technological
suitability and technical requirements. Figure 3.2 summarizes these requirements in tabular
form. We also categorize several augmented-, virtual-, and mixed-reality applications based
on these themes. See Tables 3, 5, and 4.

1. Education: Every research area dealing with the dissemination and diffusion of CH
must consider education. However, our focus here is on tools and applications where
learning is the primary aim [19]. For example, museum designers have recently lever-
aged immersive realities’ capacity for spatial and temporal representation, narrative,
interactivity, real-time personalized scaffolds, and collaboration to create meaningful
learning experiences in medicine and human biology [149]. By enhancing a sense
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Fig. 3.1 A Venn diagram illustrating the relationships between application categories. The
assignment of applications to overlapping categories is partially determined by the use of
shared technologies (e.g., Markerless Augmented Reality for the overlap between Exhibition
Enhancement and Reconstruction) [25].

of place, such as improving visits or way-finding in a virtual environment, learning
activities can be significantly improved [44]. [84] discuss how playful learning can
cross boundaries among schools, museums, and science centers by involving partic-
ipants in extended episodes of digital interaction with exhibitions. This approach
significantly improves learning outcomes, increasing students’ curiosity, willingness to
share their experiences, eagerness to use new technologies, and knowledge acquisition.
Similarly, [113] considers various interventions and studies related to new technologies
and new scientific languages based on the learning objective. The idea is to enhance
the usability of the MAUS Museum through an AR application and Virtual Reality
projections related to the natural sciences (Plankton 3D and Tarbosaurus 3D). Evidence
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Fig. 3.2 Considering the identified application areas of cultural heritage, the diagram above
illustrates the technical requirements for augmented, virtual, and mixed reality systems in
both indoor and outdoor settings[25].

suggests that educating users on the historical aspects of both tangible and intangible
CHs requires presenting the content in an entertaining environment. To this end, the
system should be immersive and interactive. Tangible educational CH needs users’
active interaction with the displayed content. Interfaces must be as natural and intuitive
as possible. Users’ inexperience with such applications should not constrain delivering
the historical aspects as intended. A user’s age, background, and domain knowledge
may differ, and the system should adapt accordingly. Intangible CHs, however, do
not need adaptive interfaces to the same extent, as ready-made audio-visual content is
presented, and user interaction is often limited to playing and pausing the content. For
tangible CH, HMDs and CAVEs with high-resolution displays and realistic rendering
capabilities can achieve the required immersion. Tracking is mandatory to enhance
immersion and interaction. A combination of inertial and IR sensors can provide the
user’s pose. Interface-related tracking is better achieved through natural interaction
such as gesture, gaze, and speech sensors. Tracking is not required if intangible CHs
are presented, but it can enhance the experience. Both VR and MR can be used to
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achieve educational support in a fully immersive environment. AR may not be suitable
as it overlays virtual and real-world views, while the focus of educational applications
tends to be historical.

2. Exhibition enhancement: Enhancing a visitor’s experience can take place indoors,
outdoors, or both, depending on the location of CH assets. In all cases, a virtual element,
such as a description, guide map, or virtual human character, is superimposed over
the users’ current view of the real world. The number and quality of applied research
articles in this field are high, as AR can provide various solutions to help museums
fulfill their role and goals [49]. Regardless of the type of installation, evidence shows
that visitor interest grows when immersive solutions are adopted [43]. In the user
study conducted during the ARCO project [217], this trend was evident. In many
cases, an immersive reality approach enables new media and storytelling, representing
the major highlight of a user’s experience [170]. The work of Liestøl [133] shows
that such practices can damage the historical value of CH assets. Regarding outdoor
systems, a combination of location-based, sensor-based, and markerless methods
can be used to achieve tracking. If users can approach the CH asset, a markerless
method is suitable; otherwise, long-range optical sensors and GPS localization are
more appropriate. Visitors often attend museums and CH sites in groups. Hence,
the interaction interface should be collaborative and intuitive so users can experience
the visit from their perspective while collaborating with co-located visitors. This can
extend to remote collaboration between spatially distributed visitors.

3. Exploration: Exploration-based applications focus on the historical and current as-
pects of tangible archaeological CHs, allowing users to discover, explore, visualize,
and manipulate the content, leading to knowledge creation and new insights. Users of
such applications are assumed to have expertise in the domain; therefore, the system
can assume prior knowledge of domain-specific visualization. Exploration-focused
applications need hybrid tracking, a combination of complementary displays, col-
laborative and multimodal interfaces, and distributed and immersive environments.
Single-technology tracking is insufficient due to its lack of accuracy. As users are
assumed to be experts, the tracking method can focus on accuracy over user experience
without compromising user comfort. A combination of sensor-based methods can fit
indoor environments, while location and sensor-based methods can achieve outdoor
tracking. If exploration tasks are at distributed locations, pose readings from all loca-
tions must be synchronized; otherwise, users cannot collaborate seamlessly. A suitable
combination of displays includes HMDs and table-top projectors for indoor settings
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and HMDs for outdoor settings. Table-top projectors and CAVEs can accommodate
multiple users at a time, and HMDs can display user-centered perspectives. Interactions
with the displayed content rely heavily on the accuracy of interface-related tracking
methods. For this, sensor-based input devices and natural interaction mode sensors
should be used in combination. MR and AR are best for exploration purposes, as
users can see both real-world and virtual views. This feature is especially invaluable in
archaeological settings. The possibility of enriching reality with computer-generated
information, and providing innovative information access at CH sites, has been noted
in recent research. Verykokou et al. [227] visualize a part of the Middle Stoa in the
Ancient Agora of Athens (see Figure 3.3a), allowing users to see what this build-
ing looked like in ancient times as its three-dimensional model is displayed on their
device’s camera view, projected onto modern-day ruins. Related examples of AR
for exploration can be found in the work of Etxeberria et al. [73], Pierdicca et al.
[174], Stanco et al. [212], Deliyiannis and Papaioannou [63], and Empler [72]. This
brief analysis highlights three main points: First, AR applications in this domain are
restricted to sensor-based AR, and interaction with virtual archaeological content in
museums using AR has not spread (VR provides more possibilities in this regard). Sec-
ond, AR is mainly used to visualize lost or posited artifacts. Third, for archaeology, the
use of geomatics applications is unavoidable [178]. Virtual reconstructions (see Figure
3.3b) must rely on accurate data sources [173, 182]. Interaction is key to making such
experiences more attractive for users and involving them actively in the exploration
process, as shown in the well-designed mobile interaction solutions of Wiley and
Schulze [237] and Kang [118]. Since the mid-2000s, archaeology has benefited from
the widespread availability of digital 3D models [54], allowing developers to represent
difficult-to-reach environments, such as underwater conditions [101]. The challenge,
discussed further in Section 5, is twofold: describing a known workflow that moves
from data acquisition to visualization in an immersive environment and making these
data portable and suitable for different devices or platforms. These technologies can
better accommodate collaborative and multimodal interaction. VR systems cannot
meet these requirements to the same extent. However, if collaboration is not needed,
HMD-based VR can suffice.

4. Reconstruction: Reconstruction applications display reconstructed views of tangible
and intangible CHs, allowing users to visualize CH assets that existed only in the past
or that partially exist. Reconstructed assets can be presented as tangible, intangible, or
a blend of both. AR and MR are best suited to tangible and blended forms because
they can superimpose reconstructed views over their historical location. Additional
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Fig. 3.3 Examples of AR applications for archaeological purposes include visualizing ancient
architecture in its original location using location-based AR technology.

information beyond the virtual reconstruction itself can also be overlaid [196]. To
ensure the preservation of artifacts, such as statues or paintings, they must be analyzed
to diagnose physical frailties that could result in permanent damage. Advancements in
digital imaging techniques and computer-aided analysis aid such diagnoses, though
the ability to work directly with artifacts in the field remains limited. Several examples
of different kinds of diagnosis are reported by Colizzi et al. [53]. Of particular interest
is the work of Girbacia et al. [95] on a workflow for the restoration of religious
heritage, starting with the reconstruction of statues and extending to their in-place
geo-located visualization in AR. Vanoni et al. describe ARtifact [222], a tablet-based
augmented reality system that enables on-site visual analysis (see Figure 3.4a). Their
idea is to use overlaid layers to represent images acquired from different data sources.
Another tool, the “revealing flashlight” [192], distinguishes details obscured by aging
effects by projecting an expressive 3D visualization that highlights features based on
an analysis of previously acquired geometry at multiple scales (see Figure 3.4b). The
novelty mainly lies in the interaction, which is based on gestures. VR, on the other
hand, is suitable for intangible reconstruction and visualizing tangible assets in indoor
environments, as it does not rely on displaying reconstructed views over their historical
location. A review of such applications with a focus on interaction and gamification is
provided by Kateros et al. [119]. For AR and MR, positional tracking can be achieved
using a combination of GPS, orientation sensors, and markerless tracking. VR requires
tracking to correct perspective, achieved through orientation sensors attached to HMDs
or stereo glasses. Users of reconstruction applications may range from domain experts
and students to the general public, preferably with gamification [164? ]. Therefore, the
system should be inclusive of these groups’ backgrounds, focusing on interaction and
presentation aspects. As a result, such applications should have a multimodal interface
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Fig. 3.4 Some examples of tools designed to facilitate restoration and enhance analysis.
These applications reveal features that are not visible to the naked eye.

and immersive features. In general, see-through HMDs fit the requirements for AR
and MR systems, and CAVEs suit VR.

5. Virtual museums: Virtual museums simulate physical museums and CH sites, in-
cluding their tangible and intangible assets. Often, such assets are inaccessible and
fragile, so the simulation must be very realistic and detailed to serve as a replica of
artifacts, making it difficult for users to discern differences between the originals and
their replicas. Such simulations enhance users’ presence in virtual museums, creating
the illusion of being physically present at an actual museum or CH site. This can be
extended to represent users as virtual human characters inside the simulated environ-
ment, allowing co-located users to see each other. To achieve this, the chosen modeling
method should blend pre-rendered scenes and virtual human characters in real time.
These virtual characters should not be mere avatars but close approximations of actual
users to simulate real-life interaction, considering their behavioral and physical prop-
erties. The system should be fully immersive, allowing interaction via gesture, gaze,
speech, and movement. The enabling sensors for such interfaces should not remind
users of their attachment to the real world, as this would interrupt their presence in the
virtual museum. Sensors physically attached to users may require direct manipulation
compared to remotely placed sensors, which may decrease presence. Interaction should
create a perception of physical movement inside a digital environment. HMD-based
AV and CAVE-based VR environments can achieve a fully immersive virtual museum.
However, large-scale CAVEs are more appropriate, as they can accommodate multiple
users, making virtual human characters unnecessary.

The following sections discuss the surveyed articles from the perspectives of enabling
technology, systems, and purpose. Additionally, suggestions are made based on these
observations as to which technologies are most suited to a given purpose. These suggestions
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differ from those discussed above, which are based on the central objective of the identified
application areas, whereas the suggestions below are based on the technologies adopted by
the surveyed works.

3.4.1 AR Applications

Most AR applications aim at exhibition enhancement, followed by reconstruction and ex-
ploration. Table 3.1 shows the details of these applications. Hybrid tracking is a relatively
common approach, with markerless, sensor-based, and marker-based methods used in that
order. In terms of presentation devices, mobile displays make up the majority, followed by
HMDs, a combination of diverse displays, desktop, custom-built, and SAR displays. Most
applications use a tangible interface, followed by natural, collaborative, multimodal, and
hybrid interfaces. Additionally, most of the surveyed applications target indoor conditions,
with a few applications suitable for both indoor and outdoor environments. There are two
notable differences in the environmental settings for AR applications.

Indoor Systems

Most indoor applications focus on exhibition enhancement. The tracking methods used
are marker-based and markerless. A significant number of indoor applications use mobile
devices for display, and tangible interaction interfaces are the most common.

Outdoor Systems

Most outdoor applications aim at reconstruction. Hybrid tracking is often adopted. Mobile
devices and tangible interfaces are common choices for display and interface, respectively.
Indoor applications are more suited to exhibition enhancement experiences since physical
museums often use such applications for virtual tour guidance more than outdoor CHs. Out-
door applications are more suitable for reconstruction, as it allows overlaying reconstructed
historical views over the real world. Moreover, a reconstruction theme is often applied to
outdoor sites that have been demolished or worn away.

3.4.2 VR Applications

In our findings, most VR applications serve virtual museums, followed by education, re-
construction, and exploration purposes, in that order. Table 3.2 shows the details of these
applications. Most do not use any tracking methods, as these applications are non-immersive
or semi-immersive. The remaining applications use hybrid, electromagnetic, and optical
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tracking methods. Presentation devices are mostly screens/projectors, followed by CAVEs
and HMDs. Interfaces are mostly device-based, followed by sensor-based, multimodal, and
hybrid interfaces. Applications tend to be semi-immersive. We discuss these applications
from the perspective of their level of immersion, as their systems range across non-immersive,
semi-immersive, and fully immersive environments.

Non-immersive

Non-immersive applications are primarily for education, virtual museums, and reconstruction.
These applications do not use any tracking methods. They employ desktop screens for
displaying virtual content and use device-based interfaces. Desktop screens and device-based
interfaces seem sufficient for non-immersive experiences for education, virtual museum, and
education themes. Pose tracking is not required for non-immersive systems.

Semi-immersive

Virtual museums and education are the primary areas for semi-immersive applications.
However, a few applications serve reconstruction and exploration purposes. Electromagnetic,
optical, and hybrid methods are used to track users’ poses and interaction devices in a few
applications, but most do not use any tracking. This is acceptable since users see pre-rendered
virtual content and most often tracking is only required for interaction. Moreover, tracking
may be unnecessary if a gamepad or mouse is used. Back-projected screens and 3D stereo
displays are common choices for semi-immersive applications. Most applications use device-
based interfaces, with a few using sensor-based and hybrid interfaces. Therefore, optical,
electromagnetic, and hybrid tracking methods; back-projected screens and 3D stereo displays;
and device-based, sensor-based, and hybrid interfaces are viable for semi-immersive systems
intended for virtual museums, reconstruction, education, and exploration.

Fully Immersive

Virtual museums are the most frequent application area for fully immersive VR, with a few
applications for education and exploration. Most applications use hybrid tracking, with a
few systems employing electromagnetic and optical methods. Fully immersive experiences
are achieved by CAVE and HMD displays. Device-based interfaces are widely adopted,
though a few applications use multimodal and sensor-based interfaces. Fully immersive VR
experiences supporting virtual museums, education, and exploration are best achieved by
adopting electromagnetic, optical, and hybrid tracking methods, CAVE and HMD displays,
and device-based, sensor-based, and multimodal interfaces.
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3.4.3 VR in Intangible Culture Heritage

The utilization of VR technology for cultural heritage preservation, both tangible and in-
tangible, has become a topic of growing interest within the research community in the past
decade. VR’s potential for restoration, analysis, and conservation of cultural landscapes and
Intangible Cultural Heritage (ICH) is increasingly recognized.

For example, VR was used to assess the visual aesthetic effect of restored cultural
landscapes in southwest China, finding that the restoration not only reduced visual fatigue but
also enhanced the visual aesthetic experience [134]. In the context of ICH preservation, VR
has been employed in the learning of traditional crafts, such as Dongyang bamboo weaving,
effectively reducing the learning time required for subjects and showcasing its potential as an
educational tool for ICH preservation [248].

Further research has investigated the use of VR in ICH High-Definition Digital Mobile
Display Technology. One such study focused on Dai ceramics, demonstrating that VR can
enhance the virtual visualization of ICH digital display technology by digitally and artistically
processing ceramics while maintaining their authenticity [241]. VR platforms have also
been developed based on Convolutional Neural Networks (CNNs) for the conservation of
ICH, such as the boat-shaped houses of the Li nationality in Hainan, China, highlighting the
advantages of digitizing ICH using artificial intelligence [64].

Other researchers have implemented cloud-based VR systems for preserving traditional
art forms, such as Chinese glove puppetry, showcasing its effectiveness and ease of use
[235]. An immersive VR learning experience was developed to teach prehistoric intangible
cultural heritage to young history students, highlighting VR’s potential as a medium for
learning and disseminating traditional cultural practices [22]. Additionally, Serious Games
have been employed to bring ancient stories to life, such as The Story of the Shipwrecked
Sailor, while teaching players about hieroglyphs [177]. An ontology-based system encoded
dance and music performances, providing a semantic navigation environment for Indian
Classical Dance [144]. A conceptual framework was proposed for the design of virtual
environments for cultural learning, emphasizing the importance of information design,
information presentation, navigation mechanisms, and environment setting [111].

The preservation of ICH has also been addressed in diverse areas such as archaeology,
history, folklore, and performing arts. An immersive VR application was developed for the
Museum of Preclassical Civilizations of the Southern Murgia in Ostuni, allowing users to
explore the Upper Paleolithic settlement and experience the burial ritual of Ostuni 1 [62].
Research into preserving the heritage of bridge diving at Stari Most in Mostar, Bosnia, used
interactive digital storytelling with 360-degree videos in VR [200]. Another study focused on
creating a multimedia platform to communicate the tradition of bronze "investment casting"
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Table 3.1 The purposes and enabling technologies utilized by AR applications in cultural
heritage.

Application Purpose Tracking Display Interface Setting
Wojciechowski
et al. [240]

Exhibition
enhance-
ment

Marker-
based

Desktop
screen

Hybrid (Tan-
gible and
Web-based)

Indoor

Miyashita et
al. [155]

Exhibition
enhance-
ment

Hybrid
(Markerless
and IMU)

Mobile Tangible Indoor

Portalés et al.
[178]

Reconstruction Markerless HMD Natural
(Movement-
based)

Indoor

Zoellner et
al. [252]

Reconstruction Markerless Combo (Mo-
bile (UMPC)
and Mov-
ableScreen)

Tangible Indoor

Kim et al.
[122]

Exhibition
enhance-
ment

Markerless Laptop Tangible Indoor

Haydar et al.
[101]

Reconstruction Marker-
based
(optical)

HMD Tangible Indoor

Damala et al.
[58]

Exhibition
enhance-
ment

No pose
tracking,
gaze, acous-
tic, and
biosensor

Custom-
built (See-
through
glass)

Natural
(Sensor-
based
interface)

Indoor

Ridel et al.
[192]

Exploration Hybrid (elec-
tromagnetic
and optical)

SAR Tangible Indoor

D’Agnano et
al. [56]

Exhibition
enhance-
ment

No pose
tracking
(audio-
based AR)

Mobile Tangible
(3D print
with tactile
surface)

Indoor

Damala et al.
[57]

Exhibition
enhance-
ment

Hybrid
(IMU and
markerless)

Mobile Tangible
(iPhone in
a loupe-like
wooden
case)

Indoor

Breuss-
Schneeweis
[35]

Exhibition
enhance-
ment

Marker-
based

Mobile Tangible Indoor

Invitto et al.
[113]

Education Hybrid Desktop Natural Indoor

Petri et al.
[171]

Exhibition
enhance-
ment

Markerless Mobile Tangible Indoor
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Table 3.2 The purposes and enabling technologies utilized by VR applications in cultural
heritage.

Application Purpose Tracking Display Interface Setting
Wojciechowski
et al. [240]

Virtual mu-
seum

No pose
tracking
(pre-
rendered
perspective)

Desktop
screen

Web-based
(Mouse and
keyboard)

Non-
immersive

Zara [246] Virtual mu-
seum

No pose
tracking

Desktop
screen

Device-
based

Non-
immersive

Hsieh et al.
[110]

Virtual mu-
seum

No pose
tracking

Projector Hybrid
(Device-
based and
sensor-
based)

Semi-
immersive

Marton et al.
(2014)

Exploration Custom-
designed
(Image-
based)

Back-
projected
screen

Device-
based

Semi-
immersive

Reunanen et
al. [190]

Reconstruction No pose
tracking

Back-
projected
stereo screen
with goggles

Sensor-
based
(through nat-
ural gesture)

Semi-
immersive

Bustillo et al.
[37]

Education Hybrid
(optical and
markerless)

Projector Device-
based

Semi-
immersive

Bruno et al.
[36]

Virtual mu-
seum

Optical Stereoscopic
screen

Device-
based

Semi-
immersive

Haydar et al.
[101]

Virtual mu-
seum

Optical Large screen
with LCD
glasses

Device-
based

Semi-
immersive

Pietroni et al.
[176]

Reconstruction No pose
tracking

Screen/wall Sensor-
based
(through nat-
ural gesture)

Semi-
immersive

Richards-
Rissetto et
al. [191]

Education No pose
tracking

3D stereo
display

Sensor-
based

Semi-
immersive

Christou
(2006)

Virtual mu-
seum

ElectromagneticCAVE Multimodal Fully-
immersive

Hernández
et al. [13]

Virtual mu-
seum

Hybrid
(Acoustic
and Inertial)

HMD Sensor-
based

Fully-
immersive

Barsanti et
al. [89]

Virtual mu-
seum

Hybrid
(IMU and
optical)

HMD Sensor-
based

Fully-
immersive

Katsouri et
al. [120]

Virtual mu-
seum

Optical CAVE Device-
based

Fully-
immersive
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in Pietrasanta, Italy [40]. Research has been conducted into the application of VR systems for
the inheritance of intangible cultural heritage in gongs and drums [46]. A unique example of
digitizing ICH involves the African oral tradition about the Tokoloshe, cautionary tales passed
down through generations [205]. An immersive VR system for exploring the UNESCO-listed
Dunhuang Caves was developed [96]. Their user study highlights the importance of spatial
context and interactive elements in enhancing users’ understanding of cultural heritage within
virtual environments. Finally, an interactive VR system was developed to preserve "Huaer,"
a traditional oral performance that is part of China’s national ICH [138].

In our comprehensive analysis of existing VR projects in cultural heritage preservation,
as summarized in the provided Table 3.3, a notable trend emerges: while many projects have
successfully incorporated VR technology, they predominantly focus on tangible cultural
heritage, leaving a significant gap in the representation of Intangible Cultural Heritage (ICH),
especially those recognized by UNESCO. This gap is partly due to the inherent complexity
of ICH activities and the high level of interactivity required to faithfully replicate them.
Most previous efforts, like the Meta Museum [148], Empty Museum [Hernández et al.], and
Wide FOV displays [243], focus mainly on virtual world creation, offering limited user
mobility and interaction. Projects like HieroQuest [177] show advancements in interactive
elements but often fall short of providing comprehensive sensory experiences and deep
engagement with ICH. Against this backdrop, El-FnaVR distinguishes itself with its rare use
of 3D spatial audio, an essential feature for authentically recreating the atmosphere of Jemaa
El-Fna, a UNESCO-inscribed ICH site. Jemaa El-Fna, known for its diverse and intricate
activities, serves as an exemplary model of ICH. El-FnaVR captures this essence by offering
an immersive experience that transcends visual fidelity, embracing auditory and interactive
dimensions. By focusing on two-way interactions, gamification, and user preferences, El-
FnaVR not only conserves the dynamic spirit of Jemaa El-Fna but also pioneers a new path
in VR for cultural heritage, demonstrating the technology’s potential to vividly encapsulate
and convey the richness of the world’s diverse cultural landscapes.

3.4.4 MR Applications

Most surveyed MR applications are designed for reconstruction purposes, followed by
education, exploration, and virtual museums. Table 3 provides details on these applications.
Most are designed for non-immersive experiences. Hybrid tracking methods are commonly
used, often combining GPS and markerless tracking, GPS and IMU, as well as inertial,
electromagnetic, and acoustic tracking methods. Mobile displays are frequently used to
present visual and audio content, although some systems utilize custom-built HMDs and
combinations of different types of presentation devices to display real-virtual content.
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MR applications in the CH domain are not as widespread as AR and VR, which is
understandable given that the technological aspects of MR are still developing. However, as
robust real-time tracking, 3D registration, realistic virtual environments, natural interfaces,
and advanced presentation devices become more prevalent, more MR applications will likely
emerge in the CH domain. Given the current systems in the domain, hybrid tracking, HMDs,
mobile displays, and tangible interfaces seem to satisfy the requirements for implementing
MR in the CH domain, especially when focusing on reconstruction.

3.5 Virtual Reality Evaluation

The Technology Acceptance Model (TAM), conceptualized by Davis [59], is widely utilized
by researchers to assess individuals’ attitudes and intentions toward adopting new technolog-
ical systems. Davis initially adapted reasonable action theory into what is now known as the
TAM [60], which serves to forecast the adoption and workplace utilization of technological
innovations. Fundamental to TAM are two primary factors: perceived usefulness (PU) and
perceived ease of use (PEU), which collectively drive user motivation. In this context, PEU
signifies the extent to which an individual anticipates the technology to be free of effort. It
has been identified that not only external elements but also PEU can significantly impact PU.
The resultant attitudes toward new technology, shaped by PU and PEU, can subsequently
dictate the system’s actual application. Subsequently, Davis and others [61] expanded upon
the original framework to include an ’intention to use’ component, further influencing PU
and user attitudes, hence affecting technology’s actual usage.

The latest iteration of the TAM was articulated by Venkatesh and Davis [224], who
posited that PU and PEU directly sway the behavioral intention (BI), thus omitting the need
for separate constructs for attitude and intention. This evolution led to the creation of a
BI factor directly affecting usage behaviors. Building on these foundations, Venkatesh et
al. [225] developed the Unified Theory of Acceptance and Use of Technology (UTAUT),
which introduces four primary determinants of user behavior: PU, PEU, social influence, and
facilitating conditions, as depicted in Figure 3.5 of their work.

In the realm of virtual reality (VR), the application of TAM has become a focal point due
to VR’s growing prevalence. VR’s acceptance was analyzed in clinical environments [29],
concluding that the intention to use VR hinges predominantly on its perceived usefulness. In
their 2012 investigation [76], delved into the impact of personal innovation in IT alongside the
fundamental TAM constructs, PU and PEU, within a medical emergency simulation context,
underscoring the predictive capacity of these constructs on the intent to utilize VR. In a
more recent study, TAM framework by incorporating ’perceived enjoyment’ was extended to
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Table 3.4 The purposes and enabling technologies utilized by MR applications in cultural
heritage.

Application Purpose Tracking Display Interface Setting
Schnädelbach
et al. [199]

Reconstruction Hybrid (rota-
tion sensors
and GPS)

Custom-
built
(Tripod-
mounted
display)

Tangible
(Device-
based)

Non-
immersive

Magnenat-
Thalmann et
al. [143]

Reconstruction Markerless Mobile (lap-
top)

Tangible Non-
immersive

Dow et al.
[69]

Education Hybrid
(GPS and
IMU)

Mobile (Au-
dio presenta-
tion device
and tablet)

Hybrid
(Tangible,
device-
based)

Non-
immersive

Chrysanth et
al. [50]

Reconstruction Marker-
based

Plasma
screen

Tangible Non-
immersive

Durand et al.
[70]

Reconstruction Sensor-
based (IMU)

Mobile Tangible Non-
immersive

Okura et al.
[166]

Reconstruction Hybrid
(GPS and
Markerless)

Mobile Hybrid
(Tangible,
device-
based)

Non-
immersive

Santos et al.
[197]

Reconstruction Hybrid
(markerless,
GPS, IMU)

Custom-
built (HMD-
like)

Collaborative Semi-
immersive

Benko et al.
[26]

Exploration Hybrid
(inertial,
electromag-
netic and
acoustic)

Combo
(HMD, pro-
jected table,
large screen)

Hybrid
(Multimodal
and collabo-
rative)

Fully immer-
sive

Magnenat-
Thalmann
and Papa-
giannakis
[142]

Reconstruction Markerless HMD Hybrid
(Tangible,
device-
based)

Fully immer-
sive

gauge acceptance of VR hardware, highlighting the evolving nature of technology acceptance
models [145].
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Fig. 3.5 UTAUT [225].

3.6 Conclusion

The literature review has explored key technological advancements in cultural heritage
preservation, spanning terrestrial photogrammetry, 3D human pose estimation, and virtual
reality applications. It has highlighted the transformative potential of these technologies in
enhancing documentation, analysis, and interactive experiences related to cultural heritage.
Despite the progress, the review also underscores existing limitations and the need for
further research, particularly in improving accessibility, reducing costs, and enhancing user
engagement. The insights gained from this review serve as a foundation for developing more
effective and inclusive preservation strategies. As these technologies continue to evolve, they
hold the promise of making cultural heritage more accessible and engaging, ensuring its
preservation for future generations. The ongoing challenge for scholars and practitioners is
to harness these technologies responsibly, ensuring they complement traditional preservation
methods and contribute to a deeper understanding and appreciation of our shared cultural
legacy.



Chapter 4

Low-cost Terrestrial Photogrammetry for
3D Modeling of Historic Sites

4.1 Introduction

In an era where technology’s rapid advancements continually redefine the preservation of
cultural heritage, it becomes imperative to harness tools and techniques that are not only
effective but also economically viable. This chapter delves into the fusion of ubiquity and
innovation by exploring the potential of terrestrial photogrammetry through tools readily
available to a vast majority, including archaeologists, researchers, and even lay users.

As of the close of 2019, the global landscape witnessed a staggering 5.2 billion mobile ser-
vice subscribers, accounting for roughly 67% of the world’s population. Even more intriguing
is the fact that of these, nearly 3 billion are smartphone users [65]. Such widespread adoption
of smartphones underscores their potential to be more than just communication devices. They
represent an opportunity, especially in the realm of cultural heritage conservation.

To contextualize and assess this potential, this chapter embarks on a comparative study,
juxtaposing two distinct digital cameras – a high-end DSLR and an entry-level smartphone
camera. In the quest to strike a balance between cost and accuracy, control points further
play a crucial role. Our choice of subject for this endeavor is deliberate and poignant. The
Marinid tombs of the Marinid Royal Necropolis, constructed in 1582, stand as a testament
to Morocco’s rich history. Nestled within the historic precincts of Fez’s old medina – a
UNESCO World Heritage site – these tombs bear the scars of time, having endured water
erosion and neglect, resulting in a deterioration that underscores the urgency of preservation
[42].
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Central to our investigation are two critical research questions: In what ways can terrestrial
photogrammetry be optimized for the 3D reconstruction of cultural heritage sites? How
do these methods impact the sustainability and accuracy of heritage preservation? By
addressing these questions, we aim to elucidate the potential enhancements in terrestrial
photogrammetry techniques and evaluate their implications on the enduring preservation and
accurate documentation of heritage sites.

This chapter provides a comprehensive examination of how accessible technologies,
particularly smartphones, can be leveraged in photogrammetry to achieve sustainable and
precise cultural heritage conservation. The study’s findings promise to offer valuable insights
into optimizing photogrammetry practices and advancing the field of heritage preservation.

4.2 Study area and data acquisition

4.2.1 Marinid Tombs

Between the 13th and 15th centuries, the Marinids were the kings of the Maghreb and the
Iberian Peninsula. They built a large part of the old city of Fez, "Fez el-Bali." They were
the ones who made Fez the cultural capital of the country. The medina, which was listed by
UNESCO in 1981, has become an icon of architecture and history. The sultans were given
beautiful tombs after their hard work. The first was buried in Rabat, in the necropolis of
Chellah, and the last in Fez, in Marinid Royal Necropolis (Figures 4.1 and 4.3). After the
fall of the Marinids, the following dynasties did not wish to maintain the tombs. The sites
fell into ruin, worn out by sun, wind, and weather Figure 4.2 Today, the Marinid tombs are
dilapidated. There are still a few structures on which beautiful motifs and friezes can be seen,
but it is evident that the site has lost some of its splendor. That is why it is necessary to work
on the conservation of this dilapidated heritage in order to avoid losing it.

One tomb was chosen for the reconstruction. The tomb also is in a bad situation, and
it has lost some of its parts, especially the roof and the corners. The tomb dimension is
approximately 9.5 m in height and 7 m in width. The photographs were taken during the
journey using three different sensor cameras. Table 4.1 below shows the list of the cameras
and their sensor parameters.

4.2.2 Taking pictures

Photographs were captured using an entry-level smartphone camera (Xiaomi Redmi 7) and
DSLR camera sensors (Canon EOS 800D). Thus, the sizes of the images are dependent
on the camera used. The images were taken during the day and without a tripod or any
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Fig. 4.1 Study area from Google Maps.

Fig. 4.2 Marinid tombs ruins (‘Les tombeaux des mérinides à Fès’, 2016)
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Fig. 4.3 Location of the site at the top of the hill overlooking the old medina of Fez

Table 4.1 Characteristics of utilized DSLR and mobile phone cameras.

Sensor Image size Focal
length
(mm)

Number
of used
images

ISO Price points

Canon EOS 800D 6000 x 4000 18 7 100 DSLR (expen-
sive)

Xiaomi Redmi 7 3000 x 4000 3.84 7 100 Entry-level
Budget

fixing tools with a concern to get as close as possible to limited use conditions. The camera
settings were fixed according to sensor types, including maximum f-numbers, fixed focus,
and minimal ISO to improve the quality of the images and to reduce noise.

Two sets of several images with different resolutions were taken on different days, close to
the building, but just seven from each set were chosen to make the tests after the elimination
of redundancy

4.2.3 Reference data

Photographs were captured using an entry-level smartphone camera (Xiaomi Redmi 7) and
DSLR camera sensors (Canon EOS 800D). Thus, the sizes of the images are dependent on the
camera used. The images were taken during the day and without a tripod or any fixing tools
with a concern to get as close as possible to limited use conditions. The camera settings were
fixed according to sensor types, including maximum f-numbers, fixed focus, and minimal
ISO to improve the quality of the images and to reduce noise. Two sets of several images
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Fig. 4.4 The position of the used total station. (b): The building facade and the chosen CPs.

with different resolutions were taken on different days, close to the building, but just seven
from each set were chosen to make the tests after the elimination of redundancy

4.3 Methodology

4.3.1 From images to point clouds

A point clouds is a set of points that represent the 3D objects using the geometric coordinates
system, each of the point clouds that forms the clouds representation are defined by X, Y,
and Z coordinates and by its color characteristics. The point clouds are obtained by the
identification of several photographs. Therefore, the density is influenced by the quality and
quantity of the image sets. The point clouds can extract valuable information, such as the
accuracy of point positions and other metric information, by using several techniques and
algorithms, including the used software. The processing involves camera calibration, image
orientation, and finally generating the point clouds

Bundle adjustment

Bundle block adjustments (BA) have been conceived by the photogrammetric community
in the ’50s, and used to compute 3D coordinates through a bundle adjustment method that
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was developed for the first time by Brown in 1958. It is an optimization problem on the
sought 3D structure and camera parameters, such as position, orientations, and eventually
internals, in order to estimate 3D reconstruction. BA has become the standard solution for
3D reconstruction problems in the ’80s.

In our experience, two different BA solutions were proposed to make the comparison
between different cameras from different ranges. The first one is the use of 12 CPs that
were computed employing the total station, as shown in Figure 4.4. The second one is
to reconstruct the object without using any CPs; the model was controlled by using scale
bars. Agisoft Metashape Professional software (commercial software developed by Agisoft
Corporation) was used to build models and to compute the residuals

Ground control points

Agisoft Metashape professional version allows users to add additional measurements that
could improve the results such as CPs and the Scale Bars. In this case, 12 CPs were chosen
and measured using a local coordinates system (Merchich/North of Morocco). Those points
are already known on the facade of the building. It remains to match each point in the
photographs to its corresponding coordinates obtained by the total station. The accuracy
obtained using the software for both of the cameras was computed by comparing the CPs
coordinates from the total station, and the CPs coordinates obtained using the software. A
second test was conducted by reducing the number of CPs to six and evaluating the impact
on the accuracy, as depicted in Figure 4.5. The third test was about the creation of the models
without any CPs, and only scale bars were employed to control the models at that last test.

4.3.2 Cloud-to-cloud distance and data comparison

CloudCompare is a user-friendly open-source processing software [5], oriented mainly to
calculate the distances between two dense 3D point clouds [88]. The software has several
tools to calculate the distances; in our case, we used the cloud-to-cloud (C2C) distance tool.
It measures the difference between each photogrammetric point clouds and a reference cloud.
Several performing algorithms were used to calculate the distance, such as the iterative
closest point (ICP) [7]. As shown in Figure 4.6, CloudCompare takes the nearest point in the
reference point clouds and computes their C2C distance using the nearest neighbor distance
algorithm.
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Fig. 4.5 Configuration of the 4, 6, 8, and 10 control points (green points) from 34 collected
points (red points). Clockwise from top-left
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Fig. 4.6 The nearest neighbor distance that cloud-to-cloud (C2C) distancing is based on

4.4 Results and Analysis

The software used to obtain points and process and create image-based 3D models of point
clouds is the Agisoft Metashape professional version. The software extracts the tie points
before the external orientation of the camera is automatically calculated from these points. For
the camera calibration, Metashape uses Brown’s distortion model to simulate the distortion
of the lens (Agisoft and R., 2018). As shown in Figure 4.7, the parameters of accuracy and
the number of tie points were set at the best configurations possible.

4.4.1 Comparison of the bundle block adjustment for the cameras

In order to compare the two cameras, two different bundle block adjustments were used. The
first one was based on the CPs, and the second one used only the software without using any
CPs.

BA accuracy based on using CPs

The statistical parameters of the Canon and the Redmi cameras measured after georeferencing
using 12 CPs are summarised in Table 4.2. For the Redmi camera, one CP was considered an
outlier as it affected the results negatively; consequently, it was removed. The RMS (Root
Mean Square) values of the two cameras were calculated spatially and along the three spatial
axes. For the Canon camera: the observed RMS value along the x-axis was 24.99 mm, the
RMS value along the y-axis was 22.08 mm, the RMS value along the z-axis was 15.27 mm,



4.4 Results and Analysis 61

Fig. 4.7 Initial using parameters in Agisoft Metashape

and the spatial RMS was 35.12 mm. For the Redmi camera, the RMS value along the x-axis
was 9.75 mm, the RMS value along the y-axis was 15.51 mm, the RMS value along the
z-axis was 11.93 mm, and the spatial RMS value was 21.86 mm, which is more accurate
than canon camera. As shown in the histogram and Q-Q plot for the Canon camera Figure
4.8, the residual data are typically distributed. As can be seen, the central part of the curve
follows the straight line well. The skewness value is between -0.5 and 0.5, which means an
asymmetrical distribution of the data. The kurtosis value is negative -0.8, which means that
the data follows a platykurtic distribution with flat tails that indicate the small outliers in the
distribution.

Figures 4.9 and 4.10 show the histogram and Q-Q plots of discrepancies of the Redmi
camera before and after the removal of the outliers. The histogram before filtering shows that
the distribution is not similar to a normal distribution while it is highly positively skewed.
The positive excess kurtosis on its side indicates a leptokurtic distribution with a heavy tail,
which indicates significant outliers. As can be seen, after removing the outlier, the tails of the
residual distribution are flat and close to the normal distribution while the standard deviation
was improved to 6.86 mm from 10.99 mm, and the data follow a straight line as shown in the
Q-Q plot (Figure 4.10).

On the other hand, the mean value of the Redmi camera was around 2 cm and 3.5 cm for
the Canon camera, and their standard deviations were between 6.87 mm and 15.67 mm.

Cloud-to-cloud comparisons

In order to compare the two proposed low-cost cameras, we used 34 control points that were
taken using the total station as a reference instead of the laser scanner point clouds. On the
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Fig. 4.8 Histogram and Q-Q plot of photogrammetry using Canon and Total station residuals
with normal distribution

Fig. 4.9 Histogram and Q-Q plot of photogrammetry using Redmi phone and Total station
residuals with normal distribution (before outliers removing)
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Table 4.2 Obtained statistical parameters of the Canon and Redmi 7 cameras results

Canon Redmi Redmi
(After
outliers)

X-direction
Mean (mm) 0.00 0.00 -3.01
Standard deviation (mm) 24.99 13.95 9.72
RMS (mm) 24.99 13.95 9.75

Y-direction
Mean (mm) 0.00 0.00 3.55
Standard deviation (mm) 22.07 19.48 15.83
RMS (mm) 22.08 19.48 15.51

Z-direction
Mean (mm) 0.00 -0.42 0.38
Standard deviation (mm) 15.27 12.25 12.50
RMS (mm) 15.27 12.26 11.93

Spatial
position

Mean (mm) 31.75 23.4 20.86
Standard deviation (mm) 15.67 10.99 6.87
RMS (mm) 35.12 25.66 21.86

Skewness - 0.42 1.63 0.63
Kurtosis - -0.8 3.03 -1.14

other side, two models of points clouds of the two cameras were extracted from Agisoft
Metashape software. Each of these models was compared with the reference model using
CloudCompare as a comparison tool that calculates the cloud-to-cloud distances (C2C) by
taking each point from the compared model, finding its nearest neighbor on the reference
model, and then computing their distance. Table 4.3 summarizes the results of several
statistical variables of comparison between the CPs and point clouds models. The first
statistical variable is the mean value of all distances calculated by CloudCompare software,
which was used to compute the accuracy. The second one is the standard deviation, which
was used to take an idea about the error margin, and the third one is the RMS which gives
high weight to large residuals. As shown in Table 4.3, the mean C2C distance value of the
Redmi has a lower value (6.84 mm) than that of Canon (11.66 mm). The residuals of the
Canon are more significant when compared to that of Redmi. That is confirmed by standard
deviation and RMS values. In Figure 4.11, the histogram on the right indicates that 91% of
points were under 7.4 cm using the Redmi Model, while the histogram on the left shows that
91% of points were smaller than 11.4 cm in the case of the Canon camera.

4.4.2 Relative comparison between Canon and Redmi

CloudCompare software allows making a relative comparison between two models of point
clouds. Therefore, the achieved models using Agisoft Metashape were compared by comput-
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Fig. 4.10 Histogram and Q-Q plot of photogrammetry using Redmi phone and Total station
residuals with the normal distribution (after outliers removing)

Fig. 4.11 Histograms of C2C distances for Canon model (left) and Redmi one (right)
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Table 4.3 Achieved statistical results of C2C distances between compared models and point
clouds of total station as a reference

Reference model Compared
model

Mean (mm) Standard devia-
tion (mm)

RMSE
(mm)

34 points Canon 11 31 93
Redmi 6 18 54

Fig. 4.12 Histograms of C2C distances of Canon camera using Redmi phone camera as a
reference model

Table 4.4 Achieved statistical results of C2C distances for relative comparison between
Redmi as a reference and Canon as a compared model

Reference Compared Mean (mm) Standard devia-
tion (mm)

RMSE
(mm)

Redmi Canon 22 27 35

ing cloud-tocloud distances (C2C). Since the Redmi model was found more accurate than
the Canon one, it was selected as a reference, while the Canon model was the compared
model. As shown in Table 4.4, the mean and the standard deviation values of cloud-to-cloud
distances were 2.25 cm and 2.7 cm, respectively, and the RMS value was 3.15 cm.

The histograms shown in Figure 4.12 indicate that for 90% of points, the mean of C2C
distances is under 4.2 cm, while it is less than 15.17 cm for 99% of points are less than 15.17
cm. Figure 4.13 is a graphical representation of the C2C distances between the reference and
compared point clouds, where the blue area indicates a lower distance (less than 5 cm), and
the green area presents distances around 12 cm.
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Fig. 4.13 C2C distances of Canon and Redmi relative comparison. Blue indicates low
distances
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Table 4.5 obtained statistical results of C2C distances between compared models (without
using CPs) and point clouds of the total station as a reference

Reference model Compared
model

Mean (mm) Standard devia-
tion (mm)

RMSE
(mm)

34 points Canon 21 60 66
Redmi 11 32 70

Fig. 4.14 Histograms of C2C distances for Canon model (left) and Redmi one (right)

4.4.3 Bundle block without using CPs

The self-calibration proposed by Agisoft Metashape allows automatic extraction of the tie
points without any CPs before the external and internal orientation is computed from them
(tie points). The obtained point clouds models were controlled by scale bars. The models
were extracted with the local coordinates system (Merchich/North of Morocco), which were
compared to the aligned reference points using iterative closest points (ICP) before computing
C2C distances. The 34 CPs taken by the total station were considered as a reference model.
The results of the statistical parameters are summarised in Table 4.5. The mean value of the
Redmi was always better (11 mm) than that of the Canon (21 mm). The standard deviation
and RMS of the Redmi (32 mm and 94 mm, respectively) were less than those of the Canon
(60 mm and 176 mm respectively), and that means that the residuals of Canon were more
significant than that of the Redmi. As shown in Figure 4.14, over 73% of the points have a
mean of C2C distances within 10 cm for the Redmi camera, while for the Canon camera,
85% of points have a mean of C2C distances that is under 22 cm for the Canon camera.
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Table 4.6 Statistical results of the models as a function of CPs number

Canon Redmi
CPs number Mean

(mm)
SD
(mm)

RMSE
(mm)

Mean
(mm)

SD
(mm)

RMSE
(mm)

0 21 60 66 11 32 70
4 11 34 47 5 16 42
6 10 32 44 5 16 35
8 10 31 39 6 17 31
10 10 31 39 6 17 32

4.4.4 Effect of the number of CPs

In order to study the effect of the number of CPs and their distribution on the accuracy of
the results, several tests have been conducted. Each test has given a reduced number of
CPs. Combinations of 10, 8, 6, and 4 CPs have respectively been tested. Agisoft Metashape
Professional software has been used to obtain the five models corresponding to the different
combinations above. The CPs were distributed, as shown in Figure 4.5. The obtained 3D
models of each set of points were compared into CloudCompare software to the laser total
station model, which is used as a reference model. The achieved results involving accuracies,
mean values, and standard deviation of C2C distances are presented in Table 4.6.

The results suggested that both cameras exhibited stable means distances and standard
deviation, as shown in Figures 4.15 and 4.16 for the models obtained using CPs. Redmi
models yielded accurate results (under 6 mm), better than Canon for all scenarios.

4.5 Discussion & conclusion

This chapter presented an evaluation of the accuracy of two solutions for low-cost image-
based 3D modeling of the Marinid Royal Necropolis in Fez. Smartphone camera and Canon
DSLR camera have been used through different configurations, with or without CPs collected
by a total station. The aim was to investigate the impact of many parameters, such as camera
type and the proposed bundle block adjustment solutions. The 3D models were obtained
using Agisoft Metashape professional software and were compared to a set of CPs.

The results indicate that the models obtained using CPs were generally more accurate,
with mean values of the C2C distances ranging between 5 mm and 21 mm. When using
12 CPs, the highest accurate model corresponded to the smartphone camera (5 mm), which
results in a mean C2C distance equal to 6 mm mean. Otherwise, when four or more CPs were
used, the outcomes indicated that the accuracy was stable and showed almost no changes.
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Fig. 4.15 Graph of mean variation as a function of CPs number
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Fig. 4.16 Graph of mean variation as a function of CPs number
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The smaller mean value of the C2C distances corresponded to 5 mm, and it was obtained
when four or six CPs and the Redmi camera were used. Although the challenging task of CPs
surveying and marker location on such deteriorated historical heritage, explains the increase
in standard deviation values, the results were satisfactory.

The non-use of CPs has, as expected, negatively affected the accuracy of the obtained 3D
models for both cameras. This is because of the known coordinates provided by CPs, which
ensure that any points in the model correspond accurately with the real 3D coordinates. The
only thing that helped the software control the 3D model was the scale bars. Despite that, the
accuracies were acceptably close to the obtained ones by using CPs. They ranged between
11 mm and 21 mm. In this case, again, the smartphone camera, with an 11 mm C2C mean
distance, was more accurate than the DSLR camera.

After analyzing the results obtained from this case study, it can be stated that 3D modeling
of historical heritage using smartphone cameras instead of DSLR cameras is reliable, stable,
and effective for many reasons such as accuracy, cost, and availability of instruments. There-
fore, this solution can be an optimal close-range low-cost alternative. For obtaining more
accurate results, the use of at least 4 CPs is still recommended for a facade of approximately
60 m². In the case of the non-availability of a total station for CPs surveying, the use of a
scale bar is widely recommended. The working distance between the smartphone camera
and the captured monument is relative to the size of the monument. The angle of view should
be adapted so that the monument occupies the maximum possible of the captured image.



Chapter 5

Evaluating the Accuracy of Cloud-Based
3D Human Pose Estimation Tools

5.1 Introduction

This chapter presents an evaluation of cloud-based 3D Human Pose Estimation (HPE) tools,
specifically MOTiON by RADiCAL, within the context of developing VR applications aimed
at cultural heritage conservation and promotion. The primary goal is to assess the accuracy
and suitability of these tools as automated solutions for animating 3D characters in VR
environments. This evaluation is crucial for understanding how such technologies can be
effectively adopted in the VR development process, particularly for scenarios involving
intangible cultural heritage, such as the dynamic and vibrant activities of Jamaa El-Fna in
Marrakech.

The research questions guiding this evaluation are:

1. How accurate are cloud-based 3D HPE tools in estimating human poses compared to
ground truth data?

2. Can cloud-based 3D HPE tools be feasible alternatives to traditional motion capture
systems in various scenarios?

3. What improvements are necessary for cloud-based 3D HPE tools to extend their
applicability to high-precision tasks, such as advanced biomechanical analysis, sports
performance analysis, or precise VR interaction?

To address these questions, we cleaned and filtered the CMU dataset for use in this study,
focusing on scenarios that include a range of actions visible in videos and their corresponding
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3D human poses. The 3D coordinates for each human joint were obtained from these videos.
The quantitative evaluation involved comparing the results to the ground truth after Procrustes
alignment [90], using metrics such as Mean Per Joint Position Error (MPJPE) and Percentage
of Correct Keypoints (PCK). Qualitative evaluation involves a visual assessment of selected
frames from each scenario.

Quantitative results revealed that MOTiON by RADiCAL is adequate for most scenarios,
though it has limitations, particularly with occlusion and dynamic motions. Cloud-based tools
like this can potentially replace expensive traditional tools for simple scenarios with slow
movements and minimal occlusion. Qualitatively, nine scenarios were accurately estimated,
while others had misaligned skeletons or components.

5.2 Methodology

After extracting videos from CMU and their associated BVH pose files, a preprocessing
stage comprising: cleaning (i.e., avoid corrupted sequences or those that do not verify the
necessary conditions), reorganization (i.e., reclassifying all sequences into 12 scenarios),
and synchronization (because the BVH poses files are not synchronized with the associated
videos) was performed. The sequences in video format were then processed in the cloud with
RADiCAL. Both BVH poses of CMU and RADiCAL were rendered using a virtual camera
to get the 3D coordinates of each joint. Then two evaluation types were performed; the first
one was quantitative, which compared both poses of RADiCAL (as predicted results) and
those of CMU (as a ground-truth one ). The other evaluation type is a qualitative one based
on visual analysis of the predicted 3D human pose scenario according to the ground truth.
The workflow was summarized in Figure 5.1.

5.2.1 Data preprocessing

The CMU Graphics Lab Motion Capture Database (CMU) was chosen for this study due to
its extensive and diverse range of scenarios that closely simulate real-world movements found
in intangible cultural heritage. This dataset includes a variety of activities such as dancing,
daily activities, sports, and more, making it an ideal reference for evaluating the effectiveness
of cloud-based 3D HPE tools like MOTiON by RADiCAL in capturing complex human
motions.

The CMU dataset offers several advantages:
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Fig. 5.1 Overview of the suggested approach.

1. Diversity of Scenarios: The dataset covers a wide array of actions that mirror the
dynamic and varied movements found in cultural heritage activities, such as traditional
dances, performances, and daily routines.

2. Diversity of Scenarios: The dataset covers a wide array of actions that mirror the
dynamic and varied movements found in cultural heritage activities, such as traditional
dances, performances, and daily routines.
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3. High-Quality Data: Captured using 12 Vicon MX-40 infrared cameras, the CMU
dataset provides precise and reliable 3D motion capture data, essential for accurate
evaluation.

4. Comprehensive Joint Data: The dataset includes detailed 3D coordinates for each
human joint, which is crucial for comparing the performance of HPE tools in replicating
human poses accurately.

5. Established Benchmark: As a widely recognized and utilized dataset in the field of
motion capture, the CMU database serves as a robust benchmark for evaluating new
technologies and methods.

The preprocessing stage involved several critical steps to ensure the dataset’s suitability
for this study:

• Cleaning: some corrupted videos were eliminated, and the rest were repaired by hiding
the second actor if that is possible.

• Reorganisation: the sequences were classified into 12 essential scenarios, as shown
in Table 5.1. Additionally, the dataset was reorganized by gender, separating the
sequences into male and female categories to allow for a more nuanced analysis. By
comparing the results by gender, we can identify any biases or discrepancies in the
tool’s accuracy and ensure that it performs reliably for both male and female subjects,
which is essential for creating inclusive and accurate VR applications.

• Synchronisation: since all BVH frames are not synced with videos, a manual process
was manually done using Blender. Also, the sequences captured with 120 or 60 FPS
were decreased to 30 FPS since the RADiCAL supports only motion capturing with 30
FPS.

5.2.2 MOTiON by RADiCAL

MOTiON by RADiCAL is a model-based 3D HPE AI-driven and cloud-based software
that converts 2D movies into complete 3D animation with 6 degrees of freedom. The
animation data is stored with 30 FPS into FBX (Filmbox), a format that allows the exchange
of geometric and animation data between 3D animation software, such as Blender. For the
study, the sequences in MPG format were imported to the RADiCAL cloud then the HPE was
processed using the RADiCAL model. After a few moments, the FBX files were done. In
order to compare those results to CMU’s ground truth, the FBX output files were converted
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Table 5.1 CMU dataset component after cleaning, filtering, and classification

Number of
scenarios

Number of
sequences

Number
of views

Frequency Scenarios Number of
frames

12 279 1 30 FPS∗

Animal behaviors 62 454
Climbing 981
Daily activities 6 306
Dancing 1 122
Home activities 56 359
Jumping 1 553
Reactions 12 852
Running 332
Sitting 4 548
Sport 9714
Walking 16 493
Working 11 952
Female 71 759
Male 112 907
All 184 667

∗FPS–Frames Per Second

Fig. 5.2 (A): Skeleton model hierarchy of CMU. (B): Skeleton model hierarchy of RADiCAL.
The red ones are the chosen joints to perform the quantitative evaluation.

to BVH format using Blender. Since the skeletons of CMU and Radical are not similar; the
Procrustes analysis was used to determine the scale [90], rotation, and translation. The output
skeleton and the joints are shown in Figure 5.2.
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5.2.3 BVH projecting to 3D coordinates

The motion capture of videos from the RADiCAL and CMU datasets is stored in BVH format,
including the root transaction coordinates and Euler angles for each joint. As illustrated in
Figure 5.3, all the coordinates, including those in the BVH files, were projected to a 3D
virtual camera to obtain the 3D coordinates of each joint. Algorithm 1 computes the joint
coordinates in camera space from a BVH file containing joint hierarchy and motion data.
The algorithm starts by defining the camera intrinsic matrix K, which represents the camera’s
internal parameters such as focal length and principal point. The camera extrinsic matrix
C is also defined, which represents the camera’s external parameters such as position and
orientation in global space.

K =

 fx 2 cx

0 fy cy

0 0 1

 (5.1)

Where fx and fy are the focal lengths of the camera in x and y directions, and cx and cy

are the coordinates of the principal point of the camera.

C =

r11 r12 r13 t1
r21 r22 r23 t2
r31 r32 r33 t3

 (5.2)

Where ri j is the rotation matrix that describes the camera’s orientation in global space,
and ti is the translation offset. The joint positions and orientations for each frame in the
motion data are then computed using forward kinematics, with the root joint’s global position
and orientation serving as the initial values. The global positions and orientations of the
child’s joints are then computed by traversing the joint hierarchy, and the resulting global
joint positions are transformed into camera coordinates using the intrinsic and extrinsic
matrices. This transformation can be represented mathematically as:Xposition_global

Yposition_global

Zposition_global

= K ×C×

Xposition_camera

Yposition_camera

Zposition_camera

 (5.3)

Where (Xposition_global,Yposition_global,Zposition_global) is the global joint position in 3D
space, and the resulting (Xposition_camera,Yposition_camera,Zposition_camera) is the joint position
in camera coordinates. This algorithm provides a way to extract joint positions in camera
space from a BVH file.
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Fig. 5.3 Rendering process of CMU and RADiCAL skeletons. The purpose is to obtain the
3D pose coordinate of joints from angles.

5.3 Evaluation

As stated previously, qualitative and quantitative evaluations were performed. With the
restructured CMU dataset, the initial step was to obtain the MPJPE and the PCK by scenario
and gender. The second sort of evaluation consisted of picking 3D postures of various
scenarios and visually analyzing the results’ accuracy.

5.3.1 Quantitative evaluation

The results obtained using MOTiON by RADiCAL cloud-based were compared with the
ground-truth 3D poses from the reconstructed CMU dataset. 15 keypoints were examined,
which are indicated in red in Figure 5.3. using two metrics measurements (MPJPE and PCK).
The 3D poses were classified by gender and scenario to assess the accuracy of each one.
Then the accuracy of each joint was discussed.

Comparing by Joints

In this evaluation, 15 crucial joints were analyzed, as depicted in Fig. 5 where the red joints
are highlighted. The results are presented in Table 5.2 and Figure 5.4, displaying the highest
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Algorithm 1 Compute Joint Coordinates in Camera Space from BVH File
Input: BVH file with joint hierarchy and motion data
Output: 3D joint coordinates in camera space for each frame of motion data

1. Load BVH file and extract joint hierarchy and motion data.

2. Define camera intrinsic matrix K with focal lengths fx and fy and principal point
coordinates cx and cy.

3. Define camera extrinsic matrix C with rotation matrix R and position vector P.

4. For each frame of motion data, traverse the joint hierarchy in forward kinematics to
compute global joint positions.

5. Transform global joint positions to camera coordinates using K and C.

6. Output the 3D joint coordinates in camera space for each frame of motion data.

End algorithm.

Table 5.2 Mean error by joints

Joints Mean
(mm)

Standard
deviation
(mm)

Nose 85.28 36.11
Neck 87.15 27.30
RShoulder 77.96 33.85
RElbow 99 41.29
RWrist 116.96 77.72
LShoulder 70.52 30.86
LElbow 103.61 49.12
LWrist 122.73 85.58
MidHip 170.49 20.33
RHip 94.78 24.28
RKnee 80.91 37.07
RAnkle 92.17 59.06
LHip 91.13 25.73
LKnee 89.61 42.77
LAnkle 99.07 50.24

mean error values of the Middle Hip, Left Wrist, and Right Wrist joints. While, the lowest
mean error values were obtained for the Shoulders, Knees, Nose, and Nick.
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Fig. 5.4 The mean error results by joints.

Comparing by scenarios

Figure 5.5 and Table 5.3 show that the MPJPE varied from 90,7 mm to 119,1 mm, depending
on the scenario. The walking scenario was the most accurate, with an MPJPE of 90.7 mm,
whereas the running scenario was the least accurate. Each scenario’s MPJPE (walking,
jumping, dancing, reaction, and animal behavior) was under 100 mm while they were near
one another, except for home activities, whose MPJPE was just under 100 mm. The MPJPE
is more than 100 mm for the remaining scenarios (daily activities, working, climbing, sitting,
sports, and running). Expect "Running," "Sitting," and "Sport"; all the scenarios were
accurate with higher than 90% of correct joints according to the PCK values of each one. The
scenarios: "Home activities," "Jumping," "Reactions," and "Walking" had a PCK near 100%.
Expect running and sports scenarios with a standard deviation of around 70 mm. Every
other scenario was within 50 mm. Figure 5.6 shows a clear progression of the Percentage
of Correct Keypoints (PCK) in response to the changing Mean Per Joint Error (MPJPE)
threshold. As the MPJPE threshold increases, the PCK also follows suit. Notably, at a
relatively stringent threshold of 75 mm, the PCK already reaches about 44%, almost half of
the keypoints estimated correctly within this error range. This trend continues and the PCK
grows to about 96% when the MPJPE threshold is relaxed to 150 mm, indicating a substantial
portion of the estimated keypoints are accurately detected within this margin of error. As we
further expand the MPJPE threshold beyond 150 mm, the PCK continues to increase, albeit
at a slower rate. The curve eventually approaches a saturation point near 100%, indicating
that practically all keypoints are accurately estimated within these larger margins of error.
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Table 5.3 MPJPE by scenarios

scenarios MPJPE
(mm)

Standard
deviation
(mm)

PCK
(%)

Animal behaviors 95.62 52.33 96.5
Climbing 112.65 54.48 92.14
Daily activities 101.92 53.56 95.8
Dancing 92.14 63.09 94.55
Home activities 99.44 47.66 97.3
Jumping 91.30 40.58 99.03
Reactions 92.97 47.67 98.63
Running 119.10 72.22 83.68
Sitting 116.75 59.32 87.28
Sport 118.31 68.82 83.75
Walking 90.71 45.39 98.13
Working 104.79 56.47 91.57
All 98.76 52.06 95.8

Fig. 5.5 The results of MPJPE by scenarios.

Comparing by gender

The findings of gender-based evaluations are depicted in Table 5.4 and Figure 5.7. Male and
female MPJPEs were comparable, with the female MPJPE (95 mm) being 5 mm better than
the male MPJPE (100 mm). The same holds for the standard deviation, which was almost
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Fig. 5.6 The thresholds and the corresponding PCK

Table 5.4 MPJPE by gender

Female Male
MPJPE (mm) 95.7 100.71
Standard deviation (mm) 53.06 51.31
PCK (%) 95.9 95.7

identical. The PCK of both genders was almost the same, with 95.7%. As shown in Figure
5.8, comparing all joints by gender reveals a lower mean error for eight male joints.

5.3.2 Qualitative Evaluation

One challenging frame from each scenario was selected, and RADiCAL output was visually
compared to the ground-truth frame. As demonstrated in Fig. 12, the scenarios such
as "Animal Behaviours," "Daily Activities," "Reactions," "Dancing," "Jumping," "Home
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Fig. 5.7 The results of MPJPE by gender.

Fig. 5.8 The MPJPE results of comparison of joints by gender.

Activities," and "Walking" imitate the ground-truth quite accurately. In addition, all skeletal
parts are in their proper locations. In the remaining instances, RADiCAL correctly estimated
all skeleton parts. However, its orientation was incorrect. The "Working" scenario was
estimated correctly, except for the head in several frames. Some parts of the "Sports"
scenario, such as the hand, were not precisely estimated.
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5.4 Discussion

This study provides the first comprehensive evaluation of MOTiON by RADiCAL, a cloud-
based 3D human motion estimation tool, revealing both its potential advantages and inherent
limitations. In scenarios involving less complex actions or slower movements, such as
walking or light exercise routines, our evaluation demonstrated a relatively low Mean Per
Joint Position Error (MPJPE) and a high Percentage of Correct Keypoints (PCK), signaling
promising performance. These results indicate that MOTiON by RADiCAL can serve as
an effective tool for animating 3D characters in VR applications, especially for intangible
cultural heritage animations. For instance, traditional dances, performances, and daily
routines can be effectively captured and animated using this tool, thus contributing to the
preservation and promotion of cultural heritage in immersive VR experiences.

The distinction in performance directly influences the range of applications suitable
for MOTiON by RADiCAL. For digital content creation fields such as simple animation
for games, films, or casual fitness tracking where millimeter-level precision may not be
paramount, the tool’s cost-effectiveness and accessibility offer substantial benefits. This
can help automate the animation process and democratize access to advanced animation
techniques, allowing independent creators, small studios, and hobbyists to produce high-
quality content without the need for expensive traditional motion capture systems.

However, for applications demanding high-precision motion capture, such as advanced
biomechanical analysis, sports performance analysis, or precise VR interaction, the current
version of MOTiON by RADiCAL may not provide the necessary accuracy. The MPJPE of
98mm found in our study, while acceptable in some contexts, could lead to significant errors
in these precision-demanding applications. This limitation needs to be addressed to extend
the tool’s applicability to more complex and dynamic scenarios, such as sports movements or
actions involving occlusion.

To further enhance the platform and democratize its use, several recommendations are
proposed:

1. Improving Occlusion Handling: Enhancing the tool’s capability to accurately capture
poses in scenarios with significant occlusions will make it more reliable for a wider
range of applications.

2. Dynamic Motion Capture: Developing algorithms that better handle rapid and
complex movements can improve the tool’s performance in sports and other high-
energy activities.
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3. User-Friendly Calibration: Implementing more intuitive calibration processes can
help users achieve better accuracy without extensive technical knowledge.

4. Enhanced Data Integration: Facilitating seamless integration with other animation
and VR development tools can streamline the workflow for creators and developers.

5.5 Threats to Validity

Addressing threats to validity is crucial for ensuring the robustness and reliability of research
findings. According to Wohlin et al. (2012), a structured approach to identifying and
mitigating these threats enhances the credibility and applicability of the study’s conclusions.
In this section, we discuss the potential threats to validity [239]:

5.5.1 Internal validity

In this research, potential threats to internal validity include the accuracy of the CMU dataset
as the ground truth and the manual synchronization process. Any errors or inconsistencies in
these areas could impact the results. To mitigate these threats, rigorous data cleaning and
precise synchronization methods were employed to ensure the dataset’s reliability.

5.5.2 External Validity

While the CMU dataset provides a diverse range of scenarios, it may not encompass all
possible real-world movements, particularly those specific to certain cultural heritage activi-
ties. Furthermore, the findings might not be fully applicable to other HPE tools or different
motion capture systems. To address this, future studies should consider expanding the range
of scenarios and validating the results across multiple datasets and tools to enhance external
validity.

5.5.3 Construct Validity

Potential threats include the selection of evaluation metrics (MPJPE and PCK) and whether
they comprehensively capture the tool’s performance. Employing additional metrics and
qualitative assessments can provide a more holistic evaluation of the tool’s capabilities,
thereby strengthening construct validity.
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5.5.4 Conclusion Validity

Potential threats include statistical errors and biases in data interpretation. To mitigate
these threats, robust statistical analysis techniques were used, and efforts were made to
avoid overgeneralization of the results. Clearly defining the scope and limitations of the
conclusions enhances the reliability and applicability of the study’s findings.

5.6 Conclusion

MOTiON by RADiCAL, as evaluated in this study, shows promise as a cost-effective, user-
friendly alternative to traditional sensor-based motion capture systems. However, the tool’s
current performance suggests its best fit for applications where absolute precision is not a
critical requirement. In realms like basic animation for gaming, motion-guided user interface
design, or casual fitness tracking, the tool’s slight inaccuracies are unlikely to substantially
impact the result, making it a beneficial tool. Its cost and usability advantages are particularly
beneficial for independent creators, small studios, or hobbyists in these fields.

However, in precision-critical applications, such as advanced biomechanical research,
sports performance analysis, or high-end VR systems that require nuanced interaction, the
existing error levels in MOTiON by RADiCAL may be prohibitive. For these applications,
traditional sensor-based systems, despite their higher cost and complexity, may remain the
gold standard.

In summary, MOTiON by RADiCAL represents a significant step forward in democratiz-
ing access to 3D human motion estimation. The tool can play a vital role in preserving and
promoting intangible cultural heritage through VR applications by automating the animation
of traditional dances, performances, and daily activities, thus making cultural experiences
more immersive and accessible. However, its current performance limitations suggest that it
is not a one-size-fits-all solution. Future research and development should focus on improving
the precision of such tools to extend their applicability to a broader range of scenarios and
meet the needs of more demanding applications.
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Fig. 5.9 The qualitative results of each scenario.



Chapter 6

Design, Development, and User-Centric
Evaluation of El-FnaVR: An Immersive
Virtual Reality Representation of Jemaa
El-Fna in Marrakech for Intangible
Cultural Heritage Experiences

6.1 Introduction

This chapter aims to address the potential of VR technology in enhancing the cultural
experience of Jemaa El-Fna and promoting intangible cultural heritage tourism through the
development and evaluation of El-FnaVR, an immersive VR application.

The primary motivation for this case study stems from the need to preserve and promote
the rich cultural heritage of Jemaa El-Fna, a UNESCO-listed site recognized for its historical
and cultural significance. The dynamic and sensory-rich environment of Jemaa El-Fna makes
it an ideal candidate for exploring the capabilities of VR in providing an immersive and
engaging cultural experience.

The goals of this case study are threefold:
Develop a VR Application: Create a VR application that accurately represents the cultural

and historical essence of Jemaa El-Fna, including its unique activities, performances, and
ambiance. Evaluate User Engagement and Understanding: Assess how the VR application
influences user engagement and understanding of the cultural heritage and history of Jemaa
El-Fna through a comprehensive user study. Analyze Practical Implications: Examine the
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practical implications of using VR for cultural heritage tourism, focusing on its potential
benefits and challenges for both research and industry. The research questions guiding this
study are:

1. Tool Evaluation: How effective is the El-FnaVR application in providing an immersive
and interactive cultural experience of Jemaa El-Fna?

2. Impact on User Engagement and Understanding: What is the impact of the VR
experience on user engagement and understanding of Jemaa El-Fna’s cultural heritage
compared to traditional media?

3. Influence on Subsequent Perceptions: How does exposure to a VR experience
influence participants’ reactions and perceptions when subsequently watching a related
video, compared to those who only watch the video?

The chapter is organized as follows: The next section will provide a literature review
on the use of VR in intangible cultural heritage preservation and promotion. Then, the
methodology section will describe the design and development of the VR application and the
user study. The results and discussion section will present the findings of the user study and
the potential implications of the research. Finally, the conclusion will summarize the main
findings and provide recommendations for future research.

6.2 CASE STUDY: Jemaa El-Fna

6.2.1 Historical Background

Jemaa El-Fna, a vibrant square situated in the heart of Marrakech, Morocco as depicted in
Figure 6.1, has an intricate historical background that embodies the living pulse of Moroccan
heritage. The square, whose name roughly translates to "Assembly of the Dead," is nothing
short of an emblematic symbol of Morocco’s rich history and vibrant cultural life.

Originating in the 11th century under the rule of the Almoravids, Jemaa El-Fna was
initially conceived as a meeting point for traders, nomads, and the like. Throughout its
existence, it has witnessed significant transformations reflective of Morocco’s sociopolitical
changes, enhancing its historical significance.

As the city expanded, the square grew into an essential hub of cultural, commercial, and
spiritual activities. By day, the Jemaa El-Fna square is populated by snake charmers, fruit
vendors, traditional healers, and storytellers; come twilight, it transforms into an enormous
open-air restaurant filled with food stalls, accompanied by music and dance performances,
embodying the diverse sensory experience that characterizes Moroccan culture.
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Moreover, the square has been a crucial site for the oral transmission of stories, historical
events, and traditional customs, effectively preserving the intangible cultural heritage of the
region. As a testament to its significance, Jemaa El-Fna was recognized as a Masterpiece
of the Oral and Intangible Heritage of Humanity by UNESCO in 2009, emphasizing its
importance as a living museum of Moroccan tradition and heritage.

The inclusion of digital and VR technologies in the depiction and preservation of the
Jemaa El-Fna square presents a unique opportunity to capture its dynamic atmosphere and
cultural vibrancy. Such technological advances can offer a novel perspective, enhancing the
understanding of the square’s historical background while fostering a deeper appreciation of
Morocco’s rich cultural tapestry.

Fig. 6.1 Jemaa El-Fna, Marrakech, Morocco.

6.2.2 Activities

Halqa

Traditional storytelling circles featuring master storytellers, snake charmers as shown in
Figure 6.2a, and monkey performers, as depicted in Figure 6.2b.

These performances and activities form an intrinsic part of the Halqa experience, con-
tributing to the vibrant and dynamic character of Jemaa El-Fna. They serve not only as
sources of entertainment but also as living records of Moroccan history, culture, and societal
norms.

Gnawa

Gnawa, UNESCO-listed1 in 2019, another integral part of Jemaa El-Fna, is a traditional
music and dance performances rooted in the sub-Saharan African heritage of Morocco.

1https://ich.unesco.org/en/RL/gnawa-01170
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The Gnawa performances in Jemaa El-Fna are a sight to behold, drawing both locals
and tourists into their rhythmic swirl as shown in Figure 6.2d. The melodic harmony of the
guembri, the sharp clatter of the Krakebs, the vibrant colors, and the swirling dancers make
it an unforgettable experience.

Traditional Foods

From dusk until late into the night, Jemaa El-Fna becomes a bustling open-air restaurant with
stalls offering a variety of traditional Moroccan dishes. The air is filled with the aroma of
grilling meats, simmering tagines, and exotic spices, creating a vibrant sensory experience.

Essential dishes such as couscous, Harira, and various tagines are abundant. Street
vendors serve grilled meats like Kefta, Merguez, and Brochettes, as shown in Figure 6.2f.
Adventurous food enthusiasts can try snails in spicy broth or sheep’s head, while a variety of
freshly caught seafood is also available.

For those with a sweet tooth, options include Pastilla and freshly squeezed juices from
local fruits like oranges (Figure 6.2e), pomegranates, and dates. The communal atmosphere
of Jemaa El-Fna’s food stalls fosters interactions between locals and visitors, encouraging
cultural exchange and conversations over shared meals.

Horse Carriage

As shown in Figure 6.2c, the horse carriages are an integral part of the bustling atmosphere at
Jemaa El-Fna, offering both locals and tourists an alternative way to explore the square and
its surroundings. Traditionally adorned and guided by experienced carriage drivers, these
horse-drawn vehicles add a touch of historic charm to the modern vibrancy of the square.

6.3 El-FnaVR: Design and Implementation

The development of El-FnaVR unfolds across five distinct stages summarized in Figure
6.3, with the first being bifurcated. Stage 1.A focuses on identifying the salient features
of Jamaa El-Fna for accurate representation, while Stage 1.B scours relevant literature to
pinpoint suitable tools for design and execution. In Stage 2, the earmarked features and
characteristics are methodically designed to facilitate an engaging virtual tour. Stage 3
involves creating essential assets such as 3D models and animated characters. This phase
undergoes iterative self-reviews to ensure authenticity and accuracy. Upon validation, Stage 4
ensues, centering on prototype development. This involves integrating the validated assets and
scripting interactions to enable smooth navigation throughout the virtual environment. The
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Fig. 6.2 Some Jemaa El-Fna activities and traditional street foods. (a): Halqa of snakes from
Jemaa El Fna square. (b): Halqa of monkeys from Jemaa El Fna square. (c): Horse carriage.
(d): Gnawa dancers group performing traditional dance and songs. (e): Orange Jus at the left.
(f): The grilled meats and Harira at right.

prototype undergoes rigorous self-review until it meets the desired benchmarks. Concluding
the approach, Stage 5 employs a comprehensive evaluation strategy, blending both subjective
and objective assessment methods, to gauge the prototype’s efficacy.
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Fig. 6.3 Sequential Stages of El-FnaVR Design and Implementation approach.

6.3.1 Stage 1: Content Requirements & Literature Study

The initial stage of our approach focuses on the requirements of the design features and
characteristics of the VR application, subdivided into two key areas. The second stage is
used to design the features and characteristics.

Stage 1.A:

It revolves around the characteristics of cultural information and the presentation formats.
Here, the essence lies in capturing the richness and diversity of Jamaa El-Fna’s cultural
elements and transforming them into a digital format that is accurate, immersive, and
interactive. By doing so, we can provide an authentic and engaging user experience. From
the traditional Gnawa music to the vibrant food stalls and captivating Halqas, we aim to
encapsulate all facets of this vibrant square. The presentation formats are carefully chosen to
facilitate this immersive experience. The environment is designed using realistic 3D models
and animations, complemented with spatial audio to render a 360-degree sensory experience.
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Stage 1.B:

We delve into the literature to investigate studies that have explored VR technology’s appli-
cation in the preservation and dissemination of intangible cultural heritage. This research
provides critical insights into best practices, challenges, and potential solutions when de-
veloping VR applications for cultural heritage. Additionally, it aids in understanding how
VR can enhance accessibility, immersion, and interactive learning experiences for users,
enabling them to connect with the cultural content on a deeper level. These insights guide us
in designing a VR application that not only replicates Jamaa El-Fna in a digital format but
also provides an enriching and meaningful cultural experience for users.

6.3.2 Stage 2: Design Features and Characteristics

In the second stage of our development approach, we focus on the detailed design of features
and characteristics that make our Jamaa El-Fna VR application an authentic representation of
the cultural heritage site. This stage is all about bringing the richness and diversity of Jamaa
El-Fna into a VR environment and ensuring the accuracy and immersion of the cultural
information presented. This involves careful consideration of the aesthetic aspects, interactive
elements, and the overall sensory experience for the user.

El-FenaVR functions

The following functions describe the features that have been designed to achieve these
objectives.

• Function 1 - Aesthetic Design: Environment
Implements the visual aesthetics of the environment, reflecting the color palette and
Islamic design principles of Marrakech. Also, the red color of the buildings, which
indicates the city.

• Function 2 - Activity Design: Snakes Halqa
Introduces the Halqa of snakes, where users can interactively pick up animated snakes
that slither around the Halqa.

• Function 3 - Activity Design: Monkies Halqa
Adds the Halqa of monkeys, where users can observe animated monkeys walking
around the Halqa.

• Function 4 - Activity Design: Gnawa Groups Incorporates Gnawa music, enabling
users to experience virtual Gnawa groups performing traditional songs.
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• Function 5 - Activity Design: Traditional Foods
Introduces the aspect of gastronomy with virtual food stalls serving barbeque, Tajine,
and couscous.

• Function 6 - Activity Design: Horse Carriage
Integrates horse carriages into the environment, which users can interact with and
drive.

• Function 7 - Activity Design: Everyday Activities
Creates an immersive atmosphere by adding virtual people performing everyday
activities like walking, talking, watching Halqa, Gnawa, and food stalls.

• Function 8 - User Interaction
Provides users with a range of interactive capabilities, such as navigating the square,
observing activities, and picking up objects.

• Function 9 - Points of Interest
Implements informative points of interest related to each activity and their locations.

• Function 10 – Spatial 3D Audio Design
Establishes an immersive 3D soundscape that corresponds with every activity in the
environment, from the hissing of snakes to the rhythm of Gnawa music, and even the
ambient sound of conversation among virtual people.

• Function 11 – Preferences
The system empowers users to personalize their experience by selecting from a variety
of hand models. To mitigate the effects of cybersickness, users have the option to
switch to a teleportation-based navigation mechanism as an alternative to continuous
movement.

Tour and spatial design

Crafting an optimal tour scenario is paramount to guiding visitors through all activities in an
immersive sequence. The vast expanse of Jamaa El-Fna square allows tourists unrestricted
movement, with no predetermined path. Most, however, often experience walking to Jamaa
El-Fna by horse carriage. As depicted in Figure 6.4 — which serves as a guideline rather
than a strict route — our virtual application simulates this experience, beginning with a
horse carriage journey towards the square. Visitors are first introduced to the Halqa of
monkeys, offering a glimpse of Lamaalem’s playful interactions with them. Adjacently, the
enthralling rhythms of Gnawa music beckon from the Halqa of the Gnawa group. From there,
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an adventurous stride leads to the snake Halqa, where audacious visitors can handle snakes
and observe Lamaalem’s deft maneuvers with them. A quintessential part of the Jamaa
El-Fna experience is indulging in traditional street foods and refreshing orange juice, so the
tour naturally progresses to stalls offering these delights. To conclude, visitors can immerse
themselves in the vibrant atmosphere of three additional Gnawa Halqas, each presenting a
unique medley of songs and music.

Application structure

The design of the El-FnaVR application is centered on user interaction and navigation. This
structure is layered, integrating physical and virtual components to enhance user control and
engagement within the virtual environment, as depicted in Figure 6.5. The first layer, the
physical, involves the controllers and sensors of the Oculus Quest headset. These devices
enable users to navigate, control, and interact within the virtual setting. The second layer is
represented by a virtual guide. This guide helps users navigate the virtual space by providing
points of interest, coins, and storytelling, thus enhancing the localization of each activity
within the virtual environment. The third layer, the most comprehensive, constitutes the
entire 3D virtual environment. It encompasses all 3D characters, objects, spatial 3D audio,
and effects, immersing users in a rich, detailed representation of the cultural setting.

6.3.3 Stage 3: Visual content design

In the third stage of development, our focus shifts to the Visual Content Design (Figure 6.6),
which forms the core of the VR experience. This stage ensures that the immersive digital
environment accurately represents the authentic spirit and visual richness of Jemaa El-Fna.
The stage involves the following steps:

1. 3D Modeling of the Environment and Related Objects: This step involves creating a
3D model of Jemaa El-Fna and all associated objects like the Halqa, Gnawa musicians,
and local food stalls. This involves detailed architectural modeling of the square and
careful sculpting of related elements, using high-quality 3D graphics to accurately
represent the physical appearance of the cultural site and its elements. To achieve this
goal, AutoDesk MAYA2 was chosen for 3D modeling and Pixologic ZBrush3 for the
sculpting process.

2. Animating the Models: Static models do not capture the vibrant life of Jemaa El-Fna.
Therefore, we bring our 3D models to life through animation. Snakes slither, monkeys

2https://www.autodesk.com/products/maya
3https://www.maxon.net/en/zbrush
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Fig. 6.4 Jamaa El-Fna mapping and tour design.

wander, Gnawa musicians perform, and virtual inhabitants carry out their activities,
lending dynamism and realism to the experience. Autodesk Maya was used to animate
virtual objects.

3. Investigating Appropriate Sounds and Songs: The audio design is a critical element
of the immersive experience. We carefully research and curate a selection of appropriate
ambient audios, musical performances, and sound effects, ensuring they are culturally
accurate and contribute to the overall authenticity of the environment.

4. Self-Review and Validation of Results: Lastly, the team conducts iterative reviews
of the designed content, verifying the accuracy and quality of the visual and auditory
elements. This step is crucial to ensure that the VR representation remains faithful to
the cultural richness and diversity of the real Jemaa El-Fna, providing users with an
immersive and authentic experience.
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Fig. 6.5 The layers-based application structure.

6.3.4 Stage 4: Prototype implementation

The fourth stage, Prototype Implementation, delves into the actual construction of our VR
application, bringing the design features and visual content to life. This stage is split into
two main components.
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Fig. 6.6 Visual Content Design of El-FnaVR.

Development pipeline

The VR application is developed using the Unity4 3D game engine and the VR Interaction
Framework. It is specifically designed to be compatible with the Oculus Quest 2 and later

4https://unity.com/
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Fig. 6.7 Development pipeline of El-FnaVR.

models. A critical aspect of this phase is the implementation of interaction and navigation
features, which are essential for user engagement and the overall user experience within
the VR environment. This includes coding the necessary scripts that drive these features
and constantly reviewing and adjusting until satisfactory results are achieved. Such a
systematic approach ensures that the application is not only immersive but also interactive
and responsive to user input, providing an enriching virtual experience. The development
pipeline is summarized in Figure 6.7.

Virtual scenario

The system scenario was designed to be adaptable, as depicted in Figure 6.10. The system
provides users with the freedom to navigate through the virtual space and jump from one
scene to another at their own pace. Such flexibility not only increases the level of user
engagement but also enhances their ability to learn and enjoy the tour. To aid navigation,
"points of interest" markers have been placed to localize each activity, as demonstrated in
Figure 6.8a. Furthermore, to encourage exploration, 10 coins have been distributed next to
each activity or point of interest for users to collect, as shown in Figure 6.8b. To help reduce
any potential anxiety from continuous movement, an alternative teleportation movement
mechanism has been implemented [34], as depicted in Figure 6.9. This allows users to move
to different areas quickly, providing them with a seamless and comfortable VR experience.
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Fig. 6.8 Aid-navigation tools. (a): a point of interest placed beside the Halqa of snakes. (b):
collectible coin.

Fig. 6.9 Movement using Point & Teleport Locomotion Technique principle [34].

As outlined in Function 11, El-FnaVR offers users the ability to customize their experi-
ence by selecting their preferred hand model within the virtual environment. This feature
allows for a more personalized and immersive interaction, tailoring the virtual world to
individual tastes. Figure 6.11 demonstrates this functionality.
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Fig. 6.10 El-FnaVR system scenario.

Fig. 6.11 Customizing hand model from suggested models.

Refined Implementation and Deployment

Following rigorous self-testing, the ultimate version of El-FnaVR has been fully developed
and is now primed for end-user evaluation. The application meticulously replicates the
ambiance of Jemaa El-Fna with a high degree of detail, allowing users to interact with a
multitude of objects and select their desired tour scenario through points of interest. Figure
6.13 showcases the most prominent activities implemented in the application.

6.3.5 Stage 5: End user evaluation

To comprehensively evaluate our VR rendition of Jamaa El-Fna, we utilized a dual-pronged
methodological approach that combines the analytical rigor of the Unified Theory of Accep-
tance and Use of Technology (UTAUT) model with a more dynamic, task-based objective
evaluation technique.
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Fig. 6.12 Participants during the El-FnaVR experience.

Subjective Approach

At the heart of the subjective assessment was the UTAUT model, a potent tool employed to
gauge user receptivity, behavior, and engagement levels with technology. Our participants,
clustered into two distinct groups, interfaced with the digital reality of Jamaa El-Fna through
different lenses.

Group One, composed of 42 participants as shown in Figure 6.12, was introduced to the
bustling milieu of Jamaa El-Fna through the Oculus Quest 2 VR headset. Once they had
navigated the VR environment, they were asked to reflect on their experience by completing
the UTAUT questionnaire. This introspective exercise nudged them to contemplate the VR
application’s performance expectancy, the anticipated ease of use (effort expectancy), the
social dynamics influencing their interaction (social influence), and the facilitating conditions,
which encapsulate the belief in the necessary support to use the system. Once their VR
journey concluded, they embarked on a parallel exploration using traditional mediums
(YouTube videos, and other applications), followed by the completion of a second UTAUT
questionnaire.

Group Two, a pool of 32 participants, exclusively interacted with Jamaa El-Fna through
these traditional mediums and offered their insights via the UTAUT questionnaire. This
bifurcated approach provided a comparative perspective on user experiences, unveiling a
nuanced understanding of the VR application’s utility and effectiveness.
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Our study revolves around three core hypotheses, each investigating different aspects of
VR’s impact on participants’ subsequent video-viewing experiences:

• Usage Difference Hypothesis: There is a significant difference between participants’
responses when they watch a video after VR exposure compared to when they watch
a video alone. This hypothesis is examined using Cramer’s V and a Chi-Square test,
which allow us to quantify and compare the distinct experiences of VR and standard
video users.

• Experience Effect Hypothesis: Exposure to VR prior to viewing a video significantly
alters participants’ subsequent video viewing experience, as measured through their
responses. This hypothesis probes the potential of VR to enrich users’ engagements
with similar content in a non-VR format.

• Association Hypothesis: There is a notable association between the type of video
viewing condition (VR followed by video or video only) and participants’ responses.
This hypothesis explores whether the viewing condition can influence user responses.

Objective Approach

Augmenting our subjective inquiry was an innovative, task-based evaluation method. Users
journeyed through the vibrant alleys of VR Jamaa El-Fna, undertaking a treasure hunt of
sorts, where the treasure was virtual coins peppered around various locations. Nestled next to
engaging activities like Halqa or a Gnaoua performance, each coin became a beacon, urging
users to explore and interact more deeply with the virtual environment. The coin collection
served as an objective indicator of user engagement, their navigation skills, and the overall
usability and immersion of the VR application.

6.4 Results

6.4.1 Subjective Evaluation Results

The study engaged 43 participants for the VR First and Video After VR experiences and
32 participants for the Video Only group, with an approximately equal gender distribution
in the former groups and a slight male predominance in the latter (as shown in Table 1).
Predominantly aged 18-24 and skewed towards students, the participant pool also included a
few individuals from the <18 and 25-34 age brackets across all groups. Furthermore, while
participants’ educational backgrounds were diverse, most had at least graduated high school
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Table 6.1 The statistics of the demographic data for the participants in the study.

Questions Responses VR First Video af-
ter VR

Video
Only

Gender
Female 20 20 14
Male 23 23 18

Age

<18 3 20 14
18-24 36 36 22
25-34 3 3 4
35-44 0 0 0
45-54 0 0 0
55-64 0 0 0
>65 0 0 0

Occupation
Student 40 40 31
Employed 3 3 1

Age

High school graduate 16 16 12
Some college or asso-
ciate degree

15 15 10

Bachelor’s degree 8 8 1
Less than high school 3 3 9
Master’s degree 1 1 0

or undertaken some college or associate degree, with only a minimal representation from
those with a master’s degree, especially in the Video Only group (as depicted in Table 1).

The Cronbach’s alpha was calculated to assess the internal consistency of our survey
measures across the three groups: VR First, Video after VR, and Video Only. Notably, all
the measures indicated satisfactory to excellent reliability. For the Performance Expectancy
(PE) measure, Cronbach’s alpha was 0.94, 0.96, and 0.97 for the VR First, Video after VR,
and Video Only groups respectively, demonstrating a high level of consistency. The Effort
Expectancy (EE) measure yielded reliability coefficients of 0.74, 0.76, and 0.85, reflecting
acceptable consistency across all groups. Similarly, the Social Influence (SI) measure showed
strong reliability with alpha values of 0.84, 0.87, and 0.87. Lastly, the Facilitating Conditions
(FC) measure also indicated satisfactory consistency with alpha coefficients of 0.77, 0.83,
and 0.92 across the groups. These results affirm the robustness of our survey measures across
different groups and are presented in detail in Table 2.

A comparison of the Diverging Stacked Bar Charts for Likert Scales for both the VR
Only and Video after VR groups, as shown in Figures 6.14 and 6.15, reveals distinctive
differences in the distribution of participant responses for each construct item.

For the VR Only group, a strong positive sentiment is evident as the majority of the
responses skewed towards ’Agree’ and ’Strongly Agree’ across all the construct items. This is
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Table 6.2 Cronbach’s Alpha Measures for Survey Consistency Across Different Groups.

Cronbach alpha
Construct VR First Video after

VR
Video Only

PE 0.94 0.96 0.97
EE 0.74 0.76 0.85
SI 0.84 0.87 0.87
FC 0.77 0.83 0.92

particularly noticeable in Perceived Enjoyment (PE) and Ease of Use (EE) items. Conversely,
in the Facilitating Conditions (FC) items, particularly FC1 and FC2, responses were more
evenly distributed across all categories, hinting at a more neutral stance from the participants.

On the other hand, the Video after VR group displayed a wider dispersion of responses
across the Likert scale. Interestingly, a considerable number of participants either ’Strongly
Agreed’ or ’Agreed’ with the statements in PE and EE categories, despite a larger presence
of ’Neutral’, ’Disagree’, and ’Strongly Disagree’ responses compared to the VR Only group.

This observation points towards varied user perceptions and experiences within the two
groups. While the VR Only group generally demonstrated a more favorable response to the
VR experience, the Video after-VR group revealed mixed responses, potentially reflecting
the influence of previous video experience on subsequent VR perceptions. These visual
patterns, as displayed in Figure 6.10, set the stage for a deeper statistical investigation into
the differential effects of VR-only and video-then-VR exposure on user perceptions.

The descriptive statistics of each construct across the three groups; VR First, Video after
VR, and Video Only, including the mean and standard deviation, were explored (as shown in
Table 3). The means for the VR First group ranged from 3.23 to 4.51, indicating generally
high values. The Video after the VR group’s means varied between 3.18 and 3.83, which
is slightly lower than those of the VR First group. The means for the Video Only group
ranged from 3.21 to 3.81, slightly higher than the Video after VR group but still less than
the VR First group. Standard deviations for all groups across constructs, which indicate the
dispersion of responses, ranged from 0.82 to 1.54 for VR First, 1.02 to 1.38 for Video after
VR, and 1.09 to 1.38 for Video Only. The dispersion was more prominent in the VR First
group than the other two, implying responses that are more varied. Overall, this data suggests
that there might be differences between the three groups in terms of perceived enjoyment,
ease of use, social influence, and facilitating conditions. However, these potential differences,
suggested by the variability in means and standard deviations across constructs and groups,
will be further examined in the forthcoming inferential statistical analyses.
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Table 6.3 Statistical results of the models as a function of CPs number

Mean SD
Item VR

First
Video after
VR

Video
Only

VR
First

Video after
VR

Video
Only

PE.1 4.51 3.39 3.68 0.82 1.38 1.22
PE.2 4.23 3.32 3.81 1.04 1.35 1.20
PE.3 4.02 3.48 3.53 1.26 1.50 1.26
PE.4 4.02 3.34 3.59 1.23 1.15 1.13
PE.5 3.90 3.18 3.43 1.04 1.40 1.26
PE.6 3.90 3.32 3.53 0.94 1.22 1.19
PE.7 4.16 3.48 3.68 0.84 1.24 1.11
PE.8 4.16 3.44 3.78 1.06 1.25 1.18
EE.1 4.30 3.53 3.78 1.05 1.14 1.09
EE.2 4.37 3.37 3.31 0.84 1.15 1.22
EE.3 4.46 3.83 3.37 0.82 1.02 1.38
EE.4 3.95 3.34 3.21 1.32 1.27 1.36
EE.5 4.18 3.65 3.40 1.02 1.15 1.18
SI.1 4.27 3.65 3.53 1.07 1.28 1.29
SI.2 4.32 3.62 3.5 1.01 1.19 1.34
SI.3 4.32 3.69 3.37 0.83 1.12 1.15
FC.1 3.51 3.41 3.43 1.50 1.38 1.38
FC.2 3.23 3.25 3.5 1.54 1.31 1.36
FC.3 3.58 3.23 3.43 1.13 1.08 1.21
FC.4 3.79 3.27 3.40 1.24 1.24 1.24

With respect to the chi-square test results shown in Table 4, we see notable differences
across each construct (Perceived Enjoyment (PE), Ease of Use (EE), Social Influence (SI), and
Facilitating Conditions (FC)). This affirms our Usage Difference Hypothesis, as significant
statistical associations were found between the constructs and the three study conditions (VR
First, Video after VR, Video Only). Our p-values, being less than the accepted significance
level of 0.05, support these associations, particularly for EE, SI, and FC (p < 0.00001).

Cramer’s V results, as shown in Table 4, further substantiate our Experience Effect
Hypothesis. While PE demonstrated a weaker association with the study conditions (Cramer’s
V=0.14), EE, SI, and FC exhibited moderate to strong associations (Cramer’s V values: 0.38,
0.63, and 0.53 respectively). Notably, SI presented a strong correlation, suggesting the VR
experience significantly shaped participants’ social influence perception.

Our Association Hypothesis is validated by these findings, as the significant associations
and their respective strengths reinforce the impact of the viewing conditions on participant
responses. Together, these results underscore the effectiveness of VR in delivering immersive
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Table 6.4 Chi-Square Test Results and Cramer’s V Values for UTAUT Constructs Across
Study Conditions.

Construct χ2 Degree of
Freedom

P-value Cramer’s V

PE 11.12 4 0.025 0.14
EE 89.29 4 <0.00001 0.38
SI 242.05 4 <0.00001 0.63
FC 157.11 4 <0.00001 0.53

Table 6.5 Summary of Hypotheses and Outcomes.

Core hypotheses Hypotheses Outcome
Usage Difference
Hypothesis

There is a significant difference between partici-
pants’ responses when they watch a video after
VR exposure compared to when they watch a
video alone.

Supported

Experience Effect
Hypothesis

Exposure to VR prior to viewing a video sig-
nificantly alters participants’ subsequent video
viewing experience, as measured through their
responses

Supported

Association Hy-
pothesis.

There is a notable association between the type
of video viewing condition (VR followed by
video or video only) and participants’ responses.

Supported

experiences that shape user perceptions and interactions with intangible cultural heritage
content.

6.4.2 Objective Evaluation Results

As a crucial part of this study, objective measures were incorporated to complement and
confirm the subjective findings. These measures involved participants collecting virtual coins
across various activities within the Jamaa El-Fna VR environment, serving as quantifiable
evidence of user engagement and interaction. As shown in Table 6, the average coin collection
count, a solid 8.84 out of 10 with a relatively minor standard deviation of 2.21, not only
underscores the participants’ effective navigation and interaction within the VR environment
but also lends credence to the subjective assessments.

Such a high average suggests that users were indeed engaged and could successfully
explore a significant majority of the activities provided in the VR experience, which resonates
with the high Perceived Enjoyment (PE) scores from the subjective evaluations.
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Table 6.6 Objective Evaluation Metrics: Mean Coin Collection in the VR Environment.

Mean Standard Deviation
8.84 2.21

This tangible, objective evidence of interaction and engagement, combined with the
subjective data, form a robust corroboration of the findings. It aligns with our expectations
and bolsters the validity of the study by illustrating that users were not just stating their
enjoyment and ease of use, but their actions within the virtual environment were in agreement
with these sentiments. In essence, this objective evaluation acts as a form of action-based
validation of the subjective self-reported data, thereby providing a more comprehensive and
balanced insight into the user experience with El-FnaVR.

6.5 Discussion

The current study embarked on a path-breaking exploration into how different modes of initial
exposure—Video or VR—shape the perceptions of users towards a cultural heritage tourism
experience, as exemplified by the innovative El-fenaVR. This VR application, designed to
replicate the vibrant and culturally rich environment of the Jamaa El-Fna square, not only
signifies an innovative approach to cultural preservation but also stands as a testament to the
potential of VR in creating immersive, interactive, and educational experiences for users.
Despite the geographical and temporal constraints often associated with cultural heritage
tourism, VR applications like El-fenaVR can offer users the opportunity to experience and
learn about different cultures from the comfort of their homes.

Subjective assessments offered a profound insight into users’ experiences and perceptions,
shaped by constructs of perceived enjoyment, ease of use, social influence, and facilitating
conditions. Perceived enjoyment and ease of use were particularly pronounced in the VR
Only group, indicating that the VR environment was both enjoyable and user-friendly. Such
findings reaffirm the immersive and interactive potential of VR, making it a viable medium
for promoting and preserving cultural heritage.

However, the construct of Facilitating Conditions (FC) emerged as a challenge across all
groups, particularly visible in the VR Only group. Given the cost and accessibility concerns
related to VR technology, it’s not surprising that FC had lower agreement levels. Many
participants were first-time VR users and faced difficulties in using the VR headsets, which
could be attributed to the lack of prior experience, the complexity of setup, or the high costs
associated with owning such technology. This calls for an increased focus on user education
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about VR technology and a need for more affordable and user-friendly VR systems to ensure
a wider adoption and a more inclusive user experience.

Interestingly, the Video after the VR group demonstrated a wider dispersion of responses.
This suggests that an initial video experience might temper the novelty effect of the VR
experience, leading to a more diverse range of user perceptions. This extends our under-
standing of how different modes of initial exposure could influence subsequent experiences,
emphasizing the role of familiarity and novelty in shaping user experiences.

Both descriptive statistics and chi-square tests revealed noteworthy differences among the
three groups. The VR First group demonstrated generally higher means across all constructs,
emphasizing the positive effect of initial VR exposure. Moreover, the strong correlation
between social influence and the study conditions shows the significant impact of the method
of exposure on perceived social acceptance of VR technology. Objective evaluations further
corroborated these insights, offering not just reported enjoyment, but also tangible evidence
of this enjoyment through substantial interaction within the VR environment. This action-
based validation of the VR experience underlines the potential of VR as an engaging platform
for cultural heritage tourism, even in the face of challenges like accessibility and ease of use.

This study is not devoid of limitations, such as the sample size and diversity, or potential
individual factors like motion sickness or other physical discomforts. Future research should
aim to explore these factors, replicate these findings in other cultural settings, and investigate
further the impact of the sequential order of exposure on user perceptions.

In conclusion, this study sheds light on how different modes and orders of exposure to
content can influence user experiences in a VR environment like El-fenaVR. In the face
of the rising prominence of VR technology, especially in domains like cultural heritage
tourism, these insights are invaluable for the design and delivery of more engaging and
effective VR experiences. As we navigate the challenges and possibilities of this digital era,
the potential for VR to revolutionize cultural heritage tourism is not just exciting, but also
truly transformative.

6.6 Conclusion

In conclusion, this study reveals the compelling potential of VR as an immersive medium for
cultural heritage tourism, using El-fenaVR as a case study. It demonstrated how modes and
sequences of content exposure can significantly shape users’ experiences while underscoring
challenges related to VR accessibility and usability.

However, this research opens the door for future studies. These could include broadening
participant demographics to ensure representation and exploring individual factors like
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motion sickness that could affect the VR experience. The findings concerning Facilitating
Conditions invite further exploration into making VR technology more affordable and
accessible. It also highlights the importance of user education for better adoption and
inclusivity.

A valuable next step would be to validate these findings in other cultural heritage settings,
contributing to the wider application of VR in this domain. As the world digitalizes, the
transformative potential of VR for cultural heritage tourism becomes increasingly exciting,
promising a future where cultures can be explored without time or space constraints.
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Fig. 6.13 Depiction of Activities in the El-FnaVR Experience. (a) shows the horse carriage,
which visitors can virtually ride and steer. (b) features the Gnawa Group engaged in song
and dance. (c) showcases animated monkeys in various poses. (d) displays the option to
handle animated snakes. (e) highlights street-side orange juice vendors. (f) illustrates some
traditional street food offerings.
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Fig. 6.14 VR evaluation test analysis.
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Fig. 6.15 Video after VR evaluation test analysis.



Chapter 7

Conclusion

7.1 Summary and Main Results

In this thesis, we delved into the realms of virtual reality, cloud-based 3D human pose
estimation, and low-cost terrestrial photogrammetry, making notable contributions across
these fields. Our work has demonstrated the power of emerging technologies to democratize
access to cultural heritage preservation, motion analysis, and historical site documentation.

The research revealed that low-cost terrestrial photogrammetry, especially applied to the
Marinid Royal Necropolis in Fez, can rival traditional methods in accuracy and effectiveness.
This approach democratizes archaeological documentation, making it accessible and feasible
for a broader audience. The findings advocate for the widespread adoption of photogramme-
try, especially in resource-constrained environments, enhancing global heritage conservation
efforts.

Additionally, our evaluation of MOTiON by RADiCAL has provided insights into the
current landscape of cloud-based 3D human pose estimation. While showcasing the benefits
of accessibility and cost-effectiveness, our analysis also highlights the limitations of these
systems in high-precision-required scenarios, underscoring the need for a balanced approach
tailored to specific end-use cases.

The El-FnaVR application illustrates the significant impact of VR on cultural heritage
preservation, enabling immersive experiences that bridge geographical gaps, particularly in
times when physical travel is restricted. This underlines VR’s potential as a vital tool for
educational and preservation efforts worldwide.
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7.2 Implications

The implications drawn from the contributions in this thesis intersect at several critical
junctures, notably in the realms of accessibility, educational outreach, and methodological
innovation, reshaping our approach to cultural heritage, motion analysis, and archaeological
documentation.

• Technological Accessibility and Democratization: The findings across the three
contributions highlight a significant shift towards more accessible and cost-effective
technological solutions. The El-FnaVR application demonstrates how VR can be em-
ployed beyond entertainment, serving as a vital tool for cultural preservation accessible
from anywhere in the world. Similarly, the evaluation of MOTiON by RADiCAL
underscores the growing accessibility of motion capture technologies, once confined to
well-funded laboratories, now available to a broader audience including small studios
and educational settings. The investigation into low-cost photogrammetry further
emphasizes this trend, showcasing that consumer-grade cameras can perform compara-
bly to professional equipment in documenting historical sites. This democratization
of technology has profound implications for professionals and enthusiasts alike, en-
abling wider participation and fostering innovation in fields previously limited by
technological and financial barriers.

• Enhancement of Educational Outreach: The immersive experience provided by the
El-FnaVR application opens new avenues for educational outreach, offering a dynamic
and engaging way to learn about cultural heritage remotely. This has important
implications for educational curricula and cultural studies, suggesting a shift towards
more interactive and immersive learning environments. Similarly, the accessibility of
motion capture technology, as demonstrated by MOTiON by RADiCAL, introduces
new possibilities for educational applications, from physical education to biomechanics
and beyond. These technologies enable a hands-on approach to learning, enhancing
student engagement and understanding.

• Methodological Innovation in Professional Fields: Each contribution introduces
methodological innovations that challenge conventional practices in their respective
fields. In cultural heritage preservation, the use of VR as demonstrated by the El-FnaVR
project represents a novel approach to documenting and experiencing cultural sites,
encouraging professionals to consider virtual solutions as part of their preservation
strategies. In the realm of human motion analysis, the findings from the evaluation of
MOTiON by RADiCAL prompt a reevaluation of how motion capture technologies
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can be integrated into research, sports training, and healthcare diagnostics. Lastly, the
success of using low-cost photogrammetry for archaeological documentation invites
heritage professionals and archaeologists to reassess their methodologies, potentially
incorporating more accessible technologies into their workflows.

7.3 Future Directions

The future directions delineated from this thesis underscore pivotal advancements and
research opportunities poised to redefine the landscapes of virtual reality, motion capture,
and photogrammetry. These areas, rich with potential, set the stage for transformative
developments that promise to extend the reach, impact, and efficacy of these cutting-edge
technologies:

• Enhancements in Virtual Reality Experiences: Future enhancements aim at making
virtual reality experiences more personalized and interactive. This involves integrating
artificial intelligence to tailor the VR content to individual users, enhancing their
learning and exploration within virtual environments like El-FnaVR. Additionally,
introducing features that allow for shared experiences can transform solitary VR
journeys into collective explorations, enabling groups to simultaneously engage with
and learn from cultural heritage sites in a communal virtual space.

• Advancements in Cloud-based 3D Human Pose Estimation: Improvements in this
domain focus on refining the accuracy and functionality of motion capture technologies.
By employing more sophisticated machine learning models and deep learning frame-
works, future developments aim to enhance the precision of cloud-based 3D human
pose estimation, making it suitable for a wider range of applications, from professional
sports analysis to detailed biomechanical studies. This progression seeks to bridge the
gap between the accessibility of cloud-based systems and the high precision demands
of various professional fields.

• Innovations in Terrestrial Photogrammetry for Archaeological Documentation:
The trajectory for terrestrial photogrammetry involves creating more robust and user-
friendly methodologies for documenting historical and cultural sites. Enhancing
algorithms for image processing and 3D model reconstruction will make low-cost
cameras viable tools for professional-grade documentation, democratizing access to
advanced archaeological and heritage conservation techniques. Establishing standard-
ized procedures will further ensure the reliability and consistency of photogrammetric
documentation across different sites and users.
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• Cross-disciplinary Applications and Research: The integration of VR, 3D human
pose estimation, and photogrammetry into broader research and application contexts
represents a significant future direction. This encompasses not only the exploration of
these technologies in various educational and entertainment settings but also a thorough
examination of their ethical, social, and cultural impacts. Ensuring responsible and
inclusive use is paramount as these technologies become more embedded in our daily
lives.

• Technology Integration and Hybrid Approaches: Exploring the synergy between
different technologies, such as combining VR with augmented reality (AR) for more
immersive cultural experiences, represents an exciting frontier. Additionally, develop-
ing systems that merge the advantages of both cloud-based and sensor-based motion
capture can offer flexible, high-quality solutions tailored to diverse user needs and
application areas. This hybrid approach aims to leverage the strengths of each system
to provide comprehensive and adaptable motion analysis tools.
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