
 Eindhoven University of Technology

MASTER

Augmented reality for landscape development on mobile devices

Hardy, D.W.

Award date:
2011

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/a999b5b5-91b9-4570-a413-70193b133d23


Change the color of the line of the text box to ‘No line’ before printing: 
Right click on the edge of the text box 
Select ‘Format text box’ 
Select the tab ‘Colors and Lines’ 
Line: Color: ‘No Line’ 

 
 
 
 
 
 
 
 
 
 
University  Eindhoven University of Technology (TU/e) 
   Department of Mathematics & Computer Science 
   Department Electrical Engineering 
   Den Dolech 2 
   Postbus 513, 5600 MB, Eindhoven 
   040-2479111  
 
Company  Alten PTS 
   Beukenlaan 44 
   5651 CD, Eindhoven  
   040-2563080  
 
Supervisors  dr. ir. E. Rijpkema (Alten PTS) 

ing. M. Schifferling (Alten PTS) 
dr. ir. H.M.M. van de Wetering (TU/e) 
drs. A.A.G. Willems (Alten PTS) 
 

Date   7 February 2011 
 
Place   Eindhoven 

Augmented Reality for 
Landscape Development on 

Mobile Devices 
 
 

D.W. Hardy 
February 2011 



D.W. Hardy Augmented Reality for Landscape Development on Mobile Devices 
TU/e - Alten PTS 07-02-2011 

II 

 



D.W. Hardy Augmented Reality for Landscape Development on Mobile Devices 
TU/e - Alten PTS 07-02-2011 

II 

Preface 
 
This document describes the research conducted for the graduation project of David 
Hardy, student at the Eindhoven University of Technology. The project titled; “Augmented 
Reality for Landscape Development on Mobile Devices”, is conducted at Alten PTS.  
 
This research started in June 2010 and was set to take 7 months to complete. In these 7 
months, 1 month was reserved for other work then this research. 
 
I would like to thank several people for their contribution to this research. First of all, I 
would like to thank assistant professor dr. ir. H.M.M. van de Wetering (TU/e) for his 
counseling and supervising during this project. Also I would like to thank ing. M. Schifferling 
(Alten PTS) and drs. A.A.G. Willems (Alten PTS) for their supervising role in this project. I 
would like to thank dr. ir. E. Rijpkema (Alten PTS) for his counseling. 
 
Also I would like to thank Alten PTS for giving me the opportunity to do my master project, 
at their resources. I would like to thank all my colleagues at Alten PTS, who made me 
enjoy my stay at Alten PTS. 
 
Lastly I would like to thank dr. C. Huizing for taking place in the exam committee. 
 



D.W. Hardy Augmented Reality for Landscape Development on Mobile Devices 
TU/e - Alten PTS 07-02-2011 

III 



D.W. Hardy Augmented Reality for Landscape Development on Mobile Devices 
TU/e - Alten PTS 07-02-2011 

IV 

Summary 
 
Mobile Devices such as smart phones are becoming more and more powerful. 
This enables Augmented Reality for mobile applications. Augmented Reality combines in 
real-time a view of reality with a virtual world and creates an immersive illusion that both 
worlds are as one. For this, localization based on camera vision plays a big role, since the 
virtual world has to be placed accurately in the camera images of the real world. 
Different types of Augmented Reality exist;  

1. Information can be added to the view of reality. 
2. A virtual world can be merged into the real world, as if these worlds were one. 

 
For mobile devices several different applications already exist for the first type of 
Augmented Reality. However, for the second type still a lot of research is needed.  
The first type of Augmented Reality requires a coarse understanding of the position of the 
device in the world. But for the second type the position needs to be known exactly, to be 
able to show the virtual world merged into the real world realistically. 
 
Different localization methods are available for mobile devices. GPS can find the location 
in the world, and the digital compass together with the accelerometers can find the pose 
of the device. But these methods are too coarse for the second type of Augmented 
Reality. Vision can exactly determine the location and pose of a device, based on the 
camera images. However, this is a costly operation in terms of processing power. 
 
This master project focuses on Augmented Reality of the second type for outdoor use on 
mobile devices. Research must point out if this type of Augmented Reality is already 
feasible on the available hardware of today. A modular design is created, that allows for 
abstraction. It consists of 5 modules: 

- Localization: Responsible for finding the exact location and pose of the device 
- Feature List: A list that contains information about expected recognizable objects in 

the camera images. 
- Context Extraction: Responsible for extracting any information about the context of 

the application. 
- Model Conversion: Delivers a virtual world to be merged into the camera images. 
- Scene Rendering: Combining the information of Localization and Context 

Extraction, to render the virtual world correctly with the camera images. 
 
Each module is addressed in this project, but the main focus throughout this project is 
localization. A marker recognition system is proposed, that allows a mobile device to find 
markers. Based on the markers found in the image, GPS, compass and accelerometers, a 
highly accurate location and pose can be determined. This location and pose can be used 
to merge virtual world and camera image realistically. 
 
A prototype is created that renders virtual worlds in the correct position on top of the 
camera images. The entire process of recognizing markers and finding the location, based 
on these markers takes roughly 60% of the processing time. 
 
Using today’s hardware Augmented Reality of the second type is feasible on mobile 
devices, albeit under a low frame rate. More research is needed to increase this frame 
rate. 
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1. Introduction 
 
This chapter introduces the motivation that drives this research. The perspective in which 
the research, is justified is explained and the idea of the end product, the prototype, is 
covered. Also the setup for this report is given. 

1.1 Motivation 
 
Imagination is one of the most important abilities of the human mind. With the use of 
imagination people can understand how things work, people can ‘see’ a story that is being 
told and people grasp new concepts by simulation in their mind. It is one of the many 
things that define us as a species. In early childhood fantasizing about princes and 
princesses trains our imagination, to benefit from as adults. 
 
Many industries are based on imagination. The movie industry specializes in showing new 
worlds that are not real and have compelling story lines. The gaming industry lets players 
explore new worlds and let them interact with the imaginary world. Visualizing the 
imagination, making the image that is seen inside the mind visible to the eyes is one of the 
key aspects of the entertainment industry. 
 
The reality that computer games create is called Virtual Reality (VR). It is a reality "that is 
not real", it is imaginary but perceptible still. Augmented Reality (AR) is a technique that 
combines the real world and the virtual world in real time, making it possible to view the 
real world with the enhancements possible in VR. Virtual models can be added to the real 
world and for the user it seems that the virtual and real world are as one. 
 
When looking at the world using AR one can see with ones eyes, the imaginary world and 
the real world, exactly as imagined by the creator of the virtual world.  

1.2 Perspective  
 
Alten PTS is a consultancy company in technical automation. It delivers within its portfolio 
different services in several market segments. Alten PTS focuses especially on: 

• Simulation and modeling 

• Business critical systems 

• Monitoring and control 

• Embedded Systems 
 
Alten PTS has expertise in several fields related to these market segments, three of these 
are: 

• Imaging and Vision 

• 3D Visualization 

• GoMobile 
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The project “Augmented Reality for Landscape Development on Mobile Devices” covers 
these three fields of expertise in the market segment of Embedded Systems. The project 
researches the possibilities of Augmented Reality on mobile devices. The outcome of this 
project may be used in further research or as a prototype for possible clients. 
 
One of these possible clients is 4Sight, a company that specializes in creating architectural 
3D models for landscape development. Currently they offer to their clients Virtual 3D 
models, which can be used for animations, or to wander through, using a computer. They 
also offer high quality still images of an end result after construction, often combined with 
the current situation. An example of this can be seen in Figure 1, the images used are from 
4Sight. 
 
For city councils to start major projects, support of the public is very important. To boost 
willingness of the public, information gatherings are held, but these are poorly visited. 
4Sight states that especially people between the age of 20 and 40 are missing. This age 
group is also the same group that owns by far the most of all smart phones, so using a 
smart phone to reach this age group and boost public support, could help realizing 
projects faster. 
 
Currently a lot of research is conducted into AR. The increasing capabilities of mobile 
devices, especially smart phones, makes AR possible for the consumer market. The newest 
smart phones have a lot processing power and peripherals on board, such as camera’s, 
large screens, GPS, internet connection and even GPUs. 

1.3 The Idea 
 
Augmented Reality for Landscape Development on Mobile Devices allows a user to see a 
finished landscape development project, before construction starts. For example a new 
building can be seen through the mobile device, on the building site itself by use of a 
mobile device with a camera. The user can see the building in interaction with the 
environment, which will create a better understanding of the final product. See Figure 1, 
the combination of the reality shown in the top left, with the virtual model in the top right is 
processed by the mobile device and shown on the display, as in the bottom left, all in 
real-time. The user can walk around the building site and can always see on the mobile 
device the end result. 
 
The prototype has to give the user a lifelike view of the project. The user must get a 
detailed sense in “what is going to be developed”. 
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Figure 1: Project idea, combining reality and virtual reality by use of a mobile device into 

augmented reality. 
 
To place the model in the correct spot in the video stream the mobile device can make use 
of GPS, compass, accelerometers and a camera to determine its location and pose. Also 
the building site itself can be prepared to simplify localization of the mobile device. 

1.4 Document setup 
 
Chapter 2 will start with the initial steps of the project that are taken. The goal, approach 
and setup of the project are described. Continuing with Chapter 3 the localization that is 
needed for AR is discussed. Different types of localization are mentioned and compared. 
To be able to do localization based on camera vision, image recognition is needed. This is 
explained in Chapter 4. Chapter 5 continuous with some explanation of techniques used in 
image processing and in the localization. In Chapter 6 localization based on camera vision 
is further explained. Chapter 7 continues with the rendering of an architectural model, 
combined with the localization and context awareness. The complete design of the 
prototype that is realized is discussed in Chapter 8, as are issues on the actual 
implementation. Finally, Chapter 9 concludes this report with an results and conclusions. 
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1.5 Definitions and abbreviations 
 
AR    Augmented Reality. 
Architectural model The 3D model that is to be augmented into the video 

stream. 
Android Mobile Device Operating System, by Google 
DLT    Direct Linear Transform. 
GDA    Gradient Descent Algorithm. 
GNA Gauss Newton Algorithm. 
GPS    Global Position System. 
GPU    Graphic Processing unit. 
LMA    Levenberg Marquardt Algorithm.  
Location   Position in a coordinate system. 
Marker Object that is added to the world, for recognizability for 

camera vision. 
OpenGL ES   Embedded version of Open GL. 
Pose    Orientation in a coordinate system. 
Simple Convex Quadrangle Simple convex polygon, that exists out of four vertices. 
SVD    Singular Value Decompression. 
VR Virtual Reality. 
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2. Project Setup 
 
The project “Augmented Reality for Landscape Development on Mobile Devices”, is 
explained in this chapter. This chapter describes the goals and scope of the project, the 
approach used and the requirements. 

2.1 Goal 
 
The goal of this project is to research the possibilities of “Augmented Reality for 
Landscape Development on Mobile Devices”. It aims to create a prototype that is able to 
derive the user’s context and, based on this context information, can display a new 
landscape aspect, for example a building, at the construction site before it is actually 
build. During the research problems that are encountered are described and suggestions 
for solutions are given. 

2.2 Approach 
 
The project approach taken in this project is the agile approach Scrum [1]. In this 
approach the work to be done is divided into small chunks, called sprints. These sprints 
contain work for 2 to 4 weeks and each delivers a finished piece of work. See Figure 2. 
The benefit of an agile approach is that it is very flexible to changing of requirements. 
Each sprint is short and therefore the project can be easily adjusted. 
 

 
 

Figure 2: Scrum process overview. 
 
The entire project is reduced to a few products that have to be delivered, called the 
product backlog. These backlogs are divided into sub-products that can be made in a day 
or two. These sub-products, called user stories, are combined to form a sprint. The 
combined user stories for a sprint are called the sprint backlog. 
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2.2.1 Documentation 

 
During the project several documents have to be delivered. First up is the Project 
Management Plan. The Project Management Plan sets the goals for the project. Also the 
method and the planning that are to be used during the course of the project are set.  
 
The second document is the Requirements Specification. The requirements for the project 
are set, questions about the feasibility are gathered and user stories are created. Also the 
design of the prototype is treated on a more detailed level. Each requirement will be 
accompanied by a demonstration to prove that the requirement is accomplished. The 
demonstrations are split into many pieces that are the user stories. Appendix A - 
Requirements Specification and Appendix B - User Stories. 
 
During the implementation of the user stories the encountered pitfalls are documented and 
suggestions are made to solve partially unresolved issues. These are all bundled in the 
Research Document. This document is not included, because it is not yet completed. The 
delivery date of this document is postponed to after the completion Graduation Report. 
 
Finally, the Graduation Report describes the entire project. From the initial steps, to the 
final implementation. Selections of previous documentation will be reused in this report. 
 
A log is kept which summarizes the selected user stories that are to be executed. Also a 
day by day update of the work that is done is kept. Each update will also state the work 
that is to be done that day. 

2.3 Requirements 
 
The prototype has to comply with the requirements that are set in the Requirements 
Specification (Appendix A). These requirements set targets for the system to achieve, such 
as desired frame rate and accuracy of the localization. However, setting exact 
requirements for this feasibility study not always realistic. A differentiation between two 
types of requirements can be made, realistic requirements and desired requirements. The 
realistic requirements are strict, the system has to comply with this requirements. The 
desired requirements are the requirements of which the feasibility is studied. 
 
Examples of realistic requirements for this research are  

• The system must be able to do camera vision 

• The system must be able to do localization based on vision  

• The system must be able to show the architectural model 
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The desired requirements can be described with ambiguous terms, such as: “The user must 
get immersed into the world that is displayed. Therefore the frame rate has to be fast 
enough, the precision of the placement of the Virtual world on top of the real world has to 
be precise enough and the interaction with the real world has to seem natural.” Ambiguous 
terms in requirements should be avoided, so requirements are set, without knowing the 
feasibility: 

• The system must be able to perform at least 15 frames per second. 

2.3.1 Accuracy 

 
The required accuracy that is necessary for this type of AR is high. There are different 
types of AR: 

• Adding information to the world as it is seen. 

• Showing virtual worlds combined with the real world, as if it was one. 
 
An example of the first type is Layar, the Augmented Reality Browser. Layar combines the 
real world and a virtual one, and to do so it uses GPS and the compass for localization. It 
uses the camera only for displaying purposes. An example of the services that Layer 
offers, is showing the direction of the nearest ATM. The user has to walk in that direction to 
find the ATM. If the location of the ATM is off by a few meters, the user will still find the 
ATM and therefore the localization method used by Layar is adequate.  
 
For this research however, a more precise location is needed, because the user will not be 
satisfied by a building that is not exactly on the correct spot in the image. Therefore it can 
be said that the definition of AR is stricter for this research than it is for implementations 
like Layar. The precise level of accuracy is left undefined, since the user has to get an 
immersive feeling the accuracy is not measurable in meters, but in pixels. The further away 
the user is from the site that is being viewed, the less accurate the localization has to be, 
since the architectural model will get smaller in the image, thus inaccuracy less noticeable. 

2.4 Design 
  
The idea of this project focuses on architectural landscaping models. However, the 
prototype can be used not only for viewing landscape projects, but also for other 
visualizations of unfinished or hidden features of the landscape, such as cables in the 
ground. A modular approach to create the prototype will allow the prototype to be 
adaptable for multiple purposes. Constructing a light weight framework to allow this is 
necessary, for abstraction. Figure 3 gives an idea of the framework to be created. 
 
The abstraction created by the five modules allows for adjustment of one module of the 
framework, and not creating negative influences in any other module. The localization 
module has to determine the location and pose of the system. The output of this model is a 
set of parameters that represent the location and pose of the mobile device. The specific 
implementation is not of importance to this level of design. Chapter 3 will cover the exact 
implementation of the localization module. 
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Figure 3: Modular Architecture – Framework. 

 
The context extraction module tries to extract useful data out of the context of the mobile 
device. What context is depends on the exact purpose of the mobile device, more on this 
in Chapter 7. 
 
The framework differentiates between online and offline modules. The Model Conversion 
module is an offline module. The work of this module is done, not on the mobile device 
during runtime (online), but elsewhere beforehand on, for example, a PC using a separate 
program to convert models to the input the prototype is expecting. 
 
The feature list module is an online as well as an offline module. It contains information 
about recognizable objects for the image recognition, as will be further explained in 
Chapter 6. Offline this list can be filled with features that are known on forehand. Online 
the user can add other distinguishing features to this list to ease image recognition. The list 
is used for both localization and context extraction. 
 
The last module, the scene rendering module, combines all input from the other modules 
and creates the illusion that is AR, on the screen. The location and pose from the 
localization module are combined with the architectural model from the model conversion 
module, to show the architectural model from the correct angle. This is then combined with 
the context extraction module’s information and so that the real world and the virtual 
world can be combined.  
 
The main operation of the prototype, to show AR, can be summarized into: 

1. Determine the location and pose of the device, based on GPS, compass, 
accelerometers and camera vision. 

o Retrieve location and pose based upon GPS, compass and accelerometers. 
o Retrieve location and pose from the camera stream. 

2. Extract context from the camera image. 
3. Render model in the correct spot on of top the camera frame. 

 
A more detailed design is handled in chapter 8.  
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2.5 Challenges 
 
Several problems can be indentified before starting with the project. The feasibility of the 
end result as described in Figure 1 is unknown. To create the immersive illusion of AR that 
is requested, how precise does the localization need to be? GPS is accurate up to 10 
meters, but what is the accuracy of camera vision? It is likely that there is a tradeoff 
between accuracy and speed when it comes to localization. 
 
Context awareness based on camera vision requires a lot of processing power. Even on 
desktop computers this is still a challenge. How far can context extraction go on mobile 
devices? Also, are smart phones fast enough to render detailed architectural models? As 
mentioned in section 2.3, can a frame rate of 15 frames per second be achieved?  
 
More details on challenges and research questions can be found in Appendix A, the RS. 
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3.  Localization 
 
The localization module is responsible for finding the location and pose of the device. The 
device needs to know its location and pose in the world that is seen by the camera to be 
able to render a model accordingly. This chapter describes how coordinate systems are 
described, different methods to determine the location and pose, and how to combine 
these methods. 

3.1 Location and Pose 
 
Mobile devices are equipped with several sensors that are capable of collecting 
information about the whereabouts of the device. GPS, digital compass and 
accelerometers are typical examples of localization sensors, but also camera images can 
be used to determine the location and pose of the system. A unified way to express the 
outcome of each sensor will enable combining the sensory output into one location and 
pose. 
 
To be able to express the location of the camera of the device in the world, a 3D world 
coordinate system W  must be available. The origin of world coordinate system is denoted 

by ( )0,0,0W =O  and 
|C W

t  denotes the location of the camera in the world coordinate 

system. The notation |C W denotes, camera C given in world coordinates W . The camera 

also rotates along three axis’s, given by a rotation matrix 
|C W

R , the pose of the camera in 

world coordinates. 
|C W

R  is a function of three Euler angles called pitch, yaw and roll; 

(
| | |

, ,
C W C W C W

ψ θ ϕ  in radians). Pitch is rotation around the X axis, from Y to Z. Yaw is 

rotation around the Y axis, from Z to X and Roll is rotation around the Z axis, from X to Y. 

In the default pose, 
| | |

0
C W C W C W

ψ θ ϕ= = = , the camera points towards the negative Z 

axis, the X axis points to the right, and the Y axis points to the top. See Figure 4. 
 

(3.1) 
| | | |C W C W C W C W

x y z =  t  

(3.2) ( )

1 0 0

0 cos sin

0 sin cos

x ψ ψ ψ

ψ ψ

 
 = − 
  

R  (3.3) ( )

cos 0 sin

0 1 0

sin 0 cos

y

θ θ

θ

θ θ

 
 =  
 − 

R   

(3.4) ( )

cos sin 0

sin cos 0

0 0 1

z

φ φ

φ φ φ

− 
 =  
  

R   (3.5) ( ) ( ) ( )| | | |C W z C W y C W x C W
ϕ θ ψ=R R R R  

 
A rotation matrix is an orthogonal matrix. Orthogonal matrices are square and the rows 
(and columns) form an orthonormal base. The product of two orthogonal matrices is an 
orthogonal matrix. The inverse of an orthogonal matrix, is equal to the transpose. For 
more information on orthogonal matrices see [2]. 
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ψ

θ

ϕ

 
Figure 4: a) A mobile device, with a camera on the back. b) Six degrees of freedom in the 

world coordinate system, the camera has a location and a pose. The default location and pose 
is shown opaque. 

 
Depending on the location of the building site, an origin and orientation of the world 
coordinate system has to be chosen. As will be mentioned in section 3.2, several 
localization devices define an orientation. To allow conversion between the localization 
methods a standardized orientation convention is defined, relative to the magnetic north 
pole. The Z axis points to the south, the X axis points to the east and the Y axis points to 
the sky (the negative Y axis points towards the centre of the earth), see Figure 5.  

X

Z

Y

North

Down

Up

South

West East

 
Figure 5: The world coordinate system, with the camera of a mobile device in the origin. 

 

Another important coordinate system is the camera coordinate system C . Like 
|C W

R  and 

|C W
t  describe the pose and location of the camera in world coordinates, 

|W C
R  and 

|W C
t  

describe the pose and location of 
W

O in camera coordinates. Equation (3.6), equation 

(3.7) and Figure 6a show the relation between 
|C W

R ,
|C W

R ,
|W C

t  and 
|W C

t . 

 

(3.6) | |

T

W C C W=R R     (3.7) | | |W C W C C W= −t R t  
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Figure 6: a) A camera has a pose and location in world coordinates. The world has a pose 

and location in camera coordinates. b) A model has a pose and location in world coordinates. 
 
Any pose and location in a coordinate system can be expressed by a transform matrix 

|B A
∆ . The transform matrix 

|W C
∆  is called the View matrix, it describes how the world is 

viewed by the camera. Using a transform matrix 
|M W

∆ , a model M can be placed in the 

world coordinate system, see Figure 6b. 
|M W

∆  is called a Model matrix. 

 

(3.8) | |

|
1

B A B A

B A

 
=  
 

R t
∆

0
 

 
Model M that is placed in world coordinate system W is perceived by the camera in 

camera coordinates C . Using the Model matrix 
|M W

∆  and the View matrix 
|W C

∆ , a 

Modelview matrix 
|M C

∆  can be created as follows: 

 

(3.9) 
| | |M C W C M W

=∆ ∆ ∆  

 
Figure 7 shows the world coordinate system. The camera coordinate system is shown in the 
top left part of Figure 7. In the right model M  is drawn, its pose and location are known 
in world coordinates. The camera coordinates of model M can be calculated. 
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Figure 7: Three coordinate systems, the world, camera and an object coordinate system. 

3.2 Localization methods 
 
Several sensors in a mobile device can be used for localization. In the following subsection 
three different sensors will be discussed. A summation of advantages and drawbacks is 
given in section 3.3. 

3.2.1 GPS 

 
GPS can find the position of a device anywhere in the world, as long as the device is in 
the range of at least 3 GPS satellites. This means that the device has to be outside, since 
indoor use blocks the satellites signals. The accuracy of the localization that is achievable 
with GPS is approximately 10 meters. This is accurate enough for navigation purposes, but 
not accurate enough for AR in the strict form.  
 
GPS gives the location of the device in longitude and latitude, which are both given in 
Degrees, Minutes and Seconds. The latitude is the angular distance between the location 
of the device and the equator, with north being the positive direction. The longitude is the 
angular distance of the location of the device and the prime meridian, the Greenwich 
Meridian, with east as the positive direction.  
 
When two GPS locations are given, the distance between these points can be calculated 
using the haversine function, accurately up to 3 meters [3] (not including the approximately 
10 meters of GPS inaccuracy). This function takes two GPS locations in DMS and calculates 
not only the distance d between these two points in a line along the face of the earth, but 
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also the counter clockwise angle α  between these two points with north as 0 radians, see 
(3.10). Locally the earth can be considered flat, so a simple conversion from polar 

coordinates to Cartesian representation gives the location of the mobile device 
|C W

t , as in 

equation (3.11). Height cannot be measured precise using GPS, typical use of this 
application will be on ground level, so Z  is set to 1.5 meter. 
 

(3.10) ( ) ( )Haversine , ,A BGPS GPS d α=  

(3.11) |

sin

cos

1.5

C W

d

d

α

α

 
 =  
  

t   

 

To calculate 
|C W

t , the GPS location of 
W

O  and 
C

O   should be known. 

3.2.2 Digital Compass and Accelerometers 

 
The digital compass together with the accelerometers can give the pose of the system in 
camera coordinates. The compass can detect the magnetic north and accelerometers can 
detect the acceleration. The accelerometers also measure the gravitational acceleration, 
so the system can detect what is up and what is down.  
 

The sensors return a rotation matrix |W CompassR . This rotation matrix is based on a 

convention different from the convention chosen in section 3.1 for the world coordinate 
system. In the compass coordinate system the Y axis points north, the X axis points east 
and the Z axis points to the sky. The camera points to the negative Z axis, and the top of 
the device towards the positive Y axis. Equation (3.12) shows the conversion needed to use 
the compass in the defined world coordinate system. 
 

(3.12) ( )| |2W C x W Compass
π=R R R  

 
The drawback on relying solely on these sensors for pose estimation is that Earths 
magnetic field can easily be disrupted. Around electrical equipment and metal the 
readings of the compass are unreliable. Also the measurements of the compass and 
accelerometers are noisy. To compensate for the noise, several measurements in row are 
needed, which introduces damping effects. 
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3.2.3 Camera Vision 

 
Localization can also be based on the video stream delivered by the camera. Using image 
processing, known features in the image can be used to calculate the location and pose 
relative to these features. If the locations in the world coordinate system of these features 
are known, then also the relative location of the device is known. Features can be churches 
in the landscape, corners of buildings, street signs and such. A special case of features are 
markers. Markers are added to the landscape, solely for the ease of recognizability. 
Markers can be seen as a sort of 2D barcodes, that ease image processing, see Figure 8 
for some example markers.  
 

 
Figure 8: Four Different Markers systems. 

 

If four features are recognized in the image, the location 
|W C

t  and pose 
|W C

R  of the 

world in camera coordinates can be estimated, which is explained in detail in Chapter 6. 
If markers, such as the two markers in Figure 8, have no rotation symmetry, then only one 
marker can be enough, since the four corners of the markers can be used as features. 
 
Localization based on the video stream delivered by the camera can be very exact, but 
image processing requires a lot of effort of the CPU. Other features than markers are 
likely to require even more processing power. Unique aspects of a church or rooftop have 
to be found and compared to a large library. To narrow the comparison space the 
location and pose of the user is of great importance. By knowing which features could be 
visible for the user, the comparison space is confined. 
 
The main problem with vision however, is not the required computing resources for the 
vision system, but the possible lack of features in the view. When a user wants to look at 
the top of an AR building, and the construction site is in an open landscape, markers and 
other features might not be visible. In an open landscape a post in the ground with a color 
code can be used as a marker, but when looking up, this marker cannot be seen. So the 
location and pose cannot be computed using the vision system, see Figure 9. 
 

 
Figure 9: Problems with vision due to loss of sight of markers. 
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3.3 Combining localization methods 
 
Each of the described localization methods in section 3.2 has pros and cons, as listed 
below for clarity: 

• GPS 
+ Fast 
– Only works outside 
– Accurate only up to ±10 meters 

• Compass and accelerometers 
+ Fast 
– Unreliable around objects, especially metal 
– Noisy 

• Camera 
+ Highly accurate 
– Slow 
– Features need to be in sight 
– Adjusting of landscape may be needed by placing markers 
– Sensitive to lighting conditions 

 
As mentioned in section 2.3.1 accuracy is very important, but speed as well. GPS, the 
compass and the accelerometers are not accurate enough. Therefore camera vision is 
needed, even though this will badly influence the speed. Making the camera vision as fast 
as possible, while maintaining accuracy is a very important aspect in AR, and therefore 
also for this research. 
 
To increase the execution time of camera vision the pool of possible features that should 
be looked for in the image should be reduced. This can be done based on the GPS, 
compass and the accelerometers. See Chapter 6 for more details. 
 
When no features are in sight, location and pose estimation can only be done on GPS, 
compass and the accelerometers. 
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4. Marker Recognition 
 
This chapter describes methods used for marker recognition. First it is discussed what 
criteria a marker design should obey. Then some related research into AR is discussed and 
finally the implemented marker recognition system is handled. 

4.1 Markers 
 
Markers have to be recognized fast and accurately. When the detection of a marker is 
unreliable, localization based upon markers is unreliable as well. Fiala states in [4] that 
marker recognition systems have to follow 11 evaluation criteria, most of which are 
numerical and some are qualitative: 
 

1. The false positive rate: The rate of falsely reporting a marker to be present, when 
in fact the marker is not present. 

2. The intermarker confusion rate: The rate of reporting a different marker, than the 
marker that is actually visible. 

3. The false negative rate: The rate of falsely reporting a marker to be not present, 
when in fact the marker is present. 

4. The minimal marker size: Markers have to occupy a certain area in the image to 
be recognized. The smaller this area, the smaller the possible marker size or the 
larger the operation distance. 

5. The vertex jitter characteristics: The amount of noise that can be present at the 
vertices (corners) of the markers. 

6. The marker library size: When more markers are supported by the marker system, 
more markers can be distributed over the scene. 

7. Immunity to lighting conditions: Lighting can not always be influenced, therefore the 
more the marker system is independent of lighting conditions, the better it will 
perform under variable lighting. 

8. Immunity to occlusion: Occlusion is very likely to occur in AR, therefore a 
measurement to withstand occlusion is important. 

9. Perspective support: Cameras can distort the image in various ways, therefore 
some robustness metric is needed to guarantee correct working when used with 
multiple cameras. 

10. Immunity to photometric calibration: When the camera needs calibration, a metric 
to determine dependency of correct calibrations is needed. 

11. The speed performance: Most AR applications are supposed to work in real-time, 
therefore the processing of markers must be fast. 

 
This research focuses on an outdoor application, this means that lighting conditions can not 
be influenced. Therefore immunity to lighting conditions is particularly important. For 
immersiveness speed is important. Also the minimal marker size is a concern, since the 
distance to the markers can be relatively large. By keeping the required marker area in 
the image small, the distance to the marker can be large. 
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4.2 Existing Solutions 
 
Augmented reality for desktop computers is researched already quite some time. 
Different libraries are available that help in image processing, or even give an entire 
framework for AR. One of the first available AR libraries is ARToolKit. It allows easy 
starting with AR already since 1999. It contains methods to find markers and calculate the 
pose and location relative to the detected markers 
  

 
Figure 10: On the left an ARtoolkit marker, on the right multiple ARTag markers 

 
The ARToolkit markers have to be black and white and must be something similar to left 
marker in Figure 10, a white background, a black border, and a white square inside. In 
the white square any image can be used, as long as it is contained within the square and 
is not connected to the black border. If the image has rotation symmetry the system can 
calculate the correct pose. 
 
ARToolKit is not at all immune to occlusion [4]. When the black border is partially 
occluded, the marker cannot be recognized. Also lighting conditions play a part during the 
detection. ARToolKit works with a binary threshold. a pixel is either black, or white. 
However, when for instance the lighting is poor, white pixels can seem relatively dark on 
the camera. A more recent project solves some of these issues. Instead of the custom 
library of markers of ARToolKit, ARTag has 2002 fixed markers. Besides an ID the 
predefined markers contain, a checksum and error correcting code. Even if some occlusion 
occurs the marker can still be detected. On the right in Figure 10 some examples of 
ARTag markers are shown. To circumvent the problems that arise with thresholds, ARTag 
uses edge detection. Even with poor lighting edges can be detected, so the dependency 
on lighting aspects is reduced. 
 
Another commonly used library is OpenCV. OpenCV is a library for real time computer 
vision. It contains many optimized algorithms and allows for fast realization of image 
processing modules. 
 
None of the above libraries are available to Android at this time. Some work is being 
done into porting OpenCV to work on Android, but at this moment nothing reliable exists.  
Therefore a new marker design is made and discussed in section 4.3 and the recognition 
of markers is discussed in section 4.4. 
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4.3 Marker Design 
 
Many different marker designs exist, but most of the designs have in common that the 
markers are in black and white. This is because lighting and photometric calibration are 
problematic for color detection. Since the system is to be designed for outdoor use, 
meaning that lighting can not be influenced. The requirements (in Appendix A) do state, 
that the device should be used in day time and there should be no precipitation, but this 
does not reduce the lighting immunity needed. Detecting shapes instead of colors is a less 
vulnerable approach for marker recognition, since lighting issues are reduced and color 
perception is avoided. 
 

 
Figure 11: The proposed marker design. 

 
The chosen shape for the markers is a square. A square has 4 corners, which are the 
minimal required number of required points needed to do localization (see Chapter 6), 
and allows for a unique pattern, needed to identify the marker. See for example Figure 
11. It is a black and white square marker of 32x32 units. A light background, with a black 
border of 4 units wide. The inner area of 24x24 units can be used both as the ‘ARToolKit’ 
marker, as a unique image that is to be compared to a library, or as the ‘ARTag’ marker; 
an area of 24x24 blocks. When setting a block size of at least 4x4 units, the outer 
boundary becomes 1 block wide and the inner area is 6x6 blocks, more or less similar to 
ARTag.  
 
Figure 12 shows the 6 used markers. The intermarker confusion rate is kept low by 
intelligent marker design. An intermarker distance δ is defined, and should be large 
between markers for each 90 degrees rotation. For the used markersδ was at least 0.2. A 

pixel [ ],u v=p in marker 
i

M  is 1−  if p  is black, and +1 if p  is white 

 

(4.1) [ ] [ ]
32 32

2
1 1

1 1
, , 0,1,2,3

2 32

i

i i j

u v

u v u v iδ
= =

= − =∑∑ M R M  

(4.2) ( )0 1 2 3
min , , ,δ δ δ δ δ=  

 
iR denotes a 90* i  rotation. 
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Figure 12: Designed markers. 

4.4 Marker recognition 
 
The square markers designed in the previous section, can be found in the camera image as 
simple convex quadrangles; a shape with four corners, connected by four line segments. 
Each angle is smaller than 180 degrees and the angles sum up to 360 degrees.  
 
The proposed marker recognition is a 5 step solution.  

• Preprocessing of the camera image (section 4.4.1) 

• Grouping (section 4.4.2) 

• Find corners (section 4.4.3) 

• Check quadrangular areas (section 4.4.4) 

• Indentify areas (section 4.4.5)  
 
First the data in a camera image has to be preprocessed to remove unnecessary data. 
Then more unnecessary data is removed based on groups of connected pixels. Third, 
corner of groups of connected pixels have to be found. Then these corners have to be 
checked if they form a convex quadrangle area. Lastly, the found convex quadrangle 
areas have to be compared to a library of markers for a possible match. 

4.4.1 Preprocessing of the camera image 

 
The camera image has to be preprocessed to allow efficiently searching for quadrangles. 
It is known that the markers are in black and white and are projected as convex 
quadrangles. Reducing the image to a binary representation allows for faster processing. 
Several methods exist to reduce this search space, like thresholding and edge detection. 
 
Thresholding applies a threshold to the intensity of a pixel. This is a low cost approach, 
with complexity linear in number of pixels n ; ( )O n , but will not give the desired result. It 

is prone to lighting conditions and photometric calibration, see Adelsons checkerboard in  
Figure 13a and b. Square A appears to be a black square, square B appears to be 
white. However, square A and B are the same color, but the shadow casted by the 
cylinder influences the perception. As can be seen in Figure 13c, a simple thresholding 
method will not result in a useful set of data. 
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Figure 13: a) & b) Color in context, square A and B are of the same color. c) Simple 
thresholding. d) Sobel edge detection. 

 
To avoid dependency on lighting conditions and photometric calibration, simple edge 
detection can be used. Instead of detecting the intensity of a pixel, the pixels intensity is 
compared with its neighbors. If the pixel differs more then a certain threshold with the 
neighbor it is defined as an edge pixel. Depending on the desired accuracy a pixel can 
be compared with 4- or 8-connectivity, see Figure 14 for connectivity examples. Like 
thresholding, the complexity of simple edge detection is also linear in the number of 
pixels; ( )O n . 

 
Figure 14: From left to right: 5x5 pixel window, 4 connectivity, 8 connectivity. 

 
Figure 13d shows a resulting image after Sobel edge detection [5]. Instead of just 
comparing with a pixels neighbors, Sobel edge detection tries to find a derivative of the 
change in intensity in the horizontal and vertical direction, resulting in a gradient image 
like Figure 13d. The results of the Sobel edge detection are in general better then the 
results of simple edge detection.  
  

The intensity of an image I  is convolved with Sobel kernels 
x

K and 
y

K . Of the resulting 

directed gradient images 
x

G  and 
y

G  a gradient image 
xy

G  is approximated. The 

gradient image 
xy

G  can be thresholds. All values that are larger then a threshold are 

considered an edge. Using this thresholding a binary representation is created. See 
Pseudo Code 1 for an implementation. 
 

(4.3) [ ]
1 0 1

, 2 0 2

1 0 1

x u v

− + 
 = − + 
 − + 

K   (4.4) [ ]
1 2 1

, 0 0 0

1 2 1
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 =  
 + + + 

K  

(4.5) [ ] ( )[ ], ,x xu v u v= ∗G K I   (4.6) [ ] ( )[ ], ,
y y

u v u v= ∗G K I  

(4.7) [ ] [ ] [ ]
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Pseudo Code 1: Sobel edge detection, complexity ( )O n . 

4.4.2 Grouping 

 
After the preprocessing connected edge pixels are grouped. The pixels in such a group 
get a unique id. A threshold on the group size is applied to remove small groups (noise) 
and big groups (detailed surfaces). If the group size is not between a lower and an upper 

bound, the pixel [ ],u v=p  is said to be no longer an edge pixel anymore. 

 
The end result of the grouping step additional group information to the pixels of image I , 
and the number of connected edge pixels (groups) that exist; #G . 
 

 
Figure 15: Left: Real world. Middle: Result of preprocessing. Right: Result after grouping 

 

Input:  image I 

Output: image I + edge attribute per pixel 

 

For each pixel p=[u,v] in image I 

  I[p].edge = Gxy[p] > threshold 
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Pseudo Code 2: Grouping connected areas/edges, complexity ( )O n  

4.4.3 Finding convex quadrangles 

 
The third step is to find convex quadrangular areas. To find convex quadrangles, either 
corners have to be found, or lines. The approaches below all try to find corners, no line 
finding algorithm is described. Corner finding can be faster then line finding, because 
corner finding only depends on the extremes of lines, instead of the entire line. As 
mentioned in [6], a common method for line finding is the Hough Transform, however, the 
Hough Transform is incapable of finding endpoints (possible corners) in line sections 
efficiently. Another method is the RANSAC line finder. Although [6] shows some promising 
results for speed, the RANSAC line finder is not robust against diagonal lines. 
 
Corner finding focuses on finding extremes in the groups of connected edge pixels. Two of 
these methods are Splitting [5] and Extreme values search. Splitting can always find the 
corners of groups of connected edge pixels, but to implement splitting, first a contour trace 
around the group of connected edge pixels is necessary. Extreme values search cannot 
find all find all corners of group of connected edge pixels, but at most four corners. Not 
all quadrangular areas can be found, as will be shown later. 
 

Input:  image I, number of groups #G = 0 

Output: image I + group nr per pixel, number of groups #G 

 

For each pixel p=[u,v] in image I 

  If(p.edge == true AND p.groupNr = no group number) 

    p.groupNr = #G 

    group size = 1 

    FifoBuffer.add(p) 

 

    While(FifoBuffer.hasItems AND group size < maximal group size) 

      q = FifoBuffer.getItem 

      For each neighbor pixel n of q 

        If(n.edge == true AND n.groupNr = no group number) 

          n.groupNr = q.groupNr 

          FifoBuffer.add(n) 

          group size = group size + 1 

 

    If(group size < minimal group OR group size > maximal group size) 

      p.number = no group number 

      FifoBuffer.add(p) 

 

      While(FifoBuffer.hasItems) 

        q = FifoBuffer.getItem 

        For each neighbor pixel n of q 

          If(n.edge == true) 

            n.groupNr = no group number 

            n.edge = false 

            FifoBuffer.add(n) 

    Else 
      #G = #G + 1 
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Both methods operate linear in the number of pixels n ; ( )O n , but the amount of 

operations for extreme values search is much lower then for splitting. The quadrangles that 
cannot be found by extreme values search, are unlikely to occur during typical operation, 
since the markers have to be viewed under large angels. Therefore the extreme value 
finding method is used. 
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Figure 16: Splitting: a) & d) A shape to be found. b) & e) First round of splitting. c & f) Second 

round of splitting. g) Third round of splitting. 
 
Figure 16 shows an overview of splitting. First two extremes are taken as corners, for 
example the left bottom most and the right top most in Figure 16e. Then the edge pixels 
that has the maximum perpendicular distance to the line between 1 and 2, is also a 
corner. If a connected group of edge pixels has less then 4 corners, or more then 4, then it 
is not a quadrangle. 
 

 
Figure 17: Extreme value search: a) & c) A shape to be found. b) & d) Normal operation of 

extreme value search. e) 45 degrees mode of extreme value search. 
 
In Figure 17 extreme values search is shown. Corners of a shape are found on the 
extremes on the u and vaxis. In Figure 17b the corners of the shape of Figure 17a are 
found. Not all quadrangular shapes can be found by this method. Figure 17c shows a 
quadrangular shape of which the corners that cannot be found, see Figure 17d. By 
rotating the u and vaxis by 45 degrees, in Figure 17e, the corners are found. 
 
Still not every quadrangle can be found, but during typical operation this does not give 
problems. The searched quadrangles are supposed to be projections of squares. The 
distance from the camera to the markers is large, which makes the projection of a square 
not severely distorted. Severely distorted quadrangles cannot be found by extreme 
values search, by not finding these quadrangles workload is reduced. 

 
Figure 18: Severely distorted quadrangles cannot be found be extreme values search. 
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Instead of rotating the image, the Manhattan Distance, equation (4.8), to the lower left 
corner and lower right corner can be used. The Manhattan distance is equal for each point 
on a line that is under 45 degrees in respect to the image frame, but normal execution of 
the extreme values search already tries to find the diagonal line ends, so using Manhattan 
Distance will not cause problems. In Pseudo Code 4 the absolute operator is omitted from 
the Manhattan Distance, u and v  are always positive. 
 

(4.8) ( ),Manhattan Distance a b a b= +  

 
The extreme values search has to be combined with the testing of quadrangular areas. 
After normal operation of the extreme values search a test of quadrangular areas must 
be done. After this test, the connected edge pixel groups that failed the test should be 
searched again for extreme values, now using the 45 degrees rotated operation. A 
second test can find the remaining quadrangles that were not find by the normal extreme 
value search. 
 

 
Pseudo Code 3: Extreme value search, normal operation 

 
In Pseudo Code 3 and Pseudo Code 4, each group container ∈g G has to be initialized 

first. minU  and minV are set to image width ( imageWidth ) and image height  

( imageHeight ), respectively. maxU  and maxV are set to 0. For the 45 degrees 

operation mode are set ( )0 ,corner imageWidth imageHeight= , 

( )2 0,corner imageHeight= , ( )3 0,0corner =  and ( )4 ,0corner imageWidth= . 

 
The algorithms describe in Pseudo Code 3 and Pseudo Code 4 find the extremes in the 
groups of connected edge pixels. These extremes are stored per group in G . 

Input:  image I, number of groups #G 

Output: groups G 

 

For each pixel p=[u,v] in image I 

  If(p.groupNr != no group number AND G[p.groupNr].quadrangle = false) 

    g = G[p.groupNr] 

    If(g.minU > u) 

      g.minU = u 

      g.corner1 = p 

    If(g.maxU < u) 

      g.maxU = u 

      g.corner2 = p 

    If(g.minV > v) 

      g.minv = v 

      g.corner3 = p 

    If(g.maxV > v) 

      g.maxV = v 

      g.corner4 = p 
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Pseudo Code 4: Extreme value search, 45 degrees operation 

4.4.4 Testing quadrangular areas 

 
After the extremes are found, a test must prove that the found extremes of a group of 
connected edge pixels are the corners of a quadrangle or not. For the shape to be a 
quadrangle a line from one corner to the next must exist that always travels along edge 
pixels. Figure 19c, Figure 19d, and Figure 19e are not possible as projections of a 
square. Pixels on a line from one corner to next corner will not be continuously edge pixels 
of the shape, and therefore the shape is not a square. The lines between the corners of 
Figure 19b do exist out of edge pixels, but two corner of this shape coincide at the same 
spot. Thus the shape is not a projection of a square. 
 

 
Figure 19: Line Trace, a trace from corner to corner to test if the group is a quadrangle. 

 
As mentioned in section 4.4.3 the testing has to be combined with the dual execution of the 
extreme value search. After the normal operation of the extreme value search a 
quadrangle test is done. For each group that is not a quadrangle, new corners are found 
using the 45 degrees execution of the extreme value search. Then the quadrangle test is 
repeated. As can be seen in Figure 20, by combining both operation modes of the 
extreme value search combined with the quadrangle test, quadrangle can be found. 
 

Input:  image I 

Output: groups G 

 

For each pixel p=[u,v] in image I 

  If(p.groupNr != no group number AND G[p.groupNr].quadrangle = false) 

    g = G(p.groupNr) 

    [u1,v1] = g.corner1 

    [u2,v2] = g.corner2 

    [u3,v3] = g.corner3 

    [u4,v4] = g.corner4 

    If(u1+v1 > u+v) 

      g.corner1 = p 

    If(u3+v3 < u+v) 

      g.corner3 = p 

    If(image width-u2+v2 > image width-u+v) 

      g.corner2 = p 

    If(image width-u4+v4 < image width-u+v) 

      g.corner4 = p 
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Figure 20: Combination of both operation modes op extreme value search and quadrangle 

test can find quadrangles in the image. 
 
In the implementation of Pseudo Code 5 it is considered that edges from corner to corner 
can be noisy, therefore a window of 3x3 (8-conneted) pixels is used and a hit 
percentage; a leniency measure of failure to trace along an edge. Also the distance 
between two corners must be at least a certain minimum number of pixels apart. 
The group is said to be a quadrangle, until proven not to be a quadrangle.  
 
After the test, additional information is added to ∈g G . It is known if g  forms a 

quadrangle or not. After all groups G  are processed the number of quadrangle groups is 
given by #Q . Al quadrangle groups q  are stored in Q . q  contains the four corner pixels 

that form the quadrangular group. 



D.W. Hardy Augmented Reality for Landscape Development on Mobile Devices 
TU/e - Alten PTS 07-02-2011 

28/57 

 
Pseudo Code 5: Line Trace 

4.4.5 Identification 

 
The convex quadrangular area that is identified as a possible marker has to be compared 
to a library of markers. This library contains the layout of the 32x32 pixels markers. The 
found candidate marker is likely not an exact square, so a conversion is needed to 
transform it to a 32x32 square; see Figure 21. Direct Linear Transformation (DLT) is a 
technique that can be used to transform any convex polygon of 4 points to a different 
shaped polygon of 4 points. The DLT is used to convert a quadrangle area to a square 
area. A positive match will be a positive identification. 

Input:  image I, group g∈G 

Output: group g + quadrangle attribute, number of quadrangle  

groups #Q 

 

g.quadrangle = true 

For each corner c=[u,v] of group g in I 

  a = c 

  b = next corner of group g in I(u,v) 

  d = b-a 

  Step X = |d.u| 

  Step Y = |d.v| 

  maximum steps = maximum{Step X, Step Y} 

   

  if(maximum steps < minimal nr of steps) 

    g.quadrangle = false 

    stop 

 

  allowed misses = maximum steps * allowed miss percentage 

  d = d / maximum steps     

  i = 0 

 

  Do maximum steps times 

    q = a + d*i 

    Still on edge = false 

 

    For each neighbor pixel n of q in I 

      If(n.edge = true) 

        Still on edge = true 

    If(Still on edge = false) 

      misses = misses + 1   

    If(misses >= allowed misses) 

      g.quadrangle = false 

      continue with next group 

    i = i + 1 

 

  #Q = #Q + 1 
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Figure 21: Transforming a quadrangle to a square, by inverse mapping. The corners of the 

quadrangle are given by q∈Q, the corners of the 32x32 square are fixed. 
 

The DLT is used to calculate a 3x3 homography matrix 
q

H , from a square S  to a 

quadrangle ∈q Q such that 
i

p  in S  maps to a point '

i
p  in I . Points '

1, 2,3,4
i

i =p  are 

given by q . Points 1, 2,3,4
i

i =p  are the fixed corners of S . 

 

Let [ ], ,x y z=x  denote homogeneous coordinates of [ ],u v=p , where x uz= , y vz= and 

0z ≠ . Let 
i

x  denote homogeneous coordinates of
i

p  and Let '

i
x  denote homogeneous 

coordinates of '

i
p . The relation between 

i
x  and '

i
x  is given by the following equation. For 

more information about the DLT see Chapter 5. 
 

(4.9) '

i q i=x H x   

 

The coordinate '

i
p  is not in integer values, while I only accepts integer coordinates. 

Interpolation on pixel intensity, between the pixels around '

i
p  will give the intensity of 

pixel 
i

p . The square area of 32x32 pixels ( ),r sS can now be formed, out of ( ),u vI .  

 
In Figure 22 the process of identification is showed. In the camera image (Figure 22a) a 
quadrangle is detected as shown in Figure 22b. Using the DLT Figure 22c is obtained. This 
imaged is normalized and thresholded in Figure 22d and can be compared to a marker 
from the library, Figure 22e. 
 

 
Figure 22: Identification. a) A scene with 6 markers. b) A found quadrangle. c) Transformed 

quadrangle. d) Normalized and thresholded quadrangle. e) Marker from library. 
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The identification technique used is a simple comparison. By comparing pixel per pixel on 
the 32x32 pixel marker ∈m M , where M  denotes all markers in the library, and the 
result of the transformed quadrangle S , an identification can be made.  
 

 
Pseudo Code 6: Marker Identification 

 
If Pseudo Code 6 delivers an ID, an identification is made. If no ID is found, then the 
quadrangle area that was found is not a marker. The library of markers should be kept as 
small as possible, since for each marker, 4 rotations are possible.  

4.5 Results 
 
All the above discussed methods give a marker detection, usable both indoor and outdoor. 
Fiala states that all 11 evaluation criteria should be addressed by a marker recognition 
system, but for this research the following have the highest priority, in order: 

1. Lighting immunity 
2. Minimal marker size 
3. False positive/negative rate and inter marker confusion 
4. Speed 

 
Insensitivity to lighting is achieved by using edge detection to find possible marker areas 
and then using thresholding locally to indentify these areas as markers. Lighting 
insensitivity helps to bring the false negatives down. 
 
Minimal marker size is low, due to the 32x32 pixels area of a marker. When using blocks 
of 4x4 pixels, the marker area even reduces to a 8x8 pixel area. Depending on the 
resolution of the camera image and maximal operational distance, the marker size can be 
kept small. 
 
The intermarker confusion rate is kept low by intelligent marker design, making the 
distance δ  large between markers. The false positives rate can be kept low by first 
looking for convex quadrangles.  
 

Input:  image I, quadrangle group q∈Q, marker library M 

Output: quadrangle group q + identification number 

 

S = DLT(q,I) 

q.ID = No ID 

q.misses = 32x32 

 

For each marker m in the library of marker M 

  For each rotation over 90 degrees of marker m 

    For each pixel p=[u,v] in S 

      If(S[p] != m[p]) 

        misses = misses + 1 

      If(misses > maximum allowed misses) 

        Stop for this rotation, do the next one 

    If(misses < q.misses) 

       q.misses = misses 

       q.ID = M.ID 
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The perspective support and immunity to photometric calibration are not handled by these 
markers, but as will be shown in chapter 6, these two items are necessary for localization 
on camera vision anyway. 
 
Table 1 shows the execution times of various implemented algorithms. Chapter 9 explains 
how these tests were conducted. These results also include an optimization for the 
preprocessing, that predicts where markers are in the image, based on localization on 
camera vision. Only the area that is predicted is treated by the preprocessing step, 
effectively reducing the amount of pixels to process. Localization on camera vision is 
explained in Chapter 6, the edge detection optimization is handled in Chapter 8. 
 

Routine ms % of group % of total 

Initializing 0,18 0% 0,0% 

Predict marker locations 7,52 2% 1,1% 

Get a local YUV copy 62,21 17% 9,4% 

Sobel edge detection 96,55 26% 14,6% 

Grouping 48,61 13% 7,3% 

Extreme value search 89,27 24% 13,5% 

Line trace 1,70 0% 0,3% 

Identify quadrangular areas 
(DLT + Thresholding + Simple Compare) 

66,45 18% 10,0% 

Other 0,18 0% 0,0% 

Marker recognition 372,67 100% 56,3% 

Total execution time per frame 661,97   

Table 1: Costs for marker detection 
 
Half of the total execution time of the entire frame is used for marker detection. As said 
before in section 2.5, camera vision was expected to be expensive, but effort has to be 
made to reduce the execution time in order to improve the frame rate. Currently the 
corner finding algorithm scans the entire image (of 800x600 pixels) to find extremes of 
groups, twice. If edge pixels were to be stored separately from non-edge pixels, the 
processing requirements could drastically reduce. 
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5. Direct Linear Transform 
 
As mentioned in Chapter 4 the Direct Linear Transform (DLT) can be used to solve 

inhomogeneous equation (5.1). The tuple ( ), ,x y z=x forms a homogeneous coordinate of 

point ( ),a b=p  if x az= , y bz= and 0z ≠ . Let 
i

x and '

i
x  be homogeneous coordinates 

of 
i

p and '

i
p  in 2

� , ( )0 i n≤ ≤ , 4n ≥ . The DLT gives a 3x3 matrix H  so that for all 

( )0 i n≤ ≤ . 

 

(5.1) '

i i
∝x Hx   

 
The operator ∝  denotes equality in homogeneous coordinates.  

5.1 Preprocessing 
 
From equation (5.1) follows that  
 

(5.2) '

i i
× =x Hx 0 ,  

 
The obvious solution of =H 0  is not wanted. H  is a 3x3 matrix, which can be expressed 
in various notations. 
 

(5.3) 

1

1 2 3 1 4 7

2 2 3

4 5 6 2 5 8

3

7 8 9 3 6 9

h h h h h h

h h h h h h

h h h h h h

        
        = ∧ = ∧ = ∧ = ∧ =        
                

1

h

H h h h h h

h

 

 
The cross product can now be expressed as follows: 
 

(5.4) 

' '

' ' 1 ' 3

' 2 ' 1

i i i i

i i i i i i i

i i i i

y z

z x

x y

 −
 

× = − = = 
 − 

3T 2T

T T

T T

h x h x

x Hx h x h x A h 0

h x h x

 

 

Where 
i

A  is given by: 

 

(5.5) 

' '

' '

' '

0

0

0

i i i i

i i i i i

i i i i

z y

z x

y x

 −
 

= − 
 − 

T T

T T

T T

x x

A x x

x x
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Expanding 
i

A  gives: 

 

(5.6) 

' ' ' ' ' '

' ' ' ' ' '

' ' ' ' ' '

0 0 0

0 0 0

0 0 0

i i i i i i i i i i i i

i i i i i i i i i i i i i

i i i i i i i i i i i i

z x z y z z y z y y y z

z x z y z z x x x y x z

y x y y y z x x x y x z

 − − −
 

= − − − 
 − − − 

A  

 

The matrix
i

A  is a 3x9 matrix, but the last row is linearly dependent on the first two rows 

and therefore may be omitted. Now a ( )2n x9 matrixA can be constructed, by taking at 

least four points ( )4n ≥ . Rewriting equation (5.2) gives the following equation.  

 

(5.7) =Ah 0  with 

0

...

n

 
 
 
  

A

A =

A

 

 
A solution for the null space of equation (5.7) exist. The unknown scale factor introduced 
by under determination (if 4n = then A  is a 8x9 matrix), does not effect the correctness 
of homogeneous coordinates. 

5.2 Singular Value Decomposition 
 
Equation (5.7) can be solved by the Singular Value Decomposition (SVD). The SVD 
decomposes a matrixA  into the singular values Σ , the left singular values U and the 
right singular values V . Explaining the exact working of the SVD goes beyond the scope 
of this project, for more information see [2].  
 

(5.8) T
A = UΣV  

 
Σ is a diagonal matrix, with the singular values sorted descending on the diagonal. If the 
smallest singular values would be 0, then the corresponding column of V spans the null 
space. If this value is not 0, then the corresponding column of V is the best estimate for the 
null space [8]. Since Σ  is sorted, h  can be retrieved from the last column ofV . The scale 

of h is unknown,  but it is normalized to 1=h . 

5.3 Scaling 
 

'

i
x  and 

i
Hx might not be numerical equal, but by dividing them by respectively 'z and z  

they are numerical equal. Any value for z and 'z may be used as long as x az= , y bz=  

and 0z ≠  hold. Now H  is known, any coordinate '
p can be calculated using p . 
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6. Localization based on camera Vision 
 
For correctly displaying of the Architectural model on top of the real world an accurate 
location estimation of the device is needed. GPS is accurate up to 10 meters, but to be 
able to draw the model correctly with respect to the real world a more accurate 
localization is needed. Localization based on vision is used to more accurately measure the 
location of the device in the real world.  
 
First the idea is presented and some notations are introduced. Then a method for 
estimation of the pose and location is introduced. Finally, this estimation is improved.  

6.1 Setup 
 
The features (including markers) that have been found will be the basis of the localization. 

At least four features have to be in sight to estimate the pose
|W C

R  and location
|W C

t  with 

camera vision. With less then four features a unique answer cannot be found. When only 
one feature is in sight any location and pose is possible. When two features are in sight 
any point on a given circle is possible. With three features two points are possible, as in 
Figure 23. Using four points the location and pose can be determined.  
 

 
Figure 23: Using three points still two locations are possible. 

 
In Figure 23a three points are visible. Three point always lie in a plane, like Figure 23b. 
The 2D representation of the 3D markers in the image plane, as seen by the camera in 
Figure 23c and Figure 23d is identical. 
 
See Figure 24. The green camera is looking at the red features. The features 

( )1,2,3, 4iF i = , are uniquely identifiable and the locations 
|i W

t  in world coordinates are 

known. The pose of these features in world coordinates 
|i W

R  is not of importance now, 

because each feature is treated as a point in world coordinates. A point has no 
orientation. 
 

Features are seen by the camera at the image plane at 
i

p , and measured in pixels 

originating from the lower left corner of the image plane. This 
i

p  is a measurement in the 

image plane coordinate system ( ),u vI . Let 
i

x  denote the homogeneous coordinates of 

i
p . 
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Figure 24: Vision setup, all features are at ZW=0. 

 
The relation between the location of the markers in the real world and the location of the 
markers in the image plane follows by equation (6.4), which uses equation (3.9). Equation 

(6.5) is called the image pipeline, it calculates the location 
i

x  of feature
i

F  in the image 

plane. The camera of the mobile device shows the 3D real world on a 2D image plane, an 
intrinsic calibration matrix M  describes this projection, see equation (6.1). The intrinsic 
calibration matrix M  is unique for each camera and should be known to the system. It 

contains 4 unique items, for each camera. The principle points 
x

σ and
y

σ , which represent 

the offset between the centre of the image plane and the centre of the camera lens. And 

the focal length in the x and y direction ,
x

f and
y

f  , given in pixels. An object that is of 

unit length, at unit distance, aligned to the i  axis, will count 
i

f  pixels. See equation (6.3) 

and (6.4). 
 

(6.1) 

0

0

0 0 1

x x

y y

f

f

σ

σ

 
 =  
  

M   (6.2) [ ]
0 0

0 0

0 0 1 0

x x

y y

f

f

σ

σ

 
 =  
  

M | 0  

(6.3) 
x x

f f m= ⋅    (6.4) 
y y

f f m= ⋅  

 
Where f denotes the focal distance in mm from the lens to the physical image plane. And 

i
m  denotes the pixel density on the i -axis in pixels/mm. 

 

(6.5) [ ] |

|
|

1

i W

i W C

 
=  

 

t
x M 0 ∆  

 

To solve equation (6.5) numerically for 
|W C

∆  the Levenberg Marquardt algorithm (LMA) is 

used. The LMA needs an estimate for 
|W C

∆  to start with, which will be created using the 

DLT. Once an estimate is made, the LMA can use its previous result as estimate for a new 
run. 
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6.2 Estimating rotation and translation 
 
To estimate the pose and location of the camera using camera vision, features that are 
recognized have to lie in a plane. The estimation method used assumes that all features lie 

in the 0
W

Z = plane, like Figure 24. Other planes have to be transformed into the 0
W

Z = , 

but this transformation is not handled in this report. In a practical situation it is not realistic 
that all features lie in a plane. Therefore during marker design and placing, it has to be 
kept in mind that markers have to lie in a plane. The designed markers have 4 corners, 
that by design lie in a plane.  
 

If 
|

0
i W

z = , the third column of 
|W C

R  is obsolete, see equation (6.6). The third column of 

|W C
R  and 

|iW
z  can be removed, without any loss of information. By this removal, matrix 

Π  and vector 
|i W

X  can be introduced.  

 

(6.6) 

1,1 | | 1,2 | | |

| 2,1 | | 2,2 | | |

|

3,1 | | 3,2 | | |

0

0

1 0

1

W C i W W C i W W C

i W W C iW W C i W W C

W C

W C i W W C i W W C

r x r y x

r x r y y

r x r y z

+ + + 
 + + +   =   + + + 
 
 

t
∆  

(6.7) 

1,1 | 1,2 | |

2,1 | 2,2 | |

3,1 | 3,2 | |

W C W C W C

W C W C W C

W C W C W C

r r x

r r y

r r z

 
 

=  
 
 

Π   (6.8) 

|

| |

1

i W

i W i W

x

y

 
 =  
  

X  

 
The image pipeline can be written as: 
 

(6.9) 
|i iW

=x MΠX  

 
Equation (6.9) can be solved by a DLT, resulting in a homography =H MΠ  (see Chapter 

5). If 
|

0
i W

z ≠ the image pipeline cannot be simplified, and therefore the DLT could not be 

used, since H  is a 3x3 matrix and 
|W C

∆  is a 4x4 matrix. 

 
(6.10) =H MΠ  

(6.11) 
|i i W

=x HX  

 

Using the DLT on at least four pairs of 
i

x and 
|i W

X , H  can be calculated, but a scale 

factor is introduced, see Chapter 5. The length of h  is 1, however the translation vector 

|W C
t  can be of arbitrary length. Also, each row and column of the rotation matrix 

|W C
R  

have length 1. So the first two columns ofHdo not exactly represent the first two columns 

of 
|W C

R . By dividing Hby the last element ofh , 
9

h , the first two columns will approach a 

length of 1 better [9]. When multiplying H  by the inverse camera intrinsic matrixM , the 
estimate 'Π can be calculated. 
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(6.12) 1

9

1
'

h

−=Π M H  

 
The first two columns of 'Π are taken as an approximation of the first two columns of 

|W C
R . The third column of 

|W C
R is obtained by the cross product of the first two columns. 

Since 'Π  is an estimation, 
|W C

R  cannot be found, instead '

|W CR  is found. '

ci
π  represents 

the i th− column of 'Π . 
 

(6.13) ' ' ' ' '

| 1 2 1 2W C c c c c
 = × R π π π π  

 
'

|W CR  does not form an orthogonal matrix. In [7] a method to orthogonalize a non-

orthogonal matrix is suggested. Calculate the SVD of a matrix, and set =Σ I . If a is 
matrix is orthogonal,Σ  will always be I , see equation (6.14) through (6.16). The resulting 

matrix ~

|W CR  approximates 
|W CR . See Chapter 5 for more information on the SVD. 

 

(6.14) '

|
( ) , ,W CSVD =R U Σ V  

(6.15) '

|

T

W C =R UΣV  

(6.16) ~

|

T T

W C = =R UIV UV  

 
'

|W Ct  is found in 'Π as the third column, however, this is a scaled version of 
|W Ct . It is 

suggested by Rijpkema [9] to divide '

|W Ct  by the second largest singular value ofΣ from 

equation (6.14).Σ  is a 3x3 diagonal matrix, with the singular values sorted descending 

on the diagonal, so
2,2

σ  is the second largest singular value. 
|W Ct  is approximated by 

~

|W Ct , see equation (6.18). 

 

(6.17) ' '

| 3W C c=t π  

(6.18) ~ '

| | 2,2
/W C W C σ=t t  

 
The image pipeline is now approximated as follows.  
 

(6.19) [ ] |~ ~

||
1

i W

i W C

  
=   

  

t
x M 0 ∆  

 

The error 
ix

e  should be minimized. 

 

(6.20) ~

i i i
= −

x
e x x  
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6.3 Correcting the pose and location 
 

The estimated pose and location ~

|W C∆  are not yet accurate enough to use for rendering. 

By the use of an optimization function these parameters have to be improved. One 
method to improve the estimation is the Levenberg Marquardt Algorithm (LMA). LMA tries 

to minimize a function over a space of parameters. ~

|W C∆  is a combination of 6 

parameters, the translation ~

|W Ct accounts for 3 parameters and the rotation ~

|W CR  for 

another 3. By equation (3.5), a rotation matrix is constructed from three rotation angles. 

The matrix ~

|W CR  is only to be adjusted by adjusting one of these three angles, ~

|W Cψ , ~

|W Cθ  

or ~

|W Cϕ . If the coefficients of ~

|W CR  are adjusted directly, the orthogonality could be lost. 

[10] shows how to extract the three angles of a rotation matrix. 
 
LMA tries to correct the 6 parameters by resolving equation (6.19), minimizing equation 
(6.20). LMA uses the Gradient Descent Algorithm (GDA) and the Gauss-Newton Algorithm 
(GNA). It moves seamlessly between the two algorithms, making use of the strong aspects 
of each.  
 
The GDA tries to find for each parameter the derivative towards a local minimum. It 
updates each of the parameters proportional to this derivative. Using iteration it tries to 
find a minimum. The main drawback is that it converges slowly to a minimum, the 
advantage is that it can make large jumps in  the correct direction when the initial 
parameters are not close to the desired end result. The GNA has as drawback that it 
cannot make large jumps towards the end result if the parameters are not close to the 
desired results. The main advantage of GNA is that when the parameters are close to the 
local minimum GNA can find the parameters quickly. LMA tries to find a balance between 
these two functions. When the parameters fail to minimize the result of the minimization 
function (in this case equation (6.20)), GDA is favored. When the new parameters succeed 
in minimizing the result of the minimization function, GNA is favored. The iteration process 
of LMA is repeated until a fixed number of iterations have been applied, or when the 
minimization result are satisfying.  
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6.4 Results 
 
The camera vision based localization is accurate up to the pixel. Marker recognition 
returns the pixel coordinates of the markers that are seen. Based on these measurements 
an estimation of the pose and location can be made, rather quickly. 
 
Once an estimation is made, these points can be used to accurately determine the pose 
and location. The execution time of this fine-tuning of the pose and location depends on 
the accuracy of the measurement and the accuracy of the estimation. The more accurate 
these parameters are, the faster the execution time. Table 2 shows the execution times of 
the implemented algorithms, and the percentage of the total execution time for 1 frame, 
measured over 66 frames. Localization based on camera vision only costs 6.2% of the 
total execution time, including the iterative LMA. The estimation of the pose and location 
was executed just 7 times, which means that the LMA was able to find the location and 
pose 59 times, based on the results of the previous frame. A single execution of the pose 

and location estimate takes 3.86 ms; ( )0.41 7 / 66× . 

 
Routine ms % of group % of total 

Estimate Pose and Location 0,41 1% 0,1% 

LMA 40,14 98% 6,1% 

Other 0,36 1% 0,1% 

Localization based on camera vision 40,91 100% 6,2% 

Total execution time per frame 661,97   

Table 2: Localization based camera vision costs. 
 

The average error 
iu

e that is made by the camera vision based localization is very small. 

iu
e  is given below, measured in a test on 80 measurements.. 

 

[ ]0.0028 0.0033 0
i

=ue  

0.004291
i

=ue  

 
Chapter 9 explains more on the conducted tests. 
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7. Context Awareness and Scene Rendering 
 
Context extraction is a very broad concept. In the case of localization, the context 
represents possible markers and recognizable objects also known as features. For the 
context extraction module, the context consists of the possible houses in the background, 
birds in the sky, trees, people, cars and such. First a definition of context is given in 7.1, 
then several methods to extract this context are proposed in 7.2. The extracted context is 
used, together with the localization by the scene rendering module, which is described in 
section 7.3.  

7.1 Context 
 
Context depends on what is expected. Depending on the task at hand the context can be 
different. For localization, only features and markers form the context, but for the context 
extraction module, everything in the video stream belongs to the context. 

7.1.1 Context-information 

 
The information that is gained from the context, the context-information, depends on the 
relevance of the context for the task at hand. Context-information can be defined as 
follows: 
 
Context information is any information that can be used to characterize the situation of an 
entity. An entity is a person, place, or object that is considered relevant to the interaction 
between a user and an application, including the user and application themselves. 

- G. D. Abowd [11]  
 
The situation of an entity is different for each task, therefore the term context is different 
for each application. However, each context can be categorized into four categories: 

• Location: Where is the user? 

• Identity: Who is the user? 

• Activity: What is the user doing? 

• Time:  When is the user doing it? 
 
For this research the location identity and activity is confined by the application. The 
application is supposed to be used to view a landscape development project at the build 
site itself, thus the location is known. And the user’s activity is viewing an architectural 3D 
model in the landscape in which it is proposed to be built. The identity of the user is not of 
great importance to the system, since the activity is equal for all users. 
 
The lighting of the scene to be rendered should be similar to that of the real world. 
Therefore at least the time of day should be known, which can be retrieved from the 
system time of the mobile device. Also weather reports can aid in realizing a realistic 
scene lighting. 
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The location of the user is of great importance to the system and perhaps the most 
important piece of context-information that can be retrieved. The entire system is built on 
precise localization. When the location is not precisely known, strange artifacts may occur 
and the user will not be immersed. If the localization is bad the user might not even 
understand what he is looking at. 

7.1.2 Context awareness  

 
The context extraction module tries to be aware of the context. But what is context 
awareness? Based on Abowd [11]: 
 
A system is context-aware if it uses context information to provide or adjust relevant services 
to the user, where relevancy depends on the user's task.  

- G. D. Abowd [11]  
 
Even if the context extraction module is not realized, the prototype is still context aware 
since localization uses vision. Using more information from the scene will rise the relevancy 
of the service, making the device more context aware. 

7.2 Context Extraction Methods 
 
Three methods can be used for displaying extracted context: 

1. Visibility model: A 3D model of the world can be created; this requires a lot of 
computing power.  

2. Depth layers: Different depth layers of the world are created, what is in front or 
behind the architectural model. This reduces the computing power restraint. 

3. Backdrop: One layer of information is shown, the direct video stream without any 
processing. Requires very little computing power. 

 
The backdrop method is the easiest method of the above proposed methods. The image 
received from the camera is displayed at the farplane of the viewing frustum. The model 
is then rendered in the foreground. Figure 25 shows the camera coordinate system, with 
the backdrop method. 
 
The only context that is extracted by the backdrop method is the camera image, which 
belongs to the category “Location”. The exact location of the camera, expressed in 
camera coordinates is not extracted by the context extraction module. Without any 
context information, no Augmented Reality is created. The camera image that is shown in 
the background is considered context information, be it in the most basic form. 
 
The backdrop approach is used in the prototype. In the requirements (Appendix A) it is 
already mentioned that in the set time for this project, further context extraction is 
probably not feasible. 
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Figure 25: Rendering the model in context, using the backdrop method. 

7.3 Scene Rendering 
 
When the context of the world is known, the scene rendering module can render the 
architectural model correctly with respect to context. First an architectural model needs to 
be loaded, which is discussed in section 7.3.1. For the rendering OpenGL ES is used. 
OpenGL ES is a subset of OpenGL for embedded systems, such as mobile devices. 
Initializing OpenGL ES is handled in section 7.3.2, section 7.3.3 handles rendering. 

7.3.1 Model Conversion 

 
The model conversion module, as designed in Chapter 2, is an offline module. The 
prototype can import models in the OBJ format. OBJ is chosen, since it is a simple and 
compact data type. The models of 4Sight are delivered as 3D studio max models. These 
models allow adding meta-data that is not relevant for this research. A conversion of 3D 
studio max models to the OBJ format is considered to be the model conversion module. 

7.3.2  Distance Convention 

 
The localization module finds the location in the real world. The virtual world has to be 
displayed on top of the real world. To correctly show the architectural model the distance 
units in OpenGL should be linked to real world distances. 
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Figure 26: The aspect ratio of the camera does not necessarily match the aspect ratio of the 

screen.  
 

The physical camera has a known angle of view 
Camera

α  and the virtual camera can have 

any angle of view 
Screen

α . If the aspect ratio of the camera and the screen is not the same, 

Camera
α  and 

Screen
α  also differ to prevent distortion. Assuming that the camera frame is 

wider then the screen (see Figure 26), the
Screen

α can be computed as in equation (7.3), 

otherwise if the camera frame is higher then the screen, 
Screen

α  is as in equation (7.4). If 

the camera dimensions are smaller then the screen dimensions, then 
Screen Camera

α α= . 
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The distance unit can be meters, or any other convention, as long as the localization, the 
architectural model and the rendering all use the same convention. The loaded 
architectural model might use a different distance measure. If that is case, the model has 
to be scaled, in order to render it correctly. 
 
To show the camera images in the background, an image plane must be created at the far 
plane. To create this plane at distance d  equation (7.5) and (7.6) can be used.  
 

(7.5) 2 tan
2

camera
planeW d

α 
=  

 
 

(7.6) *
plane plane camera

H W Ratio=  
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7.3.3 Rendering 

 
The architectural model has to be drawn at the correct position and under the correct 

viewing angles. The architectural model has its own coordinate system with a pose 
|M W

R  

and a location 
|M W

t  in world coordinates. Using equation (3.8)  
|M W

∆  can be constructed. 

(3.9) places the architectural model at the correct location in camera coordinates. Now the 
architectural model can be drawn and OpenGL takes care of the rendering. 
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8. Design and Implementation 
 
This chapter describes both the design, as well as some details about the implementation. 
First the design is discussed, then the mobile device choice is explained. Lastly some 
additional implementation details are given. 

8.1 Final Design 
 
In chapter 2 the framework by which the design is made is introduced. Also the agile 
method is introduced. This agile method makes that the design is not completely created 
beforehand, but is created during the project. Some initial design work allows for a 
structured approach, but the specifics are determined during the course of the project. 
Also, because the project is a research project, not all specifics are known beforehand. 
 
As mentioned in chapter 2 the main operation loop of the system is: 

1. Determine the location and pose of the device, based on GPS, compass, 
accelerometers and camera vision. 

o Retrieve location and pose based upon GPS, compass and accelerometers. 
o Retrieve location and pose from the camera stream. 

2. Extract context from the camera image. 
3. Render model in the correct spot on top of the camera frame. 

 
This means that the model does not need to be drawn as often as possible, but only when 
a new frame is processed. The processing of a frame should be as fast a possible, but 
more importantly, localization should be accurate. 
 
Data collection from the GPS, compass and accelerometers is interrupt based. The 
operation system collects the data and listeners allow for the gathering of this data. 
By making use of the features of the operating system, localization, context extraction and 
the drawing of the model are all in one single thread.  
 
Figure 27 shows a sequence diagram, which is still fairly abstract, but it shows the main 
operation of the prototype created. It consists of 10 routines. The main routine is the 
render loop, which is responsible for collecting the data required to draw the architectural 
model in context with the world. It starts when the a new YUV frame becomes available. 
The render loop starts the video camera to save and convert this YUV frame to RGBA, by 
use of a frame conversion routine (Section 8.3 explains more on this conversion). Next the 
localization module is executed to find a pose and location. Based on the GPS and 
Compass it will define a coarse location (also information of the previous run of the render 
loop can be used as coarse location). Then the camera vision system is started to get a 
fine location and pose. From the frame conversion module it receives the YUV frame, which 
is used by the marker detection. Based on the feature list markers are detected and the 
camera vision tries to find the fine pose and location. It returns the best possible location 
and position back to the render loop, which will set the model view matrix accordingly. 
The context extraction module tries to extract a context, based upon the location, pose, 
feature list and architectural model. This context is returned and drawn. Lastly the model is 
drawn in respect to the context of the world and the pose and location. 
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Figure 27: Sequence diagram. 
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8.2 Mobile Device 
 
As part of this project a suitable mobile device had to be chosen to realize a prototype 
for. Several platforms are available, that all seem suitable. In the requirements 
specification (Appendix A), two requirements for the platform choice are stated: 

• The mobile platform has to be able to run the AR implementation 

• The mobile platform has to have GPS, digital compass, accelerometers, a camera 
for vision, input mechanism, sufficient memory and a large sized screen 

 
The first requirement is transformed into “The chosen platform must have the most 
capabilities both performance-wise and peripheral-wise”, since it can not be determined 
beforehand what the capability requirement of the system will be. The platform also has 
to comply to the second requirement, which reduces the pool of possible smart phones. See 
Appendix C for the complete study into current mobile devices. 
 
With the introduction of smartphones, special smartphone operating systems immersed. For 
instance, Symbian by Nokia and BlackBerry OS by RIM. Other big players are Microsoft, 
Apple and Google. In the mobile device comparison (Appendix C) only two operating 
systems remained; Android by Google and iOS by Apple. Both Android and iOS are new 
innovating operating systems that have similar functionality. They both have a big market 
share. A choice based on the best operating systems (iOS or Android) should be made 
only after researching both operating systems separately. Instead, triggered by the high 
demanding nature of AR, the device is chosen that has the most capabilities. 
 
The chosen mobile device for development is the HTC Desire, see Figure 28a, operating 
on Android 2.2. At the start of the project this smartphone was the best choice. It had the 
second highest specs and it was available, unlike the smartphone with highest specs (the 
Samsung Galaxy S). During the project the smart phone was stolen and replaced with the 
Samsung Galaxy Tab (Figure 28b). The selection of this new device was limited to 
Android 2.2 devices, since the HTC Desire uses Android 2.2. The prototype uses features 
of Android 2.2 that are not available in earlier versions of Android.  
 

 
Figure 28: a) The HTC Desire. b) The Samsung Galaxy Tab. 
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Google offers an easy tutorial to start a first Android project. Eclipse is the default IDE, 
using the Java language for developing. Also C/C++ libraries can be used, with the Java 
Native Interface. This linking of C++ libraries is very important to the prototype. In Java 
overhead is created due to several reasons, such as dynamic memory allocation and 
garbage collection. Normally this is not a big a deal, but for massive pixel processing this 
overhead is too much.  
 
During the project two new versions of Android were released. At the start of the project 
the HTC Desire used Android 2.1. In July Android 2.2 became available for the HTC 
Desire, which greatly influenced the execution positively. Future updates of Android are 
expected to improve the execution time even more. 

8.3 Realization 
 
Some alterations are made on the design to increase the performance and overcome 
limitations of Android.  
 
YUV to RGBA 
Android can display the video stream directly on the screen. However, the frame rate 
cannot be influenced, and the camera images cannot be used for processing. Instead each 
frame is delivered to the application by Android in the YUV format. OpenGL ES does not 
support YUV textures, so to be able to use the camera images a conversion to the RGBA 
format is necessary. The conversion from YUV is done, like all pixel processing, in C code.  
The YUV camera images are acquired in Java, then using JNI they are converted to RGBA 
by the C code. In turn the RGBA camera image is returned to Java, and OpenGL creates 
a texture of the image. 
 
Prediction 
The localization based on camera vision exactly determines the location and pose in the 
world. Based upon previous measurements a predication can be made on the new location 
of the camera. This prediction can be used in the LMA as a more accurate estimate deliver 
a faster execution of the LMA. 
This prediction can also be used to predict where the markers probably are in the next 
camera frame. Instead of processing the entire camera frame, only some areas around 
the predictions are searched. With this prediction the execution time of edge detection is 
reduced by almost a factor 2. 
 
Pinhole Camera 
Cameras can be modeled in various ways. A common method to describe a (virtual) 
camera is by the pinhole camera model. A camera calibration matrix M  can be created, 
which is already used in Chapter 6. The coordinate system in which this calibration is done 
is 180 degrees rotated over the X axis. Matrix M  is used in this rotation in Chapter 6, 
therefore the results of the camera localization should be rotated 180 degrees rotated 
over the X axis. 
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As also mentioned in Chapter 6, M  consists of the principle points 
x

σ ,
y

σ  and the focal 

length 
x

f ,
y

f . The focal length represents distance in pixels. The principle points represent 

the centre of the image plane in respect to the centre of the camera lens, see equation 
(8.1) and (8.2). Using matrix M  directly in Chapter 6 results in the location of the device. 

However, the image plane is shifted by a few pixels 
x

offset  and 
Y

offset . During 

rendering the location of the device has to be shifted back by this offset to align the 
centre of the physical image plane and the virtual image plane.  

Instead of shifting, the localization can ignore the offset 
x

offset  and 
Y

offset  , to find the 

location of the centre of the image plane. 
 

(8.1) 
2

x x

imageWidth
offsetσ = +  (8.2) 

2
y Y

imageHeight
offsetσ = +  

 
For the Samsung Galaxy Tab, the following values are measured, by use of Matlab: 
 

780
x

f =  300
x

σ =  

779
y

f =  400
y

σ =  
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9. Results and Evaluation 
 
This last chapter starts with several test and results of the created prototype. Conclusions 
are drawn and research questions are answered. Also some remarks on the project 
process is made. Finally some future work to improve the prototype is suggested. 

9.1 Tests and results 
 
Throughout this report already some test reports on execution time are given, however no 
test specifics are given. The executed tests are on lab-scale, using 6 markers of 5.8x5.8 
cm at known world coordinates. The markers lie in a plane and the intermarker distance 
δ is at least 0.2. The architectural model is a simple model that consists of 6 squares, which 
each square textured as a marker, but with the inverse marker layout. The squares in the 
architectural model are placed at the same location as the actual markers in the world 
coordinate system. The origin of the world coordinates is the centre of all the makers, and 
in the architectural model a small cube is placed on the origin, see Figure 29. 
 

 
Figure 29: Execution time test setup. 

9.1.1 Execution time 

 
The test results in Table 3 and Table 4 are gathered over a series of 66 frames, at a 
frame rate of 1,51 frames per second, with a camera resolution of 800x600 and a 
screen resolution of 1024x600. 
 

Routine ms % of total 

Rendering 40,09 6,1% 

Image Handling 208,06 31,4% 

Marker recognition 372,67 56,3% 

Localization based on camera vision 40,91 6,2% 

Other 0,24 0,0% 

Total execution time per frame 661,97 100,0% 

Table 3: Execution time test results summary. 
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Routine ms % of group % of total 

    

Rendering 40,09 100% 6,1% 

Start Banners 1,00 2% 0,2% 

Setting model view 0,06 0% 0,0% 

Draw model 1,52 4% 0,2% 

Request new camera frame 0,58 1% 0,1% 

Draw camera frame 36,18 90% 5,5% 

Initializing OpenGL 0,27 1% 0,0% 

Other 0,48 1% 0,1% 

    

Image Handling 208,06 100% 31,4% 

Load camera image to texture memory 36,18 17% 5,5% 

Convert and save image 171,88 83% 26,0% 

    

Marker recognition 372,67 100% 56,3% 

Initializing 0,18 0% 0,0% 

Predict marker locations 7,52 2% 1,1% 

Get a local YUV copy 62,21 17% 9,4% 

Sobel edge detection 96,55 26% 14,6% 

Grouping 48,61 13% 7,3% 

Extreme value search 89,27 24% 13,5% 

Line trace 1,70 0% 0,3% 

Identify quadrangular areas 
(DLT + Thresholding + Simple Compare) 

66,45 18% 10,0% 

Other 0,18 0% 0,0% 

    

Localization based on camera vision 40,91 100% 6,2% 

Estimate Pose and Location 0,41 1% 0,1% 

LMA 40,14 98% 6,1% 

Other 0,36 1% 0,1% 

    

Other 0,24 100% 0,0% 

OS Overhead 0,24 100% 0,0% 

    

Total execution time per frame 661,97 100% 100,0% 

Table 4: Execution time test results extended. 
 
As can be seen in Table 4, the majority or the execution time has been spent by the 
marker recognition (56.3%). An improvement to the extreme value search can be made, 
which will reduce the execution time. Currently the entire image is scanned twice, instead 
of only the grouped edge pixels. 
Also a local copy of the YUV image is made, which can be removed. Currently this is 
necessary, for debugging purposes, but no time was spend to remove this copy step. Not 
only is the YUV image copied, also the data structure which contains information about 
each pixel is created and initialized. 
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The second largest item in Table 3 is the image handling. YUV to RGBA conversion and 
coping the RGBA frame to texture memory, 31.4%. This cannot be improved using 
Android 2.2 and OpenGL ES 1.1.  Android 2.3 allows native access to the camera, so a 
copy from JAVA via JNI to native C is removed. If Open GL ES 2.0 is to be used, texture 
memory can be accessed directly, which also reduces the execution time. 

9.1.2 Operational distance 

 
Image handling and marker detection combined are responsible for 87.7% of the 
execution time. The resolution of the camera is 800x600 which is rather high. This has 
advantages and disadvantages. The disadvantage is a high processing time, but the 
advantage is operational distance, the distance from the camera to the markers at which 
the marker recognition system can still identify the markers in the camera image. Using 
several different marker sizes the maximal operational distance has been tested. In these 
test the viewing angle was perpendicular to the markers, see Table 5.   
 

Marker size (cm) Maximal Distance (cm) Pixels on screen 

5,5 x 5,5 337 13 x 13 

7,6 x 7,6 440 13 x 13 

9,5 x 9,5 600 12 x 12 

17 x 17 997 13 x 13 

50 x 50 2750 14 x 14 

60 x 60 3700 13 x 13 

Table 5: Makers size vs. Maximal Distance 
 
In Figure 30 the relation between the marker size and the marker distance is shown. This 
relation is almost linear. By doubling the distance between the camera and a marker, the 
size of the marker in the camera image will appear half the as large. 
Due to atmospheric perspective this relation is not entirely linear, if the distance to an 
object increases, contrast decreases, which influences the edge detection negatively.  
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Figure 30: Maker Dimensions vs. Maximal Distance. 
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The relation between the marker dimensions in x and y directions (
x

marker size and 

y
marker size ), perpendicular distance to the markers (distance ) and the amount of pixels 

in the image in the u and v  direction (
u

pixels and
v

pixels ) is given by :  

 

(9.1) 
yx

u x v y

marker sizemarker size
pixels f pixels f

distance distance
= ∧ =  

 

Where 
i

f is the focal distance on the i  axis. 

 
The designed markers are 32x32 pixels, but the image used to identify the markers are 
almost all blocks of 4x4 pixels. When the marker is seen in the camera image with a width 
and height of 13 pixels, an identification can be made. 
 
To determine the minimal marker size for any marker system at a desired distance, the 
minimal required pixels in the image should be known and the focal distances.  
These values can also be used to determine the maximal operational distance for a 
marker system. 

9.1.3 Accuracy 

 
Once markers are recognized, localization only takes 6.2% of the execution time. The 
accuracy of the localization is high, but depends on the accuracy of the marker detection. 
The detected marker locations can be reconstructed up to 0.004291  pixels. The test 
conducted to get this result is similar to the test in section 9.1.1, now over 80 frames. 

By equation (6.19) the reprojection ~

i
x  can be made. Subtracting ~

i
x  from the found 

marker 
i

x  give the average error that is made: [ ]0.0028 0.0033 0
i

=xe  

 

9.2 Conclusions 
 
The implementation that is delivered can not perform on a fast enough frame rate. The 
implementation has a frame rate of 1.5 fps on a resolution of 800x600 pixels. The main 
reason for the low frame rate is the limitation to directly access the camera images. 
Android does not yet allow this.  
 
The camera frame that is returned by Android is in YUV, but to show the image on screen 
it has to be converted to RGB and textured to a polygon on the far plane in OpenGL. This 
operation (without any model rendering or localization) runs with 4 fps. Android does 
allow for higher frame rates when only displaying the camera frame on the screen, but 
these methods do not give a copy to the implementation for image processing. 
With a new release of Android camera accessibility can be improved. Also more powerful 
hardware will in time contribute to a better frame rate. 
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Localization has been the main focus during the project. At the start of the project 
localization was not expected to play such a big role, but it was harder to realize than 
expected. In the final result, the accuracy, is sufficient. 
 
Context awareness, other then localization, was not created. Extracting context, such as 
cars, trees and people, from the camera image requires even more processing power. 
Within the set time of this project it was infeasible to create a Context Extraction module 
that extracts more then only a backdrop. 
 
The model conversion module, converts OBJ models into a data set that OpenGL ES can 
use to render. The OBJ file is currently parsed online, but can be parsed offline. This 
parsing is not very fast, but can be improved. No research into faster model conversions 
has been made. 
 
The feature list holds information on features in the landscape. For now it only holds 
information on markers: the layout of a marker, its pose and location in world coordinates, 
and its dimensions. 
 
The prototype that is created does show AR in an immersive way. The mobile device can 
estimate its pose and location based on the markers that are in sight. It can combine GPS, 
compass and accelerometer data to improve the localization. Architectural models can be 
loaded into the system and they can be drawn using OpenGL ES. All this operates in 1.5 
fps. More research is needed to create a faster prototype.  
 
To improve the frame rate the resolution can be decreased. This will reduce the maximal 
operation distance, but will greatly improve the execution time. 87.7% of the execution 
time is spend on the 800x600 image. Using a smaller image of, for instance, 320x240 
reduces the image size by more the 6.5 times, which could reduce the operation time to 
14% of the current execution time. This will give a frame rate of 2.5 fps. 

9.3 Research Answers 
 
In section 2.5 several questions were raised. One of which was the question on feasibility. 
Is a result like Figure 1 realistic? The answer is simply no, for the moment it is not possible 
to create such a lifelike rendering of landscape project. Context awareness is not 
achieved to the level that is needed to create the idea shown in Figure 1. The frame rate 
is too slow and no depth information is generated, so the rendering of the architectural 
model is always on top of the camera image. However, it is possible to show architectural 
models on the construction site, be it at a low frame rate. 
 
Also the required precision was unknown. Perhaps there is a tradeoff between accuracy 
and speed? If the localization would be the bottleneck of the prototype, an interesting 
tradeoff could be made. The LMA works faster when the accuracy of the estimation is 
higher. So a good estimate reduces the workload of the LMA. With more iterations and a 
tighter bound the LMA produces better results, but operates slower. The LMA uses its 
previous results as an estimation, so when the time between the executions of LMA 
becomes shorter, the more accurate these estimates will be. This results in a faster 
execution of the LMA. The questions what level of accuracy is desired, remains. 
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9.4 Process 
 
At the start of this project it was unclear if the project would lean more to research, or to 
software development. The approach to research the feasibility of AR on mobile devices 
can be used to either type of project. 
It turned out that this project was more of a software development project then a research 
study. Even though no AR applications of this kind exist for mobile devices, most 
implemented algorithms are not new. The fact that they are now used on a mobile device, 
an embedded device, is. Realizing AR on a mobile device is interesting for both scientific 
and commercial reasons. Creating context aware applications, based on camera vision 
will require a lot of engineering skills to be realized on mobile platforms. 

9.5 Future Work 
 
At the moment the prototype works at 1.5 fps. This should be improved. A lot of the 
processing power is used by the conversion of YUV frames into RGBA frames an the 
copying it into texture memory. Android 2.3 allows native camera access, so once Android 
2.3 is release for the Samsung Galaxy Tab, this can be implemented. Also by making use 
of OpenGL ES 2.0 the prototypes execution time can be improved, since it allows for 
direct access to texture memory and YUV textures. Using native camera access and 
OpenGL ES 2.0 a performance gain of at least 20% is likely. 
 
Currently there is still an improvement feasible in the corner detection algorithm. The entire 
image is scanned twice to find the extremes of the connected edge pixel groups. If this 
would be reduced to two scans over the connected edge pixel groups only, a 
performance gain of 6% seems feasible. Also making a copy of the YUV data can be 
removed, gaining another 3%. 
 
The GPU of the device is not yet used by the prototype. Further research should look into 
the possibilities of doing pixel processing on the GPU. 
 
More research into more complex architectural models is needed. This includes loading of 
the models, as well as displaying of models. 
 
At the moment only markers are recognizable by the system. Creating a more context 
aware system will not only allow localization on features other the markers, it will also 
allow the context extraction to extract depth information that can be used by the scene 
rendering module. 
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