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Abstract

Background and Objective:Augmented Reality is one of the fastest-growing fields,
increasing funding for the last few years, as people realise the potential benefits of
rendering virtual information in the real world. As the equipment gets more commer-
cialised, the cost would get lowered while the performance also goes up. However,
most of today’s Augmented Reality marker-based applications would use local features
detection and tracking techniques. The disadvantages of applying these techniques are
that the markers must be modified to match the unique classified algorithms or suffer
from lower detection accuracy. Machine learning is a perfect solution to overcome the
current drawbacks of image processing in Augmented Reality applications.

Methods: This thesis is split into two investigation directions. The first investigation
is to implement new Augmented Reality markers with concealed information such
as bar-code or quick response code while keeping most of the visual information of
the original texture. The second investigationdemonstrates the Augmented Reality
marker without using any embedded codes and original texture modification required
by immersing the machine learning technology into the marker detection process. The
new approach incorporated Machine Learning using deep neural networks to detect and
track the Augmented Reality application’s marker targets. The research implemented the
auto-generated dataset tool, which uses for the Machine Learning dataset preparation
step. The final iOS prototype application was developed to incorporate object detection,
object tracking and Augmented Reality. The Machine Learning model was taught to
recognise the differences between targets using YOLO’s most famous object detection
methods. The model was trained by either Pytorch, and the final product uses a valuable
toolkit for developing the Augmented Reality application called ARKit.

Results:Several different experimental exercises have been conducted to qualify the
proposed methods on technical performances. The experimental outcomes indicated
that the object detection model could achieve over 80% precision, over 90% recall,
and over 70% mean average precision using proposed synthetic datasets. The proposed
method significantly improves object detection accuracy where it could achieve at least
18% higher than the real-world dataset. The iOS prototype can detect the target markers
and display the augmented objects under different lighting conditions at an average rate
of 50 frames per second.
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Chapter 1

Introduction

Parts of this Chapter have been published inpaper 2listed in the publication list
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The combination of natural and un-real environments sounds like a fiction

story in the mid 20th century, but it is now real after a long history of research

and failure. The result is �Augmented Reality�, where the virtual information

is rendered upon the natural objects in real-time. However, due to the detection accuracy

and usability limitations, Augmented Reality is still far from reality. The Machine

Learning's advancement in computer vision on another hand significantly increased

object detection accuracy, and the interest in computer vision applications in many

diverse areas have gained more attention. One clear example is that Augmented Reality

could be a valuable and handy knowledge delivery tool for both students and teachers to

replace the original hard copy materials in the education sector. The development of

vision-based Machine Learning to distinguish objects is crucial in the computer vision

field. Therefore, this thesis aims to improve the Augmented Reality object detection

capability by incorporating Machine Learning using deep neural networks.

1.1 Inspiration

Augmented Reality has a great potential to provide information and direct assistance

virtually for daily activities, and there has been significant research and commercial

interested in this field. Marker-based is the most used type of Augmented Reality where

the application is implemented to recognise and track the targeted marker to active

the experience. However, there are still many challenging issues that are waiting to be

discovered and improved. One of the significant issues is that there are many different

Augmented Reality markers with unique encoded information algorithms available

in the market(Rekimoto & Ayatsuka, 2000; Kan, Teng & Chou, 2009; Liu, Tan &

Chu, 2010; Le & Nguyen, 2017; Nguyen, Tran, Le & Yan, 2017), such as template

(Figure 1.1a), bar-code (Figure 1.1b) or pictorial bar-code (Figure 1.1c) markers. Most

of them usually require the users to modify either partially or entirely their contents.
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However, the users are not always happy to change their existing materials to match the

Augmented Reality markers requirements(Koch, Neges, K�onig & Abramovici, 2014).

The marker recognition process could be another issue where the traditional computer

vision-based techniques, such as scale-invariant feature transformations(Lindeberg,

2012) or histograms of oriented gradients(Lowe, 1999) are used for the classifica-

tion task. These mathematical methods are vulnerable to unanticipated real-world

lighting (Wu et al., 2013), marker orientation(Cheon, Lee, Hyun & Park, 2011), and

unexpected noises (Bobeshko, 2017).

(a) Template marker (b) Bar-code marker (c) Pictorial bar-code marker

(d)

Figure 1.1: A few of Augmented Reality markers usually present unuseful information
that requires users to modify the original pictorial either partially or fully (a, b, and c).
The Machine Learning inference performance among different phone models using

InceptionV3 (d).
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The revolutionary of Machine Learning using deep learning convolutional neural net-

works hopes to overcome the traditional computer vision issues after AlexNet won

the ImageNet challenge in 2012(Krizhevsky, Sutskever & Hinton, 2012). Later im-

provement in the Machine Learning field has achieved human-like accuracy in object

recognition(Acharya, Hayes & Kanan, 2020) and real-time data processing(Tan, Pang

& Le, 2020), making the ideas of Augmented Reality and Machine Learning combina-

tion more and more possible than ever.

Another inspiration is that the Apple bionic computing processing unit is getting more

powerful (Figure 1.1d). Since the release of the A11 chip on the iPhone X model, the

new neural engine accelerator's combination gives nine times faster Machine Learning

calculations than a regular CPU1. It means that the tiny mobile devices are now easier

and more efficient in executing the heavy deep learning-Augmented Reality-based

applications. However, deep learning requires typically massive data sets to train on, and

it could be non-beneficial and have fewer quality data, which can reduce the accuracy

rate. The high time-consuming of trainable data preparation is another limitation of deep

learning, where it is usually done manually(Mamoshina, Vieira, Putin & Zhavoronkov,

2016).

1.2 Thesis goal and research questions

This research's purpose is toenhance Augmented Reality experiences by developing

a robust vision-based application. The ultimate goal was to use the meaningful images

as the markers within the Augmented Reality applications. Furthermore, the research is

split into two investigation directions:

1Chandra, H. (2018). Hardware acceleration for Machine Learning on apple and android devices. Re-
trieved from https://heartbeat.fritz.ai/hardware-acceleration-for-machine-learning-on-apple-and-android-
f3e6ca85bda6
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The first investigation is the implementation of the new Augmented Reality markers

with concealed information such as bar-code or quick response code while keeping

most of the visual information of the original texture. The details are demonstrated in

Section 3.4.

The second investigationdemonstrates the Augmented Reality marker without using

any embedded codes and original texture modification required by immersing the

Machine Learning technology into the marker detection process. This investigation

direction proposed a new way to generate the Machine Learning dataset synthetically

to overcome the extensive time consuming during the manual data annotation process.

The implementation plan will be described inSection 1.3, and details demonstrated in

Chapter 5.

The following research questions(RQs)have been addressed in order to accomplish the

described research goals:

RQ 1 (described in detail in Chapter 3): How well do the new proposed markers

perform comparing the original Augmented Reality markers? If so, what disadvantages

could the new proposed markers have?

RQ 2: (described in detail in Section 6.2)How well does the synthetic dataset perform

during the neural network training and testing process?

RQ 3 (described in detail in Section 6.3):What type of natural environments could

be complex for the deep learning model?

RQ 4 (described in detail in Section 6.4):How well does the implemented application

perform under real-world situations?
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1.3 SARM implementation planning

The second investigation of this thesis aims to use Machine Learning techniques to

enhance Augmented Reality experiences by using the original texture as the target

Augmented Reality marker. The proposed method can classify any images as Augmented

Reality markers without the need for users to modify the contents. The process also

requires a minimal amount of time to produce the marker as quickly as possible. The

proposed system is called "Synthetic data annotation system forAugmentedReality

Machine learning-based application" orSARM. The practical implementation is divided

into three different modules to present the proposed system in more detail:

Figure 1.2: The raw images (a) are processed through the graphic rendering unit and
augmentation algorithms to output the class name and coordinates for further deep

learning neural network training (b).

Module 1 - Synthetic data annotationis a critical step during the deep learning

neural network training process (as shown in Figure 1.2). The main principle of this

process applies domain-specific techniques to the original data and generates new

data in different forms and conditions using available graphic rendering software. This
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new method is quicker than traditional data annotation, which can produce up to 20

training dataset images per second on a graphic rendering unit. It also gives an excellent

opportunity to regenerate or modify the dataset faster for an additional training class or

improve the deep learning model quality.

Module 2 - Deep neural network training provides the learning capability for the

system to determine the potential marker from the scene. Many different convolutional

neural networks, including image classification and object detection models such as

AlexNet, ResNet, or YOLO, were successfully implemented and gave outstanding

results. This uses a suitable deep learning model to train with the previous module's

dataset and evaluate the training and test outputs.

Figure 1.3: Machine learning and Augmented Reality incorporation module where the
object detection algorithm using the deep neural network (a) can easily find the marker

in the scene and produce the Augmented Reality experience (b).

Module 3 - Machine learning and Augmented Reality incorporationallows the
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system to combine object prediction and project the 2D coordinates to the natural world

3D coordinates in the Augmented Reality scene (as shown in Figure 1.3). The system

then renders the virtual information, such as a 3D model, on the top of the predicted

marker based on its identity. In short, the markers and new methods proposed in this

thesis demonstrated four primary contributions, which will be presented in the next

Section.

1.4 Principal contributions of this thesis

This thesis purpose is to examine the use and performance ofnewly proposed Aug-

mented Reality markers that can conceal the encrypted informationand another

marker that does not require the original texture modification(SARM) by using the

Machine Learning techniques. In short, this thesis makes four main contributions that

are listed below, along with their related publications:

1. Investigation of new Augmented Reality markers that could conceal the hid-

den codes and provide minimal original texture modification.In many Aug-

mented Reality applications, visual content markers (also known as template

markers) are often used to provide meaningful pictorial information(Lepetit,

Lagger & Fua, 2005; Lepetit & Fua, 2006). However, they required manual image

registration and a collection of registered images for comparison processing. On

the other hand, data marker such as a bar-code or quick response (QR) code

provides a capability to improve template markers drawbacks. They are designed

with many black and white lines, bars, or patterns. These usually present binary

numbers of "0" or "1" and take relatively little time to decode computation-

ally (Rekimoto & Ayatsuka, 2000; Mohan, Woo, Hiura, Smithwick & Raskar,

2009; Olson, 2011). However, these data markers generally do not present much

helpful information to users unless extra graphical contents are added to the sides.
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Consequently, both template and data markers have their pros and cons. The

proposed markers aim to fill the missing gap to consider both makers' technical

advantages in providing a proper graphical content presentation and improving

detectability performance. More details on the proposed markers are presented in

Section 3.4.

Related publications:

• Nguyen, M.,Le, H., Yan, W. Q. (2020, February). Red-Green-Blue Aug-

mented Reality Tags for Retail Stores. InInternational Conference on Ad-

vanced Concepts for Intelligent Vision Systems(pp. 467-479). Springer,

Cham. https://doi.org/10.1007/978-3-030-40605-9_40 (Published)

• Nguyen, M., Lai, M. P.,Le, H., Yan, W. Q. (2019, November). A web-based

augmented reality plat-form using pictorial QR code for educational pur-

poses and beyond. In25th ACM symposium on virtual reality software and

technology(pp. 1-2). https://doi.org/10.1145/3359996.3364793 (Published)

• Le, H., Nguyen, M., Yan, W. Q. (2018, November). CSPM: a Novel Cur-

tain Style Pictorial Marker for Enhancing Augmented Reality Experiences.

In 2018 International Conference on Image and Vision Computing New

Zealand (IVCNZ)(pp. 1-6). IEEE. https://doi.org/10.1109/IVCNZ.2018.8634

697 (Published)

2. Investigation of the performance of object detection deep neural network

training and detectability using the synthetic dataset. The image recognition

accuracy using computer vision-based features extraction techniques such as

histogram of oriented gradients(Lowe, 1999) or scale-invariant feature trans-

form (Lindeberg, 2012) usually come with some issues. These mathematical

algorithms are susceptible to unexpected real-world illumination(Wu et al., 2013)
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or orientation(Cheon et al., 2011) and could be unreliable when the noise objects

partially cover the markers(Bobeshko, 2017). The revolution of Machine Learn-

ing and convolutional neural networks gives a promising solution of overcoming

the traditional computer vision issues(Krizhevsky et al., 2012). However, as

described in Section 1.1, it typically requires massive datasets for the Machine

Learning training process, and it could be non-beneficial and have fewer quality

data, which can reduce the detection accuracy rate. The trainable data preparation

time requirements are another limitation of Machine Learning where this step is

usually done manually. The newly proposed method generates a synthetic dataset

and labels each data item automatically using various computer graphics render-

ing techniques to overcome this issue. The figures of chosen Machine Learning

trainable classes are randomly blended into different natural-looking backgrounds

and other ambient lighting conditions and mixed camera orientation. The trained

model using the proposed synthetic dataset could achieve over 80% precision,

over 90% recall, and over 70% mean average precision against the real-world test

dataset.

Related publications:

• Le, H., Nguyen, M., Yan, W. Q, S. Lo. (2021, December). Training object

detection neural network with synthetic dataset for transportation signs. In

2021 36th International Conference on Image and Vision Computing New

Zealand (IVCNZ)(Accepted)

• Le, H., Nguyen, M., Yan, W. Q., Nguyen, H. (2021). Augmented Reality

and Machine Learning Incorporation Using YOLOv3 and ARKit.Applied

Sciences, 11(13), 6006. https://doi.org/10.3390/app11136006 (Published)

• Le, H., Nguyen, M., Yan, W. Q. (2020, November). Machine Learning
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with Synthetic Data�a New Way to Learn and Classify the Pictorial Aug-

mented Reality Markers in Real-Time. In2020 35th International Con-

ference on Image and Vision Computing New Zealand (IVCNZ)(pp. 1-6).

IEEE. https://doi.org/10.1109/IVCNZ51579.2020.9290606 (Published)

• Le, H., Nguyen, M., Nguyen, Q., Nguyen, H., Yan, W. Q. (2020, October).

Automatic Data Generation for Deep Learning Model Training of Image

Classification used for Augmented Reality on Pre-school Books. In2020

International Conference on Multimedia Analysis and Pattern Recognition

(MAPR)(pp. 1-5). IEEE. https://doi.org/10.1109/MAPR49794.2020.9237760

(Published)

Related research project:

• The international collaborative computer vision and artificial intelligence

related project between Auckland University of Technology (New Zealand)

and Pontificia Universidad Catâlica de Valpara½so (Chile), Jan. 2021

3. Investigation of the detectability performance of different Augmented Real-

ity markers without modifying the original figure contents . This investigation

presents a new method for incorporating Machine Learning to detect and track

Augmented Reality applications' marker targets using deep neural networks. The

synthetic dataset described in the previous contribution was used as the training

dataset for the deep neural network model. The YOLOv3 model(Redmon &

Farhadi, 2018) is used as the main object detection model and ARKit(Linowes

& Babilinski, 2017) as the primary software tool for developing the application

prototype. The proposed method achieved an 80% accuracy rate with an average

of 60 frames per second for real-time detection on a mobile device. The results

indicated that the detection process is effective in poor lighting conditions with
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an acceptable detection accuracy rate. This means that a synthetic dataset can

produce a similar result for Augmented Reality marker detection without modify-

ing the original content.

Related publications:

• Le, H., Nguyen, M., Yan, W. Q., Nguyen, H. (2021). Augmented Reality

and Machine Learning Incorporation Using YOLOv3 and ARKit.Applied

Sciences, 11(13), 6006. https://doi.org/10.3390/app11136006 (Published)

4. Investigation of a low-cost platform that could immerse the Augmented Re-

ality experiences to enhance learning efforts. Lacking teaching materials is one

of the common issues of the education system, especially in developing countries.

The teachers attempt to give as much theoretical knowledge as possible to students

while forgetting to train them with practical activities and ways of self-thinking.

This way of teaching has been producing the generations of students with theory

rather than practical. Augmented Reality technology can overlay virtual informa-

tion onto educational textbooks, making them more attractive, motivating students

to learn. An online learning platform is proposed that uses the advantages of

Augmented Reality to enhance students' imagination. A redesigned transparent

QR code sticker will be added to the existing education book figure. The students

then can use their mobile devices to scan the QR code that contains an encrypted

URL which allows them to render 3D graphics or animations virtually. That

virtual information will allow the students to learn and understand the teaching

theory much more intuitively. Moreover, the proposed method is implemented as

an online platform; thus, no specific software installation is needed. It provides

a stress-free, low-cost, portable, and promising solution to be used in school

textbooks of all grades, to enhance the teaching and learning experiences.
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Related publications:

• Le, H., Nguyen, M. (2020). An Online Platform for Enhancing Learn-

ing Experiences with Web-Based Augmented Reality and Pictorial Bar

Code. InAugmented Reality in Education(pp. 45-57). Springer, Cham.

https://doi.org/10.1007/978-3-030-42156-4_3 (Published)

• Le, H., Nguyen, M., Yan, W. Q. (2019, November). A Web-Based Aug-

mented Reality Approach to Instantly View and Display 4D Medical Images.

In ACPR (2)(pp. 691-704). https://doi.org/10.1007/978-3-030-41299-9_54

(Published)

• Nguyen, M., Lai, M. P.,Le, H., Yan, W. Q. (2019, November). A web-based

augmented reality plat-form using pictorial QR code for educational pur-

poses and beyond. In25th ACM symposium on virtual reality software and

technology(pp. 1-2). https://doi.org/10.1145/3359996.3364793 (Published)

• Wang, I., Nguyen, M.,Le, H., Yan, W., Hooper, S. (2018, November).

Enhancing visualisation of anatomical presentation and education using

marker-based augmented reality technology on web-based platform. In2018

15th IEEE International Conference on Advanced Video and Signal Based

Surveillance (AVSS)(pp. 1-6). IEEE. https://doi.org/10.1109/AVSS.2018.863

9147 (Published)

1.5 Thesis structure

This thesis consists of seven Chapters. The first Chapter, which is the current Chapter,

introduces the thesis idea and answers the question about why this thesis project is

needed.Chapter 2 describes the conceptual background of Augmented Reality, in-

cluding its history, application domains and demands for the future. The differences
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between Augmented Reality and other technologies such as Virtual Reality and Mixed

Reality are also presented. Following inChapter 3 introduces different Augmented

Reality marker-based techniques and the mathematical framework or image processing

techniques used to encrypt and decrypt information.Chapter 4 primarily focuses on

Machine Learning and how it inspires the goal of this thesis.Chapter 5 then describes

the methods to answer the research questions, which are stated inChapter 1. Moreover,

it includes the synthetic data generation techniques, deep learning model used, and

software implementation to merge Machine Learning and Augmented Reality. The

experimental results and the iOS prototype are presented and evaluated inChapter 6.

Finally, theChapter 7 concludes the thesis and its limitations and future work.



Chapter 2

Background: The Rise of Augmented

Reality

Parts of this Chapter have been published inpaper 2, paper 4, paper 5, paper 7,

paper 8, paper 9, paper 10, andpaper 11listed in the publication list
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Have you ever thought that the line between your imagination and the natural

world does not exist? It is possible with Augmented Reality and easily

accessible by most modern information devices (Figure 2.1). Augmented

Reality is a relatively new technology that can overlay virtual digital information onto a

physical environment(Craig, 2013). It is a perfect solution for visualising events that

are impossible or impractical to see. However, this does not mean it is impossible to

make further contributions in this exciting field. This Chapter reviews the literature on

defining Augmented Reality, its historical background and related information.

Figure 2.1: Augmented Reality applications are widely used around the world in
different domains such as: games, navigation, and education.

2.1 What is Augmented Reality?

Augmented Reality is a computer vision field where the physical environment is im-

mersed and overlayed with computer-generated information to create an interactive

space. Its main principle is to augment parts of natural objects with virtual information

in real time(Carmigniani & Furht, 2011). Milgram and Kishino stated that "display of

an otherwise real environment is augmented by means of virtual (computer graphic)

objects"(Milgram & Kishino, 1994). Another meaning is that the Augmented Reality

aims to present to the users the virtual contents and keep them staying in the real

world simultaneously. In general, it is defined as a system that includes the following
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characteristics (Azuma, 1997):

• Capability to combine the natural and the virtual world.

• Presents the natural and virtual interactable environment in real-time.

• Ability to view virtual information in three-dimensional spaces.

Figure 2.2: Milgram and Kishino's Mixed Reality Continuum.

Virtual Reality and Mixed Reality are mentioned most of the time but how they are

related to Augmented Reality? Figure 2.2 presents the Mixed Reality continuum that

shows the Mixed Reality as a convergence of the virtual world and the natural envi-

ronment along a digital information continuum. The Virtual Reality environment is

entirely generated by computer graphics, which disconnects users from the real world

and transfer them to an artificial digital environment. These immersive experiences are

usually applied in training, education, and video games. Augmented Reality lies between

Reality or the natural world and Virtual Reality to integrate virtual information into the

actual physical world's live view. By combining the physical world and the additional

digital information, Augmented Reality has successfully created a new experience to

allow users to interact and gain knowledge much more efficiently(Fisher & Baird,
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2006; Narzt et al., 2006). Developers use different solutions and tools to implement

Augmented Reality experiences but, in general, the Augmented Reality related applica-

tions are usually designed in one of two ways:

1 - Augmented Reality marker-basedis the most commonly applied method that uses

a physical object as a trigger. The trigger needs to be detected by the device camera; it

then decodes the trigger's input confidential information and displays the corresponding

virtual information. In these applications, the users will use a hard-copy marker as

the trigger and view the overlay as the computer graphics generated. This method is

usually suitable for indoor use such as education or product instruction. An example

of this is shown in Figure 2.3 in which the images in a textbook can be used as the

Augmented Reality markers to display virtual content, such as 3D models used in

geography application (Figure 2.3a) or in the biology application (Figure 2.3b). More

details on the Augmented Reality marker-based method is discussed in Chapter 3.

2 - Markerless Augmented Realityis different from the marker-based Augmented

Reality application since it does not require the physical marker. The markerless Aug-

mented Reality uses non-physical trigger tools like Global Positioning System (GPS),

on-device compasses or the internet to recognise the user's location. The system updates

the Augmented Reality presentation whenever the users move or their device changes

orientation. For example in Figure 2.3, the users can use built-in GPS and compass

functions to display directions to a particular location on a street (Figure 2.3c) or display

a game character (Figure 2.3d).
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(a) Geography application1 (b) Biology application2

(c) Augmented Reality Google map
application3

(d) Pokemon Go game4

Figure 2.3: Augmented Reality applications can be either marker-based (a and d) using
a hard-copy printout as the trigger or markerless (b and c) using GPS or other

location-tracking tools as the trigger.

2.2 How does it work?

A basic Augmented Reality system will consist of three main layers, as shown in Fig-

ure 2.4.

1Retrieved from https://i.ytimg.com/vi/Qw7HJPol8ZQ/maxresdefault.jpg
2Retrieved from https://trainingindustry.com/content/uploads/2017/09/12.7.15-Health-Care-

Gamification.jpg
3Retrieved from https://geektech.me/wp-content/uploads/2020/10/ed3e8d559e2da1d45e03f5441c985ab5.jpeg
4Retrieved from http://www.technokraft.co/assets/img/resize-ar.jpg
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Figure 2.4: Augmented Reality systems consist of three different layers: input layer,
computing layer, and output layer.

1 - Input layer is where the device camera captures the natural scene and other prop-

erties such as GPS information if a markerless approach is being used. This layer also

records the object distance and orientations related to the device camera. The device

needs to understand the environment around the user based on the content captured on

the camera feed. This helpful information allows the application to present the digital

content relevant to what the user is looking at.

2 - Computing layer is used to process and track the target information from the input

layer. The system usually uses template matching(Brunelli, 2009) if it is a marker-based

application or Simultaneous Localisation and Mapping (SLAM)(Mur-Artal, Montiel

& Tardos, 2015; Mur-Artal & Tardâs, 2017) if a markerless approach is being used

to distinguish the target identity. The template matching technique tracks potential 2D

images with unique properties, such as black borders, after quantising the image to

a specified resolution matrix(Kato & Billinghurst, 1999). More details on marker-

based detection and tracking is presented in Section 3.1. Markerless applications use

a built-in sensor and SLAM to remove natural features and textures and reach real-

time performance with sufficient accuracy. However, this method usually requires a
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high volume of data flow over the internet; hence, it is not excellent for low-cost and

un-professional users. The system then gets the digital content related to the target's

identity ready for rendering in the output layer. To instruct the output layer on rendering

the virtual contents correctly, Augmented Reality uses a six degree-of-freedom matrix

(6DOF)(Van Krevelen & Poelman, 2007), consisting of three in translation and three in

orientation. This unique characteristic makes it different from Virtual Reality, where

three degree-of-freedom (3DOF) are used(K.-M. Lee & Shah, 1988). The 6DOF matrix

includes three perpendicular axes (x,y,z) for the positions combined with orientation

changes via rotation (pitch, yaw, and roll). At the same time, the 3DOF only tracks the

position changes (Figure 2.5).

Figure 2.5: Augmented Reality uses six degree-of-freedom (a) to present the changes in
the virtual content's position and orientation, whereas virtual reality uses three

degree-of-freedom (b).

3 - Output layer renders the virtual content at the location in the natural scene. How-

ever, making this step fast and realistic is a challenging task. Augmented Reality systems

consider computer vision as the inverse rendering, which means that computer vision

recognises and understands 3D objects from their 2D images. The system then can

present the 3D content that is rendered onto the 2D display screen. This transformation
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