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Abstract  

 

The aim of this thesis is to implement a prototype of a 3D 
Augmented Reality mobile application.  

Using 3D is becoming more and more common for professionals as 
well as users. A good example of that is Google Earth and its 3D view. 
Implementing a mobile application that takes advantage of 3D and 
Augmented Reality may be very useful for planning new constructions in 
both urban and non-urban areas allowing to visualize how the 
construction will be in the future and how it will interact with its 
surrounding environment. There is a great potential for such kind of 
applications. An example could be the modification of a certain area of 
a city; allowing the inhabitants of that city to preview the project and, 
hopefully, avoiding unnecessary conflicts related to that project. In non-
urban areas this application is also very useful for helping decision making 
by visualizing, on site, how the project will be and its impact on the 
environment. 

In order to preview a future construction there is the need to have 
a 3D model. Therefore, a 3D format for that model is necessary. Since 
COLLADA is a 3D standard interexchange format it is used in this thesis. 
Together with COLLADA, the computer graphics imagery and gaming 
technology called OpenGL ES 2.0 is used. Using COLLADA and OpenGL 
ES 2.0 combined with the properties of the views’ layers, the camera 
input, the sensors in the mobile device and the positioning technologies 
permit obtaining successful results displaying a 3D object in an 
Augmented Reality mobile prototype application. Interface elements are 
implemented as well in order to bring basic usability tools. The results 
show the advantages of combining technologies in a mobile device and 
the problems derived from the low accuracy in positioning in such kind of 
devices. Thus, ideas for improving the positioning accuracy are discussed 
as well. 
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1. INTRODUCTION 
 
  

The aim of this thesis is to implement a prototype of a 3D 
Augmented Reality mobile application. Augmented Reality (AR) is a 
growing research field covering from very expensive simulators to smaller 
applications in mobile devices. The advantages of the latter are the 
rather low cost and the bigger size of its market. Due to mainly those two 
reasons, the number of applications using Augmented Reality is 
increasing fast. However, those applications have something in common 
independently of their specific purpose: They are in 2D or, at best, using 
3D-like views implemented in 2.5D. Details of one of the technologies 
allowing the easily implementation of 3D-like applications is explained in 
this thesis.  
 
 Most of the low cost Augmented Reality applications are running 
on smartphones. Nowadays, the smartphones are also referred to as 
hand-held devices even though this term includes a wider range of 
devices. Smartphones are distributed with one of the multiple mobile 
operating systems available in the market. From the myriad of these 
operating systems there are two that are more used: Android and iOS. 
Both operating systems are very similar and both have advantages and 
disadvantages.  
 
 In order to implement an Augmented Reality application using 3D 
a 3D format and the technology to render a 3D model is required. To 
solve this issue the COLLADA format has proved to be a very good 
solution together with OpenGL ES 2.0 as a rendering technology. The fact 
that the Khronos Group is authoring both COLLADA and OpenGL ES 2.0 
guarantees the good synergy between the 3D format and the 3D 
rendering technology. OpenGL ES 2.0 has proved its success as a 3D 
rendering technology by being the standard in mobile devices. 
Furthermore, OpenGL ES 2.0 is based in OpenGL, which is widely used in 
3D gaming development and the computer graphics imagery used in 
animation movies and special effects for both movies and series. 
However, the complexity of OpenGL ES 2.0 has caused a considerable 
learning effort and a large amount of time before being possible to 
understand it and use it correctly. 
 

The interface of the prototype application includes a number of 
features for improving its functionality. More specifically, 3D 
transformations and gestures have been implemented as an extra in 
order to give model handling functionalities and visualization tools to the 
application that, being a prototype, also includes the basic tools that a 
market-ready application should include such as the application settings. 
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The remainder of this thesis is organized as follows. After this 
introductory Section 1, Section 2 presents the related work and 
technologies used in this thesis including mobile platforms, augmented 
reality, 2.5D graphics in iOS, the description of existing 3D modeling 
software, the COLLADA 3D format and 3D rendering technologies for 
mobile devices focusing in OpenGL ES 2.0.  

 
Section 3 explains why the technologies used in this thesis are 

chosen. The application’s architecture and its implementation process 
are also described in this section. 

 
Section 4 shows the results of the application using and describing 

screen captures obtained from the prototype application where a geo-
located 3D model is rendered on screen at a certain location. 

 
Finally, Section 5 presents the conclusions and discussion of this 

thesis as well as the advantages and disadvantages of the methodology 
used in this thesis. The discussion includes possible improvements for 
positioning considering the type of device used in this thesis. 
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2.  RELATED WORK AND TECHNOLOGY 
 
 
2.1.  Mobile Platforms 
 
 
 Nowadays, there are several operating systems supporting mobile 
devices as it is shown in Figure 2.1. However, three of those operating 
systems receive most of the popularity, being Android and iOS the most 
popular together with RIM. RIM being the last of the three to include 
touchable displays iOS and Android are dominant in that sector. 
 
 
 

 
Figure 2.1: Mobile ecosystem life spans. Source: [45]  

 
 Android and iOS are very similar and they perform similar actions 
but their approach is very different. iOS design focuses on simplicity and 
visual glowing while Android’s design focuses on functionality and 
greater possibilities of customization. 
 
 Another difference between iOS and Android is that the first is 
proprietary while the latter is Open Source. However, that was true up to 
the Android version 3.0. As explained in [60] and [5] Google Inc. currently 
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withholds the Honeycomb source code and such code is 
undocumented. Furthermore, using the basic Android API it is possible to 
get as deep as with iOS API. It is true, however, that Android may be 
tweaked for optimizing it for a certain device but that is unnecessary in 
the iOS environment because iOS is only supported in Apple’s Inc. 
devices while Android is supported by a very large number of devices [6, 
3].  
 
 

 
Figure 2.2: Android TweetDeck Beta Users by OS Version. Source: [3] 

 
  

Being supported in many different devices is an advantage for 
Android but it is, at the same time, a weakness because different devices 
have different characteristics and features such as screen size, virtual 
memory, etc. For an average user, this may not be relevant but for a 
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developer it is a source of problems. Which is referred to as 
fragmentation. Each device supporting Android may use a different 
version of the operating system and, at the same time, each device has 
different capabilities. The fragmentation issue also exists in the iOS 
environment but it is much more limited and mostly due to device 
updates through time. Two case studies support the evidence of such 
fragmentation issues: Rovio (Angry Birds) and TweetDeck (Figure 2.2). 
Both are experienced in development within mobile platforms and both 
spotlight Android’s fragmentation [4].  
  

Distributing applications is an important part of both iOS and 
Android environments. The App Store and the Android Market are the 
corresponding official stores but there are unofficial possibilities for 
installing applications on both iOS and Android devices. Android does 
have more users than iOS but users of the latter are buying a higher 
number of applications and paying more for them than Android users 
[16]. The main drawback for distribution in iOS is that Apple Inc. keeps a 
certain percentage of the revenues of any app sold in the App Store. 
  
 From a development point of view, both Android and iOS have 
APIs that allow similar possibilities. The environment for developing in iOS is 
restricted to XCode but in Android it is not limited to one software 
package, having several possibilities. However, Google Inc. recommends 
using Eclipse and includes it in the starter package. 
  
 As for the programming language iOS is based on Objective-C 
and supports C and C++ while Android is based on Java and supports C 
and C++ as well. 
 
 Even though the possibilities for development are similar on both 
platforms there are more restrictions connected to the iOS development 
when it comes to distribution. Most of the restrictions refer to modifying 
the operating system, accessing un-authorized location data, not 
following the imposed rules for interface integration, etc. 
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2.2  Augmented Reality 
 
 
Augmented Reality (AR) is a growing research field.  Augmented 

reality is a combination of a real world scene with a virtual scene in the 
way that the user sees both scenes as a single one. This field of research 
may be distributed in two levels according to the cost of its applications. 
The best and most advanced AR applications, such as simulators (e.g. 
flight simulators, Formula 1 simulators, etc.) may cost billions but, thanks to 
the new generation of smartphones, lower level applications are being 
displayed on the market with success introducing AR as something of 
common use for the average user [17].  

 
However, most of the AR applications that one can find on the 

App Store or on the Android Market are focused on orienteering and 
helping users to find whatever they need by giving extra information from 
what they see through their device’s camera. As an example in Sweden, 
through the application from eniro.se shown in Figure 2.3, the user can 
find a large number of services nearby and find the direction to get there 
by using AR. 

 
 

 
Figure 2.3: Eniro 2D Augmented Reality. Source: [36] 

  
 
But there are also other uses of AR in mobile devices. The following 

examples show an AR Theodolite 1  in Figure 2.4, an AR solution for 
colorblind people in Figure 2.5 and a game shown in Figure 2.6. All three 
of them based on augmented reality: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  A	  theodolite	  is	  a	  precise	  mechanic-‐optic	  instrument	  for	  measuring	  both	  vertical	  and	  horizontal	  
angles.	  It	  was	  widely	  used	  in	  the	  past	  for	  land	  surveying.	  
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Figure 2.4: AR Theodolite. Source: [39] 

 
 
 
 
 

 
Figure 2.5: Colorblind AR. Source: [35] 
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Figure 2.6: AR Game. Source: [37]	   

 
 
The examples shown above are just a few of the multiple uses of 

augmented reality on a daily basis. However, all those applications use 
only 2D graphics and, at best, 3D-like views. That is why, the aim of this 
thesis focuses on the 3D. In order to do that, it is required to get to know 
the existing 3D formats and select one to use on mobile devices. 

 
It is undeniable that Augmented Reality, although being tagged as 

a computer science field, uses many of the technologies and knowledge 
from photogrammetry. The projections and 3D transformations have 
been widely used for photogrammetry since its early stages. Projective 
transformations are very relevant for AR due to the conical projection 
nature of the camera lenses. Therefore, the need for transformations of 
3D real world coordinates into 2D screen coordinates becomes obvious. 

 
The connection of photogrammetry, and therefore augmented 

reality, with positioning technologies, on mobile devices is known as 
Location Based Services (LBS). The existence of such connection is 
straightforward due to the need of locating the device and its orientation 
to match the real world scene with the virtual scene to be displayed as a 
combination. 

 
Therefore, having a background in geodesy and photogrammetry 

is an advantage for the development of augmented reality applications. 
However, knowledge in computer science technologies and 
programming is a must. 
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2.3.  Core Animation 
 
 
A very powerful tool for implementing 3D-like applications for iOS is 

Core Animation. Core Animation is said to be 2.5D. Being that extra 0.5 
dimension implemented by using projections, which create the visual 
effect of having 3D graphics when, in fact, there are only 2D graphics 
with the enhancement of projections [62]. 

 
Core Animation offers a rather easy way to implement animations 

and 3D-like graphics since most of the math that is required for animating 
and giving the 3D perspective is already done for the developer within 
the QuartzCore framework that is provided by Apple Inc. In fact, Core 
Animation uses OpenGL ES2 behind the scenes but the developer does 
not need to know such technology to take advantage of it. Another 
advantage of Core Animation is that the animations work in the 
background avoiding any interference with the user interface. One more 
advantage is that animations are easily implemented being only 
required to change the properties of the layers to be animated; the layer 
being the basic element of Core Animation. Actually, Core Animation is 
not only for graphics but it may be applied to anything that is contained 
in a layer and its usage is focused on anything that changes visible 
elements. 
 
 A good example of Core Animation in an augmented reality 
application is the application implemented by Presslite for the metro of 
Paris bringing a 3D effect on 2D graphics by using the projections 
provided by Core Animation (Figure 2.7). 
 

 
Figure 2.7: Metro Paris Subway. Source: [38] 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  OpenGL	  ES	  is	  a	  3D	  rendering	  technology.	  It	  will	  be	  described	  in	  detail	  in	  the	  subsection	  2.6	  3D	  
Rendering	  Technologies.	  
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2.4.  3D Modeling  
 
 
 In order to create 3D graphics or 3D models there are several 
software packages available in the market. This chapter is not intended 
for a deep exploration of the large number of solutions for 3D modeling 
and all the possibilities the software packages offer to the user, but 
instead the aim of this chapter is to have a high-level view of the main 
software packages and see how the COLLADA file format is directly, or 
using another application as a bridge, a standard in the 3D modeling 
world. 
 

Starting by the famous Autodesk, it is important to mention that it 
has several products supporting 3D. Maya and 3D Studio Max are the 
most powerful ones, both of which have been used for gaming 
development and cinema animations. Although powerful, these 
packages store the models using their own file format [18,19]. 
 
 LightWave from NewTek is another powerful software package 
that has been used for TV and cinema productions as well as for 3D 
gaming development [43]. 
 
  However, these are not the only software packages allowing 
creating 3D models. A popular software for this purpose is Google 
Sketchup because of its simplicity of use and its connection to Google 
Earth. There is an Open Source software package called Blender that is 
becoming an important tool and competing directly with more 
established 3D software packages such as 3D Studio Max. There are 
many more options for 3D modeling but these are the most popular ones 
[23]. 
 

AutoCAD and other packages such as AutoCAD Civil 3D may not 
have a direct connection to COLLADA because the target of such 
packages is neither directly connected to computer graphics for design, 
gaming nor entertainment, but rather to engineering. However, the 
assets produced on Autodesk software packages are compatible 
with .dwg and both Maya and 3D Studio Max are compatible with .dwg 
file format as well. Loading the .dwg files on either Maya or 3D Studio 
Max it is possible to transform from .dwg to COLLADA. What that means is 
that it is possible to obtain assets in COLLADA from assets originally 
produced in engineering software packages that support the use of 3D. 
In other cases, such as Microstation, the .dxf file format, as an 
interexchange format, allows to import the assets to other software 
packages that are fully compatible with COLLADA such as the open 
source software called Blender. 
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LightWave, Google Sketchup and Blender also have their own 
formats but all those software packages allow the user to export to a 
standard 3D file format called COLLADA. Actually, the .kmz file format is 
based on a .kml file and a COLLADA file that holds the model; then, both 
files and the textures are compressed into a single .kmz file [4, 41]. 

 
 Another way of creating a 3D model is through the use of Laser-
Scanning Technologies.  Software packages such as Cyclone from Leica 
offer the possibility to export to .dxf and other Open Source software 
packages such as MeshLab include the possibility to export to COLLADA 
[42, 44]. 
 

As for the GIS software there are, at least, two software packages 
that fully support and integrate COLLADA. Those packages are ArcGIS 
and gvSIG, through its 3D extension. However, not every asset using 
COLLADA is well integrated because the need of geographic 
coordinates is required for any GIS application. Only the assets in 
COLLADA 1.5 can store geographic coordinates. It is important to notice 
that more and more products are using COLLADA [28]. 
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2.5.  COLLADA 
  
 
 COLLADA stands for COLLAborative Design Activity. Although It is 
managed by the not-for-profit technology consortium called Khronos 
Group it was originally developed by Sony Computer Entertainment. The 
developers of COLLADA Rémi Arnaud and Mark C. Barnes describe the 
target of the COLLADA format in their book as follows [20]: 
 
  “COLLADA focuses on the entertainment industry where the content is 
three-dimensional and is a game or related interactive application”. 
 

COLLADA is based on a collaboration model allowing vendors to 
implement their own innovations and preserve its competition 
independently of the file format they use. It serves as a standard for 3D 
assets in a similar way as .dxf in the CAD world allowing the transport of 
3D assets between applications. Therefore, allowing the use of several 
software packages and tools in any project dealing with 3D. In other 
words, COLLADA was created for gaming and computer graphics 
focusing on interexchange to allow users to select the most appropriate 
tools according to their objectives. The fact that Sony Entertainment Inc. 
was its main developer and promoter stresses the aim of this format 
towards gaming development and computer generated imagery (CGI) 
used on TV and cinema productions. 

 
COLLADA is an XML-based schema including not only geometry 

but also shaders, effects, physics, animation, kinematics and multiple 
representations of the same asset [26]. As it will be seen later on, 
COLLADA is XML-based allowing the use of the same techniques already 
existing for XML. 
 
 There is an open source API for developers to be able to load and 
modify COLLADA documents easily called COLLADA DOM. Its source 
code is a C++ object model. In this thesis it has not been used in order to 
avoid constraints that may appear by the use of the API and because 
only the version 1.5 supports geographic location. Besides, the API has its 
own issues to deal with. However, the COLLADA DOM has been built as a 
framework for XCode but building it and installing it has proved to be 
more complex than expected having missing third-party libraries that 
were required for the framework to be built and installed correctly. After 
several trials, the framework has been built for XCode but this has been 
achieved only by using a downgraded version of the DOM. More 
specifically, using the version 1.4. Version 1.4 is incomplete for the 
purpose of this thesis since the geographic location is available only in 
the version 1.5 of the COLLADA DOM. 
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There are other existing tools for COLLADA such as the OpenCollada, 
consisting of the plug-ins ColladaMax and ColladaMaya (and their APIs), 
which provide a high-level interface for users to export their work to 
COLLADA. In order to make sure the exported model is correct the 
COLLADA Refinery has an excellent tool called Coherency Test. 
 
 COLLADA can store the geometries using several kinds of polygons 
such as multi-sided polygons (convex or not), quads or triangles. For this 
thesis only triangles are considered since the use of triangles is the most 
efficient way of loading a 3D model and both ColladaMax and 
ColladaMaya, as well as other exporters, allow triangulation. As it will be 
shown later on, triangulated models are also more efficient to use in 
OpenGL ES, which is the best option for rendering 3D graphics on the 
iPhone. Therefore, if the model is not previously triangulated it will not be 
rendered on the iPhone. It is also important to mention that the index list 
in COLLADA has one index for each element it refers to (vertex 
coordinates, normal coordinates, etc.). The method is reasonable 
because it avoids redundancies. This means that it is the most compact 
way of storing data and, therefore, it is the best way of storing it.  
However, as it will be shown later this issue will be more of a drawback 
than an advantage in this case. 
 
 COLLADA can be used to work with 3D tools using OpenGL 
Shading Language, Cg, CgFX and DirectX FX [20]. This is important for 
development since these technologies allow the creation of great 
effects making the game or the computer graphic imagery very realistic. 
In CGI this is very important since it is manly used on movies and TV series 
where the spectator is not expected to notice the difference from what is 
real and what is generated by CGI. In fact, most people have seen CGI 
without even noticing it.  
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2.6.     COLLADA Basic Structure 
 
 
 The COLLADA files are XML-based. This means that the data is 
stored using tags and information between starting and ending tags. As it 
is seen on Figure 2.8, the file is constructed around the root tag COLLADA. 
Within that tag, the first tag is the asset tag that contains the metadata 
about the file. After that, there are a number of libraries but the number 
of libraries used may change from file to file since their existence 
depends on how the model is created. There are other libraries that are 
not listed on Figure 2.8. From all those libraries the most important one is 
the one holding the geometries. Only using that library it is possible to 
load a 3D model. Therefore, that is the library that will be explained here, 
focusing on the relevant elements required to load a 3D model. 
 
 

 
Figure 2.8: COLLADA file tags. Source: Model from COLLADA DOM samples 

 
 
On Figure 2.9 the content of library_geometries is shown. Within this 

library the next element of interest is geometry, which may hold several 
mesh elements. The mesh is element contains all the data referring to 
positioning, normals, textures and the polygons that conform the 3D 
model. Within the mesh there is always one float_array tag containing 
the data for the vertices and an accessor tag to specify what is the data 
within the previous float_array tag. The stride value shows the number of 
elements that are to be counted as one. For the vertices that value is 3 
and that means that one vertex will have 3 values referring to X, Y, Z. This 
could change but for 3D models it is always the same (referring to X, Y, Z). 

 
Following the vertices (or positions) there may, or may not, exist an 

array of normals. For 3D models, the structure of the array of normals is 
the same as for the vertices although the number of elements may not 
be, and usually is not, the same as for the vertices. 
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Figure 2.9: Library geometries of a COLLADA file. Source: Model from COLLADA DOM 

samples. 
 
 
Following the normals, there may, or may not, exist an array 

containing the coordinates of the textures. Usually a texture is considered 
to be a mapped image and the coordinates refer to that image. There is 
also the possibility that each mesh uses a different texture but that is just a 
variation from the general way of using textures. In essence it works the 
same way. Texture maps may be 2D or 3D or may even be stored in 
cubes, where each face holds a part of the texture. There are many 
possibilities for storing textures but in this thesis the basic use of one 2D 
texture is used. On Figure 2.9 there is a 2D texture with coordinates S and 
T. 
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The next relevant element is the triangles. The triangles element 
contains the number of triangles that conform the mesh. Within triangles, 
the input elements specify what will be found in the list of vertices stored 
in p and how they are organized. The semantic describes what the index 
refers to and the offset describes the position of the corresponding index 
within each vertex. Since three vertices form a triangle 9 indices will be 
required to build a triangle, where each set of 3 indices correspond to a 
vertex (bringing all the necessary information to build a triangle). The 
easiest way to get to know how many indices correspond to a vertex is to 
count the number of input elements within triangles since it may occur 
that a certain mesh does not have any texture or that it does not have 
any data for normals or even no normals and no textures. Other inputs 
may exist but these three, vertices, normals and textures, are the most 
common. 

 
There are many possibilities for what the id values can hold since, 

being always a string, that value doesn’t have specific requirements. 
Taking the vertices as an example, the id may be positions, vertices, xyz, 
raw data, etc. This is an issue directly related to XML; therefore it appears 
as well in the COLLADA document. This issue appears along the whole 
document but it becomes critical when reading geometry. In order to 
solve this issue, a certain limitation of possibilities will be applied by 
implementing only the most common ids used for each case (vertices, 
normals and textures). 

 
 

 
Figure 2.10: Example of a mesh using polylist. Source: Model from COLLADA DOM 

samples. 
 

 
 Instead of the tag triangles there may be other tags replacing it 
when the polygons used to build the 3D models are not only triangles. 
The most common tags in that case are the polylist or the polygons tag, 
which go together with another tag located just before the p tag. That 
other tag is vcount and consists of a list of numbers, each of them 
referring to the number of vertices of the corresponding polygon. An 
example of that case is shown on Figure 2.10 but for this thesis only 
models built from triangles will be used since, as it is mentioned in the 
previous section, most of the software packages for 3D modeling support 
exporting to COLLADA using triangulation and for rendering it is much 
more efficient to use triangles.  
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2.7.  3D Rendering Technologies 
 
  

In the world of 3D rendering there are many possibilities, as it will be 
shown in this section. Some of the technologies listed below are not 
available in iOS. Therefore, its exploration has been at a very high level in 
order to see what are the possibilities outside of iOS. 
 
 
2.7.1.  Possibilities outside of iOS 
  
 
 The first possibility is DirectX. DirectX is an API that was created by 
Microsoft and works exclusively on Windows. Its main purpose is to handle 
game development and multimedia. Within DirectX, there is a 3D 
graphics API called Direct3D that is also used for other tasks besides 
gaming and multimedia, such as CAD. Nowadays, DirectX is the API 
behind the Xbox and its games. Lately, DirectX has also been introduced 
to the mobile devices through the Windows Phone operating system. 
DirectX has been a de facto standard in the PC market due to the 
extension of the Windows operating system. 
  

Papervision 3D is an Open Source real-time 3D engine for Flash 
(from Adobe). Since Flash has been very extended on the Internet, it is 
also possible to find Papervision 3D on the web. However, this API is also 
being used in mobile devices supporting Flash such as Android. One 
point in its favor is the inclusion of the COLLADA DOM in the API. As it is 
well known, Apple Inc. does not include Flash in its mobile devices. 
Therefore, the use of this technology is out of the question. 

 
 

2.7.2.  OpenGL ES 
 
 
Another great technology being used for 3D rendering in real time 

on mobile devices is OpenGL ES. Originally, Silicon Graphics Computer 
System (SGI) created OpenGL but it did not exist with that name yet. 
Before naming it OpenGL its predecessor IrisGL was created. It was an 
API created as a solution for SGI engineers to handle 3D. IrisGL was 
proprietary but it was reworked and released as an industry standard and 
its name changed to OpenGL [52]. OpenGL is controlled by the OpenGL 
Architecture Review Board (ARB) created by Silicon Graphics. The 
original ARB was formed by the following companies: SGI, Intel, Microsoft, 
Compaq, Digital Equipment Corporation, Evans & Sutherland and IBM 
and currently other important companies have joined such as 3Dlabs, 
Apple, ATI, Dell, Intel, NVIDIA and Sun Microsystems [57]. 
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In 2003, at the SIGGRAPH ‘03 conference, the Khronos Group 
released OpenGL for Embedded Systems calling it OpenGL ES. The 
Khronos Group is a consortium of more than 120 member companies, 
including, e.g., graphics technology providers, phone manufacturers, 
operating system vendors, content creators and operators. The fact that 
the Khronos Group is also authoring COLLADA brings the ideal 
combination for 3D graphics having an intermediate and interexchange 
powerful 3D file format and a very powerful 3D rendering engine such as 
OpenGL as well as its version for embedded systems, OpenGL ES. 
 
 OpenGL ES is a royalty-free, cross-platform C-based API that has full 
function with 2D and 3D graphics on embedded systems. It is very 
popular and today many platforms are using it such as iOS, Android, 
Symbian, Palm (webOS), Nintendo3DS and PlayStation 3 [52]. 
 
 Today, there are two versions of OpenGL ES being used: OpenGL 
ES 1.1 and OpenGL ES 2.0. Both versions are low-level APIs and have 
rather low resources consumption. OpenGL ES removed the 
redundancies previously existing in OpenGL, so there is only one way of 
performing an operation [46]. 
   
 One of the advantages of OpenGL ES is that it is multiplatform, 
meaning that the developer doesn’t have to worry too much about the 
specific hardware that will be used. The code wrapping OpenGL ES may 
be different for each platform. In order to solve that it is possible to use C 
or C++ as well as Objective-C for iOS devices or Java on Android. Most 
game developers use C++ due to its multiplatform nature. One of the 
issues new OpenGL ES developers have to deal with is the confusing 
language of OpenGL ES (e.g. name is not a string type but a number, a 
GLint or GLuint). 
 
 Nowadays, most devices have two processors, the general one 
called CPU and a second one called GPU that is specific for graphics 
(GPU stands for graphics processing unit). The CPU is the main processor 
and does most of the work but its speed becomes very slow when 
floating-point operations are required. That is when the GPU comes in 
since it is designed to work in parallel with the CPU increasing the 
possibilities for the device to perform more complex operations such as 
graphics rendering. It is then straightforward why OpenGL ES is prepared 
to efficiently render graphics using the GPU. It works similarly as a client-
server architecture where data is sent to the server to perform certain 
operations (Figure 2.11) [15]. 
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Figure 2.11: OpenGL ES architecture. Source: [15] 

 
 
OpenGL defines its own variable types (Figure 2.12), easily 

recognizable because they have the GL prefix. By using its own data 
types OpenGL ES intends to avoid issues related to hardware, e.g. int 
data type in C is based on the register size of the hardware being 
compiled for. Although it is possible to use C variables in OpenGL ES it is 
better to use GL data types when performing OpenGL ES operations in 
order to avoid the issues mentioned above related to hardware. Using C 
variables means that the multiplatform feature of OpenGL ES would be 
lost. It is significant to point out the non-existence of double-precision 
floating-point variables in OpenGL ES 2.0 because they require a large 
use of memory and resources for their processing. Therefore, OpenGL ES 
intentionally leaves out double-precision floating-point variables in order 
to preserve performance and the use of resources. 

 
 

 
  2.12: OpenGL ES data types. Source: [46] 
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OpenGL ES is designed in a way that it uses a normalized cube 

where the 3D scene will be rendered (Figure 2.13). That cube will 
determine what is visible and what is not since OpenGL ES will ignore 
anything outside of it, therefore, not being drawn. 

 
 

 
Figure 2.13: Normalized cube. Source [29] 

 
 
The main differences between OpenGL ES 1.1 and OpenGL ES 2.0 

is that the 1.1 implements a fixed function pipeline and is derived from 
the OpenGL 1.5 specifications while the OpenGL ES 2.0 specification 
implements a programmable graphics pipeline (Figure 2.14) and is 
derived from the OpenGL 2.0 specification. As it will be explained later on, 
what this means is that the 2.0 is much more powerful and allows a 
greater number of possibilities.  
 
 

 
Figure 2.14: OpenGL ES 2.0 Graphics Pipeline. Source [46] 
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The term “pipeline” refers to is all the operations happening from 
the drawing command in OpenGL ES until the 3D are fully drawn on the 
display. The term “draw” in OpenGL ES is usually called rendering. 
OpenGL ES is continuously drawing in a similar way than a video is 
continuously running and the different images being displayed are called 
frames. 

 
 
2.7.3.   OpenGL ES 1.1 and OpenGL ES 2.0 
  
 

OpenGL ES 1.1 (and 1.0) uses a fixed rendering pipeline. This means 
that the data submitted to OpenGL ES will be rendered in a way that it 
OpenGL ES will perform all the operations and computations needed in 
order to render the scene without having any input from the user about 
how those operations and computations must be performed. That is the 
case for all the elements rendered in OpenGL ES 1.1. Taking lighting as an 
example, once the light is defined with its positioning, its strength, etc. it is 
OpenGL ES the one to manage how the shades will be, how the 
reflections are rendered, etc. This offers an “easy” way for the developer 
to render objects but it also puts up some limits. Taking the previous 
example with the lights, most of the fancy lighting and shading is not 
straightforward with OpenGL ES 1.1 and although there might be ways to 
perform the desired rendering it may also occur that a certain effect is 
impossible to render just because OpenGL ES 1.1 was not prepared for it. 
 
 To sum up, what all this means is that the final image is generated 
by OpenGL ES giving no possibilities for the developer to modify anything 
during the process, resulting in an easier and more straightforward 
programming but also meaning that there are more limits to what is 
possible to do. 
 

As explained above, the pipeline is not possible to be controlled by 
the developer. That is true for OpenGL ES 1.1 but OpenGL ES 2.0 changes 
that by forcing the developer to write code in the form of small programs 
that will run on the GPU but such programs cannot be written in 
Objective-C, C or C++. These programs are very powerful but they must 
be written in a specific language designed with the purpose of “talking” 
to the GPU. That language is the OpenGL Shader Language (OpenGL SL 
or OGSL).  

 
The programs written in OpenGL SL are called shaders and there 

are two types: vertex shaders and fragment shaders.  The use of the term 
“shader” may bring some confusion because it does not have anything 
to do with shading. Instead, shaders are small programs compiled at 
runtime that run on the GPU in order to perform certain tasks and they 
are the element that makes the programmable pipeline receive the 
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“programmable” attribute.  From what is explained above, it becomes 
straightforward why the OpenGL ES 2.0 specifications consist of two 
specifications: the OpenGL ES 2.0 API specifications and the OpenGL ES 
Shading Language Specifications, also known as GLSL [46]. 

 
 

2.7.4.   Shaders in OpenGL ES 2.0  
 
 
There are two types of shaders for OpenGL ES: vertex shaders and 

fragment shaders. Shaders don’t have strict return values; instead there 
are some output variables that must have a value written before the end 
of the shader’s main but from a practical point of view, these variables 
work as required return values. 

 
Only with the purpose of showing how the OpenGL Shading 

Language is different from other programming languages, there are 
some shader’s data types listed here [57]: 

 
float: declares a single floating-point number. 
int: declares a single floating-point number. 
bool: declares a single Boolean number 
 
vec2: vector of two floating-point numbers. 
vec3: vector of three floating-point numbers. 
vec4: vector of four floating-point numbers. 
 
ivec2: vector of two integers. 
ivec3: vector of three integers. 
bvec2: vector of two Booleans. 
bvec3: vector of three Booleans. 
 
mat2: 2 x 2 matrix of floating-point numbers 
mat3: 3 x 3 matrix of floating-point numbers. 
mat4: 4X4 matrix of floating-point numbers. 
 
sampler1D: Accesses a one-dimensional texture. 
sampler2D: Accesses a two-dimensional texture. 
sampler3D: Accesses a three-dimensional texture. 
 
samplerCube: Accesses a cube-map texture. 
sampler1DShadow: Accesses a one-dimensional depth texture with 
comparison. 
samperl2DShadow: Accesses a two-dimensional depth texture with 
comparison. 
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The vertex shader, as its name shows, is where the vertex 
processing is performed. This means not only scaling, or rotating objects 
but also simulating perspectives or transforming texture coordinates. To 
sum up, vertex processing may be understood as any calculation that 
affects vertices directly or indirectly through sets of data stored on a per-
vertex basis. A vertex shader is called once for every vertex, using the 
vertex shader’s output for the new positioning of each vertex 

 
A vertex shader (Figure 2.15) needs certain data as input [46]: 
 

§ Attributes: Per-vertex data supplied using vertex arrays. 
 

§ Uniforms: Constant data used by the vertex shader. 
 

§ Samplers: A specific type of uniforms that represent textures 
used by the vertex shader. Samplers in a vertex shader are 
optional. 

 
§ Shader Program: Vertex shader program source code or 

executable that describes the operations that will be 
performed on the vertex. 

 
As for the outputs, the vertex shader (Figure 2.15) returns the so-

called varying variables. These variables are assigned to each vertex in a 
primitive rasterization stage and then varying variables are passed in as 
inputs to the fragment shader using interpolation. 

 
 

 
Figure 2.15: OpenGL ES 2.0 Vertex Shader. Source: [46] 

 
  

. 
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 The fragment shader (Figure 2.16) runs once for every fragment in 
the drawing operation. A fragment includes everything that could 
potentially have effects on the final color of a pixel. What is meant by 
“everything” on the previous sentence is all the various things in a virtual 
world, understanding it as a 3D scene. Fragment shaders are also called 
pixel shaders. Fragment shaders are also required to get an input and 
have an output. The output is the final color for the pixel corresponding to 
the fragment (see Figure 2.16). However, if there is nothing in the virtual 
world that may have an effect on a particular screen pixel, then the 
fragment shader doesn’t run for that pixel. A typical case of that are 
backgrounds with a plain color. In that case, a background pixel would 
remain having the background color without having to run the fragment 
shader for that pixel. 
 
 As for the inputs of the fragment shader (Figure 2.16), in [46] they 
are described as follows: 
 

§ Varying variables: Outputs of the vertex shader (Figure 2.15) 
that are generated by the rasterization unit for each 
fragment using interpolation. 
 

§ Uniforms: Constant data used by the fragment shader. 
 

§ Samplers: A specific type of uniforms that represent textures 
used by the fragment shader.  

 
§ Shader program: Fragment shader program source code or 

executable that describes the operations that will be 
performed on the fragment. 

 

 
 

Figure 2.16: OpenGL ES 2.0 Fragment Shader. Source: [46] 
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The following example of a vertex shader seen in [56] sets the 
SourceColor attribute into the DestinationColor varying and then there is 
a position transformation using the projection and model-view matrices. 

 
attribute vec4 Position; 
attribute vec4 SourceColor; 
varying vec4 DestinationColor; 
uniform mat4 Projection; 
uniform mat4 Modelview; 
 
void main(void) 
{ 
 DestinationColor = SourceColor; 
 gl_Position = Projection*Modelview*Position; 
} 
 
The next example also seen in [55] set the output fragment shader 

color as the DestinationColor. 
 
Varying lowp vec4 DestinationColor; 
 
void main(void) 
{ 
 gl_FragColor = DestinationColor; 
} 
 

As it is shown on the examples the OpenGL SL is C-like but it has its 
own variable types. 
 

Vertex shaders and fragment shaders always work in pairs. In 
OpenGL ES there is a concept called program. A program is formed of a 
vertex shader and a fragment shader along with their attributes into a 
single OpenGL ES object. There may be many programs implemented in 
an OpenGL ES application but only one program can run at a time. 
Having many programs allow the developer to apply different effects to 
objects in one single scene. 

 
Figure 2.17 is very descriptive of how OpenGL ES works from the 

program point-of view. On top the vertex buffer3 is sent as an attribute to 
the vertex shader. Then, the uniforms are sent to the vertex shader as well. 
The operations performed by the vertex shader will vary according to the 
developer’s implementation. As a result, the vertex shader outputs 
varyings and performs internal operations such as rasterization. The 
varyings obtained are, then, passed to the fragment shader and the 
uniforms for the fragment shader are passed as well. The fragment shader 
outputs a fragment that is loaded on the framebuffer prior to its display 
on screen. A different view of the same process is shown in Figure 2.14. 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  A	  vertex	  buffer	  is	  an	  improved	  way	  of	  storing	  	  and	  sending	  vertex	  data	  to	  the	  vertex	  shader.	  It	  is	  
often	  used	  for	  cases	  where	  the	  vertex	  data	  sets	  are	  very	  large.	  
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The concept of framebuffer has not been defined yet. In short, a 
framebuffer is where all of the pixels of the 3D graphics will be rendered 
into. Framebuffers also have one or more renderbuffers attached to them. 
The renderbuffers are 2D images of pixels, and typically come in one of 
three types: color, depth, and stencil. 
 

 

 
Figure 2.17. OpenGL ES view from the program point of view. Source [56] 

 
  
In order to use a program it must be created and the shaders 

forming it must be loaded and compiled some time between the 
application start and the drawing but it is a must that these operations 
happen before the drawing because loading and compiling shaders 
may use many resources. In game development, such operations usually 
happen when loading a level. 

 
 
 
 
 
 
 



	   31	  

The following steps are required in order to load a program: 
 
1. Load the shader source code into memory. 
2. Create an empty shader object. 
3. Pass the source code to the new empty shader object. 
4. Compile the shader. 
5. Check the compile status and that the shader compiled 

correctly. 
6. Link the program. 
7. Use the program 
8. Delete the program from memory when done. 
 

 So far, the theory related to the OpenGL ES shaders has been 
described but there is no information about rendering (or drawing). 
 
 After loading a program, the application is now ready to start with 
the drawing. The following steps are required to achieve the drawing 
step successfully: 
  

1. Use glViewport to define the size of the screen where OpenGL ES 
will be displayed. 

 2. Use glClearColor to set an RGB clear color. 
3. Clear the screen using glClear. 
4. Create the geometry using GLfloat array for the vertices 
5. Use glVertexAttribPointer to load the vertex data in memory. 
6. Draw using glDrawArrays, glDrawElements or 
glDrawRangeElements. 
 
 
In the last step, the drawing step, the two most common options 

are glDrawElements and glDrawArrays. There are differences between 
them. The first option only sends indices to the GPU while the latter sends 
each vertex data to the GPU, causing a higher bandwidth usage. 
However, this difference may be significant only if the vertices sent to 
glDrawElements are repeated (which they should), otherwise both 
commands are nearly equally fast, being glDrawArrays a bit faster [53]. 
 
 Using glDrawElements, one index of the list of indices refers to the 
geometry coordinates, the normal coordinates and the texture 
coordinates at the same time using the concept of vertex as a 
conjunction of the three elements involved in the vertex: the geometry, 
the normal and the texture.  
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Depending on how the data is stored, this may cause some issues 
in order to “put together” all the data for each vertex. The process for 
doing so is called interleaving. The COLLADA file format stores a list of 
indices having one index for each element separately (one for the 
geometry, one for the normal and one for the texture) and, as it was 
mentioned in the COLLADA section, this causes some errors when using 
COLLADA with OpenGL ES making of interleaving a required operation in 
order to correctly load a 3D model. 
 
 Another issue related to data storage and rendering with OpenGL 
ES is what kind of primitives are to be used with glDrawElements or 
glDrawArrays. The supported types are points, lines, line strip, triangles, 
triangle fan, triangle strip, quads, quad strip and polygons4. From all these 
primitives, the most efficient are the ones using triangles and among the 
triangles, the most efficient is the triangle strip. Using triangle strip the side 
of the last triangle will be part of the next, requiring only one new vertex 
to draw the next triangle. Similarly, a triangle fan shares the side of the 
previous triangle for the next but there is a center vertex from which all 
other triangles are created. As mentioned above, polygons can easily be 
drawn using triangle fans but this only works for convex polygons (Figure 
2.18). 
 
 
 

 
 

Figure 2.18: Triangle strip and triangle fan. Source: Wikipedia. 
 
  
  

OpenGL ES is very powerful but there are a number of engines 
taking advantage of it and offering SDKs to the developers facilitating 
the tasks for creating 3D games.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  Polygons are no longer supported in OpenGL ES 2.0 but it is possible to render convex 
polygons using triangle fans.	  
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2.7.5.   Engines based on OpenGL ES 
 
 
 Cocos3d SDK is a product, offered for free, from the consulting 
agency The Brenwill Workshop that specializes in software development 
and graphic design. Cocos3d is an extension to cocos2d, which has 
been a popular framework facilitating building iOS games and 
applications. Cocos3d is fully compatible with 3ds max, Blender and 
Cheetah3D [25].  
  
 The Khronos OpenGL ES 2.0 SDKs for the PowerVR SGX is a product 
from Imagination Technologies, which is a company specialized in 
mobile graphics and microprocessor chip technology. This company is 
known in the graphics world for its PowerVR division that holds the POD 
and the PVR formats for 3D models and textures respectively. Even Apple 
Inc. recommends using the PVR texture compression format for 
developing applications targeting iOS. [15] The Khronos OpenGL ES 2.0 
SDKs is offered for multiple platforms such as Android, webOS, Windows 
Mobile 6.5, Symbian S60 3rd/5th Ed, Linux, iOS, bada and even Windows 
Vista/XP. This SDK supports many features for rendering using OpenGL ES 
2.0 and it is offered for free. This company also offers for free a converter 
from COLLADA to POD format [34].  
 
 The Unreal Engine 3 is a game engine developed by Epic Games. It 
is designed for both DirectX and OpenGL and it is written in C++ making 
real the possibility of using this engine in several platforms such as iOS, 
Android, Mac OS, Sony PlayStation 3/Vita, Windows PC and Xbox. It is a 
very powerful engine that has shown great results (e. g. Epic Citadel for 
iOS). However, in order to use it’s SDK a license must be purchased. 
 

In this chapter the basics for OpenGL ES 2.0 have been described 
but the OpenGL ES 2.0 API offers a very large number of possibilities for 
rendering objects and effects such as lighting, reflecting, etc. The use of 
physics and animations are supported as well bringing to the developers 
a very powerful tool. Nonetheless, this API is used in 3D games of top 
industry companies such as Sony and Nintendo and smartphones using 
iOS and Android are also supporting it in order to allow developers to 
create great gaming experiences for their clients. In this thesis, we take 
advantage of this technology for our own benefit, taking advantage of 
this powerful 3D rendering API and combining it with Augmented Reality. 
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2.8.  Related Work 
 
 There is not a lot of work in Augmented Reality using 3D models but 
there is a lot of work in Augmented Reality and in 3D separately. There is 
also a lot of work related to GPS positioning. 
 
 Already in 1997 MIT researchers were working in AR through 
wearable computing. In [59] Starner and others describe the advantages 
of Augmented Reality and explore applications. The interface and 
devices they use are different than the ones used nowadays but their 
paper shows the beginning of mobile Augmented Reality. Reading this 
article is, therefore, very interesting for anybody who intends working in 
this field. A few examples of modern Augmented Reality applications 
using iOS are shown in section 2.2. More specifically: Figures 2.3, 2.4, 2.5, 
2.6 and Figure 2.7 in section 2.3. 
 
 Webster and others also started working in Augmented Reality in 
architectural construction, inspection and renovation. In [61] they present 
a preliminary work for implementing AR technologies that may help 
improving the efficiency and quality of constructions and their 
maintenance. 
 
 As it is mentioned above, most of the work in 3D is related to 
multimedia and gaming technologies. In [18] and [19] there are several 
examples of the possible achievements that 3D offer. Related to mobile 
3D Epic Games is well known for the implementation of the best 3D 
effects in mobile devices using iOS as the preferred operating system [31].  
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3.  METHODOLOGY 
  
 
3.1. Methodology roadmap 
  
 
 Figure 3.1 shows the methodology roadmap and the relation 
between the different technologies. The use of the different technologies 
is described in the following sections. 
 
 The methodology is divided in 5 stages. Stage 0 focuses on 
selecting the technologies to be used. This stage includes revising the 
related work and the existing technologies that will allow to achieve the 
aim of this thesis successfully. 
 
 Stage 1 starts the implementation process and concentrates in the 
3D technologies. More specifically, using COLLADA files and performing 
all the necessary operations for rendering a 3D model with OpenGL ES 
2.0 and paying special attention to the OpenGL ES 2.0 initialization 
process. Testing the 3D rendering to make sure it is performed correctly is 
required before continuing to the next stage. 
 
 Stage 2 introduces the use of the camera through a capture 
session manager and the combination of the camera and the rendering 
of the 3D model on screen. Similarly to Stage 1, testing the combination 
of the camera and the 3D rendering on screen to make sure it is 
performed correctly is required before continuing to the next stage. 
 
 Stage 3 focuses on the use of sensors to determine the positioning 
of the device and the 3D model as well as the orientation of the device. 
Combining positioning and orientation to determine whether or not the 
3D model is visible is and rendering it when necessary is the main part of 
this stage. As in the previous stages, testing is required before continuing 
to the next stage.  
 
 Finally, Stage 4 introduces the interface and the operations that 
need to be performed according to the user’s gestures. These operations 
are 3D rotations, translations and zooming. Applying these 3D 
transformations to the 3D model directly through OpenGL ES 2.0 is the 
central part of this stage. In this case, testing focuses on the application 
prototype as a whole but paying special attention to the 3D 
transformations. 
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Figure 3.1: Methodology roadmap.  
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3.2.  Selected Technologies 
 
 

In this section the reasons behind choosing one technology over 
another are explained. As for any choice, a certain amount of 
subjectivity has affected the choices made. However, such choices were 
made trying to find the best possible options to successfully accomplish 
the aim of this thesis. 

 
The first choice to be made refers to the 3D file format to be used, 

being COLLADA the best option. This is due to its interexchange and 
intermediate nature, allowing a large number of possibilities for creating 
3D models in a similar way as .dxf works in CAD technologies. Another 
reason for choosing this format is that it is open source, meaning that 
there is a fair amount of documentation available and it is possible to 
access to it easily. Another format could be chosen, .max for example 
has a large number of users but when it comes to development it is not 
the best option because it is an Autodesk property and its 
documentation is not accessible.  

 
There is, however, another format that has been taken into 

account before choosing COLLADA. The format in question is POD. The 
POD format is binary and it is one of the most widely used formats in 
OpenGL ES. There are two reasons to support that choice: the first one is 
that, as specified in [22], the COLLADA format is not recommended as a 
final delivery mechanism but it is recommended to use it in the 
production pipeline; the other reason comes in terms of performance. 
POD files offer a much more optimized solution than COLLADA in such 
terms. However, the format is a property of Imagination Technologies 
and is accessible only through a converting tool provided by that 
company and, although it is offered for free, it has the same issues any 
other proprietary format has. It is significant to mention that Imagination 
Technologies is also the proprietary of the PVR texture format, which is 
also widely used in game development due to its compressed format 
and its match with the POD format. When it comes to the textures Apple 
Inc. recommends the use of PVR texture compression [15] to minimize the 
size of the OpenGL ES applications targeting iOS but the use of such 
format is avoided favoring simplicity and removing extra non-required 
steps for loading 3D textured model. 

 
However, COLLADA stands as a good file format for successfully 

achieving the aim of this thesis. The fact that .kmz files extensively used by 
Google in its Google 3D warehouse and that such files are built having a 
COLLADA 3D model at its core [41], and don’t use PVR texture files but 
simple image files, is a significant support to the affirmation of COLLADA 
as the appropriate file format to be used in this thesis. 
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Whatever the chosen format is there has been an intensive 
learning process about 3D formats, more specifically about COLLADA 
since it is the format to be used. 

 
In order to use COLLADA, there is the possibility of using the 

COLLADA DOM, which is implemented in C++ and offers many 
possibilities but since COLLADA is XML-based it has been preferred to 
work using the existing, and already familiar, XML tools rather than 
spending valuable time learning how to use the DOM. However, in future 
projects the DOM might be a good choice. 

 
It is necessary to choose a mobile platform and a specific device 

for implementing an augmented reality application with 3D. The chosen 
mobile platform is iOS and the device the iPhone 4. There are several 
reasons supporting that choice. First of all, it is preferred to use a phone 
than a tablet because the potential usability is higher on a smaller device 
but this is not critical since any application developed on a phone may 
be ported to tablets afterwards or vice versa.  

 
As for the operating system using iOS avoids the existing problem of 

fragmentation that Android has. As mentioned above, the fragmentation 
derives into issues of having different devices with different capabilities 
and modified operating systems. Another important reason is the 
availability of supporting resources. Although both platforms have a large 
number of resources, Apple Inc. provides better and more developed 
resources than what can be found for Android. Probably, this is due to 
the fact that iOS is proprietary and Apple Inc. also receives indirect 
incomes from developers. 

 
Supporting the choice for iOS it is important that the distribution of 

applications for mobile devices is dominated by Apple Inc. meaning that 
there are a larger number of potential users and a higher potential for 
economic benefit [16]. 

 
However, it is also important to mention the author’s preference, 

owning a Mac and an iPhone and having a previous basic experience 
that was not as successful as expected in developing for Android, the 
choice of using iOS and iPhone is natural. 

 
When exploring about the possibilities of using 3D on a mobile 

device OpenGL ES appeared to be the only option for using real 3D on 
an iOS device since it is the only option available on such devices. 
However, the choice of OpenGL ES is understandable since it is very 
powerful, it is royalty-free and there are a large number of resources 
available for developers. Besides, it is supported by a large number of 
companies through the Khronos Group. 
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Having the options of using OpenGL ES 1.1, OpenGL ES 2.0 or both 
the choice is to use only OpenGL ES 2.0 because it is supported on all 
iPads, iPhone 3GS and iPhone 4 as well as the 3rd and 4th generation of 
iPod Touch, leaving only the much older models out. Besides this 
commercial point of view and as it has been mentioned in the 
corresponding chapter, OpenGL ES 2.0 is much more powerful and offers 
a much larger number of possibilities. Also Apple Inc., in its OpenGL ES 
programming guide for iOS recommends OpenGL ES 2.0 for the new 
applications. In other words, OpenGL ES 2.0 is the future and OpenGL ES 
1.1 will be disappearing of the Apple’s environment with the time. 

 
Once the choice of OpenGL ES 2.0 is made, there are a large 

number of engines using it offering an SDK to developers to create new 
applications. However, the use of an SDK involves learning not only 
OpenGL ES 2.0 but also how to use the SDK. Moreover, SDKs bring new 
limitations to the possibilities that OpenGL ES has to offer. The last reason, 
but not the least, favoring to avoid the use of different SDKs is that such 
SDKs are subject of different licensing terms and that is an issue that was 
not desired to be explored. 

 
OpenGL ES 2.0 has a very steep learning curve for developers, 

especially if there is no background on graphics programming, as it is the 
case in this thesis. A large amount of time has been required in order to 
learn OpenGL ES 2.0 deeply enough before being able to use it. 
 

As for the development tools, Apple Inc., does not offer any 
alternatives but its own tool: XCode and its own programming language: 
Objective-C. The Objective-C language is one more technology that has 
been learnt in order to successfully achieve the aim of the thesis. 
Although, initially, learning this programming language required a fair 
amount of time it is also true that after a certain point the learning 
process is more dynamic learning little by little to fill the gaps needed to 
perform certain operations. However, together with Objective-C, the C 
and the C++ programming language have been used since XCode also 
supports them and they are better options in order to fulfill certain tasks. 
 
 One last technology to take into account is the positioning. Using 
iOS there are three possibilities for positioning. Using the cell phone signal 
gives an accuracy that depends on the range of the cell tower; in the 
cities it would be around 500 m but that value will increase in rural areas. 
Using Wi-Fi brings an accuracy of 100 m range and may be useful for 
location especially in interiors where the GPS has no coverage. The GPS is 
an assisted-GPS receiver, which means that the position may be 
determined faster because an approximated location obtained from cell 
towers or Wi-Fi hotspots is used as input. The GPS brings an accuracy of 10 
to 30 m. 
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 However, the higher the accuracy, the longer it takes to determine 
the position and the more power the iPhone requires. In the case of this 
thesis, since AR requires a rather high accuracy it is best to use the GPS 
for positioning disregarding the drawbacks from using it. Even more, the 
iPhone has accelerometers allowing the use of a GPS-INS system to 
determine a more accurate position. That is the best option that can be 
used with an iPhone. However, the combination of GPS-INS requires 
computing a complex Kalman filter and there are initialization issues that 
may require more time than the available to implement such solution. 
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3.3.  Application’s Architecture 
 
 

The application is built in a way that, after initialization, every 
operation is performed when the sensors register updates making it 
possible to know when the 3D model is to be displayed on screen or 
removed from it. In other words, the application is built around the 
sensors taking advantage of the possibilities they offer. 
 
 Figure 3.2 lists the necessary operations to be performed at 
initialization. These operations are described in the following sections. The 
main operations are: Loading the COLLADA document in memory, 
reading the user’s settings, setting up OpenGL ES 2.0, initializing the use of 
the camera, initializing the matrixes to perform 3D transformations, 
initializing the location manager, initializing the accelerometer’s delegate, 
begin generating the device’s orientation notifications and set up the 
interface and its elements. 
 

Figure 3.3 lists the operations to be performed when the sensors 
register updates. These operations are described in the following sections. 
The location manager engages the tasks for updating the location and 
the heading but those tasks are performed separately for the location 
and the heading. The accelerometer engages the tasks for updating the 
view angle and the azimuth to the 3D model. The accelerometer is also 
generating notifications when the device’s orientation changes. Such 
notifications are sent through the notification center. When these 
notifications are received the interface aspect and the view angle are 
updated. Whenever the azimuth is updated the necessary operations to 
determine whether or not the 3D model is visible are performed and the 
3D model is displayed on screen or removed from it correspondingly. 
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Figure 3.2: Operations to be performed at initialization. 
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Figure 3.3: Application architecture. Sensors. 

 
 
It is also necessary to consider how the different parts of the 

application are ordered. Every application in iOS has an application 
delegate that calls to a certain view controller. That view controller has a 
root view. On top of the root view of the view controller the other views 
will be added on. At this point it is important to set the views in the 
correct order to make sure that one view doesn’t hide another. So, the 
camera view is to be added first, at index 0, then the view containing the 
OpenGL ES 2.0 model is added or removed but it is always added at 
index 1. It is important to remember that a view containing a 3D model in 
OpenGL ES 2.0 actually contains a CAEAGLLayer that contains a 
framebuffer in it and it is in that framebuffer where the 3D model is 
actually rendered. On top of those views all the other elements forming 
the interface are added. Figure 3.4 shows this hierarchy scheme. 
 
 

 
Figure 3.4: Application architecture. Hierarchy from bottom to top.  
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3.4.  Implementation Process 
 
 
 Before starting the implementation process it is necessary to 
describe a few assumptions regarding the COLLADA document that will 
be loaded: 
 

§ There is one COLLADA document and a texture map as an 
image file associated to that document. The image file is in 
format jpg, png, tga or tiff. 

 
§ The geometry of the model includes one single mesh. 

 
§ The geometry of the model is conformed by triangles using 

the element triangles in the document. 
 

§ The p element includes the indices referring to vertices, 
normals and textures and always those three elements are 
included in that order. 

 
§ The id for the float_array containing the vertices contains the 

word position or positions. 
 

§ The id for the float_array containing the normals contains the 
word normal. 

 
§ The id for the float_array containing the texture coordinates 

contains the word map. 
  

 
The terrain is assumed to have small height differences. This 

assumption is necessary due to the low accuracy obtained from the GPS 
receiver. The low accuracy is especially significant in height observations. 
This issue favors displaying the 3D model on screen considering only the 
latitude and longitude and avoiding the direct use of height values. 
However, the height is considered for rotating the 3D model around the 
x-axis of the device in order to bring a more realistic visualization. 
 
 The implementation of this prototype application assumes that the 
3D models may change. Therefore, the implementation of this 
application has been optimized in that direction. What this means, in 
practical terms, is that the size of the 3D model is considered as a varying 
value together with its positioning coordinates.  
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3.4.1.   Loading the COLLADA document 
 
 

The implementation process starts by loading the path to the 
COLLADA document on memory. In order to do so the name of the 
document is used. In order to do so, an instance like the following is used: 

 
NSString *path=[[NSBundle mainBundle] pathForRersource: @”model” 
ofType:@”dae”]; 

 
 
Then next step is to use the class NSXMLParser in order to read the 

document. Since the COLLADA documents are XML-based the use of this 
class is the most appropriate. This class has three delegate methods: one 
is called when an element starts didStartElement, another one is called 
when some characters are found characterFound and the third one is 
called when an element ends didEndElement. However, nothing will 
happen if there is nothing implemented for the corresponding element. 
 
 In order to learn properly how the NSXMLParser works, a 3D model 
with a simple geometry, a cube, has been used. Since some elements 
may be repeated but having different meanings on different parts of the 
document, reading the attributes of the elements has been necessary. 
For the case of the geometry, the id was the best attribute to use since 
the use of the attribute name is not required. In order to identify the array 
containing the vertices, the implementation searches if the word position 
or positions is included. When it comes to normals, the word is normal or 
normals and when it comes to textures the word is map. In order to read 
the indices, the element p is used in combination with the use of 
variables previously set when reading the vertices, the normals and the 
texture coordinates. 
 
 To store all that data, NSMutableArrays have been used, storing 
NSNumbers. In Objective-C, the NSArrays and NSMutableArrays only 
accept objects to be added. Since NSNumbers are objects, they are the 
appropriate option for this part of the implementation. In general, the use 
of NSObjects facilitates passing objects from one class to another or even 
within the same class. Returning to the NSNumbers, using them is 
important because later on, the NSNumbers will have to be converted to 
more simple variables of type float or int in order to pass the values to 
OpenGL variables of type GLfloat, GLint, etc. 
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3.4.2.   Use of OpenGL ES 2.0  
 
 
Once the NSXMLParser works properly, it is time to set OpenGL ES 

and its shaders but before doing so it is necessary to add the OpenGL ES 
framework. The best way to set OpenGL ES and its shaders is following the 
steps described in the OpenGL ES section. First, implementing a vertex 
shader and a fragment shader in OpenGL Shader Language and then 
loading the program following these steps: 

 
1. Load the shader source code into memory. 
2. Create an empty shader object. 
3. Pass the source code to the new empty shader object. 
4. Compile the shader. 
5. Check the compile status and that the shader compiled 

correctly. 
6. Link the program. 
7. Use the program 
8. Delete the program from memory when done. 
 

 After that the necessary operations for drawing are implemented 
following these general steps: 
  

1. Use glViewport to define the size of the screen where OpenGL ES 
will be displayed. 

 2. Use glClearColor to set an RGB clear color. 
3. Clear the screen using glClear. 
4. Create the geometry using GLfloat array for the vertices 
5. Use glVertexAttribPointer to load the vertex data in memory. 
6. Draw using glDrawArrays, glDrawElements or 
glDrawRangeElements. 

 
 In the case of this thesis glDrawElements is used using the mode 
TRIANGLES even though the use of a TRIANGLE_STRIP offers a better 
performance. The reason for using TRIANGLES is that the triangles forming 
a model are not always stored as a triangle strip in COLLADA. Therefore, 
using TRIANGLES is more general and avoids setting one more 
requirement for the application to work properly.  
 

In iOS, OpenGL ES is loaded on a CoreAnimation layer called 
CAEAGLLayer and it is that layer that will be loaded on a view of type 
UIView (Figure 3.5). The importance of this step relies on the necessary 
connection between OpenGL ES and the UIKit, being the UIKit the 
framework that holds most of the interface elements and operations that 
the user interacts with.  
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Figure 3.5. OpenGL ES 2.0 layers on iOS 

 
 
On this step is where the developer sets whether the application 

will support OpenGL ES 1.1, OpenGL ES 2.0 or both. In the case of this 
thesis, only OpenGL ES 2.0 is supported. The following lines show how to 
set a context in Objective-C. 

 
 
EAGLContext *aContext=[[EAGLContext alloc] initWithAPI: 
kEAGLRenderingAPIOpenGLES2]; 

 
  

Before starting to draw, it is important to load the model’s texture 
(Figure 3.6). Loading the texture before starting the drawing loop is better 
since it offers a better performance. 
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Figure 3.6: Load a texture in OpenGL ES 2.0. Source: [46] 

 
  
 One more necessary step before drawing is loading the data into 
OpenGL ES variables. Since the data is stored and passed using 
Objective-C language the NSNumbers have to be converted into simpler 
variable types such as float or unsigned short and then stored in C++ 
arrays in order to assign those arrays to OpenGL arrays of type GLfloat or 
GLuint. As it was mentioned above, these arrays will hold the data 
related to the vertices coordinates, the texture coordinates and the 
coordinates of the normals and the list of indices. 
 
 Trying to render the object at this point will be unsuccessful. 
Everything seems to be correct but it is very easy to forget that the list of 
vertices in COLLADA and in OpenGL ES do not refer to the same thing. As 
it was explained in the corresponding sections, one index in COLLADA 
refers to the vertex coordinates or to the coordinates of normals or to the 
texture coordinates of a vertex while in OpenGL ES one index refers to 
those three elements at the same time. 
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At this point there are two options to solve this issue. The first one, 
and more simple, is to make use of the COLLADA Refinery, which is 
available for free, and use the deindexer included in that tool. Using it will 
return a new COLLADA document (or over-write the existing one) having 
a list of indices order in the same way that the OpenGL ES needs them. 
The other option is to implement that operation called interleaving. For 
this thesis, the second option has been chosen since doing so avoids 
adding one more requirement for the application to work correctly.  The 
same criteria has been followed along the implementation as it 
happened previously when choosing to use the mode TRIANGLES over 
TRIANGLE_STRIP for glDrawElements even though the second offers better 
performance. Having a lower performance has been accepted in favor 
of having more options for loading 3D models. Thus, reducing 
requirements. 
 
 Now, a simple geometry can be loaded and once all possible 
issues related to implementation are solved it is possible to load a more 
complex 3D model. The following figure 3.7 is an example of a 3D model 
formed by 736 triangles. 
 
 

 
Figure 3.7: Complex 3D model rendered in iOS using OpenGL ES 2.0 
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3.4.3.    Using the Camera 
 
 

The next part of the implementation is concerning the use of the 
camera. First of all, before starting with the camera it is important to set 
the transparency property of the CAEAGLLayer, containing the OpenGL 
ES 2.0 rendering, as true making it possible to see the camera view 
behind the view containing OpenGL ES 2.0. It is also required to set the 
background color with RGBA values (0,0,0,0), being A referring to the 
alpha property. Performing these operations, will allow to both the 3D 
model and the camera image to be visible by the user.  
 
 In order to use the camera capture, there are two possibilities: 
using the camera in the same mode as for taking pictures or using the 
raw camera input. In this case, the second option is preferable. The main 
reason for that choice is avoiding issues derived from the autofocus of 
the camera. An example of that is shown on the Figure 2.7 where the 
square of autofocus is shown although no picture is intended to be taken.   
 

In order to use the raw input, the AVFramework and the 
CoreMedia framework, both provided by Apple Inc., are required.  For 
taking advantage of these frameworks it is best creating a capture 
session manager that sets the camera input and a layer where that input 
is displayed. However, in order to actually see that layer on screen it is 
necessary to create a subclass view of the capture session manager. The 
camera layer is added on top of the view and it is on the view where the 
capture session manager is started and stopped. But there is still one 
more step required in order to see the camera input on screen.  Being 
the view controller handling what’s visible and what is not the subclass 
view of the capture manager must also be added by the view controller. 
Since the camera is to be displayed below the 3D model, its index value 
must be lower than the index of the view containing the 3D model. That is, 
the view containing the CAEAGLLayer (Figure 3.8). This is important 
because a change in the order of views may be required. 
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Figure 3.8. View Structure. 

 
 
3.4.4.    Positioning and device orientation 
  
 
 Positioning using iOS may be achieved by three different 
techniques that may be classified by the type of network they use: cell 
towers, Wi-Fi and GPS positioning. Accuracy, time required to get a fixed 
position and power consumption are increasing in the same order as the 
techniques are mentioned. Being the use of the GPS technology for 
positioning the most accurate but also the most expensive in terms of 
time and power consumption. 
 
 In iOS environment the term orientation is used to describe the 
position of the device in respect to itself. Being “portrait” the common 
way of holding the device in vertical and with the screen facing the user. 
Other positions are “landscape left”, “landscape right”, “portrait upside 
down”, “face up” and “face down”. Knowing the orientation of the 
device is important not only for interface usage but also for positioning.  
 

The positioning is affected by the orientation of the device 
because its heading changes depending on it. The heading is the 
direction pointing to the North Pole. Whether it is the magnetic North Pole 
or the true North Pole depends on the hardware and the methods used 
to determine the heading. Using only the gyroscope, the heading is 
referred to the magnetic North Pole and using GPS it refers to the true 
North Pole.  
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So, if the device is has a portrait orientation and the orientation is 
changed to landscape right, for example, the direction of the heading 
will be wrong by 90 degrees in the opposite direction of the rotation of 
the device. 
 
 The iOS devices also have accelerometers measuring the linear 
acceleration of the device so it can report the device’s roll and pitch but 
not its yaw (Figure 3.9). The yaw, however, may be obtained by using the 
gyroscope, technically called magnetometer, or the GPS receiver [1].  
 
 

 
Figure 3.9: Rotation axis on iOS. Source: [47] 

 
  

Once the position of the iPhone is determined a way of positioning 
the 3D model is necessary. In order to do that it is important to consider 
the other elements interacting to form the final augmented reality 
interface. First of all, the raw data model is stored as a COLLADA 
document and depending on the version of COLLADA there is location 
or not. Only the COLLADA 1.5 supports geographic coordinates and such 
coordinates are stored using WGS84 latitude and longitude but the 
altitude may be referred to the mean sea level or to the terrain, being 
the second one the default. Having no MDE available for a global 
environment, only the height above the mean sea level may be directly 
used. In order to use height referred to the terrain user inputs to adjust it 
may be implemented. In the case of COLLADA 1.4, the input may be 
extended also for the latitude and longitude. 

 
  
 
 
 



	   53	  

 
The location data may be parsed from the COLLADA document or 

input by the user. However, OpenGL ES 2.0 does not have a location 
feature because its nature, being a technology used for game 
development and CGI for media, does not need a location feature. Then, 
the support for a location is pushed one level higher towards iOS and 
Objective-C, finding that a custom class for handling coordinates and 
locations is a good option to solve this issue (Figure 3.10). Making 
available for that custom class to support UIView objects makes it 
possible to actually locate a view that contains a CAEAGLLayer 
rendering a 3D model.  
 

 
Figure 3.10: Definition of custom coordinate class. 

 
 

Then, the next step is to locate the view containing the 3D model 
referred to the position of the iOS device. From the background in land 
surveying and geodesy, the solution becomes obvious. Using polar 
coordinates is the best solution. In order to do so, it is necessary to 
compute the shortest distance from the device’s location to the position 
where the model is to be located and the azimuth of that direction. 
Because the altitude is also considered, the inclination is to be computed 
as well. 
 
 The accelerometers come in to do more than just reporting about 
the device’s orientation. The accelerometer’s delegate reports about 
any acceleration that may occur but the frequency of those reports may 
be adjusted according to the needs of the application. In this case, the 
accelerometer’s delegate reporting very frequently is best. The reason for 
this is because using the accelerometer makes it possible to know the 
rotation of the device in respect to itself around the roll and pitch.  
 

Together with the accelerometer, the use of the photogrammetry 
principle of view angle of the camera combined with the size of the 
screen to know what is displayed and the direction of the azimuth where 
the camera is pointing, it is possible to get to know whether or not the 
coordinates of the 3D model’s location are visible or not. Then, displaying 
or not the 3D model on screen consequently. At this point, it is important 
to make sure the orientation of the device is known because the height 
and width of the screen are switched depending on the orientation. 
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 3.4.5.    Positioning implementation 
 
 

In order to use positioning with iOS the first step is to add the Core 
Location framework and the CoreMotion framework. Once that is done, 
the next step is setting what signal to use for positioning, the cell phone 
signal, the Wi-Fi signal, the GPS signal or a combination of those.  As it is 
mentioned above, in order to get the best possible position, the GPS is 
used even though it takes more power and it takes longer to set the 
position. However, that is not possible to be set explicitly. In order to 
require the usage of GPS the vertical accuracy must not be -1, so this 
condition may be used for deciding whether to use the received 
location data or not. It is similar for the horizontal accuracy where 
requiring a higher accuracy also requires using a better positioning 
hardware.  
 

The next step is to initialize the notification center and a method 
associated to it so every time the device orientation changes an update 
occurs for making it possible to act in consequence (Figure 3.11).  

 
 

 
Figure 3.11: Setting the notification center for the device’s orientation. 

 
 

As for the accelerometer it is necessary to set how often the 
updates are to be sent to its delegate (Figure 3.12). What this means is 
that the developer decides what acceleration variation is significant in 
order to perform operations related to that movement of the device. 

 
 

 
Figure 3.12: Setting the use of the accelerometer. 

 
 
Using the location manager it is possible to obtain the yaw and by 

adding the accelerometers it is possible to obtain the pitch and roll 
(Figure 3.13). Because the orientation of the device affects the 
positioning, it is necessary to update the positioning every time that the 
yaw, the pitch or the roll changes. 
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Figure 3.13: Initializing the location manager. 

 
 
It is important to consider location services as very sensitive data, 

which use may or not be allowed by the user. Therefore, that has to be 
taken into account during the implementation process. This concern 
about the use of location data is reflected on Figure 3.13 where a 
conditioner if has been used for checking whether or not the user allows 
the use of location. However, if the user doesn’t allow using location 
services the location manager’s delegate will create an error. 
  

The next operation to perform to end with the initialization for 
positioning is to add a location to the view containing the CAEAGLLayer. 
It is possible to do this by using the coordinate’s class property 
coordinateView (see Figure 3.10). 

 
From this point and on the application works by using the delegate 

methods of the location manager and the accelerometer as well as the 
notification center for changes in the orientation of the device. 

 
When the location manager receives a new set of coordinates, the 

delegate method locationManager:didUpdateToLocation:fromLocation: 
is called. Then, operations to be performed when this method is called 
consist on checking whether or not the horizontal and vertical 
accuracies are good enough and if so compute the polar coordinates 
from the device to the position of the 3D model (previously specified). 
This means computing the geometric distance, the azimuth and the 
inclination angle and store those values in variables. 

 
When the notification center sends a notification that the device 

orientation has changed the interface is updated by re-setting the size of 
the views and the value for the angle range visible on screen is updated 
and stored in a variable. 

  
When the accelerometer delegate receives an update the 

accelerometer:didAccelerate: method is called. Here, the view angle is 
updated and the view holding the CAEAGLLayer is added or removed 
from screen depending on whether or not the direction of the azimuth of 
the model is contained within that view angle. Meaning, whether or not 
the 3D model’s location is visible or not on screen. 
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When the location manager receives an update on heading the 
locationManager:didUpdateHeading: method is called. Here, the 
heading is updated and, as for the previous method, the view holding 
the CAEAGLLayer is added or removed from screen depending on 
whether or not the direction of the azimuth is contained in the direction 
of the heading with the view angle previously computed. 

 
What all this means is, as explained above, that the location of the 

iOS device and the relative location of the 3D model from the device are 
updated whenever the position of the iOS changes or whenever a 
change in yaw, pitch or roll occurs. 

 
It is important to note that the model will be displayed on screen 

based on its azimuth and distance from the device and the inclination is 
only considered for 3D rotations. This is due to the low accuracy obtained 
from the GPS receiver in potential situations where this application may 
be used such as urban areas. 

 
  



	   57	  

3.4.6.     3D Rotation 
 
 
 One of the necessary features in order to have a realistic view of 
3D model in augmented reality is 3D rotation. Although this may not seem 
obvious immediately it becomes necessary as soon as an application 
starts being used. An average user would expect that the 3D model 
would not remain on a fixed position while moving around it. What this 
means is that the 3D model must be rotated on the display in the 
opposite direction that the user is walking having, then, the impression 
that the 3D model is fixed on the ground and giving a more realistic 
augmented reality. 
 
 In iOS there is one way that facilitates creating 3D rotations with 
small effort. The layer where the 3D model is rendered is a CAEAGLLayer, 
which is, actually, a special type of Core Animation layer. Core 
Animation, as mentioned above, permits the creation of 3D effects easily 
by using the framework provided by Apple Inc. However, a layer is a 2D 
element that may be transformed in a 3D space but having a 3D object 
it is better to use 3D transformations directly on the model and avoid 
possible issues caused by transforming the layers. Therefore, creating a 
class where 3D transformations are implemented becomes a better 
solution even though Core Animation is a great tool for transformations. 
 
 Having a background in Geodesy and Photogrammetry becomes 
very helpful for creating 3D transformations since the principles to be 
used are the same even though the application is different. 
 
 As for any automated process, implementing an operation for a 
single unit makes it simpler to understand the process to be applied 
several times. In this case, rotations have been implemented for being 
performed manually by the user interaction taking advantage of the 
multi-touch screen included in iOS devices. There is a very important 
consideration to be taken into account when implementing rotations, or 
any other operations, to be used with OpenGL ES 2.0: It is very important 
to use GL variable types when implementing those operations in order to 
keep the multi-platform nature of OpenGL ES. 
 
 Once the rotations for manual interaction work successfully, the 
automated rotations may be implemented. The important issue to 
consider here is how to compute the value for the rotation and when to 
apply it. It is better to compute the rotation for planimetry and altimetry 
separately for the sake of simplicity and then apply them together in a 
single 3D rotation (Figure 3.14). 
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In order to compute the rotations, the data of the current location 
and the previous location are needed. Having both of them it is possible 
to compute the distance from the device to the 3D model and the 
distance that the user has moved. Using the law of cosines seems to be 
the easiest way for computing the rotation in planimetry and for altimetry, 
in a similar way, using the law of sines with the geometric distances from 
the device to the 3D model and the difference in height from the 
previous location to the current location, it is possible to obtain the angle 
in altimetry.  
 
 

 
Figure 3.14: Sketch for the computation of rotations. 

 
 
Such methods for planimetry and altimetry are correct in most 

cases but there are some numerical issues that occur if one of the sides is 
significantly smaller than the other two sides. In order to avoid such issues 
the rotation is computed using the increments in respect to the previous 
location. 
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Figure 3.15: Sketch for computing planimetry rotation. 

 
 
In order to compute the variation of the rotation several 

computations are required. First, the azimuth from the current location to 
the model’s location and the azimuth from the previous location to the 
model’s location are to be computed. Since the coordinates of those 
locations are known computing the azimuths is straightforward. Then, the 
angle γ (see Figure 3.15) is computed using the azimuths. After that, the 
chord of the curve is computed using the law of cosines. The next 
computation for obtaining the rotation is straightforward.  

 
Because all the sides of the smaller triangle (see Figure 3.15) are 

very short the numerical issue of the law of cosines doesn’t occur in the 
small triangle but it is very likely to happen in the bigger one because the 
distance the user moves before receiving a new location update is very 
short while the distance from the user’s location to the model’s location is 
significantly longer. 

 
The rotation for altimetry may be computed by using the current 

inclination from the device to the model’s position and the previous 
inclination. It is possible then to obtain the three angles of the altimetry 
triangle (Figure 3.16) and, therefore, obtain the rotation to be applied to 
the model. 

 
 

 
Figure 3.16: Sketch for computing the altimetry rotation. 
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Applying rotations to the 3D model should be done every time that 
the user’s location is updated but considering the low accuracy of the 
device it is important to make sure that the location is updated often 
enough. 

 
The implementation of automatic sizing of the 3D model has been 

implemented together with the 3D rotations for obtaining 3D 
transformations but this solution is not used in the final application 
prototype because the high number of location updates and the low 
accuracy related to positioning are resulting in a “bouncing effect” of 
the 3D model. Considering such result as not satisfactory the automatic 
sizing has been dismissed.  

 
Once more, these trigonometric computations are directly 

connected to Geodesy. Proving, again, that having a background in 
Geodesy is a great advantage when dealing with location based 
services and its derived applications. 
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3.4.7.     Interface 
 
 
 The interface is what the user sees and interacts with. Therefore, 
even in simple applications it is important to take this part very seriously. In 
the case of this application only basic functionality has been 
implemented. Gestures in a multi-touch display bring the possibility of 
interacting with an application with a very limited number of buttons. 
 
 In this application the gestures have a direct effect on the model 
itself. For doing that it is important to implement methods for rotating, 
scaling and translating the model and in each of those methods the 
three axes have been considered independent. Doing so allows a higher 
control over the operations to be performed but increases significantly 
the complexity. Much of the necessary work has been implemented for 
the 3D rotations as explained above since it is possible to use the same 
methods but accessing them differently. 
 
 For implementing the gestures it is necessary to implement gesture 
recognizers and a method that is to be called when a certain gesture is 
detected (Figure 3.17). 
 
 

 
Figure 3.17: Initialization of a gesture recognizer. 

 
  
 In order to bring some more control over the gestures a set of 
buttons have been implemented for enabling the gestures and setting 
the axes around which the model is to be rotated. 
 
 It is also important to let the user know what is happening or, at 
least, show that something is happening. A series of labels waiting 
symbols and pop up messages have also been implemented for 
achieving this task. On the labels there is information about the position 
and the accuracy, the number of positioning updates, whether the 
model is visible or not, the distance to the model, the distance the user 
has moved and the values for the horizontal and vertical rotations. The 
pop ups display information when a certain error related to the location 
manager occurs and the waiting symbol is displayed while the position is 
being determined so the user knows that something is happening.   
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3.5.     Methodology summary 
 
 
 A methodology summary is included here in order to bring a global 
view of how the results have been achieved. 
 
 First of all it is necessary to choose a 3D file format, COLLADA in this 
case, and parse it so the necessary features are loaded in memory. 
Following that it is required to prepare and set the OpenGL ES 2.0 
environment by creating and setting a framebuffer contained in a 
CAEAGLLayer as well as converting the data stored in Objective-C 
variable types into GL variable types and implementing the shaders.  
Then, the use of the camera is to be implemented using a session 
manager that starts and stops the use of the camera and a view 
containing the input from the camera is created. 
 
 Having both the camera and the OpenGL ES 2.0 working properly 
it is, then, time to merge them by adding the views to the view 
controller’s root view. Adding them in the right order so the camera is 
displayed below the 3D model. The 3D model’s background is set to be 
transparent so the camera input is visible. 
 
 The next step is to implement the location manager, the 
accelerometer notification center and the device’s orientation delegate. 
All three elements are connected to each other in order to provide a 
correct location of the iOS device and the 3D model in respect of the 
device considering the device’s orientation and the direction towards 
the camera is pointing. Also considering the view angle of the camera 
and what is displayed on screen.  
 

Every time the device updates its location through the location 
manager’s delegate, the polar coordinates to the 3D model and its 
rotation in respect of the previous location are updated. Then, the 
direction towards the camera is pointing is compared to the azimuth of 
the model considering the view angle of the camera and what is 
displayed on screen. When having a positive response from that 
comparison, the 3D model is displayed on screen. 
 

Every time the device changes its orientation or any other 
acceleration occurs the heading is updated and the direction towards 
the camera is pointing and the 3D model’s azimuth are compared in a 
similar way as when the location is updated. Accordingly displaying or 
hiding the 3D model on screen. 
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When the user moves the location is updated but the model is 
fixed on screen. In order to bring a more realistic interaction with the user 
the model must rotate when the user moves. When somebody moves 
around a building the view changes according to the relative position of 
the user referred to the building. The result is the same if the user were 
fixed and the building were rotating. 

 
In order to compute the total rotation a separate approach for 

planimetry and altimetry has been used. For planimetry it is important to 
avoid using the law of cosines directly because it presents numerical 
issues when one of the sides is significantly smaller than the other two. To 
avoid that increments are used as it is explained above. For altimetry it is 
more straightforward. Using the current and the previous inclinations it is 
possible to get two of the interior angles of the altimetry triangle and then 
obtain the rotation by the simple geometry principle that says that the 
sum of the three angles of a triangle in the plane is 180 degrees. 

 
An interface has been implemented in order to provide basic 

usability to the application. To do so gestures have been implemented 
for moving, scaling and rotating manually the 3D model. Such gestures 
are connected to a set of buttons that allow controlling around which 
axis the model rotates being possible to combine the three of them. In 
order to simplify the implementation of gestures it has been very 
important to implement rotation, scaling and translation methods 
beforehand because such operations are implemented directly against 
the 3D model within the OpenGL ES 2.0 view. Certain information of 
interest is also displayed on screen using labels, waiting symbols and pop 
ups to inform the user about what is happening. 
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4. RESULTS AND DISCUSSION 
 
4.1. Results 
  

Being the aim of this thesis to build an application using 3D in 
augmented reality the results are shown on the following figures: Figure 
4.1, Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5. 

 
The low accuracy of the GPS receiver has been a constant source 

of problems during the implementation process of the prototype 
application and several adjustments have been necessary to implement 
and even reducing the AR possibilities that height data offer due to the 
low vertical accuracy. Even then, the low accuracy is the key factor 
determining the success of, not only this application, but any AR 
application using GPS positioning. However, the 3D model has been 
rendered successfully in an Augmented Reality Environment. 

 
 

 
     

 
Figure 4.1: Capture of the 3D AR application. 
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Figure 4.2: Capture of the 3D AR application. Edit mode. 

 
 
 
 

 
Figure 4.3: Capture of the 3D AR application. Landscape view. 
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Figure 4.4: Capture of the 3D AR application. Edit mode. 

 
 
 

 
Figure 4.5: Capture of the settings view. 

 
  

The performance of the application is directly related to the 
positioning accuracy. Being accuracy the determinant factor for 
obtaining successful results.  
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Figures 4.1 and 4.2 are captured in very near locations from each 
other and yet the height values are very different: 0.0 meters in figure 4.1 
and 9.6 meters in Figure 4.2. Being this the main reason why the altitude 
values are used very carefully. Another example of this issue is the value 
of the vertical rotation seen in Figure 4.1. That value shows the rotation 
applied on the previous location. Being the rotation 180 degrees is 
directly related to the low vertical accuracy. 
 
 The horizontal accuracy, however, has also an impact on the 
performance of the application. Especially when the distance to the 3D 
model is very short. 
 

The 3D model is successfully rendered using OpenGL ES 2.0 and it is 
well integrated with the Augmented Reality functionality of the 
application as seen on the figures above. However, the fact that it is only 
possible to apply positioning to the view containing the 3D model and 
not to the 3D model itself decreases the usability of the 3D. In order to 
solve that issue a number of gestures are implemented facilitating a final 
adjustment of the 3D model’s position. This approach brings an easy-to-
use solution and a successful result. 
 
 
4.2. Discussion 
 
 

The main advantage of this methodology for positioning the 3D 
model is that it allows handling the different parts of the implementation 
rather independently of each other. This means that the rendering of 
OpenGL ES 2.0 is handled first. Then, the camera is handled 
independently in a second stage and the positioning is handled 
afterwards in a third stage. The interaction of these three parts of the 
implementation happens only on the third stage where the combination 
of the three elements is needed to have a successful result. Finally, in a 
fourth stage the interface is implemented on top of the existing elements 
of the mobile application prototype bringing more functionality to the 
prototype. 
 
 The main disadvantage of this methodology is that the user has to 
make a final adjustment of the 3D model’s position since this 
methodology only permits locating the view that contains the 3D model. 
Another disadvantage, linked to previous one, is that the view containing 
the 3D model has certain bounds that are limiting the maximum size of 
the model to be displayed in screen. Using a larger view may be a 
possibility for reducing the effects of this issue. However, using a view too 
large may cause other problems, mainly related to memory since it is 
limited in hand-held devices. 
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5. CONCLUSIONS AND FUTURE RESEARCH 
 
5.1. Conclusion 
 

In this thesis established technologies in different fields have been 
combined together to achieve a successful result of a 3D Augmented 
Reality mobile application prototype but also considering the better 
options from a potential user point of view.  The potential user’s point of 
view has been considered in order to include a practical side to this 
thesis. 

 
It is important to stress in Geoinformatics that not only the specific 

Geoinformatics technologies bring good solutions but also, as it is shown 
in this thesis, combining technologies form other fields such as graphics 
computing may bring improved results to already existing applications. 
Pursuing the same objective, it is important to include Geoinformatics 
specialists as part of multidisciplinary teams.	  
 
 
5.2. Future Research: Improvements for positioning 
 
  

The positioning of the device has been solved successfully, as it is 
documented above. However, there are other solutions for obtaining an 
improved positioning. Since all the latest iOS devices, and many other 
hand-held devices, include a number of sensors the first idea goes 
towards implementing an inertial system as a complement for the GPS. 
Having a GPS + INS system provides increased accuracy for navigation 
but also requires an initialization process. All that means, in terms of 
implementation, a much higher complexity because the methodology to 
achieve such implementation requires the use of Kalman filtering. Besides 
the complexity for implementation the inertial system requires an 
initialization process where the device should be at rest. That’s fairly 
improbable on a hand-held device. Another issue that increases 
complexity is the multiple device orientations depending on how the user 
is holding the device. That means that the axes of rotation and 
acceleration are virtually the same but in fact they are rotated 90 
degrees. Although using a GPS + INS system is not impossible, its 
complexity requires longer time than the available. Furthermore, the 
accuracy obtained having a single GPS receiver registering only one 
frequency is rather low and may be increased by little. Is that increase of 
accuracy worth the cost in time for implementing a GPS + INS system? 
That is a question that can’t be properly answered here due to timing 
limitations but improving a 10 m accuracy by 10 or 20%, that is 1 or 2 
meters, is certainly not good enough considering the cost. 
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 Another possibility for increasing positioning accuracy is the use of 
Virtual Reference Stations (VRS). In short, what VRS do is it to facilitate the 
use of GPS-RTK with a single GPS receiver by creating a virtual station 
somewhere nearby the user’s location and, through the Internet, 
connecting with the user’s receiver in a way that corrections are sent 
similarly to the GPS-RTK methods. The accuracy achieved with such 
method goes down to 3-5 cm but it requires an Internet connection, 
available in all the iOS devices with GPS and a dual-frequency GPS 
receiver. Having a mono-frequency receiver, this approach is impossible 
but it would certainly be an effective method for positioning should the 
GPS receivers ever be dual-frequency in iOS devices. 
 
 Thinking about relative positioning of the 3D model from the 
device; another idea is to use image correlation principles. Then, 
positioning by GPS would only be required for an initialization process 
where the area around the 3D model should also be preprocessed by 
the device in order to, afterwards, render a 3D model that could fit in 
that environment bringing a nearly perfect integration of the 
environment and the 3D model, in other words, achieving a great 
augmented reality in 3D. However, this methodology has not been 
implemented so far in augmented reality due to its complexity and its 
high requirements from both CPU and GPU. It is possible that the 
emerging technology called OpenCL for parallel programming applied 
to computer vision may solve this issue. However, the option of using 
image correlation in real-time in a hand-held device is left for future work. 
 
 As it is shown through this thesis, having a background in Geodesy 
and Geoinformatics brings possibilities for improved positioning from 
GNSS and photogrammetry that may not seem so obvious having a 
different background. 
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