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Resumo

A Realidade Aumentada (AR) ¢ uma tecnologia que combina ambientes reais e contetdo digital
de uma forma interativa. Enquanto tecnologia, a AR tem crescido constantemente, sendo usada
atualmente em vdrias areas e aplicacdes com resultados muito positivos. Com o desenvolvimento
das plataformas de software e hardware, a AR tornou-se acessivel em vérias formas, desde dispos-
itivos méveis a dispositivos wearable, proporcionando experiéncias diversas aos seus utilizadores.

Apesar de a sua aplicacdo a drea do turismo e cultura ser um tépico pouco explorado, apresenta
grande potencial na melhoria das experiéncias culturais dos turistas. Alguns estudos sobre este
tépico demonstraram a utilidade da AR na drea, maioritariamente em ambientes de museu. Apesar
disso, existe ainda pouca pesquisa sobre a aplicacdo de AR a gravuras de rocha plana, uma area
que apresenta desafios adicionais quando comparada a ambientes de museu. Determinar o tipo
de display e método de tracking a usar, lidar com as condi¢des de ambientes exteriores € com as
restrigdes fisicas presentes nos locais de arte rupestre sdo os principais problems nesta drea.

O Vale do Coa contém mais de mil gravuras rupestres, espalhadas por mais de 80 locais que
o publico pode visitar. Em conjunto com a empresa InfoPortugal, esta dissertacdo tem como
objetivo explorar como a AR pode ajudar a melhorar a experiéncia cultural dos visitantes das
gravuras rupestres do Vale do Cda, como esta tecnologia pode ser aplicada a gravuras em rocha
plana com sucesso, e qudo recetivos estdo os utilizadores a aplicagdes moéveis de AR em visitas
culturais.

O resultado desta dissertagdo deu origem a um protétipo de uma aplicagdo mével de AR que
ajuda os visitantes do Vale do Cda a visualizar gravuras de uma forma intuitiva e simples usando
os seus dispositivos méveis. A aplicacdo delineia as gravuras contidas na drea capturada pela
camara do dispositivo e mostra informacao adicional acerca da arte rupestre visualizada. A infor-
macao adicional surge na forma de texto, imagens, ou mesmo animagdes posicionadas em cima
de gravuras especificas para ajudar os utilizadores a compreender o contexto e histdria por detrds
de cada gravura.



Abstract

AR is a technology that combines real-world environments and digital content in an interactive
way. As a technology, AR has constantly been growing, currently used in various areas and
applications with very positive results. With the development of software and hardware platforms,
AR became accessible in many different ways, ranging from wearable to mobile devices, providing
users with various experiences.

Although its application to the area of tourism and culture is not a widely explored topic,
it presents great potential in improving cultural experiences for tourists. Some studies about this
topic have demonstrated AR’s usefulness in the area, mostly in museum settings. Still, there is little
research on the application of AR to flat rock engravings, which presents additional challenges
compared to museum environments. Figuring out what type of display and tracking method to
use, handling outdoor conditions, and dealing with physical restrictions on rock art sites are the
main problems in this area.

The Coa Valley contains over a thousand ancient rock engravings, scattered in more than 80
locations that the public can visit. In conjunction with the company InfoPortugal, this dissertation
aims to explore how AR can help improve the cultural experience of the Coa Valley rock engrav-
ings visitors, how this technology can be successfully applied to flat rock engravings, and how
receptive users are to AR mobile applications in cultural visits.

The result of this work is a prototype of a mobile AR application that aids the Cda Valley vis-
itors in visualizing rock engravings seamlessly and straightforwardly using their mobile devices.
The application outlines the engravings contained in the area captured by the device’s camera
and presents additional digital information about the captured rock art. Additional information is
available in the form of text, images, or even animations placed on top of specific engravings to
help users understand the context and story behind each drawing.
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Chapter 1

Introduction

Museum and cultural heritage site visits are often one-time experiences targeted at specific audi-
ences, which limits the reach of some exhibitions and diminishes the interactivity with the general
public. One way to improve on this matter is by introducing Augmented Reality (AR) into mu-
seum and cultural heritage site visits, opening up a new range of possibilities to use the same
physical content to provide different experiences to visitors, by allowing users "to see the real
world, with virtual objects superimposed upon or composited with the real world" [3]. The aim of
this dissertation is to develop a robust mobile application that, by using AR technologies, can help
improve the experience of the Vale do Cda rock engravings visitors. The improvements might
come in the form of providing users with an easy way to identify and visualize complex engrav-
ings and providing extra information about them digitally in the form of text or animations that
can provide users with a story and a context for each specific engraving. Since these visits happen
in an outdoor setting, this dissertation also aims to contribute to the exploration of new outdoor

calibration settings for AR applications.

1.1 Context and Motivation

This dissertation comes from a partnership between InfoPortugal', a digital content and technolog-
ical geolocation solutions company that focuses mostly in the area of tourism, the Céa Museum?,
which aims to preserve the prehistorical art of the Cda valley, and the Faculdade de Engenharia da
Universidade do Porto, the institution where this dissertation is developed.

In a world where culture is of major importance to society, having the ability to provide custom
experiences to museum visitors becomes a critical step in the dissemination of cultural knowledge
across multiple areas. In the Co6a Valley, rock engravings are located outdoors scattered across
different locations with various accessibility levels and may appear overlapped with each other,
becoming harder to identify and visualize by visitors on their own. Furthermore, visiting the

engravings is currently a one-time experience, meaning that if someone wants to revisit them,

!InfoPortugal homepage: https://infoportugal.pt/
2Cda Museum homepage: https://arte-coa.pt/
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the content will be the same as on the last visit. To address these problems, mobile AR can be
introduced to museum visits. In the case of the Vale do C6a museum, an AR app would allow
visitors to better identify engravings since they could be highlighted on the app when pointing the
camera at the rock they are inserted in, to receive extra information on the physical content via
text, video or images, and to customize their experience by choosing which content to receive on
the app. Moreover, it would be beneficial for the museum itself as the content of visits could be
renovated and changed periodically through the use of animations and other digital content. On the
technical side, this dissertation aims to explore the issues and limitations of applying Augmented

Reality to flat rock engravings.

1.2 Research Questions

This dissertation aims to answer the following research questions:

* RQ1: What are the issues of applying AR to flat rock engravings, especially in outdoor

conditions, and how can these issues be mitigated?

¢ RQ2: Can a mobile AR application help rock engravings visitors better visualize and

understand rock art in an interactive, intuitive and simple way?

* RQ3: Can AR improve the experience of the Coéa Valley engravings visitors and is it

feasible to apply AR to that context?

1.3 Objectives

The objectives of this dissertation are the following:

* Identify the limitations and issues of the application of Augmented Reality to flat rock en-

gravings.

* Prototype and test a mobile Augmented Reality application that explores AR digital content

to be applied on top of rock engravings.

» Evaluate how a mobile Augmented Reality application can improve the cultural experience

of the Cda Museum visitors

1.4 Document Structure

Chapter 1 contains an introduction to the dissertation, explaining its context and motivation, the
research questions it tries to answer and the objectives of the project. This is followed by chap-
ter 2 which contains the bibliographic review, exploring AR in general as well as its application
to tourism and culture. In addition, work related to this dissertation is researched and presented

in this chapter. The developed solution’s architecture and specifications are detailed in Chapter
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3, including the application requirements and the user interface design. Chapter 4 describes the
solution, providing implementation details and approaches used to improve the application’s per-
formance. The solution was evaluated and the results are presented in chapter 5, along with an
analysis. Finally, chapter 7 states conclusions regarding the work carried out for this dissertation,

as well as improvements and future steps in the development of the solution.



Chapter 2
Bibliographic Review

This chapter goes through the available information and state-of-the-art related to the scope of this

dissertation.

2.1 Introduction

Although Augmented Reality is widely researched, its application to outdoor scenarios over rock
surfaces, often not entirely flat, is not a thoroughly investigated area and presents growth and
development potential.

The first section of this chapter will focus on AR as a technology, defining it and detailing
its types and areas of application. Furthermore, it will cover the currently available AR technolo-
gies and frameworks and highlight future developments and investigation ideas for this field of
research. The application of AR to the tourism and culture fields will be explored in the second
section, focusing on the improvements AR applications can bring to cultural experiences, espe-
cially rock engraving visits. Finally, the third section will discuss the current state of outdoor

scenarios application of AR.

2.2 Augmented Reality

2.2.1 Definition and History

The term "Augmented Reality" was first introduced to the world in the 90s with the work of Tom
Caudell [1] for Boeing Computer Services ', introducing the idea of having digitally assembled
information being presented to the user as part of the real world. In this case, the goal was to
enable "a factory worker to view index markings or instructions as if they were painted on the
surface of a workpiece" [1], using a Head-Mounted Display to track the user’s head position and
orientation. One of the main advantages of AR, when compared to Virtual Reality (VR), presented

in Caudell’s work [1], was that it is much less expensive computationally since there is no need

Boeing Homepage: https://www.boeing.com/
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Figure 2.1: The KARMA prototype

to render a complete virtual environment, but only parts of it. The authors noted hardware design,
difficulties in position and orientation sensing, and, most importantly, registering a user and its
sensors’ positions as significant issues in developing complex AR systems that required further
research.

In 1993, Steve Feiner [15] developed the KARMA (Knowledge-based Augmented Reality for
Maintenance Assistance) prototype system which proved to be a major contribution to the field
of AR since it was the first practical system that demonstrated the potential benefits of AR ap-
plications. This system relied on a see-through HMD with a small display capable of generating
low-resolution red virtual images and a set of three-dimensional trackers to provide the user with
virtually generated instructions to perform maintenance actions on a laser printer. These instruc-
tions would be shown in the HMD’s display, overlapping the user’s vision and appearing as if
placed in the real world. Figure 2.1 shows the HMD used in the KARMA project as well as the
graphics presented to the user virtually as instructions.

The most consensual definition of AR arose in 1997 by Ronald Azuma [3], who broadly
defined AR as "a variation of virtual environments (VE), or virtual reality as it is more commonly

called". According to Ronald Azuma [3], an AR system has three characteristics:
1. Combines real and virtual environments.
2. Incorporates real-time interaction.
3. Is registered in the three-dimensional space.

In 1994, AR was used in the entertainment industry for the first time by producer Julie Martin who
created a theatrical performance called "Dancing in Cyberspace" in which dancers would interact
with virtual objects on stage and it was in 1998 that AR was first introduced to the sports field
when the NFL placed a virtual yellow line in a broadcast denoting the first down line.

The first AR framework, called ARToolKit > was developed by Kato and Billinghurst in 1999
[24] and released to the public as an open-source project in 2001.

In a paper published in 2000, Thomas et al. [40] present the first application of AR to the
gaming industry with the ARQuake® project. This project aimed to produce a version of the

2 ARToolKit Homepage: http://www.hitl.washington.edu/artoolkit.html
3 ARQuake Homepage: http://www.tinmith.net/arquake/
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popular desktop game Quake based on AR where the user would use an HMD to see the game’s
objects, like monsters, in the real world, as shown in figure 2.2. ARQuake used ARToolKit [24]
as the basis of its optical tracking system which relied on fiducial markers, "known-sized squares
with high contrast patterns in their centres" [40] to calculate the orientation and distance of objects.
Although the project was not completed at the time of paper submission, ARQuake continued to

be developed and was eventually released to the public.

Figure 2.2: ARQuake game

The year 2006 saw the release of the first mobile AR game, ARTennis, developed by Henrys-
son et Al. [20], available only for Nokia phones. The game used a set of markers on a table to
determine each player’s phone position and orientation relative to the table and to display a virtual
tennis court on the players’ phones, which can be observed in figure 2.3. The user feedback re-
ceived by this project was very positive, which contributed to the subsequent rise of mobile AR’s

popularity.

Figure 2.3: ARTennis application on a Nokia device

From then on, the area of AR continued to grow with new features being introduced and device
support being increased, reaching a point where almost any mobile device available in the market
today is capable of running AR applications. Although the central area of growth was mobile AR,
pervasive AR, which usually relies on wearable devices like Head-Mounted Displays, has also
been growing with improvements being applied to these devices. One such example is the work
carried out at Cambridge University by Shrestha et al. [38] that focused on improving the comfort

of HMDs, which led to a significant reduction in the side effects of using these devices.
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2.2.2 Types of AR

AR applications can be classified into different types according to the type of display, the way the

camera’s pose is estimated, and the kind of tracking used.

2.2.2.1 Display and Tracking

According to the type of display device used by an AR application and the type of tracking used, it
can be classified into two types, Mobile Augmented Reality (MAR) [22] or Pervasive Augmented
Reality (PAR) [19].

MAR is based on mobile devices, like tablets or smartphones, using their cameras and sensors
to capture and shape the real-world environment. In recent years, hardware improvements to
mobile devices have significantly contributed to the growth of MAR, enabling mobile devices to
perform essential tasks to AR applications, like tracking and registration operations [34]. The
goal of MAR applications is to provide the user with short, interactive and mobile AR experiences
without always considering the context of interactions.

On the other hand, PAR aims to provide users with a "continuous, omnipresent, and universal
augmented interface to information in the physical world" [19]. For this, PAR systems need to
capture the context where the user is inserted and adapt to it. Changes to the user’s context should
also introduce changes to the AR system’s behavior, to make the experience as smooth and seam-
less as possible. PAR makes use of Head-Mounted Displays, sensors and wearable computers
[40] as its hardware basis to achieve higher accuracy and performance than MAR technologies,
although losing on the mobility aspect. Furthermore, using HMDs improves the user’s comfort in

long AR experiences.

2.2.2.2 Pose Estimation

In the work developed by Zendjebil 1. et al. [46] in 2008, AR is classified into two types based on
the camera pose estimation technique: Marker-based and markerless methods.

Marker-based methods use markers to estimate the position and orientation of the user’s cam-
era. The markers have to be easily detected and the application needs to know their positions a
priori to be able to estimate the camera’s pose. Markers are usually square or circular and in-
clude a pattern with a code used for recognition. Figure 2.4 shows circular and square markers
examples. Gherghina et al. [18] propose a mobile AR system that uses QRCodes as markers,
projecting digital content on top of those markers. Marker-based methods became popular with
the ARToolKit framework, achieving great success in the AR community. Zendjebil et al. [46]
point to the need for artificial markers to be placed in the real world as the main disadvantage of
marker-based methods since it might not be possible to do so.

On the contrary, markerless methods rely on natural features already present in the real-world
environment, do not require any artificial markers and detect a real-world object by their geo-
metrical parameters, such as corners or edges. The camera’s pose is then estimated concerning

the natural features seen in the real-world environment. Huang et al. [21] used markerless AR
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Figure 2.4: Examples of markers used in marker-based methods

techniques to develop a piano teaching system in which the main features of the piano were de-
tected and used to estimate the user’s position relative to the piano itself. The main advantage of
markerless methods is that there is no need for artificial markers, widening the range of applica-
tion for markerless AR applications. However, as pointed out by Chen et al. [9], these methods
require higher computational complexity, which may limit the range of devices capable of using

markerless AR techniques.

2.2.3 Areas of Application

Over the years, Augmented Reality has proved to be a powerful technology being applied in many
different areas, improving user experience in various ways. According to the study carried out by
Swan et al. [13], in which the authors analyzed papers related to AR that involved user studies,
there are nine main application areas for AR: 1) collaboration, 2) education, 3) entertainment and
gaming, 4) industrial, 5) interaction, 6) medicine, 7) navigation and driving, 8) perception, and 9)
tourism and exploration. Table 2.1 shows the number of papers reviewed by the authors as well as

the most common type of display used in each AR application area.

Area of Application Number of papers Most common type of display

Collaboration 12 HMD/Handheld/Desktop
Education 42 Handheld
Entertaiment and Gaming 14 Handheld
Industrial 30 HMD
Interaction 67 HMD/Handheld
Medicine 43 Desktop
Navigation and Driving 24 Handheld
Perception 51 HMD
Tourism and Exploration 8 HMD/Handheld/Desktop

Table 2.1: Results of the study by Swan et al. [13]

Out of these areas, perception and interaction are the broadest, including AR projects in a
range of different domains and with various goals. Along with these two, Education and Medicine
are the most researched areas. On the other hand, Tourism and Exploration and Collaboration are

the less investigated and researched categories. According to the authors, these areas present many
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opportunities for user studies and AR projects. Handheld devices are the most common type of
display in the majority of areas. HMDs are the most used display devices in the Industrial area,
due to most applications in this domain requiring the use of both hands, making handheld devices
unusable. In the Perception domain, HMDs are preferable when the goal is to offer users a highly
immersive experience, as is the case in most projects in this area. In the Medicine area, desktop
displays are the most common, not disturbing the doctor’s view and not adding any additional
load. This dissertation is included in the Tourism and Exploration area, one of the less researched
categories. In this area, most projects were museum-related and were usually carried out in indoor
scenarios. The authors note the potential evolution of this area for AR applications, with handheld
devices being the preferred type of display due to them being currently easily accessible and easy

to use.

2.2.4 Augmented Reality Systems

Augmented Reality systems contain four key components, as mentioned by Rodrigues [36]: 1)
camera, 2) display device, 3) graphics system, and 4) tracking system. The camera is responsi-
ble for capturing the real-world environment and can be integrated into the display device, like
smartphones, tablets, or external devices. The display device is used to show the user the AR
experience’s result, combining the real-world information captured by the camera and the digital
content displayed on top of it. The graphics system computes all the generated graphics and uses
the information provided by the tracking system, which tracks the user’s position and orientation

in relation to the scene, to render virtual objects correctly.

2.2.5 AR Hardware

According to the study developed by Kim et al. [26], AR hardware platforms can be classified into
five different categories: 1) computers with webcam, 2) smartphones, 3) Head-Mounted Displays,
4) glasses, 5) haptic devices.

The combination of computers and webcams is the most accessible AR setup for most peo-
ple. However, it offers little mobility to the AR experience due to the fixed nature of computers.
Because of this, AR applications that use computers and webcams typically use marker-based
methods for pose estimation. Mobile devices, including smartphones and tablets, are currently the
most common way to access AR experiences using marker-based and markerless methods. De-
spite these devices offering excellent mobility to the AR application, they may lack computational
resources compared to other hardware platforms. However, mobile devices are becoming a more
prominent source of computational power, and the tendency is for the mobile industry to continue
rising and for devices to improve. HMDs are used in long and continuous AR experiences due to
the better comfort they can provide to users during more extended periods of use compared to, for
example, mobile devices. Since they extend the user’s vision, HMDs are great for immersive ex-

periences. The most significant disadvantage of these devices is their need for external equipment
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and sensors, which can limit the AR experience to small areas. Smart glasses are still an uncom-
mon technology, although they have been gaining market traction. This type of device aims to give
the user a continuous and personalized experience based on their context. Finally, haptic devices
are a standard technology in video game consoles like the Nintendo Wii or the PlayStation4 and
extend the AR experience with synthetic haptic interactions, like tactile feedback, enabling the

user to touch virtual objects.

2.2.6 AR Software

AR Software Development Kits (SDKs) were created to facilitate AR applications’ development
and allow developers to abstract their work from the low-level aspects of the technology. An
analysis of some of the AR SDKs available in the market will be presented in this subsection,
comparing various aspects of the most common ones. Since this dissertation aims to develop a
mobile AR application, the analysis will focus only on SDKs that support mobile development and
are compatible with the Unity* game engine since it will be used to develop the mobile application.

The criteria used for the comparison were the following:
* Price
* Documentation
* Supported Tracking Methods
» Compatibility with Unity
* Supported Platforms

Table 2.2 compares seven AR SDKs (ARToolKitS, Vuforia®, Wikitude’, Kudan®, ARCore’,
ARKit'” and EasyAR'") based on these aspects.

ARToolKit, Vuforia, Wikitude, and ARCore are the most robust and efficient SDKs for this
project and all have been used successfully in the past in similar projects [8, 37, 17]. Wikitude is
the most complete SDK explored, including various advanced features like location-based tracking
using the phone’s GPS sensor and compass, but its main disadvantage is that the free version
includes a watermark in the camera view, needing a paid license for it to be removed and for the
app to be deployed. On the other hand, ARCore is completely free, has extensive documentation
supported by a big community background, and is targeted at beginners. Both ARToolKit and
Vuforia display great performance when applied to rock engravings, as shown by Blanco-Pons et

al. [7], and are capable of handling outdoor conditions well.

4Unity Homepage: https://unity.com/

5 ARToolKit Homepage: http://www.hitl.washington.edu/artoolkit.html
SVuforia Homepage: https://developer.vuforia.com/

7Wikitude Homepage: https://www.wikitude.com/

8Kudan Homepage: https://www.kudan.io/

9 ARCore Homepage: https://developers.google.com/ar?hl=en

10 ARKit Homepage: https://developer.apple.com/augmented-reality/arkit/
TEasy AR Homepage: https://www.easyar.com/
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SDK Price Documentation Tracking Methods Unity Platforms

. ) Marker-based Android
ARToolKit Free Extensive Markerless Yes :0S

Vuforia Free/Paid Plans Extensive Marker-based Yes Al.ldmld
Markerless 10S

Wikitude | Free/Paid Plans Extensive Marker-based Yes Agdrmd
Markerless 10S

. .. Marker-based Android
Kudan Free/Paid Plans Limited Markerless Yes .08

. Marker-based Android
ArCore Free Extensive Markerless Yes .0S
ARKit Free Extensive Marker-based Yes 10S

Markerless

. .. Marker-based Android

EasyAR | Free/Paid Plans Limited Markerless Yes .0S

Table 2.2: Comparison of AR SDKs

In order to decide which SDK to use in this project, these four SDKs will have to be tested and
compared thoroughly in the context of the Vale do Cda engravings.

2.3 AR Applied to Tourism

This chapter starts by discussing the use of mobile AR applications in the tourism domain, fol-
lowed by an analysis of the benefits of MAR in cultural visits.

As presented in section 2.2.3, Tourism and Exploration is one of the areas of application of AR.
Although it is a less explored and researched area than others, like Education or Gaming and En-
tertainment, this application area has been growing in interest recently as the importance of digital
innovation in tourism is becoming more noticeable. The augmented reality experience in tourism
is defined by Yovcheva et al. [45] as a "complex construct which involves the emotions, feelings,
knowledge and skills resulting from the perception, processing and interaction with virtual infor-
mation that is merged with the real physical world surrounding the tourist" and Garcia-Crespo et
al. [16] state the need for dynamic and integrated services in the tourism industry.

Tomicic et al. [25] identify five dimensions that directly influence the success of AR appli-
cations in the tourism domain: 1) general requirements, 2) functionalities, 3) issues, 4) overlay
types, and 5) technologies. The critical requirements for tourism AR apps include the applica-
tion’s dynamics, interactivity and entertainability, the connection between the user’s context and
the content provided by the application, and an intuitive user interface with simple navigation.
The functionalities should include browsing and searching for specific content, map browsing,
routing and navigation, and a direct connection to service providers and other users. The overlay

types refer to the media to be digitally rendered on top of the real-world environment and include
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text, graphics, videos, sounds and haptic interactions. The issues dimension is related to the hard-
ware requirements, user safety and comfort, and accessibility. Finally, technologies refer to the
characteristics of the devices used by the applications, like the available sensors and the size and
resolution of the screen for mobile devices.

Williams et al. [44] propose and evaluate a MAR application, ToARist, capable of showing the
user tourism routes and points of interest, augmenting them with digital information, as shown in
figure 2.5. The results obtained were positive, with several users claiming their increased interest

in exploring certain areas if they had access to the application.

Figure 2.5: ToARist MAR application

2.3.1 Mobile AR Applied to Cultural Visits

Cultural sites represent valuable sources of knowledge and history that can highly influence the
visitor’s perception of the world and society. Furthermore, De Benedictis et al. [12] mention the
importance of cultural experiences in the development of creativity and in enriching knowledge,
denoting cultural experiences as "a stimulating starting point for learning". Simple physical visits
have been decreasing in popularity, especially among the younger generations, which led cultural
organizations to look for alternative ways to improve the visitor’s experience. Both VR and AR
arise as possible solutions to this problem, increasing the visitor’s immersion and interactivity
with the cultural site and, ultimately, improving the overall experience. Although VR can achieve
higher levels of immersion than AR, it is also seen as a threat to travel, as stated by Cheong [10],
since one can recreate any tourist destination using VR technologies. For this reason, AR seems
more suitable for cultural visits, enabling the visitor to interact with the natural environment while
still being able to visualize digital content. As mentioned by Liang & Elliot [30], "AR might be
more suited to enhancing (co-creation) rather than replacing the visitors’ experience" and enables
users to experience cultural items in different ways [6].

According to Vlachos et al. [42], AR applications in the cultural heritage domain can be clas-

sified into five types: 1) educational, providing historical knowledge about the cultural site to the
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user, 2) exhibition, to increase the immersion and overall experience of content visualization, 3)
exploration, allowing the user to explore current and older versions of the site, 4) reconstruction,
providing interaction with historical versions of the cultural site by offering digital reconstruc-
tions of it, and 5) virtual museums, presenting information about the cultural site in a museum
environment.

The application of AR to cultural visits has been explored in different contexts. Falomo et
al. [14] developed a mobile AR application for the Pavia University History Museum ' to pro-
vide additional information regarding the exhibited items to visitors. Users could download the
application to their smartphones and use the markers placed at multiple points of the museum
to trigger the virtual display of information about specific museum items on their phones. The
results were positive as visitors showed appreciation for the app and primarily provided positive
feedback regarding the application’s usability and usefulness. Figure 2.6 demonstrates how the

MAR application works.

Figure 2.6: AR application for the Pavia University History Museum

Directed more towards open cultural heritage sites rather than indoor museums, the ARCHEOGU-
IDE project [43], by Vlahakis et al., presents a mobile AR application that aims at personalizing
cultural site visitors’ experiences with a virtual guide and tour assistant. The authors tested the
application in the ancient city of Olympia, Greece. Apart from providing on-site help to visitors,
the application can display reconstructions of ruins and monuments as well as animations. One
example is the display of collective sports animations at the stadium of Olympia, which shows the
users how various sports were played in ancient times using digital representations of athletes, as

shown in figure 2.7.

2.4 Related Work

The application of AR to archaeology is a fast-growing area that has seen a significant increase in

research volume over the past decade. In rock art sites, AR has been used to explain and annotate

12p4via University Museum Homepage: http:/musei.unipv.eu/msu/home-eng/
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Figure 2.7: Virtual athletes running in the Olympia stadium

rock engravings, thus enhancing the visitors’ experience.

There are three main issues related to AR applied to rock engravings: 1) which type of pose es-
timation method should be used: marker-based or markerless, 2) overcoming unstable and chang-
ing outdoor conditions, and 3) detecting rock engravings at different distances and angles. The

following subsections will further explore these three aspects in the following subsections.

2.4.1 Pose Estimation: Marker-based or Markerless

Rock art sites are usually protected places with restricted access for preservation purposes. This
invalidates marker-based methods as an option for pose estimation since placing artificial markers
would alter the site’s environment. Therefore, markerless methods are preferable for this type of
application.

Markerless methods can be divided into two categories [7]: model-based and feature-based.
While model-based methods use 3D models of the scene to estimate the user’s pose and are usually
found in the context of museums or controlled environments [11, 31], feature-based methods [8,
33], also called Natural Feature Tracking (NFT), rely on the detection and recognition of natural
features present in the real environment. Since rock art is usually found in flat rocks, NFT is
the preferred method for AR applications in this area since the stones can generally be assumed
as 2D planes in a 3D environment. The challenge with markerless methods applied to rock art
is, according to Blanco-Pons et al. [7], "to recognise enough features in a real environment to
determine the pose and orientation of the camera in real time", which becomes complex in most
rock art sites due to the faintness of engravings and poor lighting conditions often found in these

places.

2.4.1.1 Natural Feature Tracking

Natural Feature Tracking (NFT) compares and matches the features gathered in real time by the
user’s device to previously computed feature vectors obtained from reference images. Therefore,

NFT requires a dataset of reference images from which keypoints are extracted to be stored offline
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in a feature database. NFT methods are divided into three phases [41]: 1) extraction, 2) description,

and 3) matching.

Acquired
Image

Reference

Image Feature extraction

Feature description

Feature N No match )
Matching Fail
database

Match found

Pose
estimation

Figure 2.8: NFT system

As shown in figure 2.8, there are two different pipelines until the matching phase, one for the
reference image and the other for the real-time acquired snapshot. The reference image is obtained
offline and used to extract the natural features of the scene, which are then stored in a feature
database as vectors. The real-time acquired snapshot starts by going through a feature extraction
or keypoint detection phase, with the goal of "finding pixels which have different appearance
from other pixels", as mentioned by Uchiyama and Marchand [41]. Following that, in the feature
description phase, a feature vector is computed from the keypoints gathered previously. Finally,
both pipelines join in the matching phase, in which the keypoints obtained from the acquired
image are compared and matched to the features extracted from the reference image. If the feature
database does not contain a feature vector similar enough to the keypoints found in the acquired
image, the matching phase fails. On the other hand, if a match is found, the user’s pose can be

estimated.

2.4.2 Handling Outdoors Conditions

Rock art can be found indoors, usually in museum settings, and outdoors, in their original loca-
tion. While AR applications easily handle indoor scenarios due to the controlled nature of the
environment and its conditions, using AR outdoors is a significantly more difficult and complex
task. Ronald Azuma [4], in 1999, determined three major obstacles to the application of AR in
outdoor scenarios: 1) size, weight and power issues with the devices used, 2) display settings, and

3) tracking. These three issues will be explored in detail in the following subsections.

2.4.2.1 Size, Weight and Power Issues with AR Devices

The use of AR in outdoor scenarios usually requires users to move around, requiring that the
devices used for the AR experience are easily transportable and comfortable to use. This used to be
a problem when AR was mostly based on computers and sensors due to the lack of mobility offered

by these devices. However, nowadays mobile devices have enough computational power and are
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equipped to execute AR applications easily, presenting a lighter, smaller and mobile alternative
to computers and external sensors. Although mobile devices are not able to reach the levels of
tracking accuracy of fixed AR setups, most outdoor AR applications can support some tracking
inaccuracies, making mobile devices like smartphones and tablets the preferred type of device for

outdoor AR experiences.

2.4.2.2 Display Settings

In outdoor environments, conditions cannot be controlled, as mentioned by Blanco-Pons et al. [7],
which affects the tracking of features and increases the load on the AR display, since it needs to be
able to work across a range of different conditions. Since engravings are situated on rock surfaces,
their surroundings usually present similar colors, increasing the difficulty of their detection and
visualization, which becomes an even more complex task once the scene’s brightness and contrast
are taken into account. One way to mitigate the unstable nature of these conditions is, for each
rock engraving, to populate the reference images dataset with pictures taken in different states.
For example, in the approach used by Tsigkas et al. [33], pictures were collected at four different
times of the day with varying lighting settings. From a different perspective, Blanco-Pons et al. [7]
artificially implemented the same idea by editing the pictures in Adobe Photoshop '* and changing
their exposure, therefore simulating different lighting conditions.

Both studies mentioned before [7, 33] achieved outstanding results in handling outdoor condi-
tions. While Blanco-Pons et al. were able to mitigate the problems introduced by varying lighting
settings and occlusion of the target, Tsigkas et al. explored other types of outdoor conditions apart
from lighting, such as wet weather and the presence of falling leaves. From these two studies, we
can conclude that the existing AR frameworks are capable of handling outdoor conditions, with

good prospects regarding the evolution of technology in this area.

2.4.2.3 Tracking

The tracking of objects in a scene and the user’s position can be achieved with great precision
in indoor settings due to the controlled nature of the environment. The objects to be tracked can
be modified to be more easily distinguishable from the background or the background itself can
be changed to offer better tracking conditions. However, this is often not the case in outdoor
scenarios, as the background can usually not be changed and there might be restrictions to the
modifications that can be done to objects. One example of this, mentioned by Ronald Azuma [4],
is a military AR application, in which would be unrealistic to have soldiers wear bright clothes or
stamp markers in their uniforms to help the AR tracking system. However, there are some ways

to improve tracking in outdoor scenarios.

* Vision-based tracking: Based on object recognition techniques, vision-based tracking makes
use of 2D images to detect and recognize objects in the scene. This technique extracts

features from the provided images which are then matched to 2D views of 3D models, as

13 Adobe Photoshop Homepage: https://www.adobe.com/pt/products/photoshop.html
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mentioned by Beier et al. Through the matching of the extracted features with the camera
view, captured in real time, it is possible to determine the camera’s trajectory in relation
to the scene [39]. The main disadvantage of this tracking method is its inherent slower
performance when compared to other tracking techniques, like inertial tracking. Although
this is a critical problem for applications that require the user to perform fast movements, it

does not pose problems to applications that only require limited movement of the camera.

* GPS and compass: One way to determine the user’s position and orientation is to use the
GPS sensor present in most mobile devices nowadays along with its compass. GPS can be
used to determine the user’s coordinates in the world while the compass can calculate the
device’s orientation. This approach was used by Zhang et al. [47] to track rock paintings
located in high positions in the Helan mountain, China. Although 67% of the users that
tested the application developed by Zhang et al. felt that the application was stable and
presented high accuracy, the authors denote the lack of precision achieved by the GPS tech-
nology. Furthermore, since compasses work by measuring the Earth’s magnetic field, they
are prone to error in the presence of other magnetic fields, providing incorrect orientation

results, which might pose a problem in some locations.

* Inertial tracking: Based on accelerometers and gyroscopes, inertial tracking is mostly im-
mune to environmental changes. Accelerometers obtain the user’s three translational co-
ordinates while gyroscopes provide the rotational angles, achieving a tracking system with
six degrees of freedom. Inertial tracking has the advantage of providing great results when
fast movements occur, contrary to, for example, vision-based tracking, which is slower. The
problem with inertial sensors is the accumulation of error with time, as mentioned by Azuma
[4]. Sensor noise and drift can lead to small orientation and position errors that might not
pose problems to the tracking system in an initial stage, but after some time they may ac-
cumulate, increasing the overall error of the system by a significant amount. Lang et al.
[27] propose an inertial tracking system for MAR. In the article, the authors discuss a way
to correct the drift generated by the inertial sensors using an external vision-based tracking

system to compensate for the inertial error.

* LiDAR sensors: According to Li et al. [28], "Light detection and ranging (LiDAR) technol-
ogy enables the accurate determination of an object’s distance (and velocity) information".
Although this technology is widely used in areas like robotics and meteorology, its applica-
tion to AR is still rather unexplored due to the unavailability of integrated LiDAR sensors
in devices used for AR applications, like smartphones or computers. LiDAR technology is
able to construct a point clouds of the environment, which can later be used to match with
features extracted from 2D images, thus tracking the device’s camera position [29]. The
main problem with this technology is, as mentioned before, the unavailability of integrated

sensors in most devices, leading to the need of external sensors in order to use LiDAR for
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AR. However, such integrated sensors are already available in the most recent Apple smart-
phones and tablets and are currently used to enhance these devices’ AR capabilities with

great success.

* Hybrid Techniques: Hybrid tracking techniques try to join the advantages of vision-based
and inertial tracking while mitigating the issues of both methods. As mentioned by Ribo et
al. [35], "Vision-based tracking systems often fail to follow fast motion, especially as the
camera rotates", even though they are very stable and accurate on the long term. On the
other hand, inertial tracking systems can handle fast camera motions but lack stability over
longer periods of time due to sensor noise and drift. The idea of hybrid tracking is to fuse
the two methods to compensate for each of their weaknesses. The vision-based system can
be used to correct the inertial tracking’s sensor drift while the inertial system is used to aid

the vision-based method with fast camera movements [23].

2.4.3 Detecting Rock Engravings at Different Distances and Angles

Rock engravings are found in various locations in the wild, some of them inaccessible to visitors,
which introduces a critical problem to their accurate detection: the AR application needs to be
able to detect engravings at different distances. Most engravings are found near the ground, where
visitors can get close to and use the AR application at short distances. However, some engravings
are located in remote places, whether in very high spots or areas of dangerous access to visitors.
Zhang et al. [47] propose a solution for this problem that uses the GPS and compass sensors
available in smartphones to calculate the device’s orientation for long-distance engravings. The
application developed by Zhang et al. for this study [47] is divided into two stages. The first
stage consists of a navigation map that shows the user where each rock painting is located. In
the second stage, paintings are divided into two types based on their distance to the user, and a
distance threshold is used to classify paintings as short-distance or long-distance. NFT is used to
detect and recognize short-distance paintings since this method presents great accuracy in short
distances. On the other hand, for paintings located at longer distances, it is impossible to capture
them with enough resolution for the NFT method to work correctly. To solve this issue, the pitch
and yaw of the user’s smartphone are obtained from its compass and turned into a direction vector.
This is then used to calculate the angle between the mobile device and the painting, determining
whether the user is oriented toward the target painting. In a study carried out in 2019, Blanco-
Pons et al. [7] investigate and compare the performance of two AR frameworks, Vuforia'* and
ARToolKit!"”, at detecting images over multiple distances, concluding that the Vuforia SDK is

faster and more stable across all the distances tested.

“Vuforia Homepage: https:/developer.vuforia.com/
15 ARToolIKit Homepage: http://www.hitl.washington.edu/artoolkit.html
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2.4.4 Examples

Many different studies have been conducted in this area [32, 8, 2, 33, 37], considering different
approaches and applications of AR to rock art sites across the world. Mosha et al. [32] propose
a MAR application for the rock art located in the Brandberg mountain, in Namibia, aiming to
complement the local tour guides, give users more context on the origin and history of the rock
art pieces and provide visitors with virtual reconstructions of rock engravings that are currently
damaged or fading away. Blanco-Pons et al. [8] designed and implemented an application for the
Cova dels Cavalls rock art in Valencia, Spain, achieving excellent results among users, who, in
their majority, claimed that the application helped better visualize rock paintings and understand
the context of the scene. Abergel et al. [2] explored the use of AR for rock art annotation using
the SLAM algorithm, testing and evaluating the developed solution on around 180 French rock
art sites. Tsigkas et al. [33] focused their work on the archaeological site at Vathy, Astypalaia,
Greece, exploring ways to detect rock engravings using markerless AR methods. Two detection
methods were tested and compared, one based on a deep learning approach and the other based on
feature points detection. Zhang et al. propose "an outdoor augmented reality guidance system for
ancient rock painting aiming to enhance tourist experience and introduce the culture and histori-
cal background" [47]. The developed mobile AR application targets the rock paintings in Helan
Mountain, China, and includes a navigation map showing the visitor where paintings are located.
Furthermore, it accurately identifies rock paintings in the wild and overlaps digital content, like
annotations or images, on top of them in an interactive way. Finally, Aliisa Ramark [37] inves-
tigated how AR could be applied to the Tanum World Heritage'® site, in Sweden, as a means to

increase accessibility and heritage value.

2.5 Conclusions

Tourism and culture can benefit significantly from AR applications, increasing the interactivity
of cultural visits across all age groups. Although there are some studies about the application
of AR to these domains, AR research has primarily been focused on other areas, like education
or entertainment. Since rock engravings are not always clear to visitors, rock art sites are great
candidates for MAR applications that can improve the visualization and understanding of such art.

As mentioned in this document, the application of AR to rock engravings has three main prob-
lems: pose estimation methods, handling outdoor conditions, and detecting rock engravings at
different distances and angles. To decide which pose estimation method to use, on-site tests will
have to be carried out to understand the feasibility of using markers and compare the performance
of marker-based and markerless methods in different conditions. Regarding the handling of out-
door conditions, reference images will be collected on-site at different times of the day and with

varying settings of lighting to improve the accuracy of feature detection and different tracking

16Tanum World Heritage site Homepage: https:/whc.unesco.org/en/list/557/
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methods will be tested. Finally, to overcome the problem of detecting engravings at different dis-
tances and angles, the reference images dataset will also consider this, including reference images
taken at varying distances and angles for each rock engraving. With this, we hope to achieve
enough accuracy to provide the users with a good experience using the mobile application.

The solution proposed in this dissertation aims to provide the visitors of the Cda Valley rock
engravings additional information to complement the guided tours already available. This will be
achieved through a MAR application that detects rock engravings and displays digital content in
the form of text, images or animations on top of them. Furthermore, the application should be
able to outline the engravings captured by the mobile device’s camera to assist the user in their
visualization. The user interface should be simple and intuitive to be used by all age groups.

The result of this dissertation should be a functional prototype of the application mentioned
before. The prototype should be tested and evaluated in different scenarios and by different types

of users.



Chapter 3
Architecture and Specification

This chapter delves into the architecture and specification of the application developed in the
context of this dissertation, taking into account the research questions and the objectives proposed
in sections 1.2 and 1.3. A brief description of the developed solution is presented in section 3.1.
The rock art site chosen to test the application is detailed in section 3.2, followed by section
3.3, which specifies both the functional and non-functional requirements. The architecture of the
developed solution is described in section 3.4. Finally, section 3.5 targets the crafting of the user

experience, emphasizing on the interfaces used.

3.1 General Description

Using AR to help with the visualization of rock art can improve the experience of museum and
cultural site visitors, enabling them to better understand and interpret the context and background
of the art, as well as better identify specific rock engravings. Such an application should be
available on mobile devices, given that many rock art sites are located in remote areas. Users
should be able to use the mobile AR application to locate and outline engravings on rocks and this
process should be intuitive and simple. Furthermore, being able to select and separate engravings
enables new features, such as the display of animations, additional information about the selected
engraving, and 3D visualizations. The application testing location and requirements were defined
at the beginning of the project, although some changes were introduced to the latter during the

development phase.

3.2 The Penascosa Rock Art Site

Since rock art sites are usually located in remote places, it was decided that the developed solution
would target a single one, the Penascosa rock art site. Located in Vila Nova de Foz C6a, it contains
36 rocks with ancient engravings, of which five are accessible to the public. The site is located
in the right bank of the river C6a and is only accessible by jeep due to the mountainous terrain

between the nearest village and the site itself.
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This solution focuses mostly on rock number 6 of this site, which can be seen in Figure 3.1.

Figure 3.1: Rock number 6 of the Penascosa rock art site

This rock contains four engravings, representing two horses and two goats.

3.3 Application Requirements

The definition of application requirements was a continuous process throughout the development
of this dissertation. The final list of requirements was reached after an iterative process of re-
quirement analysis carried out with the help of the client. The next two sections present the

non-functional and functional requirements for the prototype.

3.3.1 Non-Functional Requirements

Table 3.1 shows the non-functional requirements of the application.
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ID Description Priority

NFO1 The mobile application should work on all Android devices with a minimum high
API level of 24 (Android 7.0 Nougat)

NFO02 The device used must have a camera and the application must have permission high

to access it
NFO03 The user should be able to move without losing the experience high

NF04 Adding new information, animations, 3D models and other assets to the appli- high
cation should be simple

NFO05 The codebase should be easy to extend to other rock art sites high

NF06 The application should fully work without an internet connection high

Table 3.1: Non-Functional Application Requirements

3.3.2 Functional Requirements

The functional requirements of the application are displayed in Table 3.2.

ID Description Priority
FO1 Detect and track rock engravings on the scene using reference images high
F02 Display a virtual outline of the detected engravings high
FO3  Select a specific engraving high
FO04 Display information about a specific engraving in the form of text and images high
FO5 Display 2D animations of engravings high
FO06 Color the outlined engravings medium
FO7 Detect and track horizontal planes in the scene medium
FO8 Display engraving-related 3D models on top of horizontal planes medium
F09 Control the scale and rotation of the displayed 3D models low

Table 3.2: Functional Application Requirements



Architecture and Specification 24

3.4 Architecture

The architecture of the application is shown in Figure 3.2. The application launches on the En-
gravings Detection Page, which shows the user the input from the device’s camera and detects
engravings present on the received input using an Image Tracking Module and a database con-
taining reference images. The detected engravings are then outlined and colored, making them
easier to spot by the user, who then has the possibility to select specific engravings and view them
separately from the rest. From there, the user can perform three actions: 1) view a page contain-
ing information regarding the selected engraving in the form of text and images; 2) view a 2D
animation of the selected engraving; 3) access the 3D Visualization Page. The latter uses a Plane
Tracking Module to detect horizontal planes in the real world, allowing the user to place a 3D
model of the selected engraving in one of the detected planes. The model can be controlled by the
user, who can change its scale and orientation. At any point in the application’s execution, it is

possible to return to the initial page and restart the engraving detection process.

Engravings Detection Page

Application

AR Image Tracking Reference Image
- Module N Database
User VL

Engraving Cutlining
and Coloring

]

Engraving Selection

AR Plane Tracking
Module
Additional Information Page / ‘—._‘_‘_‘_’. ‘L

3D Model Conroller

.

3D Visualization Page

Animation Player

Figure 3.2: Application Architecture

The application makes use of two different AR tracking modules, one for detecting and track-
ing reference images and another for detecting horizontal planes in the scene. Table 3.3 shows the

state of tracking modules when each application page is active.

Image Tracking Plane Tracking

Engravings Detection Page Yes No
Additional Information Page No No
3D Visualization Page No Yes

Table 3.3: Tracking states on each application page

The tracking modules are never active simultaneously due to performance and robustness rea-

sons. However, the image tracking module keeps its previous state when disabled, being able to
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recover after being suspended. Figure 3.3 shows an example of an application flow where this is

demonstrated.

Engraving Detection Page Information Page Engraving Detection Page

h

h

nageTracking

(DISABLED) Image Tracking

Image Tracking

A

h

Image Tracking State

Figure 3.3: Example of an application flow where the image tracking module keeps its state

The module starts active on the Engraving Detection Page. When the user visits the Additional
Information Page, the image tracking module is disabled but keeps its current state. When com-
ing back to the Engravings Detection Page, the module recovers its previous state and continues
execution from the point where it was before being suspended.

Contrarily, the plane tracking module does not store its state and cannot recover to a previous
point after being disabled. The main reason is the high computational overload of storing all the

objects related to each detected plane.

3.5 User Experience

3.5.1 User Interfaces
3.5.1.1 Outline Selection

After the engravings have been detected in the camera view, they are tracked by the AR tracking
module and virtual outlines of each detected engraving are shown to the user. Figure 3.4 shows an

example of how rock engravings look with and without virtual outlines on top.
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(a) Rock engravings without virtual outlines (b) Rock engravings with virtual outlines

Figure 3.4: Rock engravings without (a) and with (b) virtual outlines

In order for the user to select a specific outline to view separately, two options were considered:
1) the user would simply tap the outline he wished to select; 2) a panel containing a small picture
of each engraving would be displayed on the screen, as shown in Figure 3.5, allowing the user to

select a specific engraving from there.

Figure 3.5: Engraving selection interface

After testing both options, it was concluded that the first one was not viable. Firstly, since the
outlines are mostly thin lines, the user would have to tap the screen with a high degree of precision
to hit the desired outline, negatively contributing to the overall user experience. Furthermore, in the
case of having overlapping engravings, as is the case of Figure 3.5, there were problems identifying
which outline the user was trying to select in case the screen tap happened at a junction where two
different outlines met. Because of these reasons, the second option was preferred. Using this
option, the user is presented with a small panel on the bottom of the screen that contains a button
for each engraving detected. Users can select a specific engraving by tapping the corresponding

button in the panel.
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3.5.1.2 Engraving Information

The user is able to view information regarding a specific engraving after selecting it, in the form
of text and images. Two options for displaying this information on the screen were considered: 1)
displaying the information in the AR scene, close to the detected engraving, appearing as if the text
and images were placed in the real world, as shown in Figure 3.6; 2) displaying the information
on a different page of the application.

The first option presented several problems, namely regarding the orientation of the device’s
camera. As the text and images were placed in the AR scene, the movement of the mobile device’s
camera affected its orientation, making it difficult to read text or analyze images in some cases.
Figure 3.6 shows how the information would be displayed on the screen according to the first
option.

Lorem ipsum dolor sit amet,
consectetur adipiscing elit.
Phasellus vitae pretium tellus, id
i faucibus diam. Pellentesque
congue tristique eros, nec
ullamcorper purus vehicula ac.

Nunc vitae arcu turpis. In quis
diam commodo, maximus mi vel,
malesuada est.

Figure 3.6: Example of displaying text in the AR scene, next to the engraving

The second option, shown in Figure 3.7, presented a better alternative, allowing the user to
visualize all the information about an engraving on a single page. Furthermore, this option also
allows for better control of how the information is organized on the screen and makes it easier to

add new information.
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Lorem ipsum dolor sit amet, consectetur adipiscing elit. Phasellus vitae pretium tellus, id
faucibus diam. Pellentesque congue tristique eros, nec ullamcorper purus vehicula ac. Nunc
vitae arcu turpis. In quis diam commodo, maximus mi vel, malesuada est. Phasellus feugiat

vestibulum libero, et fermentum dolor. Phasellus fermentum vel leo ut euismod. Duis
aliquet bibendum luctus. Orci varius natoque penatibus et magnis dis parturient montes,
nascetur ridiculus mus. Quisque diam sem, ornare et metus non, viverra accumsan justo.
Quisque at eros vitae odio congue dapibus ac finibus magna. Nulla in augue sit amet sapien
laoreet suscipit non quis eros. Cras eu consequat metus.

Figure 3.7: Displaying information about an engraving on a different page

After testing both options, the second one was considered best for the user experience and

was, therefore, chosen to be implemented in the final solution.

3.5.1.3 3D Model Control

One of the aspects that enhances the user experience is the ability to control the scale, rotation
and position of the 3D models spawned in the scene. After selecting a specific engraving, the
user can choose to view a 3D representation of what is depicted in the rock. After starting the 3D
visualization process, the AR module detects the available horizontal planes in the scene captured
by the camera and the user can spawn a 3D representation of the engraving by tapping one of
the detected planes. Depending on the user’s location, the model’s original scale might have an
inappropriate size. It is, therefore, important that the scale can be controlled while using the ap-
plication. Furthermore, controlling the rotation of the spawned model is also critical in improving
the user experience.

Regarding the control of the model’s scale, two design options were explored: 1) having a
slider on the screen that allows the user to increase or decrease the size of the model; 2) having
three predefined scales that the user can choose from.

The first option, shown in Figure 3.8, allowed greater control over the model’s scale and a

higher degree of customization. However, the slider occupied a significant portion of the screen.
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(a) Scale slider showing a 3D model at (b) Scale slider showing a 3D model at
its real size a bigger size than its real one

Figure 3.8: Slider that allows the user to control the scale of the 3D model: real-size model (a);
bigger model (b)

The second option includes three buttons on the side of the screen, each corresponding to a
different predefined scale for the model, as shown in Figure 3.9. Although this option restricts the
degree of control over the model’s scale, it occupies significantly less screen space than the first
option, leaving more room for the input captured by the camera.

Scale:

SMALL

—
REAL SIZE

BIG

Figure 3.9: Predefined scales for the 3D model

The first option was considered better for this application as it provides a higher level of control

to the user, allowing a wider range of scale values to be applied.
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Regarding the model’s rotation, two design options were explored: 1) having a slider on the
screen that allows the user to rotate the model freely; 2) having the model always face the camera.
Including a slider on the interface, takes a significant amount of screen space but provides a
higher degree of control. As shown in Figure 3.10, the user would be able to rotate the model by

moving the slider.

(a) Rotation slider showing a 3D model (b) Rotation slider showing a 3D model
facing the camera at a side angle

Figure 3.10: Slider that allows the user to control the rotation of the 3D model: front-facing model
(a); side-facing model (b)

The second option has no impact on the interface, as it does not need any Ul elements. How-
ever, having the model always facing the camera introduced a major problem, only allowing the

user to visualize its front side. Because of this, the first option was preferred.



Chapter 4

Methodology/Solution

This chapter describes the methodology and the solution specified in Chapter 3, with the main
objective of enriching the experience of rock art site visitors, allowing them to better identify and

understand rock engravings.

4.1 Tools and Technologies

4.1.1 Development Environment

One of the first stages of the application development was deciding which tools and technologies
would be used to build the prototype. This decision could significantly impact both the devel-
opment process and the quality of the final solution. Because of this, various technologies were
explored and compared before reaching a final decision. Since the solution consists of a mobile
AR application, the ability to deploy and test it on a mobile device quickly was a critical aspect
that needed to be met. For this, there were two main options: 1) developing natively for Android
and i0S; 2) using an external engine, like Unity or Unreal. Option 1) has the benefit of giving
the developer full control over the AR system but presents an increased level of complexity. Fur-
thermore, there would be the need to build two different applications, one for Android and one
for i0S, since the same code cannot be applied to both operating systems. Therefore, the second
option was chosen. Using an external engine provides a higher level of abstraction to the program-
mer regarding the AR features and enables quick deployments for both operating systems without
requiring code changes. Unity was chosen out of the available engines since it works with the

majority of AR frameworks, has rich documentation, and a sizable community.

4.1.2 AR Framework

The second technological choice for the project concerned the AR platform to be used. Since it
is the backbone of the application, this decision involved testing different frameworks and com-

paring their features and performance. This section describes the process of choosing which AR
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framework to use among the two that were considered: Vuforia' and ARFoundation’. Both are
simple to integrate with Unity and include useful features for the developed solution, like Image
Tracking and Plane Tracking.

For the purpose of testing and comparing both frameworks, a small prototype was developed,
consisting of a simple mobile application able to detect and track reference images. The objective
of this prototype was to compare the image detection and tracking features of both frameworks
when used on flat rock engravings. The tests were conducted with two reference images, each

containing a different engraving from the same rock, as shown in Figure 4.1.

(b)

Figure 4.1: Reference images used in the initial prototype

4.1.2.1 Vuforia

Vuforia contains both image and plane tracking features and allows applications to be deployed to
Android and iOS.

Vuforia’s image tracking module uses Image Target Manager objects as its basis. Each of
these objects can detect one reference image in the input captured by the camera. Although this
framework successfully detected and tracked the reference image with high accuracy, it had the
drawback of requiring the creation of an Image Target Manager object for each. Since the solution
requires multiple reference images for each rock and the number of images is not the same for each
one, Vuforia’s regular image tracking module is not a viable solution. Although the framework
provides an alternative for this, the Cloud Recognition feature, able to match the camera input with
all the reference images contained in a database stored in the Vuforia Cloud servers, this feature
requires internet access. Due to the remote locations of the Cda Valley rock art sites, mobile phone
reception is frequently nonexistent, making internet access similarly nonexistent. As a result, it

was determined that the Vuforia AR framework did not satisfy the project’s criteria.

'Vuforia Homepage: https://developer.vuforia.com
2 ARFoundation package homepage: https://docs.unity3d.com/Packages/com.unity.xr.arfoundation @5.0/manual/index.html
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4.1.2.2 ARFoundation

ARFoundation is a package that allows developers to create multi-platform AR apps and, as Vu-
foria, incorporates both image and plane tracking features. By using ARCore® and ARKit* as its
underlying AR engines, applications built with ARFoundation can easily be deployed to Android
and 10S devices.

ARFoundation contains an Image Tracking module that is capable of detecting multiple im-
ages at once from a database of reference images. This has significant benefits for the proposed
AR system because it eliminates the need to create new objects for each reference image. The
Image Tracking module, after populating the reference database, compares the features found in
each reference image to the ones found in the camera input and, in the event of a match, tracks the
detected image. The reference database is stored in the application’s memory, therefore allowing
it to properly work offline. The increased difficulty of debugging jobs is one of ARFoundation’s
key downsides. While Vuforia allows the developer to simulate a mobile device’s camera by using
the one from the computer, which enables the application to be executed in the Unity testing and
debugging environment, ARFoundation does not support this feature, requiring the application to
be built and deployed to a mobile device in order to be tested. Since the process of deploying the
application usually takes a few minutes, this is a very time-consuming problem. Still, ARFounda-
tion was chosen as the preferred AR framework for this project due to the versatility it offers in
image detection and tracking.

Table 4.1 shows a comparison of the most important features for this solution that are offered

by each of the explored AR frameworks.

Vuforia ARFoundation
Android Build Yes Yes
iOS Build Yes Yes
Image Tracking Yes Yes
Plane Tracking Yes Yes
Offline multiple image tracking No Yes
Testing in the Unity environment Yes No

Table 4.1: Features comparison between Vuforia and ARFoundation

4.1.3 Image Editing

Due to the fact that the outlines had to be created separately for each reference image, creating

this solution required extensive image editing work. Two technologies were used for this matter:

3 ARCore Homepage: https:/developers.google.com/ar
4 ARKit Homepage: https://developer.apple.com/augmented-reality/arkit/
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1) Adobe Photoshop > and 2) Photopea ©. The main use of these technologies was, as mentioned

earlier, drawing and exporting the engraving outlines, as shown in Figure 4.2.

(a) Original rock engraving (b) Outline extracted from the

engraving

Figure 4.2: Original engraving (a) and outline extracted from it (b)

Apart from this, Photoshop and Photopea were also used to sketch some of the application
interfaces and to create reference images with altered contrast and brightness values.

Another use of these tools was the artificial creation of new reference images. Based on pic-
tures of the target rock or engraving, new reference images were created by altering the pictures’

contrast and brightness values, as shown in Figure 4.3.

5 Adobe Photoshop Homepage: https://www.adobe.com/products/photoshop.html
5Photopea Homepage: https://www.photopea.com/
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(a) Original reference image

Ll H: i

(b) High brightness reference image (c) Low brightness reference image

(d) High contrast reference image (e) Low contrast reference image

Figure 4.3: Reference images artificially generated from an original picture

4.2 UI Design

This section describes the user interfaces (UI) implemented in the application, detailing some
elements. Although portrait mode is the most used in mobile AR applications, the developed
solution is locked into landscape mode. It was decided that this would be the best orientation for
the solution due to the better results presented in the preliminary image detection and tracking
results compared to portrait mode. Given that most engravings are displayed horizontally and that
reference images need to occupy a certain percentage of the screen to be detected, portrait mode
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proved ineffective since it was difficult to fit most engravings in the screen with a big enough size

to be recognized and detected.

4.2.1 Initial Page

The initial page of the application is the first page a user sees and should, therefore, be simple and

captivating. Figure 4.4 shows the user interface implemented for this page.

AR EXPERIENCE

GRAVURAS DE

FOz COA

START

Figure 4.4: User Interface for the initial page

The implemented Ul is simple, containing a background image alluding to the engravings, the
symbol of the Cda Museum, a title and a subtitle. It also contains a button to start the execution of

the application, which leads the user to the Engraving Detection Page.

4.2.2 [Engraving Detection Page

On this page, the user can detect engravings captured by the device’s camera. Therefore, the
input the camera captures is shown as the background so the user can clearly visualize what it is
capturing. Furthermore, this page contains different elements depending on which state it is in.
There are three possible states for the page: 1) no engravings have been detected, 2) engravings
have been detected and their virtual outlines placed on the scene and 3) a specific engraving has
been selected to be isolated from the others. Figure 4.5 shows the UI for the first state, containing

only the camera input as background and a panel across the bottom of the screen.
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Figure 4.5: User Interface for the Engraving Detection Page before any engraving is detected

After detecting engravings, their virtual outlines are placed on the scene and colored. Further-
more, a button containing the engraving’s outline is added to the panel at the bottom of the screen
for each detected engraving. These buttons can be used to select a specific engraving from the
ones available. Figure 4.6 displays the UI for the second state of the page.

Figure 4.6: User Interface for the Engraving Detection Page after engravings having been detected

Finally, after the user selects an engraving, only that engraving’s virtual outline is shown, with
the others being hidden. Moreover, three buttons appear on the right side of the screen, each with a
different function. Due to most users preferring to use their right hand to interact with the device,
the action buttons are all placed on the right side of the screen. Figure 4.7 demonstrates the Ul

implemented for the third state of this page.
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Figure 4.7: User Interface for the Engraving Detection Page after a specific engraving has been
selected

4.2.3 Additional Information Page

This page displays information regarding the rock or engraving the user has selected to view. As
shown in Figure 4.8, its Ul is divided into two parts. The left part of the screen contains a textual
description of the rock/engraving, along with a button to return to the last page. The right part of

the screen contains images of the rock/engraving in a slideshow.

Penascosa

Penascosa is located on a large river beach on
the right bank of the Coa River, in the
municipality of Vila Nova de Foz Coa, on land
in the parishes of Castelo Melhor and
Almendra. Penascosa is a hill overlooking the
river, on the slopes of which 36 engraved rocks
are scattered, 30 of them with Paleolithic
motifs, with five of which can be visited.

Figure 4.8: User Interface for the Additional Information Page

4.2.4 3D Visualization Page

The user can visualize a 3D representation of an engraving on this page. When entering it, a hint
is shown in the middle of the screen, prompting the user to point the camera to the ground, as

illustrated in Figure 4.9. The hint is removed from the screen when a plane is detected.
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Figure 4.9: User Interface for the 3D Visualization Page before planes having been detected

The detected planes are displayed on screen using orange polygons and the user can tap them
to spawn a 3D model of the previously selected engraving. Furthermore, the two sliders at the
bottom of the page can be used to control the model. Figure 4.10 shows the UI for this page.

Figure 4.10: User Interface for the 3D Visualization Page after planes having been detected

4.3 Image Detection and Tracking

The most important step of the application’s execution is the detection and tracking of rock en-
gravings. This section describes how this part of the application was implemented, focusing on
Android devices and, therefore, ARFoundation’s Android AR subsystem, ARCore.
ARFoundation allows the creation of a reference database that contains all the reference im-
ages to be searched in the received camera input. When creating the reference database, ARCore’s
computer vision algorithms are used to extract features from each reference image and the ex-
tracted features are stored in one or more feature databases. When executing the application, the
AR engine performs a search for features in the camera input that match the ones stored in the
feature databases and, if a match occurs, the matched image is then tracked. Figure 4.11 illustrates

this process.
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Figure 4.11: Image detection and tracking process

ARCore provides a tool called arcoreimg’ that analyses and evaluates reference images, giving
them a quality score from O to 100. The scores provided by this tool were used as a guide to

determine the quality of reference images.

4.3.1 Approach

Two approaches were implemented and tested for this issue: 1) detecting each rock engraving sep-
arately; 2) detecting the entire rock. Each approach was incorporated into a different application,
therefore resulting in two different versions of the proposed mobile application. All features were

kept the same between both versions except for the tracking approach.

4.3.1.1 Detecting engravings separately

The premise of this option was to allow users to freely detect engravings without needing to fit
the entire rock in the camera view, which, a priori, seems like a more user-friendly and intuitive
approach. This approach consists of using multiple reference images specific to each engraving,
which are used to detect them separately. This means that if the target rock is captured partially
by the camera, only the engravings fully present in the visible part are detected. As demonstrated

in Figure 4.12, only one of the engravings is detected in this approach since it is the only one that

7ARCore’s arcoreimg tool: https://developers.google.com/ar/develop/augmented-images/arcoreimg
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fully appears on the camera view. Although the camera partially captures other engravings, the

application is not able to detect them.

(a) Partial view of the target rock (b) Detected engravings in the partial view of the rock

Figure 4.12: Target rock captured only partially (a) and the engravings detected (b)

After extensively testing this approach, some problems were discovered. Firstly, detecting
engravings separately impacted the fluidity of the application. Since some engravings are harder
to detect than others due to being smaller or having thinner lines, they would take longer to be
recognized. This led to the application not detecting all the engravings present in the camera view
at the same time. Furthermore, due to the quality of each engraving’s reference images, some
required the user to get closer or move the camera around in order to be detected, while others
did not. The differences in engraving size also posed a significant problem. Larger ones required
the user to stand at a greater distance from the rock than smaller engravings, which introduced
inconsistencies in their tracking. After detecting a large engraving, the user needs to get closer
to the rock to detect a smaller one, sometimes leading to the larger engraving leaving the camera
view either completely or partially, resulting in the loss of its tracking.

Moreover, this approach is significantly more computationally expensive than the alternative,
as it requires a greater number of reference images to be included in the database. Since engravings
are detected on their own, each engraving requires its own set of reference images, including
pictures of the engraving at different angles and with different brightness and contrast levels.
With n being the number of reference images needed for a single object to be detected and x the
number of engravings comprised in the target rock, table 4.2 shows the difference in the number

of reference images needed by each tested approach.

Separate engravings detection Rock detection

Reference images needed X*n n

Table 4.2: Number of reference images needed by the different image detection approaches tested,
with n being the number of images needed for the detection of a single object and x the number of
engravings in the target rock
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The number of reference images needed increases linearly with the number of engravings
contained in the target rock. This is not an issue for rocks with a small number of engravings but
becomes a significant problem for those that contain a high number of them.

Still on the performance side, this approach also implied the tracking of multiple images at
once, requiring more resources to estimate the pose of each tracked object relative to the camera,
which increased the number of calculations performed between each frame, therefore negatively
impacting the frame rate of the application. Overall, this approach achieved worse performance

results than its alternative.

4.3.1.2 Detecting the entire rock

Detecting the entire rock was the easiest approach to implement, as the position of each engraving
in the rock is known a priori. After detecting it, the virtual outlines for each engraving were
instantiated in their position relative to the original reference image used in the detection phase.
This option requires fewer reference pictures than its alternative, improving the performance of
the application due to the smaller number of feature set comparisons required.

At first, the reference images used contained the entire target rock and each displayed a differ-

ent angle of it, as shown in Figure 4.13.

(a) Reference image containing the entire rock from a (b) Reference image containing the entire
front view rock from a leftside view

Figure 4.13: Reference images containing the entire rock, at different angles

These images usually achieved higher quality scores than images of specific engravings due
to having a higher amount of feature points. However, since full rock images often contained
elements that were not part of the rock itself, like vegetation, they were harder to use in real-world
scenarios. Furthermore, the higher amount of features meant that matching one of these reference
images was more difficult due to the feature sets collected from them being more specific and
complex. Generally, reference images that contained the entire rock were harder to detect than
ones containing single engravings.

In order to overcome this issue, single engraving images started being used as reference instead

of full-rock ones. Since the location of each engraving relative to all the others is well known, one



4.4 3D Visualization 43

only needs to locate a single engraving to deduce the locations of the others. Therefore, a specific
engraving from the target rock was chosen to be used as the target for image detection. In this case,
for rock number six of the Penascosa rock art site, the chosen engraving was the one representing

a horse in the middle of the rock, as illustrated in Figure 4.14.

Figure 4.14: Image containing the engraving to be used as reference

After detecting this image in the camera view, the virtual outlines are placed in the positions
of their corresponding engraving relative to the one detected. This change decreased the difficulty
of detecting the target rock, which, in turn, improved the user experience.

This approach also proved to be significantly less expensive computationally, as mentioned
before in section 4.3.1.1, requiring fewer reference images than the alternative option and fewer
resources to track objects. Since only one object is being tracked (the entire rock or the refer-
ence engraving), the pose estimation calculations are only performed once, for the tracked object,

instead of multiple times for each tracked engraving.

4.4 3D Visualization

After selecting a specific engraving from the ones detected by the application, the user can choose
to visualize a 3D representation of it, if available. By choosing a horizontal surface present in
the real world, it is possible to instantiate and control a 3D model corresponding to the animal
depicted in the engraving.

The first step of this feature is the detection of horizontal surfaces where the model can be
placed. During this phase, the application disables image tracking and enables the plane tracking
module. Horizontal planes captured by the camera are detected and their surface is rendered
orange on-screen.

After detecting at least one horizontal surface, the user can place the model on the scene by
simply tapping the detected plane. The model is instantiated at the tap location and its position
can be changed by performing another tap on a valid horizontal surface. Moreover, the user can
freely rotate the model using a slider at the bottom of the screen. This ensured that all sides of

the spawned object are visible without the user needing to move around in the real world to see
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them. The size of the model can also be controlled. The model is originally instantiated at a real
scale, having the same size it would have if it were a real object. The user can then use another
slider to either increase or decrease the size of the 3D object. This is especially useful in situations
where, for example, the user places the model close to the device and the model’s size needs to be
decreased.

Finally, the models are animated, which increases their realism and integration into the real-

world scene.

4.5 Implementation Details

4.5.1 Virtual Outlines

Virtual outlines are placed on top of the detected rock engravings to help the user identify them in
the real world since most engravings consist of very thin lines hard to locate and distinguish with-
out perfect lighting conditions. In some rocks that have multiple overlapped engravings, virtual
outlines can help locate the lines but distinguishing between engravings still remains a difficult

task to the user. Therefore, virtual outlines can also be colored, as shown in Figure 4.15.

Figure 4.15: Colored virtual outlines

When the target rock is detected in the camera input, a plane object is instantiated for each
engraving contained in the rock. The planes are positioned on top of their respective engraving
and the outline is rendered onto the plane’s mesh. Outlines possess a transparent background to
allow the overlapping of multiple planes and also so that the rock does not get covered by the
outline’s background. A new Unity material is created for each outline, containing its texture and
using the Cutout rendering mode. The materials are then applied to their respective plane, resulting

in the outline appearing on the scene, on top of the original engraving.

4.5.2 Rock Information

Information regarding each rock is stored in the device’s memory so that it can be displayed when

the user visits the Information page. for each rock, a JSON? file is stored. Each file contains the

8JSON homepage: https://www.json.org/json-en.html
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following information:
* string - The title of the rock
* string - A textual description of its context and background story
* int - The number of engravings contained in the rock

For each engraving, another JSON file is stored, with the following fields:

* boolean - Whether the engraving has an animation or not
e int - The number of animation frames

* string - The color of the engraving

These fields are used to correctly instantiate the engraving’s virtual outline, including its ani-

mation.

4.5.3 2D Animations

After detecting engravings and selecting a specific one, the user can play a 2D animation on the
detected engraving’s virtual outline. In order to maximize efficiency, these animations are texture-
based and the outline image contains all the animation frames displayed sequentially, as shown in
Figure 4.16.

S SN O

Figure 4.16: Outline texture for the horse engraving

The number of animation frames contained in the image is stored as a parameter in the JSON
file relative to the engraving. When rendering the virtual outline’s texture onto its respective plane,
the scale is adjusted so that only the first frame is rendered on the plane.

The texture scale, for an arbitrary virtual outline, is the following, where numFrames is the
number of animation frames contained in the outline’s texture:

1
X=—
numFrames

y=1

For the outline texture shown in Figure 4.17, containing a simple animation for the horse
engraving with three frames, so that only the first frame is rendered onto the plane, the texture

scale is the following:
1 1
X=——"——=->=0.333
numFrames 3
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y=1

This restricts the part of the image that is rendered on the plane, ensuring that only the first frame

is displayed.

(1,1)

(0,0) /\/\ ‘ (0.666,0 /\/\

(0.333,0)

Figure 4.17: Outline texture for the horse engraving with texture coordinates

Animations consist of offsetting the texture being rendered on the plane’s mesh on an interval
basis. Keeping the scale of the previous example, Table 4.3 shows the offsets applied to the
texture’s x axis to display each frame.

Frame | Offset

1 0
2 0.333
3 0.666

Table 4.3: Texture offsets used to display each frame of an animations containing 3 frames

Applying these offsets at predetermined time intervals results in the 2D animation being
played. These animations are displayed on top of the detected engraving, therefore giving the

user the sense that it is being animated in the real world.



Chapter 5

Performance Evaluation

Evaluation of the developed solution focused on two areas: 1) performance and 2) usability. This
chapter describes the performance evaluation step starting, in section 5.1 with a description of the
different testing environments used to evaluate the application’s performance. This is followed by
a presentation of the techniques explored to improve the image detection step and the tracking of

already detected images, in section 5.2.

5.1 Testing

This section describes the testing process used for this application.

5.1.1 On-site Testing

On-site tests are the most reliable way of validating the developed mobile application. Since
the environment where the tests are conducted is the same as the one where the application will
be used, these tests reflect the application’s behavior in real conditions. However, due to the
Penascosa rock art site being a protected environment, visits to the target rock had to be done with
permission from the Céa Museum and accompanied by a guide, rendering the frequent visit to the
Penascosa site for testing purposes unviable.

Although on-site testing produces the most accurate results, changing the application’s code
during the test session is a complex process. The most critical obstacles encountered in this type of
testing were the unavailability of mobile phone coverage and the fact that the site is not equipped
with a power source.

Overall, on-site testing was impractical but a critical part of the development process given

that the results produced in these tests provided great feedback.

5.1.2 Simulated Testing

Most tests were carried out in a simulated environment due to the remote location of the Penascosa

rock art site and the unfavorable conditions on it. Testing on a simulated environment allows tests

47
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to be performed with a high frequency and changes to be implemented quickly. Nevertheless,
due to the dissimilarity between the testing environment and the actual application usage scenario,
caution was necessary when interpreting these tests’ outcomes.

Various pictures of the target rock were taken at different angles and distances to simulate
real-world conditions. These pictures were then separated into two groups, one to be used as
reference images for the application, and the other to be used for testing purposes. Ensuring that
the application is tested using pictures that are not the same as the reference images was a critical
step in the testing process, contributing to the validity of the test results.

Two main ways were used to test the detection of engravings: 1) using printed pictures and 2)
using a computer to display the pictures. The first way allowed for the application to be tested in
different lighting conditions since the printed pictures could be taken to different locations, with
different lighting settings. The second method was easier to set up than the first, requiring only a
computer, usually the one where the application was also being developed, to display the pictures.
However, it was found that the detection and tracking of engravings was sometimes influenced
by the reflections of the computer’s screen. Still, this was the main method used for testing due
to the significantly easier setup and the testing environment being ready much faster using this

technique.

5.2 Performance Evaluation - Image Detection and Tracking Improve-
ments

In order to improve the detection and tracking of rock engravings, some ideas were explored and

tested. There are two critical steps for this application, regarding this point:
1. The initial detection of a reference image.
2. The tracking of the detected image’s position in relation to the mobile device.

The first step’s performance is evaluated by measuring the time it takes for the AR system
to detect a reference image when it is indeed being captured by the camera. This metric will
be referred to as Metric 1.a Furthermore, step 1 is also evaluated by measuring the robustness
of the image detection module. Given that the application will be used outdoors, it needs to be
able to match as many different views of the target rock as possible. This metric will be referred
to as Metric 1.b. This step is tested manually and the evaluation metrics used are subjective,
since there is no method to concretely determine when this step begins. Therefore, performance
improvements and reductions are measured from the feedback gathered by the users who tested
the application.

The second step’s performance can be measured in multiple ways. Firstly, the number of
frames processed per second by the application, referred to as Metric 2.a, can provide significant
insights into the performance of the image tracking process, after a reference image is detected.

This is the only concrete performance metric. Apart from it, the accuracy of the position estimated
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by the AR engine relative to the actual position of the engraving (Metric 2.b) and the number of
times the tracking of the reference image is lost while the picture is still on the screen (Metric 2.c)
are also measured. Although these are subjective metrics, gathered from the users’ feedback, they
can provide important information regarding the performance of this step.

All the approaches to improve these two steps were compared to a baseline version of the
application that used a single reference image to detect the target rock and the raw input captured
by the mobile device’s camera.

This section describes the tests performed and the results achieved.

5.2.1 Multiple reference images for each engraving/rock

The first idea that was tested was the use of multiple reference images for each tracked object. This
idea focused on improving both steps (1 and 2). The variations introduced in the reference images
targeted different aspects, including the angle and distance at which the image is visualized, as
well as its brightness and contrast values. An object’s reference database included at least three
pictures taken at different angles (one from a frontal view, and one from each side), as shown
in Figure 5.1. Furthermore, since the pictures were taken on the actual rock art site, they only
include angles from which it is physically possible to view the target rock, hence why some of the

reference images are angled in slightly different ways vertically.

(a) Frontal view image

(b) Right-side view image (c) Left-side view image

Figure 5.1: Reference images from different angles: front (a), right (b), left (c)

For each of these, four more reference images were used, with different values of brightness

and contrast to try to simulate different outdoor lighting conditions. Although these artificially
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generated image versions did not always provide significant improvements to the quality of the
original reference image, they still could highlight features of the targeted engraving that were not
discernible on the original picture. Table 5.1 shows the quality scores obtained by each version of

the reference images, calculated using the arcoreimg tool.

. o Brightness Contrast
Baseline (original image) ) )
High Low | High Low
Frontal View 0 0 20 45 0
Left-side View 20 15 0 0 0
Right-side View 0 0 0 15 0

Table 5.1: Quality scores obtained by each artificially generated reference image, calculated with
the arcoreimg tool

One important aspect to notice is the existence of various reference images with a score of 0.
Given that the arcoreimg tool tends to give poor quality scores to images with repeating geometric
patterns, some of the pictures that contain parallel lines resulting from the rock’s shape itself or
similar vegetation patterns obtained very low scores. However, they were still trackable and the
application was still able to detect them. As shown in Table 5.1, the results were not consistent
across all viewing angles. While for the left-side view, the original image had the highest quality
score, the high-contrast version proved to improve the reference image quality for both the frontal
and the right-side views.

One of the problems encountered early on while developing this improvement was that the
application could detect more than one reference image at the same time. For example, the ap-
plication could detect the frontal view baseline image and also the high-contrast version of that
same view. In this case, the virtual outlines were instantiated twice and the performance signifi-
cantly decreased. To fix it, all the reference images related to the same engraving viewing angle
were given a name with the same prefix that acts as an identifier. This way, when the application
detects a reference image, all the other reference pictures containing the same prefix are blocked
from being detected and tracked, ensuring that each engraving’s virtual outline is only instantiated
once and, therefore, saving computational resources. Given that this improvement to the tracking
increases the computational cost of the image detection feature, since the features detected on the
camera input have to be compared to more reference images than if only the baseline image was
used, this saving of resources proved to be critical.

Apart from the additional reference images, this approach also requires a specific version of
the engraving outlines for each viewing angle. Since the shape of the engravings changes with
the angle at which they are detected, if the original outlines were used for all viewing angles, they
would mismatch the actual engraving lines on the real-world rock. As seen in Figure 5.2, the
outline used for the frontal view does not exactly match the engraving lines for the right-side view.
Therefore, different versions of the original outlines had to be created for each viewing angle of

the original image.
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(a) Frontal view engraving image with a virtual outline

(b) Right-side view engraving image with the frontal

view virtual outline

Figure 5.2: Different viewing angles using the same outlines

As shown in Table 5.2, users who tested this approach reported a decrease in performance

when considering the time the application took to detect a reference image (Metric 1.a), when

compared to the baseline approach. By using more reference images, more comparisons between

feature sets have to be made each time, therefore increasing the computational complexity of the

application. Although this can be a problem, this method was able to match more images of the

target rock, different from the one used as a reference, increasing the robustness of the image

detection module. The number of frames processed per second did not suffer any changes with

this approach, as demonstrated in Table 5.3, with metric 2.a remaining at the maximum possible

value for this application of 30 frames per second. Moreover, users did not report any significant

changes regarding metrics 2.b and 2.c.

Metric Result
l.a Worsened
1.b Improved
2.a No change
2.b No change
2.c No change

Table 5.2: Performance metrics results for the approach of using multiple reference images for
each engraving/rock, including 3 different angles and 5 different pictures for each angle

Approach FPS

Baseline 30

Multiple reference images | 30

Table 5.3: Number of frames processed per second by the application using each approach

This technique worsens the time it takes to detect a reference image but highly increases the

robustness of the image detection module. In order to minimize the decrease in performance when
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detecting reference images while achieving high robustness, different sets of reference pictures
were tested. The set that produced the best results amongst the users was one containing only
three reference pictures for each angle: the original one, one with high contrast and one with high
brightness. Regarding the angles, since Penascosa’s rock number 6 is difficult to visualize from
the right side due to the terrain being uneven, this angle was not used to produce reference images.
The final tests were carried out using six pictures in total, three for each angle, with two different
angles. Table 5.4 shows the results obtained in these tests. Due to the smaller number of reference
images being used, the higher computational complexity was not significant enough to affect the
users’ perception of the application performance. The robustness of the image detection module
was still increased, with this version of the application being able to match more pictures of the

target rock than the baseline version.

Metric Result
l.a No change

1.b Improved
2.a No change
2.b No change
2.c No change

Table 5.4: Performance metrics results for the approach of using multiple reference images for
each engraving/rock, including 2 different angles and 3 different pictures for each angle

Overall, this approach increased the complexity of the application with the addition of differ-
ent outline versions and the need to block the detection of reference images that are related to an
already detected object. Nevertheless, it brought essential improvements to the robustness of en-
gravings detection in the real world, which is the most critical part impacting the user experience.
Step 2 was not affected by this approach. Due to these reasons, this idea was implemented in the

final version of the application.

5.2.2 Removing the background

One of the main problems affecting the rock detection was that the reference images usually con-
tained excessive elements, like other background rocks or vegetation. This, in turn, leads to the
images having more features extracted from them, which is not useful when trying to detect a
specific rock or engraving. Since the image detection algorithm also uses the features generated
from the other elements, these increase the complexity of the image tracking module. Further-
more, elements like vegetation could produce features that are not representative of the real world
anymore since these elements are unpredictable and the state of the vegetation at the time of cap-
turing the reference image can be, and probably is, different than the one captured at runtime. As
shown in Figure 5.3, to capture the entire rock or even some specific engravings in a single picture,

additional elements were usually also captured.
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Figure 5.3: Reference image containing vegetation elements (top-left corner) and parts from other
rocks (bottom-right corner)

The idea of removing unwanted elements from the reference image’s background arose as
an option to solve this issue. Figure 5.4 compares an original reference image to its alternative

version, with the useless elements removed.

(a) Original reference image (b) Reference image with unwanted elements removed
from the background

Figure 5.4: Comparison between an original reference image and its version without the unwanted
background elements

Removing parts of the image’s background would not produce features anymore, leading to a
more consistent feature set for each image. Since ARFoundation does not provide a way to see the
feature points extracted from an image and both Vuforia and ARFoundation use similar methods
for feature extraction, Vuforia’s image viewer was used to visualize the feature sets extracted from

reference pictures.
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(a) Feature points extracted from the original reference (b) Feature points extracted from the reference image
image without the unwanted background elements

Figure 5.5: Comparison between the feature set extracted from an original reference image and its
version without the unwanted background elements

As shown in Figure 5.5, the original reference image contains feature points that are not di-
rectly related to the rock itself but to the vegetation elements present in the top-left corner of the
picture. These features introduce more complexity to the image detection process and make the
reference image harder to detect since the camera must also capture the vegetation elements for a
match to be produced. Moreover, removing excessive elements from the original reference images

generally improved their quality scores, measured with the arcoreimg tool, as shown in Table 5.5.

‘ Quality Score

Original Image 20
Image without background 45

Table 5.5: Quality scores obtained by each version of the reference image

Table 5.6 shows the changes observed in each performance metric measured.

Metric Result

l.a Improved

1.b Improved
2.a No change
2.b No change
2.c No change

Table 5.6: Performance metrics results for the approach of using multiple reference images for
each engraving/rock

After testing this approach and comparing it to the baseline version of the application, users
reported improvements in the initial detection of the target rock, feeling that this step was signifi-

cantly faster in the prototype version that implemented this approach. Moreover, more views of the
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target rock were able to be detected, therefore contributing to higher robustness. Regarding step
2, no notable changes were noticed by the users for metrics 2.b and 2.c. Metric 2.a was measured

in both approaches and there were no changes in its value, as shown in Table 5.7.

Approach ‘ FPS
Baseline 30
Removed unwanted background elements | 30

Table 5.7: Number of frames processed per second by the application using each tested approach

This alternative was expected to significantly impact the first step of the image detection and
tracking process, which was confirmed after its implementation and testing. Although no no-
table improvements were made regarding step 2, all the metrics for this step remained unchanged.

Therefore, this technique was implemented in the final version of the application.

5.2.3 Preprocessing the camera input

After testing the approach where multiple reference images were used for each object to be de-
tected, described in section 5.2.1, and observing that changes in the brightness and contrast values
of the reference images produced better results than just using the original picture, the idea of
applying the same concept to the camera input arose. Contrast and brightness can normally be
adjusted in the camera settings of mobile devices. However, when executing an AR application
based on ARCore, like the developed solution, the framework takes full control of the camera and
only exposes some parameters, like the resolution or the exposure, to the developer, not allowing
access to the others. Since the contrast and brightness parameters were not accessible at runtime,
this idea had to be implemented differently. The alternative implementation consists in taking
each frame captured by the camera as an image and applying the changes to it before passing the

captured picture to the tracking module, as shown in Figure 5.6.
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Figure 5.6: Diagram that shows the flow of preprocessing the camera input before using it for
tracking

This process involved keeping a copy of the captured frame so that it could be altered for
tracking purposes. The changes are not visible to the user since the original captured frame is the
one rendered on the device’s screen, but the tracking module uses the altered version of the frame
to extract features. This approach introduces a higher computational cost to the application, which
impacts its performance. As shown in Table 5.8, the average number of frames processed by the
application per second was lower when the camera input was being preprocessed. Although it did
not make the application unusable, this impact on the performance was noticeable to the user and

negatively impacted the experience.

Approach ‘ FPS
Baseline 30
Preprocessed camera input | 26

Table 5.8: Average frames per second achieved by the application using each approach, measured
on a Xiaomi Redmi 10T Lite phone

The results achieved by this approach regarding the efficiency of detecting reference images

and tracking them were inconclusive. While increasing the contrast of the captured camera frames



5.2 Performance Evaluation - Image Detection and Tracking Improvements 57

did improve the initial detection of reference images, their tracking became unstable, with im-
precise pose estimation calculations and image tracking lost when the camera suffered sudden
movements. The test results regarding contrast changes in the camera input, displayed in Table
5.9, show that step 1 was slightly affected by these changes but step 2 was severely worsened.
Metric 2.a displays a decrease in performance, as expected, generated by the additional computa-
tional operations required to implement this approach. Furthermore, the accuracy of the estimated
position of the engravings (Metric 2.b) was also reported to be worse than the baseline version,
with occasional drifts in the position’s estimate. Metric 2.c reveals the instability that this approach
introduced to the tracking of the reference image, given that it would occasionally get lost without

the image leaving the camera view.

Metric Result
l.a Slightly improved
1.b No change
2.a Worsened
2.b Worsened
2.c Worsened

Table 5.9: Performance metrics results for the approach of increasing the contrast of the frames
captured by the camera

Brightness changes did not improve image detection and tracking, even in darker scenarios,
contrary to what was expected. As shown in Table 5.13, no changes were reported for metrics 1.a,

1.b, 2.b and 2.c. Metric 2.a reflects the decrease in performance introduced by this method.

Metric Result
l.a No change
1.b No change
2.a Worsened
2.b No change
2.c No change

Table 5.10: Performance metrics results for the approach of increasing the brightness of the frames
captured by the camera

Overall, this approach did not improve either step of the image detection and tracking process
and negatively impacted the application’s performance. Therefore, this technique was not included

in the final solution.



Performance Evaluation 58

5.2.4 Using outlines as reference images

The tracking module takes the features extracted from the camera input and compares them to the
feature sets in the reference database. Therefore, in order to detect a certain image, the image itself
does not need to be used as reference, one only needs to ensure that the reference image contains
a subset of the original image’s feature set. This is the same concept applied to the approach
explained in section 5.2.2, where elements present in the background of reference images are
removed. The features extracted from the resulting image are a subset of the original reference
picture’s feature set, ensuring that the original image is still detected if the altered reference picture
is used.

Based on this concept, the idea of using the outlines of each engraving as reference images
arose. Figure 5.7 shows an example of an outline extracted from one of the engravings in rock
number 6 in the Penascosa rock art site. Since the outlines would have the same shape as the
engraving itself, the features they produced should match the ones extracted from the original

image.

Figure 5.7: Outline extracted from the engraving representing a horse

The outlines of the multiple engravings present in the target rock were extracted and tested.
After analyzing the extracted feature points using Vuforia’s image viewer, it was noted that the
outlines produced a significantly smaller set of features than the original image. Furthermore,
since the outlines were extracted manually, their shape was prone to human error and, although
very close to the original engraving, was not exactly the same, which meant that the features
represented a slightly different shape than the original engraving. Figure 5.8 shows the feature

points extracted from the horse engraving outline displayed earlier.
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Figure 5.8: Features extracted from the horse engraving outline

From this picture, it is noticeable that the number of feature points extracted is too small to
represent the shape of the engraving correctly.

Apart from this, when the engravings were small, the outlines tended to have thicker lines,
interfering with the feature extraction. As seen in Figure 5.9, both sides of the lines produce
features, which did not happen in the original engraving images. This introduces new features into

the feature set that are not contained in the original engraving.

Figure 5.9: Features extracted from one of the goat engraving outlines

Furthermore, the arcoreimg tool, which evaluates the quality of a reference image was not able
to provide a quality score to any of the outlines used due to the outlines not having a sufficient

number of keypoints to be used as features, as shown in Table 5.11.
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Quality Score

Horse outline | Not enough keypoints
Goat 1 outline | Not enough keypoints
Goat 2 outline 0

Table 5.11: Quality score obtained by each outline, calculated with the arcoreimg tool

Despite these preliminary problems, this approach was implemented and tested. Multiple
outlines were used for the same engraving to minimize the human error introduced when manually
extracting them. This approach was tested in six different setups for each engraving. Two different
outlines were extracted from the same engraving and each of them was tested with three different
pictures of the rock’s frontal view. The goal was to assess if the tracking module would detect
the original engraving using just the outlines as a reference. Table 5.12 shows, for each engraving

present in the target rock, the number of times they were detected using this approach.

Number of Matches
(using 6 different setups)
Horse engraving 0
Goat engraving 1 0
Goat engraving 2 0

Table 5.12: Number of matches achieved by using each outline as reference image

This approach did not work as intended initially and its implementation confirmed the results
obtained in the preliminary tests, presenting a decrease in two of the five measured performance
metrics, as shown in Table 5.13. The other three metrics were not measured given that the applica-
tion was unable to reach a point where the operations related to each of them could be performed.
Both metrics related to the first step were severely worsened, with users reporting that the appli-
cation could not detect the target rock in any of the views presented. Since the application was
unable to reach step two in any of the tests, it was impossible to measure metrics 2.b and 2.c.
Metric 2.a was measured during the first step and did not present any changes from the baseline

version, with the number of frames processed by the application per second remaining stable.
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Metric Result
l.a Severely worsened
1.b Severely worsened
2.a No change
2.b Not measured
2.c Not measured

Table 5.13: Performance metrics results for the approach of increasing the brightness of the frames
captured by the camera

As seen in Table 5.12, the tracking module was not able to detect the original engraving using
the extracted outlines for any of the engravings, which led to a significant decrease in performance

overall. Due to the poor results obtained by this approach, it was not included in the final solution.

5.2.5 Phone flashlight

Early in the development stage, the focus was mainly on improving image detection and tracking
efficiency across different lighting settings. The idea of using the mobile device’s flashlight to
boost the luminance in low-light conditions arose because darker scenarios generated worse out-
comes than brighter ones did. Before trying to implement this approach, its concept was tested us-
ing an external flashlight instead of the one from the device. These tests were performed only with
the printed versions of the target rock’s pictures since displaying the images on a computer was
unviable due to the screen reflecting the flashlight’s brightness. These preliminary tests achieved
positive results, with most users reporting an improvement in their experience. As shown in Ta-
ble 5.14, improvements were registered only in metric 1.a, which regards the time for the initial
detection of a reference image. The registered improvements were only noted in dark scenarios,

where image detection proved challenging.

Metric Result
la Improved in dark scenarios
1.b No change
2.a No change
2.b No change
2.c No change

Table 5.14: Performance metrics results for the approach of using an external flashlight to increase
the luminance of the environment

Since the preliminary results were positive, it was decided that this approach would be imple-
mented. However, at the time of development, ARCore’s session takes full control of the device’s
camera and does not allow the developer to control the flashlight. Therefore, this feature could not

be implemented and inserted into the application, despite its potential for improving step 1.



Chapter 6
Usability Evaluation

This chapter presents and discusses the results of the usability evaluation tests. The test sessions’
setup is presented in section 6.1, followed by a description of their structure, in section 6.2. The

tasks used in each session are detailed in section 6.3 and the results are presented in section 6.4.

6.1 Setup

All the tests carried out in a simulated environment were conducted in person. The following

hardware and materials were needed for each study:
* One mobile phone to execute the application.
* One laptop to show pictures of rock number six of the Penascosa rock art site.
* One laptop for users to answer the evaluation questionnaires.
* Printed pictures of the target rock.

The application was executed on the same mobile device for all tests to maintain the highest

possible level of consistency across them. The device used was a Xiaomi Mi 10T Lite.

6.2 Session Structure

Although not all tests were conducted in the same location, all were carried out in comfortable
environments for the users.

Firstly, users were briefed about the structure of the test session they were participating in.
It was explained to all participants that they could freely ask questions about the experience and
the questionnaires. It was also explained that they could leave the session at any point if they felt
uncomfortable.

After the introductory briefing, users were asked to answer a demographic questionnaire and
were asked about their experience with mobile AR applications and with AR itself. Users who

demonstrated comfort using AR applications and had previous experience with the technology
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were presented with the application’s context and the role AR plays in its experience. A more
in-depth explanation regarding AR was presented to those who reported not having experience
with such applications. The Penascosa rock art site was also presented to all participants through a
verbal description and pictures to give the users a better idea of the real-world conditions in which
the solution should be used.

The test experience started after introducing the application. In this phase, participants were
presented with different task scenarios and had to complete certain tasks using the provided mobile
device and the pictures of Penascosa’s rock number six. After each step, users were asked to
answer questions about the completed tasks.

The test experience ended when the users finished the last task and answered its respective
questions. After this, a System Usability Scale (SUS) questionnaire was given to the participants
to fill and, finally, they were asked for general feedback regarding the application as a whole.
Users were also able to give suggestions for changes or improvements that could be implemented
in the solution.

The following list summarizes the structure of each test session:
1. Introductory briefing
2. Filling in the demographic questionnaire
3. AR briefing
4. Introduction to the application and its context
5. Application testing based on specific tasks
6. Filling in the task-related forms
7. Filling in the SUS questionnaire

8. Open feedback and suggestions

6.3 Tasks

In order to test the usability of the application, two tasks were created for users to follow during
the test sessions. A task scenario was created to give the users a better sense of the real-life
scenario in which the application would be used. The created tasks share the task scenario and
two questions but differ in the remaining ones. This section will describe the task scenario, as well

as the structure and goals of each task.

6.3.1 Task Scenario

To provide users with a better context of the real scenario where the application would be used,
they were given a task scenario before performing the tasks. Since both tasks share the same

scenario, this was only described to the user once, before starting the first task.
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The scenario was the following:
"The user decided to visit the Céa Museum and the Penascosa rock art site. After completing
the museum visit, the participant was inserted into a group of six people who were taken to the
Penascosa site by a guide. Upon reaching the location of the engravings, the guide introduced
the rocks and some of the engravings, explaining their story and context, and then gave the vis-
itors some time to explore the engravings on their own and provided them with mobile devices

containing the AR application.”

6.3.2 Task A - Visualizing a 2D animation

This task requires the user to perform three steps: detect rock engravings (A.a), select one of the
engravings (A.b) and visualize a 2D animation of the selected engraving (A.c).

Step A.a aims to evaluate the image detection and tracking module, determining its ease of use.
Step A.b has the goal of evaluating the usability of the Engraving Detection Page UI that allows
specific engravings to be selected. Finally, step A.c aims to assess the performance of the 2D
animation player and understand if displaying the animations on the scene itself is well accepted
by the users.

This task has 6 associated questions, which users were asked to answer. Questions are an-

swered using a Likert Scale, with 5 possible answers:
1. Strongly Disagree
2. Disagree
3. Neutral
4. Agree
5. Strongly Agree

The questions used for this task are the following:

* Question 1 (QA1) (related to step A.a) - "I was able to detect rock engravings using the

application easily"

* Question 2 (QA2) (related to step A.a) - "The engraving detection process was simple and

intuitive"

* Question 3 (QA3) (related to step A.b) - "I was able to associate each button on the bottom

panel with its respective engraving"

* Question 4 (QA4) (related to step A.b) - "Selecting a specific engraving was simple and

intuitive"

* Question 5 (QAS) (related to step A.c) - "The animation button was easy to locate"
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* Question 6 (QA6) (related to step A.c) - "I was able to visualize the 2D animation clearly"

Each step has two related questions. Table 6.1 shows which questions are associated with each
step.

Step ‘ Questions
A.a | QAl, QA2
ADb | QA3, QA4
A.c | QAS, QA6

Table 6.1: Task A steps and questions

6.3.3 Task B - Visualizing and controlling a 3D model

This task requires the user to perform the same two initial steps as task A. As these steps were
already evaluated in that task, they were not included in this one. Therefore, to complete this task,
the user has to perform the following steps, starting after engravings are detected and selected:
enter the 3D Visualization Page (B.a), detect horizontal planes in the real-world scene (B.b),
place the 3D model on the scene (B.c) and control the model’s rotation and scale (B.d).

Step B.a is designed to evaluate the intuitiveness of the navigation needed to access the 3D
Visualization Page. The plane detection module is evaluated in step B.b and the simplicity of
placing a model on the scene in step B.c. Finally, step B.d aims to assess the ease of use of the
model control U, as well as its intuitiveness.

The questions used for this task are the following:

* Question 1 (QB1) (related to step B.a) - "The 3D visualization button was easy to locate"

* Question 2 (QB2) (related to step B.b) - "The plane detection hint helped me understand

how to detect planes"
* Question 3 (QB3) (related to step B.b) - "I was able to easily detect horizontal planes"
* Question 4 (QB4) (related to step B.b) - "Detected planes were easy to identify"
* Question 5 (QB5) (related to step B.c) - "Placing the 3D model on the scene was simple"
* Question 6 (QB6) (related to step B.d) - "Rorating the model was easy and intuitive"

* Question 7 (QB7) (related to step B.d) - "Controlling the model’s scale was easy and intu-

itive"

Table 6.2 shows which questions are related to each step.
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Step Questions

B.a QBI1
B.b | QB2, QB3, QB4
B.c QB5

B.d QB6, QB7

Table 6.2: Task B steps and questions

6.3.4 General Questions

After completing both tasks, participants were asked to fill out a questionnaire containing five Lik-
ert Scale questions, with five options, ranging from Strongly Disagree to Strongly Agree, regarding

the application overall. The questions were the following:

* Question 1 (QC1) - "Navigating across the application was intuitive and simple"
* Question 2 (QC2) - "The buttons were easy to locate"

* Question 3 (QC3) - "The loading speed of the different pages was good enough to affect

the experience of using the app negatively"

* Question 4 (QC4) - "This application improved my ability to identify and interpret rock

engravings"
¢ Question 5 (QCS5) - "I would like this application to be included in rock art visits"

The first question (QC1) aims to evaluate the navigation across multiple application pages.
Question QC2 has the objective of understanding whether the Ul buttons were easily identifiable
and located. The third sentence regards the loading speed of the application pages and its impact
on the user experience. Finally, questions QC4 and QCS5 have the goal of assessing the helpfulness

of the application in rock art visits.

6.4 Results

This section presents the results obtained from the test sessions conducted.

6.4.1 Participants Population

Most participants were male (66.6%), while only 33.3% were female, as shown in Table 6.3.
Regarding their ages, most had an age of less than 30 years old and only three users were above
40 years old, as demonstrated in Table 6.4. Table 6.5 shows that participants’ ages ranged from 19
to 52, with a mean of 28.11 and a median of 23.5 years old. Regarding the users’ past experience
with AR, especially mobile AR applications, 88.8% reported having used AR applications in the



6.4 Results 67

Gender | Number of Participants

Male 12
Female 6
Other 0

Table 6.3: Number of participants of each gender

past, while 11.1% (2 participants) mentioned not having experience with AR applications, as seen
in Table 6.6.

Age | Number of Participants
18-22 6
23-27 7
28-32 2
33-37 0
38-42 0
43-47 1
48-52 2

Table 6.4: Number of participants of each age range

Participants’ Age

Minimum 19

Maximum 52
Mean 28.11
Median 23.5

Table 6.5: Statistics regarding participants’ age

Past Experience with AR ‘ Number of Participants
Yes 16
No 2

Table 6.6: Number of participants of each age range

6.4.2 Task A - Visualizing a 2D animation

Users were given pictures of Penascosa’s rock number six engravings in both digital and printed
formats and were allowed to choose which picture and format to use. In order to complete this

task, users were required to visualize a 2D animation on top of one of the engravings. Since the
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horse engraving was the only one with animation, this was explained to the participants before
starting the task.

The questions users had to answer for this task are the following:

* Question 1 (QA1) (related to step A.a) - "I was able to detect rock engravings using the

application easily"

* Question 2 (QAZ2) (related to step A.a) - "The engraving detection process was simple and
intuitive"

* Question 3 (QA3) (related to step A.b) - "I was able to associate each button on the bottom
panel with its respective engraving"

* Question 4 (QA4) (related to step A.b) - "Selecting a specific engraving was simple and
intuitive"

* Question 5 (QAS) (related to step A.c) - "The animation button was easy to locate"

* Question 6 (QA6) (related to step A.c) - "I was able to visualize the 2D animation clearly"

All the questions were based on the Likert Scale and had 5 possible answers, each associated

with a numerical value:
1. Strongly Disagree
2. Disagree
3. Neutral
4. Agree
5. Strongly Agree

The questions were all answered after completing the task.

Results

Figures 6.1, 6.2, 6.3, 6.4, 6.5 and 6.6 show the answers to each question for this task aggregated
in bar charts.

Regarding question QA1, 77.7% of users answered either Agree or Strongly Agree, demon-
strating that users did not find the process of detecting engravings (step A.a) difficult. Four par-
ticipants were neutral regarding this question, which shows that this flow can still be improved.
Question QA2 is similar to QA1 by also targeting step A.a, but focuses more on its simplicity
and intuitiveness. The answers to this question were identical to QA1’s, although one participant
disagreed that the engraving detection process was simple and intuitive.

Questions QA3 and QA4 are related to the engraving selection operation (step A.b). 61.1%
of users were clearly able to associate each button on the Ul with its respective engraving. No
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participant disagreed with QA3, showing that the button design used is adequate for their function.
All the responses to QA4 were positive, with 72.2% of users strongly agreeing with the affirmation
and 27.8% agreeing. There were no negative replies to this question. These results indicate that
step A.b was appreciated by the participants.

Regarding step A.c, users reported the animation button was easy to identify and locate, with
77.8% of participants strongly agreeing with that affirmation and without any negative or neutral
responses to question QAS. Regarding question QA®6, related to the clearness of the 2D animation,
responses were not as clear as in the last question. The majority of users (55.6%) answered pos-
itively, reporting they were able to clearly see the 2D animation being played on the scene. Five
participants were neutral about this matter, while three expressed negative opinions. Two users
(11.1%) strongly disagreed with question QA®6.

Analysis

Overall, the feedback obtained from task A’s questions was positive, with users reporting being
satisfied with the flow of most steps.

Regarding step A.a, the engraving detection step, most users found it easy and simple, although
there were few Strongly Agree answers. Some participants reported not finding this process very
intuitive and needed help in order to complete this step. During the tests, help was only provided
to users when they were stuck in one step. In an actual visit to the rock art sites, the guide can
provide users with the same level of help provided in the test sessions, and that is why participants
were aided. One way to make this step more intuitive and simple would be to add a helping screen
to the Engraving Detection Page. This screen could be displayed in different ways, although
there are two main ones: 1) as a temporary hint and 2) as a helping panel. The first option
would consist of a piece of text containing instructions on how to perform step A.a that would
be temporarily displayed on the screen after some time without detecting any engravings. The
second way consists in having a help button in the Engraving Detection Page UI that, when clicked,
displays a panel with instructions on top of the page. The panel would also contain a button to
close it. Regardless of how they are displayed on screen, instructions and tips would be helpful to
users and would improve their experience.

Step A.b achieved the best results overall, with both associated questions having a mean score
of above 4.50. Question QA3 shows that the selection UI containing a panel on the bottom of
the screen and a button for each engraving was adequate for this use case. 61.1% of participants
strongly agreed with the affirmation of QA3 regarding the association between each engraving
and its respective button. The only complaint mentioned by some users is that the buttons do not
change when selected and, therefore, it is not possible to identify which engraving is currently
selected just by looking at the buttons. This is not a problem for most rocks, but could pose an
obstacle in cases where it is more difficult for users to constantly keep the rock in the screen.
In such cases, it would be helpful to have some distinction between the button of the selected

engraving and the others. This could be done by applying some transparency to the buttons of



Usability Evaluation 70

the engravings that are not selected and keeping the selected one fully opaque, highlighting the
pressed button and giving users a way to know the selected engraving at all times.

Regarding the animation step (step A.c), users mostly found the animation button easy to
locate and identify. However, some participants mentioned the button text not being clear enough
and suggested changing the current text, "PLAY", to "ANIMATION" or "PLAY ANIMATION".
Regarding the animation itself, being displayed on the scene proved to be confusing for some users
that reported not being able to clearly visualize it. The on-scene display means that the animation’s
pose is the same as its respective engraving and, therefore, it is played at the same position as the
engraving’s virtual outline. Since outlines present some small oscillations in their position when
the user moves the camera due to the tracking module’s position estimation calculations, users
often thought these oscillations were part of the 2D animation. While playing the animation, these
oscillations can also occur, meaning that the virtual outline might slightly change its position,
which can affect the clearness of the animation itself. Improving this aspect means making it more
clear to the users that the animation is being played so that they can fully focus their attention on
it. Furthermore, highlighting the part of the screen where the animation is occurring could also
help users distinguish between the animation frames changing and the position oscillations. This
could be achieved by adding a border around the virtual outline during the animation’s duration.
This border would help users identify its location, allowing them to adjust their device’s position
in the real world to better view the animation. Although adding an element wrapping the virtual
outline would be helpful in this aspect, it would also increase the noise in the scene. Therefore,

testing this addition with users before adding it to the application would be important.

Question QA1
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Figure 6.1: Question QA1 Results
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Figure 6.6: Question QA6 Results

6.4.3 Task B - Visualizing and controlling a 3D model

After finishing Task A, the application is on the Engraving Detection Page, engravings have al-
ready been detected and one of the engravings has been selected by the user. Task B starts at this
point, after an engraving has been selected, which is where Task A finished. To complete Task
B, users are required to visualize a 3D model of the selected engraving and control its size and
orientation.

The questions related to this task are the following:
* Question 1 (QB1) (related to step B.a) - "The 3D visualization button was easy to locate"

* Question 2 (QB2) (related to step B.b) - "The plane detection hint helped me understand

how to detect planes"
* Question 3 (QB3) (related to step B.b) - "I was able to easily detect horizontal planes"
* Question 4 (QB4) (related to step B.b) - "Detected planes were easy to identify"
* Question 5 (QBS5) (related to step B.c) - "Placing the 3D model on the scene was simple"
* Question 6 (QB6) (related to step B.d) - "Rotating the model was easy and intuitive"

* Question 7 (QB7) (related to step B.d) - "Controlling the model’s scale was easy and intu-

itive"

Like Task A, all questions are Likert-Scale based and have five possible answers, each asso-

ciated with a numerical value, as described in section 6.4.2. The questions were answered after
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completing the task.

Results

Figures 6.7, 6.8, 6.9, 6.10, 6.11, 6.12 and 6.13 show the answers to each question for this task
aggregated in bar charts.

Question QB1 regarded the button that initializes the 3D Visualization Page. All answers
to this question were positive, with 16.6% of participants agreeing that the button was easy to
locate and 83.3% strongly agreeing with that affirmation. This demonstrates that accessing the 3D
Visualization Page is perceived as a simple and intuitive process by the users.

Questions QB2, QB3 and QB4 are related to the second step of this task (step B.b), the detec-
tion of horizontal planes in the real-world scene. 83.3% of users demonstrated finding the plane
detection hint to be helpful in the plane detection process, while three users were neutral about this
matter. Regarding the plane detection itself, targeted by question QB3, most users (61.1%) agreed
that this process was easy and three users strongly agreed with this sentence. One participant
disagreed with the affirmation and three users remained neutral. Regarding QB4, all the answers
expressed positive feedback, with 72.2% of users strongly agreeing that the planes were easy to
identify and the rest agreeing with that statement.

Question QBS5 was the only one related to step B.c, the placement of the model on the scene.
77.8% of users were positive about this step. One user disagreed that placing the model on the
scene was simple and three participants were neutral about this topic.

Finally, questions QB6 and QB?7 targeted step B.d: controlling the 3D model. Regarding the
rotation controls, explored in question QB6, the results were very positive. Out of the 18 partici-
pants, 17 strongly agreed that rotating the model was easy and intuitive while the remaining user
also agreed with the statement. The scale controls (question QB7) achieved slightly worse results,

but all users still agreed (16.7%) or strongly agreed (83.3%) that these controls were easy to use.

Analysis

Question QB1, which regards the process of accessing the 3D Visualization Page, achieved
great results. Its mean score of 4.83 reflects that users did not have any trouble locating the
button that navigates to that page and understanding its function. Some users reported that the
combination of the icon and text used in the button provided a very clear idea of what that Ul
element does.

Regarding step B.b, users were mostly satisfied with the hint shown before any horizontal
plane was detected. Participants reported that this element provides helpful instructions on how to
detect planes, although some mentioned the hint not being clearly visible in some cases due to its
color. Since the element is colored white, it can become fully or partially omitted if the camera
captures real-world elements with bright colors. There are two main ways to solve this issue that

might be worth exploring in the future. Firstly, the hint’s color could be changed depending on
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the overall brightness of the environment captured by the camera. Using Arcore’s light estimation
features, it is possible to estimate the brightness level of the scene, which could then be used to
adjust the color of the hint. In darker environments it would remain white and in brighter ones its
color could be changed to black. The second method would be to add a background to the hint
element. This would ensure that the hint is always visible, but it would occupy a larger portion of
the screen. Regarding the detection of horizontal planes, most users were able to easily perform
this step. However, some participants demonstrated difficulties understanding what they were
supposed to do, even with the instructions provided by the hint. It could be worth exploring the
addition of more UI elements that provide clearer instructions on how to perform this operation.
When it comes to the planes themselves, after the application detects them as horizontal surfaces,
an orange polygon appears on the scene denoting that the surface where it is placed has been
detected. All users were able to understand this concept and could easily point and identify the
detected surfaces. Some participants suggested changing the color of the polygons. Since this
could seriously affect the view of the real-world scene, this approach would have to be tested with
different colors and opacity values before being implemented.

Question QBS targets the placement of the 3D model on the scene (step B.c). Users were
generally satisfied with the actions needed for this step, but most mentioned the steps following
the detection of horizontal surfaces were unclear. Although for some participants tapping one of
the detected surfaces to place the 3D model on the scene was intuitive, there were others who
got stuck in this step. The lack of instructions regarding this phase seems to be the cause of
the problems encountered by the participants and, therefore, this point should be improved. UI
hints could be displayed during this step, as in step B.b, explaining to users how to place the 3D
model on the scene. Moreover, an instructions panel could also be helpful to mitigate the issues
participants faced during this phase.

Questions QB6 and QB7 focused on step B.d, with the goal of assessing the usability of the
3D model controls. The application allows users to control two parameters of the model after it is
placed on the scene: orientation and size. These questions achieved high mean scores, reflecting
the overall satisfaction with the 3D model controls. Regarding the orientation controls (question
QB6), users reported finding them intuitive and easy to use. All users were able to understand
the function of the rotation slider and all expressed the icon placed inside the slider’s panel was
useful for that. The size controls (question QB7) achieved similar results, with all users reporting
positive feedback, and being able to clearly identify the UI element relative to it. Some participants
suggested allowing the size to be controlled using finger pinches given that this action is usually
related to changing the size of objects in other applications.

Generally, the feedback obtained from Task B’s questions was positive.
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Figure 6.10: Question QB4 Results
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Question QB6
20
15
10
5
0 0 0 1
0
1 2 3 4 5
Mean 4.94
Standard Deviation 0.229
First Quartile 5
Second Quartile (Median) 5
Third Quartile 5
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Figure 6.13: Question QB7 Results

6.4.4 General Questions

These questions have the goal of evaluating general aspects of the developed application and,
therefore, participants only answered them after completing both tasks and replying to their re-
spective forms.

The general questions are the following:
* Question 1 (QC1) - "Navigating across the application was intuitive and simple"
¢ Question 2 (QC2) - "The buttons were easy to locate"

* Question 3 (QC3) - "The loading speed of the different pages was good enough to affect

the experience of using the app negatively"

* Question 4 (QC4) - "This application improved my ability to identify and interpret rock

engravings"
* Question 5 (QCS) - "I would like this application to be included in rock art visits"

Like Task A and Task B’s questions, these are all based on the Likert-Scale, with five possible
answers, ranging from Strongly Disagree to Strongly Agree. Each answer is associated with a

numerical value, as explained earlier in section 6.4.2.

Results
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Question QC1 aims to evaluate the navigation across the entire application. 16.7% of users
agreed that navigation was simple and intuitive, while the rest (83.3%) strongly agreed with the
affirmation. Regarding the buttons (question QC2), 83.3% of users provided positive feedback,
either agreeing or strongly agreeing that they were easy to locate and identify. Three users were
neutral about this point and there were no negative answers to this question. Question QC3 fo-
cuses on the loading speed of the application pages. Regarding this matter, the majority of users
(61.1%) agreed that the loading speeds did not impact their experience negatively, while 16.7%
strongly agreed with that. Three users were neutral about this aspect and one participant disagreed
with QC3’s statement, expressing dissatisfaction with the loading speed of the different applica-
tion pages. QC4 did not register any negative or neutral answers. 72.2% of users strongly agreed
that the application helped them identify and interpret rock engravings and 27.8% agreed with that
statement, demonstrating that users perceived the application as helpful. Finally, question QC5
aimed to assess the willingness of participants to use this application in rock art visits. Results
were mostly positive, with 14 out of 18 participants (77.8%) expressing they would like the ap-
plication to be included in visits. Three users were neutral about this point and one participant

disagreed with QC5’s affirmation.

Analysis

Question QC1 demonstrates that navigation across the different application pages is intuitive
and simple. Furthermore, QC2 supports this statement, with the majority of users feeling that the
UI buttons were easy to locate and understand. Some participants suggested changing the icons
or the text of some Ul elements, but mostly the navigation feedback was positive. Moreover,
users did not demonstrate any difficulties with this aspect and reported feeling confident navigat-
ing across the application. Regarding the loading speed of the pages (question QC3), feedback
was, once again, positive. Most participants mentioned not feeling like the loading speed of the
pages was impacting their experience negatively. Some users reported some discontentment with
the loading speed of the Engraving Detection Page when it was opened for the first time. This page
takes longer to load than the others because it has to initialize the image detection module. One
approach to mitigate this is implementing a loading screen between the Initial Page and the En-
graving Detection Page. Although the loading speed would not change, users would, most likely,
not feel its impact as strongly. However, this approach would require extensive testing to ensure
its acceptance among the final users. Question QC4 demonstrates the application’s usefulness
in identifying and interpreting rock engravings. Most users reported feeling that the application
strongly helped them locate engravings in Penascosa’s rock number six and distinguish between
them. Overall, the feedback regarding this aspect was extremely positive. Finally, question QC5
aims to determine whether users would like to use the developed application in rock art visits. The
majority of participants reported wanting the application to be included in rock art visits. Most
participants that expressed this mentioned the visual aid and the liveness of the application’s infor-

mation as the two main reasons for its success. The participants who answered negatively or who
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were neutral mentioned feeling like the application had a steep learning curve. Furthermore, there
were concerns regarding the repeatability of the solution. This could be solved by regularly updat-
ing the contents of the application so that if a user repeats a visit to a certain rock the experience
will be completely different.

Question QC1
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Figure 6.14: Question QC1 Results
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Figure 6.18: Question QC5 Results

6.4.5 System Usability Scale

The System Usability Scale (SUS) questionnaire contains ten Likert-Scale questions. Each ques-
tion contains a sentence and has five possible answers with numerical values associated, ranging

from Strongly Disagree (1) to Strongly Agree (5). The sentences are the following:

1. I think that I would like to use this system frequently.

2. I found the system unnecessarily complex.

3. I thought the system was easy to use.

4. I think that I would need the support of a technical person to be able to use this system.
5. I found the various functions in this system were well integrated.

6. I thought there was too much inconsistency in this system.

7. I would imagine that most people would learn to use this system very quickly.

8. I found the system very cumbersome to use.

9. I felt very confident using the system.

10. I needed to learn a lot of things before I could get going with this system.

Each questionnaire response produces a score. Firstly, the numerical values from each answer

(ranging from 1 to 5) have to be scaled in the following way:
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* For odd-numbered questions (score is the raw numerical value and scaledScore the resulting
one):

scaledScore = score — 1

* For even-numbered questions (score is the raw numerical value and scaledScore the result-
ing one):

scaledScore = 5 — score

After this, all scores have values between 0 and 4. The final result is obtained using the

following formula, where Q; is the scaled score of question i):
result = (£1°,0,)% 2.5

The obtained results are in the range of 0 to 100.
The results were interpreted using the Adjective Rating Scale developed by Bangor et al. [5],

shown in Figure 6.19, obtained from their article.
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Figure 6.19: Different scales for interpreting a SUS score,

The developed application achieved a mean score of 80.7 from all the answers to the SUS
questionnaire. This average score places the solution in the Acceptable range according to the
acceptability scale, with a B grade, according to the grade scale. The adjective rating obtained is
Excellent. This reflects the general feedback obtained from the test participants, who expressed

their satisfaction with the solution.

6.4.5.1 Open Feedback

Users were able to provide open feedback and make suggestions after replying to the SUS form.
From all the answers gathered, three points stand out as possible changes to the application in the

future:

* Being able to move the 3D models
Some users mentioned that being able to see the 3D models move in the scene would be
a great addition to the app, increasing the virtual models’ feeling of reality. According to
the test participants’ feedback, this movement should either be controlled by the user or

integrated into the model’s animation. Allowing the user to control the movement of the 3D
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objects could produce some problems regarding the UI needed for that operation and the
reality sense experienced. An additional UI element would be required for the movement
controls, which would further populate the screen and diminish the available space for the
camera view. Furthermore, the model’s movement would need to be restricted to some
sections of the scene to prevent the user from guiding the 3D objects to locations impossible
to access in the real world. Integrating the movement into the model’s animation would
also require constraints to be applied to ensure, once again, the 3D object only moves to
accessible places. Although it would require extensive testing, this addition could positively

impact the user experience.

¢ Making the application compatible with AR glasses
With the evolution of AR hardware, AR glasses are growing in popularity. such devices
could help in increasing the sense of reality perceived by the user when viewing virtual
objects on top of the real-world scene. In the case of this dissertation’s work, AR glasses
would provide a more seamless experience to rock art visitors. Furthermore, it could elimi-

nate some problems related to the lighting of the real-world environment.

* Adding help elements to some of the pages
The lack of Ul elements containing instructions on how to perform some of the application’s
operations was the most noted point by test participants. Ul elements such as instructions
panels, hints and menus could be added to the current Ul of the application, aiming to im-
prove this aspect. Special care would be required when designing such elements to prevent

overfilling the screen.



Chapter 7

Conclusions

AR presents great potential to improve the user experience in cultural scenarios. The versatility
offered by this technology allows for joining the real world with virtual elements, enabling the
enrichment of cultural exhibits and sites and allowing visitors to experience novel situations.

In the context of cultural visits, especially outdoor ones, AR faces several problems due to
the uncontrolled nature of the environment. Apart from uncontrollable variables like the lighting
of the scene and its vegetation, the distance to cultural objects can also pose an obstacle to users.
These issues are encountered when using AR for rock art.

This dissertation explores the issues of applying AR to flat rock engravings and proposes
methods to mitigate the problems identified. Furthermore, it investigates the feasibility of applying
AR to the Coa Valley rock engravings and the ways in which this technology can be used to help
visitors visualize and understand rock art, providing answers to the research questions described
in section 1.2.

Regarding RQI, the main issues with applying AR to flat rock engravings in outdoor condi-
tions are the lack of control over the environment in which the engravings are located and the
detection of such art elements from different angles and perspectives. Different approaches were
developed and tested to mitigate these issues, as presented in chapter 5. Some of the tested tech-
niques improved the robustness of the application while others mostly focused on improving its
performance. Robustness improvements mostly led to decreases in performance and, therefore, a
balance between these two factors was reached.

The results obtained from the user studies described in chapter 6 demonstrate the usefulness
of a mobile AR application in the interpretation of rock art. With simple and intuitive operations,
this application was able to aid users in visualizing and distinguishing rock engravings, answering
RQ2. Furthermore, it also provided users with a wider range of information and context regarding
specific engravings.

Finally, regarding RQ3, it was concluded that it is feasible to apply AR to rock art visits. Even
though the AR technologies currently available lack the power to make the experience immersive
and seamless on their own, this can be compensated using the methods described in chapter 5.

Most users that participated in the user studies agreed that the developed application would be a
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great way to complement the information provided by the tour guide and that it would improve

their rock art visiting experience.

7.1 Improvements

Although the feedback received from the users was positive, there are some points that can be
improved. Firstly, some users showed difficulties during the engraving detection process, mostly
due to the lack of UI elements containing help instructions. This issue was also pointed out
on the 3D Visualization Page, where some test participants felt a lack of helping elements. The
addition of panels and hints providing instructions to the users at each step of the application could
significantly improve their experience so that this aspect could be improved.

As mentioned in section 6.4.2, the 2D animations were unclear to some test participants. Dis-
playing the animation in the AR scene poses a few problems, so it would be worth exploring ways
to improve this process. Apart from that, new methods of displaying the 2D animations should also
be researched, with the goal of providing users with a clear view of the animation while keeping
the simplicity of the application.

It might be possible to further meliorate the engraving detection step by exploring the use
of image detection algorithms based on machine learning. Although this would require a large
dataset of engraving pictures, the performance of the application when detecting engravings in the

camera view could be greatly boosted.

7.2 Future Work

With AR constantly evolving, there is high potential to evolve this dissertation’s solution. Re-
garding hardware, it is worth exploring the use of LiDAR sensors to enhance the detection of
engravings. These sensors are currently only available on some Apple devices, but their popular-
ity is growing. LiDAR sensors could help detect engraving lines with high precision, enhancing
the position estimates for the virtual outlines. Furthermore, the detection of surfaces in the real
world could significantly benefit from these sensors’ ability to determine distances between the
mobile device and the objects being captured by the camera. Another interesting piece of hard-
ware that could be integrated into this application is AR glasses. As suggested by some users
during the usability testing studies, using AR glasses to render virtual objects on top of the real-
world view instead of the phone’s screen could positively impact the experience of rock art site
visitors by removing the need to hold a device with their hands. Although this type of equipment
is currently expensive and not accessible to everyone, it would present a great way to improve the
developed application’s performance and acceptance by the final users.

Once the solution is expanded to work with other rocks and not just Penascosa’s rock number
six, performance will be a key factor to consider. As demonstrated in section 5.2, the image detec-
tion performance starts to decrease as the number of reference images in the database increases.

When adding support for other rocks, it will be important not to overload the reference database
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with too many reference images. Instead of using the same database for all the rocks supported
by the application, each rock can have its own reference image storage. In order to determine
at runtime which database to use, there are two main options: 1) ask the user which rock/site is
being visited and 2) use GPS data to determine the correct rock/site. The first option requires a
new user interface to be developed so that users can input their location. Although it is the easiest
to implement, it is prone to user mistakes and increases the number of actions users are required
to take to use the application. The second option presents a more seamless way to determine the
correct reference database based on the user’s location context. Using the mobile device’s GPS
data, one is able to determine the user’s position in the world. By comparing the user’s position to
the position of the supported rocks, the application can determine which rock is closest and load
its reference database.

In a more advanced state of the application, the reference databases could also be enhanced
with pictures taken by the users. This idea would require a back office to manage picture submis-
sions, which would, in turn, increase the complexity of the application. However, allowing users
to populate reference databases with pictures taken by them at the rock art sites would be a way
to ensure the reference images would stay up to date, therefore increasing the robustness of the
application.

Finally, the types of media supported on the Information Page could be improved. In addition
to textual information and images, which are already supported, it would be worth exploring video
support. Furthermore, there would be benefits to having a text-to-speech conversion module so that
users can listen to the textual descriptions while viewing information in other formats, like images

and videos.
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