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Supervisor: Aljosa Smolic

Utilising publicly accessible frameworks and tools, this application based research
contrives the design and implementation of a mobile application that enables full scale
simulation of the Front Square of the Trinity College Dublin (TCD) campus using
Augmented Reality (AR). The application generates a Gateway (Portal) on any valid
detected surface that is tapped, through which people can walk into a virtual 3D
environment representing the Old Trinity Campus. The 3D mesh of the Trinity Campus
also features virtually simulated crowd in vintage costumes that walks inside the 3D
mesh of the Front Square, which is precisely overlaid on top of the real campus. As the
buildings have not vastly changed since the 18th century, the environment looks more
realistic but with completely different articles augmented to the real world, providing
a convincing illusion of the old TCD. This research also discusses the optimisation of
3D meshes for mobile AR and the investigation carried out to determine the better
approach between marker based and marker-less AR for similar applications.



Summary

The dissertation is structured as follows: first the motivation and objective of this

research is discussed. Then the background information will be discussed, followed by

an elaborate discussion of State of the Art in this research problem. Starting from

discussion of the technologies behind Augmented Reality, the design of the proposed

system will be laid out and every component will be discussed in detail. Additionally,

the approaches tried in the experimentation phase will be discussed, and how they

align with our goal of solving this research question. Further, there will be a detailed

examination of the implementation, followed by defining and validating performance

metrics and analysis of the results. Furthermore, there will be a deliberation of the

limitations and discussion about the results. Finally, a conclusion will be given followed

by future scope of this project.
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Chapter 1

Introduction

This chapter contains some of the essential background knowledge about the topic

that is studied, with a brief discussion about the relevancy and probable impact of the

same. Further, the objective and structure of the dissertation hereby submitted are

also discussed.

1.1 Motivation

Technologies such as Augmented Reality (AR) and Virtual Reality (VR) have been

the center of scienti�c research for a few years now. Until recently, VR was consid-

ered the more popular and widely available out of these computer graphics and vision

technologies. However, the release of games such as Pok�emon GO [1] and devices like

Hololens [2] have been introducing an increasing number of people [3] to AR and it is

slowly moving towards mainstream adoption, outdistancing VR to become the more

popular amongst the two technologies. There are a number of studies published which

explore the di�erent domains and possibilities of AR. However, not a lot of relevant

research has been carried out to determine the scope of superimposing full scale 3D

models of buildings on top of the original structures using AR, provided the limited

computational power and tracking capabilities of handheld mobile devices. Similarly,

has there been a substantial research on the use of shaders inside Unity with respect

to AR and using it to generate something like an AR portal.

Generally, the concept of AR is to project the virtual entity on a screen, which can
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be from a handheld device like a mobile phone or a tablet, onto a real-world platform.

Further interactions can be performed on it via the screen or using hand gestures.

This technology can be bene�cial from a historical point of view because it can enable

users to witness famous historical personalities and monuments while preserving his-

tory, and acting as a great tourist attraction simultaneously. As further academic and

commercial research is transpiring, AR is expanding and becoming more accessible to

the masses. Recent use of this technology has been employed in Education (eg. Teach-

ing di�cult concepts like Electromagnetism [4]), Medicine (eg. Assisting the surgeons

during surgery [5]), Manufacturing (eg. AR aided product assembly [6]), Marketing

(eg. E-Commerce [7]), Entertainment (eg. Video games [8]) and even Psychology (eg.

Therapy for people with phobias [9]). The AR portal can also have applications in

real estate [10] where the properties can be viewed in an entertaining and interactive

way without the need to travel. As mentioned above, use of this technology can be

inclined towards both educational and recreational purposes in conjunction, such as

interactive learning for students who would be interested in learning architecture or

studying history.

1.2 Objective

The primary intention of this dissertation is to integrate full scale 3D models of cultural

heritage sites into the real world using Handheld Mobile Augmented Reality (HMAR)

and explore the variables involved in working with the corresponding research prob-

lem. The study seeks to investigate the di�erent approaches that can allow users to

experience full scale 3D models into the real world environment. The process involves

examining di�erent AR technologies available in the handheld AR ecosystem, and dis-

covering the one that provides the most e�cient solution to this research question. In

addition, prospective solutions to the registration problem in AR are analysed, im-

plemented and evaluated, and a stable solution is proposed where the placement of

markers are not required.

As a result, an inter-dimensional portal is developed which allows the user to walk

inside through a virtual door and experience the historical 3D model of the Front

Square of Trinity College Dublin (TCD). The aforementioned model is in full scale

and features crowd simulation where the agents are dressed in vintage clothes, thus
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enabling the user to experience the campus virtually in its former glory during the 18th

century. As the campus buildings have not vastly changed since the 18th century, the

environment looks more realistic but with completely di�erent articles augmented to

the real world, providing a convincing illusion of the old TCD. This research further

analyses and focuses on the possibilities this ecosystem coupled with various interfaces

facilitating AR provides us with when we try working with APIs and Shaders inside

Unity. Furthermore, de�ning and evaluating performance metrics for crowd simula-

tion and subsequently validating the generated results is a signi�cant portion of this

research. If we consider external factors like 
uctuating lighting conditions due to

variable weather conditions, tourists constantly obfuscating views, and inconsistent

computer vision techniques for AR registration; there are numerous challenging tech-

nical pitfalls in implementing the visualisation of 3D content in outdoor environment

using AR. Being an application based dissertation, it will cover several di�erent topics

and associated hurdles, treating them as our secondary research questions. Examples

of such secondary objectives are - Ensuring that the user is present physically at the

right place at the Front Square of TCD campus (absolute positioning), construction of

Nav Mesh for crowd simulation and instantiation inside the 3D model, optimisation of

models by using lighter mesh, maintaining consistency with the crowd animation played

within the virtual environment, ensuring that the crowd animation being played aligns

accurately with the point of view of the user. Other issues that need to be considered

would be related to the crowd simulation - whether the simulation would be a persis-

tent story, that is, will it continue even if the user isn't watching it, or will it be a story

that resets every time a user runs the application. The research also aims to explore

whether or not multiple users will be seeing identical crowd simulation when using the

application concurrently.

1.3 Outline

This dissertation is divided into 6 chapters, each dealing with one speci�c section in

detail.

� Chapter 2 overviews the current State of the Art in AR, and discusses in detail

preliminary and ongoing literature that was reviewed throughout the duration of
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this dissertation.

� Chapter 3 discusses the design and pipeline that was used to solve the research

question.

� Further, Chapter 4 focuses on the theoretical background and implementation.

� Chapter 5 analyses and discusses the results and evaluation of this study.

� Finally, Chapter 6 draws the conclusion, summarises the proposed contributions

and reviews the limitations of this study, and further presents the scope of im-

provements and future work.
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Chapter 2

Background and State of the Art

This chapter reviews the current State of the Art in Augmented Reality. As AR is a

vast �eld which covers a broad range of topics, we will focus on the topics that are

imperative for the reader to understand the latest advances in AR and underlying

concepts in this dissertation. It begins by formally de�ning AR and categorising the

di�erent types of AR that are available today. Further, the impact of this technology

and its recent applications in cultural heritage and tourism are examined. Finally, the

technical background and related work are discussed.

2.1 De�nition of Augmented Reality

The term Augmented Reality (AR) was coined by a former Boeing researcher named

Tom Caudell in the year 1990. Although the concept of augmenting the real world

by virtual data was initially used by a number of applications in the late 1960s and

1970s [11], this was the �rst time someone had conceived it o�cially. The term AR

has been given various di�erent meanings [11]. Milgram et al. [12] mention a more

restricted de�nition where AR is seen as \form of virtual reality where the participant's

head-mounted display is transparent, allowing a clear view of the real world". But Wu

et al. [13] do not believe that AR is restricted to any type of technology. Accordingly,

Diegmann et al. [11] broadly de�ne AR as \a situation in which a real world context is

dynamically overlaid with coherent location or context sensitive virtual information"

[14] and consider AR as a concept which is conceptualised beyond technology. Azuma
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[15] de�nes AR as a variations of Virtual Environments (VE), which combines real and

virtual imagery, is interactive in real time, and registers the 3 Dimensional imagery

with the real world. There can be many di�erent applications of AR in various di�erent

domains. Zhou et al. [16] de�ne AR as a technology which allows real-time overlaying

of computer generated virtual imagery on physical objects. Unlike virtual reality (VR),

where the user is completely immersed in a virtual environment, this research de�nes

AR as a technology that allows the user to interact with the virtual images using real

objects in a coherent manner.

2.2 Types of Augmented Reality

Stewart et al. [17] classify AR technology into 6 types, all belonging to either Triggered

or View-Based category -

2.2.1 Triggered

Triggers are the external stimuli or characteristics that initiate or \trigger" the augmen-

tation [17]. In AR, triggers can be GPS locations, markers(paper or object), dynamic

augmentations of objects, as well as a combination of dynamic augmentation of objects

and GPS locations.

2.2.1.1 Marker Based

Marker based AR requires a marker to activate an augmentation. Visual markers

or objects are tracked to determine the camera's perspective, and virtual objects are

placed on top of those markers. One limitation of this method is that the location

of the marker must be known at all times, and tracking stops as soon as the marker

disappears from the view frustum. Marker based AR can further be sub categorised

into the following -

2.2.1.1.1 Object Markers Based

When the AR is object based, the object could be any reasonable sized physical entity

like a real-world $20 bill [17], which can activate an entertaining, patriotic animation.
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Sometimes augmentation created through object based markers may be used to enhance

the image or object, and sometimes it can just be a means to access the digital content,

using objects that may or may not be related to the augmentation. An example of

Object Marker Based AR in use can be HP Reveal [18], previously known as Aurasma.

2.2.1.1.2 Paper Marker Based

Paper markers share most of the characteristics of the object markers. The only dif-

ference being the physical properties of the marker. Here it is not a real-life object but

a pattern printed on the paper. Mostly the pattern is something unique so that it can

be easily tracked by the application to produce an augmentation. A few examples of

applications of Paper Marker Based AR are String [19] and Blippar [20]

2.2.1.2 Location Based

AR technology makes it easy to visualise spatial information. It could be the position

or direction of locations and objects for location based applications that process and

present information based on the user's position in the real world [21]. Whenever the

information to the user is processed and presented, location based systems take the

user's location into account. This method uses a digital compass or GPS technology to

track the device on a speci�c location, and is usually helpful for overlaying information

that refers to nearby services or directions. Real life usage of Location Based AR

systems is very well demonstrated by Instagram [22].

2.2.1.3 Dynamic Augmentation

Dynamic Augmentation is a sub category of AR where meaningful and interactive

augmentation takes place. There is also a possibility of motion tracking and object

recognition [17]. An example of Dynamic Augmentation in real world is FaceCake [23].

2.2.1.4 Complex Augmentation

Complex Augmentation is an extension of Dynamic Augmentation, where the dynamic

view is augmented and information is pulled from the internet, based on the markers,

location or object recognition [17]. One prime example of this technology is Google

Glass [24]
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2.2.2 View-Based

Other forms of AR are view-based, which includes either digitised augmentations with-

out reference to what is in view or augmentation of a stored/static view. View based

AR can be subdivided into 2 categories -

2.2.2.1 Indirect Augmentation

Indirect Augmentation involves images of the real world augmented intelligently [17].

Google's cross platform application named \Just a Line [25]" is a great example of

Indirect Augmentation which allows the user to draw or doodle in the air using AR.

2.2.2.2 Non-speci�c Digital Augmentation

Non-speci�c Digital Augmentation can augment any camera view regardless of location.

An example of the same is an IPad game called VirtualPop [26]

2.3 HMAR in Cultural Heritage and Tourism

The most easily accessible AR medium for cultural heritage is a mobile handheld device

like a smartphone or a tablet [27]. The fact that these devices are cheap and easily

available makes them more accessible and makes a strong case for their use with AR

technology to make use of the pre-existing hardware. Ding [28] reviews some of the

recent mobile handheld AR applications for cultural heritage as discussed below.

2.3.1 ArtLens 2.0

ArtLens 2.0 [29] is a cross platform application(available for both IOS and Android) by

Cleveland Museum of Art [30]. It is a small and lightweight application which enhances

the visitor experience by providing facts and information about the artwork using AR,

o�ering access to interactive real-time maps of the museum and the option to design

individual tours. They are able to guide the users indoor through the application using

mapping and beacon technology, helping the visitors explore the museums. The version

2.0 of the application is a much improved version of the original application, and uses
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the database of the museum to recognise art. As a result, as soon as a painting is

added to the museum, it automatically gets updated in the application as well.

2.3.2 Skin and Bones

A free application for iPhones and iPads, called Skin and Bones [31] by Smithsonian's

National Museum of Natural History [32] is a great example of use of AR technology

in preservation of historical artefacts. Aiming to improve the Bone Hall Exhibition

[33], which has not been upgraded in a very long time, the application brings the

skeletons to life using AR. Before the release of this application the museum used to

display information on small signs near the respective skeletons, which being in a largely

scienti�c language made it di�cult for the visitors to understand them. The application

can be used from anywhere in the world. When the users are not physically present

in the museum, they need to open the application and point their device's camera

towards specially printed papers or displays, acting as markers, in order to give the

users a 3-Dimensional experience. It can also visualise the way the animals looked

like and how they moved when they were alive. The museum reports that the visitors

using the Skin and Bones application while visiting the museum tend to spend much

more time in the Bone Hall, demonstrating an average dwell time of 14:00 min with

the application as compared to 1:34 min without the application.

Figure 2.1: Skins & Bones app by Smithsonian's National Museum of Natural History

2.3.3 Blanton Museum of Art

The application for The Blanton Museum of Art [34] at the University of Texas in

Austin [35] is the third and last application discussed by Ding. An exhibition called
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\The Crusader Bible: A Gothic Masterpiece" is present in this University's museum,

which displays the elements of the exhibition in only three languages: Latin, Persian

and Judeo-Persian. For obvious reasons, English speaking visitors �nd the exhibition

hard to understand. So an iPad application was developed for translating the exhibition

elements into English language using the AR technology. The percentage of visitors

using this application was not very high, at about 20%, simply because not all the

visitors owned iPads, but the response to the application was still positive and the

dwelling time of the visitors was longer compared to the times before this application

was released.

2.3.4 Taipei Fine Arts Museum

Chang et al. [36] give another example of handheld mobile AR for cultural heritage.

In 2012, they conducted a user behaviour experiment during an exhibition where the

visitors to Taipei Fine Arts Museum [37] were asked to use their art appreciation AR

application. The hardware used for the experiment was a 10 inch Android tablet,

which the visitors had to point towards a painting, and then a series of events used

to take place in the following order - The �rst step was the description step where

the application provided an audio or visual description of the painting. The second

step involved analysis, where the users could analyse the painting and get detailed

information about it by zooming in/out. The third step was interpretation, where the

users could zoom in/out of the painting again and could get info about the general

theme of the painting and how it was composited. The �nal step was judgement

where the visitor could use his/her knowledge about the previous painting to assess the

other similar paintings recommended by the application. This experiment involved 135

college students, divided in three groups: an AR guided group, an audio guided group

and a control group which had no guide at all. The experiment focused on variables

like behavioural patterns, 
ow, learning, time spent on paintings, acceptance and user

attitude towards the guidance systems. The results demonstrated that the AR guided

group exhibited a signi�cant increase in all these aforementioned variables and showed

higher rates of acceptance towards the AR guided systems. The results in behavioural

patterns of the audio guide group and the AR guide group were comparable. On the

other hand, the non-guided group expressed a willingness to use a guide in the future,
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either audio or AR. The audio group showed interest in the AR guided systems, but was

open to use the audio guided system again. Both the guided groups indicated interest

in using the guiding systems again. Moreover, the non guided group revealed that they

wished for a guide as it would have helped them better understand the paintings.

2.3.5 Melaka heritage site

An AR application named as AR@Melaka is another example of AR application for

a cultural heritage site, and is proposed and developed by Pendit et al. [38] in their

study published in the year 2014. The application aims at providing the users an

enjoyable informal learning experience at the Melaka heritage site [39] in Malaysia.

The user is provided with an overlay of information on top of the real world, and it

annotates certain positions of the heritage site, which the users can click on to access

more detailed information. Once the application development was completed, 200

visitors participated in the user testing, where they are asked to use the application

and �ll out a questionnaire thereupon. The questionnaire, consisting of 24 questions

about informal learning, had a scoring system on a scale from 1 to 7, where 1 was the

lowest and 7 the highest. The average score was approximately 5.5, meaning that the

visitors learned something while using the AR application and enjoyed the process.

The results the researchers obtained were limited in scope as there was a lack of a

metric to measure the extent to which the mobile AR application enhanced level of

enjoyable informal learning. Hence the study was not very conclusive, thus making it

harder for the readers to draw conclusions or replicate the study.
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Figure 2.2: Live View of the Mobile AR Application at Melaka Heritage Site

2.4 State of the Art

2.4.1 Mobile Augmented Reality

AR technology has several subcategories, like Mobile Augmented Reality (MAR) and

Handheld Mobile Augmented Reality (HMAR), and any type of technology a user

can carry to visually augment the world can be classi�ed as belonging to one of these

categories. At present, HMAR it is mainly being developed by Apple and Google.

In the late 2017, both the companies released Software Development Kits (SDKs) for

their respective Operating Systems (OS) to enable developers build applications that

work on AR. Google's ARCore is a state of the art AR platform compatible with

Android that can run on most of the newer smartphones. A majority of the Android

devices are released with ARCore support nowadays. With the help of the camera

and onboard sensors of a supported smartphone, ARCore is able to achieve basic light

estimation, motion tracking and environmental understanding. Following the same

suit, Apple released a similar platform for their iPhone Operation System (iOS) and

named it ARKit. In fact, ARKit was released by Apple a few months earlier and

thus facilitating AR development on IOS devices �rst, later followed by the release of

ARCore for Android devices by Google. In the background, AR toolkit development

was being pursued by small corporations such as Vuforia since the year 2011, where

they released Qualcomm's AR platform called QCAR version 1.0 in year 2011, after
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elaborate beta testing. Later Vuforia version 2.0 was released and since then it has

gained strong user base and developer support. Focusing primarily on marker based

AR, Vuforia was later acquired by PTC [40] in late 2015. The strong backing by tech

giants like Google, Apple and PTC has led to a tremendous increase in the popularity of

AR in the last few years, and survey reports that validate this trend will continue in the

future. For Example, Augmented and Virtual Reality Report 2019 by Perkins Coie [41]

reveals that out of the 200 startup founders surveyed, 70% predicted that AR market

will surpass VR in revenue. Additionally, 81% speculated that this is possible in the

next 5 years. The following sections will give an overview of some of the technologies

and processes that enable the production of AR experiences with ARCore, ARKit and

Vuforia in order to understand the capabilities of these platforms and their limitations.

This segment discusses some of the background behind Mobile Augmented Reality and

the technologies that make possible to experience it in our smartphones. The �rst

implementation of smartphone AR took place in early 2004, with some demonstrations

of real-time tracking of 3D markers [42]. Due to advancements in mobile computing

since then, AR can now have unlimited potential use cases and be distributed to a very

large number of people.

2.4.2 MAR for integrating full scale 3D models in real world

Appreciable research has been carried out in this area of study in the past, with re-

searchers devising various methods of achieving accurate full scale augmentations on

monuments. One example of such a method is discussed in an article published by

Vlahakis et al [43], who, along with his colleagues developed a tool called Archeogu-

ide, which stands for Augmented Reality-Based Cultural Heritage On-Site Guide. The

article demonstrates how a system that's designed well can work as a personal elec-

tronic tour guide to historical heritage sites. The system enables the users to col-

lect and exploit archaeological information on any location. The system is primarily

based on optical tracking techniques. It uses DGPS for location accuracy, but still

gets alignment(< 1m) and viewing angle(< 0.5 degrees) errors. The system uses a

Client{Server architecture, so network access is essential for the experience to work,

and it requires complex and non portable hardware to be able to function(Figure 3.5).

This is the biggest shortcoming of this system; and the kind of infrastructure it requires
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is impractical for general public use. For the Archeoguide experience to work, the user

needs a Head Mount Display (HMD), DGPS reciever, camera, compass and a very

powerful laptop. However, in spite of these limitations the output achieved by this

system is commendable and does move a step forward towards �nally integrating AR

in real life using mobile devices(2.3). One other solution is provided by Panou et al.

[44], who collectively attempted to restore the demolished minaret of a glass mosque

in Crete, Greece using AR. The study was published in the year 2018 so it is fairly

recent, and it works on a similar approach as Archeoguide. However, Panou and his

colleagues designed a location-based application which works on mobile phones and

does not require any specialised or complicated hardware. The researchers primarily

follow a geo-location and sensor based approach. The 3D augmentations (Figure 2.4)

are a minor component of the architecture they built, and access to the server required

throughout the session of the application. While this technique is more advanced

and can cater to the public, it doesn't come without limitations. Occasionally, the

researchers noticed inconsistency between the device orientation calculated by them

and orientation calculated by the API. In addition, it was reported that the use of

AR Camera in conjunction with GPS for longer periods resulted in rapid battery con-

sumption. Finally, the researchers did not address the problem of memory e�ciency or

optimisation in this study, which is a critical matter that requires consideration for all

kind of HMAR experiences, attributed to the limited memory and computing power

of these devices.

Figure 2.5: User of Archeoguide at a viewpoint with the necessary equipment
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Figure 2.3: Renders by Archeoguide
(a) Current state of the temple of Hera
(b)Temple augmented with a rendered
model with live video feed

Figure 2.4: (a) The Ottoman Glass
Mosque in its current state (b) 3D de-
piction of the Glass Mosque featuring
the now demolished minaret, as seen
by the mobile's camera
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Figure 2.6: Diagramatic rep-
resentation of Hol's Sensor Fu-
sion approach

Figure 2.7: Mobile sensors required to make var-
ious AR technologies work

2.4.3 Motion Tracking

To describe the concepts of motion tracking, it is important that the reader is aware of

the concept of Simultaneous Localisation and Mapping (SLAM). SLAM is the method

of recognising the device position and rotation by mapping the surroundings. The

block diagram in Figure 4.1 depicts the SLAM processes. It was a pretty popular topic

among the mobile robotics community before it started getting used in smartphones.

SLAM can be implemented using various di�erent algorithms, but fundamentally they

all gradually build a uniform map of the surroundings while establishing the device

location within the map synchronously [45]. Since the introduction of SLAM, various

algorithms have been presented to put this technique into practice [46]. As mentioned

above, due to the high computing power of mobile devices nowadays, SLAM algorithm

shows reasonably consistent results in smartphones. Klein and Murray [47] presented

the �rst implementation of SLAM in mobile phones in the year 2009. A keyframe-based

SLAM approach was suggested by them which could be run on smartphones just using

camera input. However, if only images are used for 3D tracking, the results could be

inaccurate.

This is where sensor fusion technology [48] comes into play. Illustrated in Figure 2.6,

this technology combines the data of di�erent sensors in order to have more precise

and comprehensive information of the device, providing an overall improved motion

tracking as a result. Lynen et al. [49] improve upon the basic SLAM algorithms with

sensor fusion technology, increasing the accuracy and robustness of the results. To
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understand the device rotation and position in real-time, data is gathered with the help

of Inertial Measuring Unit (IMU), which consists of an accelerometer and a gyroscope.

It helps us acquire the acceleration, velocity, angle and position of the phone. Also,

since IMUs do not provide reasonably precise tracking data, the image stream from

the camera becomes necessary in this approach. By distinguishing characteristic visual

attributes on every input image and then tracking them using SLAM, the camera pose

can be recovered. The method of computing IMU data and images for motion tracking

is called Visual-Inertial Odometry (VIO). However, this technique has a drawback: It

does not stay at the same location as time goes by and objects tend to move away from

there originally detected position. To counter this, SLAM has optimisation processes

which help VIO in detecting previously visited areas and reduces map errors as a result,

in a process called loop closure detection [50]; along with increasing the precision of

the scene map in the background.

Figure 2.8: Block Diagram of SLAM Process

2.4.4 Light Estimation

Mobile AR processes a given frame to identify the illumination of its surroundings.

Currently, AR technology can only make a global estimate of the lighting, estimating
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features like brightness, color, temperature. On the other hand, Google's ARCore

calculates an average of incoming light by scanning the pixels of the camera image,

which helps it best light an AR object according to the lighting situation of the given

environment [51]. Light and shadows play a major role in helping the eye to determine

and di�erentiate fake objects from real ones. If the light is matched correctly, the brain

cannot tell the di�erence between a real object or a 3D model placed in the scene, which

in turn makes the AR experiences more believable and enjoyable.

2.4.5 Scene Understanding

To place virtual objects on the scene, we need to be aware of the 3D representation of

the real world (Smartphone 3D Reconstruction for Physical Interactions in AR, 2018).

Once the camera pose has been tracked e�ciently, the HMAR frameworks detect both

vertical and horizontal planes in the scene. Polygons are used to de�ne planes and they

rest on top of the real-world surfaces which helps creating the illusion of virtual objects.

We can achieve robust plane detection by detecting subsets of coplanar feature points

from the monocular camera image [52]. In contrast, we can estimate surface normals

[53] to improve the data of detected point cloud. This process is computationally

expensive and is only preferred when the visual points are available in abundance.

2.4.6 Immersion

We can de�ne immersion as a sensation of involvement in the virtual world [54], and it

is linked to a mental sense of involvement. Mainly, the following three technical factors

[54] a�ect digital immersion:

� Physical interactions: All the interactions between the physical world and the

virtual objects need to be realistic. Otherwise the immersion e�ect may be lost,

degrading the overall experience for the user.

� Hardware: Capable hardware is very important in giving the users experiences

that feel realistic and engaging. Apart from that, smartphone AR has its own

limitations in terms of the small amount of real world space it can cover when

compared to other available devices like headsets and glasses, which present a
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much more immersive experience, as the �eld-of-view (FOV) is increased and

visual boundaries between physical and digital world are minimised.

� Visual perception: The way virtual objects are rendered in the real world en-

vironment can drastically alter the experience of the user [55]. A better visual

perception can be achieved in two ways - Either by rendering augmented informa-

tion as realistic as possible to be seamlessly integrated with the environment, or,

the real world can be stylised to match the virtual objects to generate a consistent

environment [56].

2.4.7 Crowd Simulation

According to literature [57], researchers like Challenger et al. [58] use the word `crowd'

for almost every situation involving an interaction between more than two individuals.

According to several authors, the word crowd is used as a description for a large num-

ber of individuals walking through the same space at a certain point in time. However,

the term has di�erent meanings for di�erent researchers, and thus has been used with

varying de�nitions in di�erent papers. For example, Hoogendoorn and Bovy [59] use

the term `crowd' to de�ne a number of individuals walking through a train station,

while the same word is used to describe the movement of pedestrians in front of a pop

podium by Duncan [60]. According to Duives et al. [57], the term has no common

de�nition in the �eld of transportation engineering. Even in sociology, where crowds

have been researched for many years, by researchers like Wijermans [61] and McPhail

[62], the de�nition used is quite broad: `More than 2 people at the same location dur-

ing the same time period'. This de�nition does not give a quanti�able reference point

for engineering practices. It is very vague in the sense that any movement involving

interaction of more than two individuals could be construed as a movement of crowd

by this de�nition. Duives et al. [57] �nally use the following de�nition of the term

`crowd' as their working de�nition -

\ A crowd is a large group of individuals (N� 100 P) within the same space at the

same time whose movements are for a prolonged period of time (t� 60 s) dependent

on predominantly local interactions (k P 1 P/m2 )."
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The numbers N (number of individuals), k (density) and t (time) are chosen in a

way as to exclude movements of non-existent interaction. The researchers get more

speci�c with this de�nition by elaborating more about the crowd. They assume that

pedestrians are in close contact with each other (interaction distance between indi-

viduals being less than 1 m) during crowd movements, making multiple split- second

operational movement decisions. Secondly, the pedestrians that are a part of the crowd

are in no external pressure to advance, but they do have a conjectural objective in mind

towards which they are proceeding. Thirdly, it is assumed that the environment in the

location where this crowd is considered, is friendly. As a result, no additional tension

between the individuals exists. Furthermore, the crowd is assumed to be heteroge-

neous with no speci�c age-group or gender dominating, since we are discussing the

prediction of crowd movements by simulation models at a public space where mixed

demographics can be present. Since pedestrians in public places generally do not carry

a lot of luggage with them, it is assumed that they are not carrying baggage other than

a small backpack. Lastly, it was assumed that the pedestrians are not familiar with

the layout of the infrastructure. When translating the above into engineering terms,

the de�nition of `crowd' gets a more direct meaning for pedestrian motion modelling.

2.4.8 Level of Detail

As the name rightly suggests, the concept of decreasing the details in a 3D model

as it moves away from the viewer in space, is called Level of Detail (LOD). It also

takes into account factors like the relevance, resolution and speed of the object. There

is an implementation of the similar concept in Computer Graphics called mipmaps

[63], where the computational cost of graphics pipeline is decreased by decreasing the

number of polygons that need to be rendered. Apart from relieving heavy rendering,

LOD can also omit the computation of expensive tasks.

2.4.9 Mobile Hardware Restrictions

Although Mobile AR is the most promising way to make this technology accessible to

as many people as possible, it does have some limitations. The major issue with Mobile

AR is the limited capabilities of the mobile hardware. This limitation is highlighted

in the approaches discussed in 2.4.2, where the users of Archeoguide had to wear a
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kit consisting of a Head Mounted Display as shown in Figure 3.5, DGPS (Di�erential

Global Positioning System), camera, compass and a backpack containing a powerful

laptop - just to be able to experience full scale 3D models augmented to the ruins of

the ancient architecture.

Low memory and insu�cient computing power along with limited mobile network

connectivity are all factors that need to be considered whenever an AR tourism ap-

plication is developed [64]. To circumvent this problem, either the computationally

expensive tasks can be o�oaded to an external server, or the e�ciency of those tasks

can be improved. We can �nd examples of the former technique implemented by re-

searchers like Fatima et al. [65], Gui et al. [66], and Zhang [67] where computationally

expensive tasks like image recognition were o�oaded to an external server. While the

other options are available as mentioned above, this is the most popular way of im-

plementing AR applications that require image processing. The only limitation is that

the application becomes dependent on internet connectivity. Also, due to the memory

limitations of smartphones, once the scene map becomes too big, the system needs to

remove some of the information which will no longer be used for the reconstruction
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Chapter 3

Design

The design of the proposed method is discussed in this chapter. Since this research

expands on the 3D model of Trinity College Dublin created in the year 2017, the sections

below will explain how to data set was acquired, and discuss what optimisations and

processing has been applied to it. Further, each section in this chapter will focus on

the design principles and methodologies considered before �nalising a solution, and will

explain the reasoning behind the same.

3.1 Dataset

The following dataset was utilised to exhibit the 3D mesh of the Front Square of TCD

Campus inside the AR portal - Trinity College Dublin Drone Survey Dataset. The

dataset used for this research was acquired from Trinity Access to research Archive

(TARA) [68]. The aforementioned dataset comprises of 6 �les in the form of zipped

archives and a report explaining the technical details of the project. The �les named

Images 1, Images 2, Images 3 and Images 4 contain the original images from the drone

survey, and an archived �le called 3dmesh contains the 3D model of the TCD campus

in Wavefront Object (OBJ) and Polygon File Format (PLY) �le formats. Further, the

data points for the point cloud that was used to create the OBJ model are contained

in the zip �le named point cloud. The 3D visualisation of the point cloud can be

generated using an open-source WebGL based point cloud rendering tool called Potree

[69].
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