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ABSTRACT 

Augmented Reality (AR) is a technology that augments user reality with 

computer-generated data such as GPS, audio, video or 3D objects. In comparison with 

virtual reality (VR), where the user’s view is totally replaced with a computer-

generated environment, Augmented Reality focuses on enhancing a user’s reality 

experience with superimposed information. The application of Augmented Reality not 

only focuses on military and advertisement applications but also on education and 

medicine. This thesis focuses on development of an Augmented Reality application on 

the Android platform to view computerized axial tomography (CAT) scan images and 

3D human anatomy models superimposed over the physical world, displayed on the 

device screen in real time. The developed application is based on the AndAR 

framework, a Java API that provides a foundation to develop Augmented Reality 

projects on the Android platform.  
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CHAPTER 1                                                                            

INTRODUCTION 

1. Overview of augmented reality   

Augmented Reality (AR) is a technology that allows live direct view of the real 

environment to be supplemented with computer-generated data. In the context of this 

thesis, the term Augmented Reality will be defined with the description made by 

Ronald T. Azuma that AR is a variation of Virtual Reality that has three 

characteristics: combining real and virtual, registering in 3D, and real-time interaction 

[1]. The typical example of Augmented Reality is the Head-up Display (HUD) in 

fighter pilot’s helmet, where AR is used to display avionic information like airspeed, 

altitude, horizon line or weapon and sensor data such as weapon status or target 

destination indicator [2]. In Figure 1 is an example of HUD in F/A–18C fighter. 

 

 
Figure 1 - HUD of an F/A-18C [2] 
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Although a variation of Virtual Reality technology, which replaces the real 

environment around a user with a simulated world, an AR system focuses on 

enhancing the real world with computer-generated or sensed data superimposed upon 

or composited with it. Figure 2 shows the Reality-Virtuality (RV) Continuum 

suggested by Paul Milgram et al [3]. On the two extrema of the continuum are Real 

Environment and Virtual Environment (or Virtual Reality). AR is located in the Mixed 

Reality area and inclined to the Real Environment side. 

 
Figure 2 - Reality-Virtuality (RV) continuum [3] 

 

2. Augmented reality applications 

One of the first uses of Augmented Reality was in military applications. It is 

now applied in numerous field such as education, medicine, navigation, tourist 

information, etc. 

a. Education  

In 2012, Tokyo Shoseki, a Japanese Publisher, produced an AR supported 

textbook that allowed students to see and listen to animated characters on their 

textbooks instead of just reading books (Figure 3).   
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                                                            Figure 3 - Tokyo Shoseki ‘s AR supported textbook demo on YouTube [4] 

 

b. Navigation 

Although HUD initially appeared in military airplane cockpits, it has been 

recently used in the new generation of automobiles such as Pioneer’s car navigation 

system, introduced at CES 2012 [5]. The navigation system is shown in Figure 4 and 

Figure 5.  

 

 
                                        Figure 4 - Pioneer AR heads up display device [5] 



Texas Tech University, Duc Dang, May 2016 

4 

 
                         Figure 5 - Pioneer AR HUD displaying navigation information [5] 

 

c. Medicine  

Medicine is also an area that can benefit from development of Augmented 

Reality. This technology has been improving healthcare sectors from medical training 

to invasive surgery. Figure 6 shows an excellent example, the System for 

Telementoring with Augmented Reality (STAR), developed by Dan Andersen and his 

fellow researchers at Purdue University and Indiana University. This system allows 

remote medical experts to see the patient through a camera, deliver vocal instruction, 

mark, annotate, zoom in on anatomic regions, and draw lines indicating where 

incisions should be made [6]. These instructions will be displayed on the screen of a 

tablet for the operating surgeon. The main application of this system is providing 

assistance to doctors serving in battlefield areas where surgery expertise is rare [7]. 
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Figure 6 - STAR system using a transparent display with a tablet positioned between the surgeon and the operating 

field [6] 

Recent studies in bones segmentation and extraction also opens new 

opportunities for the application of AR in the field of medicine. The automatic 3D 

bone marrow segmentation framework from researchers of University of Oklahoma 

[35] and the fully automated spine MRI image segmentation method from Christos G. 

Bampis et al. [36] show that it is possible to detect, extract and segment relevant part 

of human spine from PET/CT scans and MRI images automatically. If the orientation, 

location and label of each part of human spine in medical images could be obtained by 

a fully automated process, we can use AR technology to integrate relevant information 

to each vertebra or render the corresponding 3D vertebra model on it.           

3. Augmented reality summary and thesis objective  

As introduced in this chapter, Augmented Reality is a technology that is 

changing our lives. By integrating sensed and simulated information to the real 
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environment in real-time, Augmented Reality enhances our current perception of 

reality. Although first application of this technology was for the military, teachers, 

students, and physicians, drivers, and others can now benefit from the capabilities of 

Augmented Reality.  

The goal of this thesis was to build a 3D medical Augmented Reality 

application on the Android platform. The function of application is providing an 

interactive way to view computerized axial tomography images and 3D human 

skeleton models by superimposing them over the physical world, displayed on mobile 

device screen in real time.  
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CHAPTER 2 

AndAR FRAMEWORK 

This chapter presents a summary about the AndAR framework for Augmented 

Reality in the Android operating system, which will provide the foundation for the 

application developed in this thesis. 

AndAR is an Android framework based on the ARToolkit Augmented Reality 

library created by Tobias Domhan at Baden-Wuerttemberg Cooperative State 

University-Stuttgart, Germany [8]. This is an open source library published under the 

GNU General Public License. 

This framework provides a pure Java API for Android application 

development. Under the Java hood, AndAR is powered by the C/C++ libraries of the 

ARToolkit. These libraries will provide calculating power for marker tracking and 

translation matrices. These C/C++ libraries can only be accessed through AndAR, 

Java API, and Java Native Interface (JNI).  

1. AndAR framework structure 

The structure of the AndAR framework can be described by Figure 7: 

 
                                                Figure 7 - Architecture of the AndAR framework [8] 
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AndAR uses Android’s Java library to access the camera and generate video 

frames. These frames will be passed to the ARToolkit to detect markers, recognize 

their patterns, and calculate camera transformation matrices relative to the detected 

markers position and orientation. 

2. AndAR operation 

This section will describe the operation of the AndAR framework suggested by 

Tobias Domhan [8]. AndAR uses Java API to access the tablet camera and get the 

video stream. To reduce usage of memory bandwidth, the camera is set to 240x160 

pixels as default value [8]. The acquired image will be send in 2 sub processes. 

Sub process 1: The image will be sent to the ARToolkit Library, which will 

calculate the transformation matrix for the 3D object. In this step, the ARToolkit 

library will do marker detection and transformation matrix calculation based on the 

input image. These two steps will be explained in the next section. After the 

transformation matrix is available, it will be passed back to the main process through 

Java Native Interface (JNI). 

Sub process 2: The image will be converted to an appropriate color space. The 

conversion step is necessary because OpenGL ES stores its colors in RGBA format, in 

which each color has Red, Green, Blue, and Alpha components [9], while Android 

uses YCbCr format for its images, including video streams [10]. The conversion is 

processed by AndAR [8]: 

𝐵 = 1.164 ∗ (𝑌 − 16) + 2.018 ∗ (𝐶𝑏 − 128) 

𝐺 =  1.164 ∗ (𝑌 − 16) − 0.813 ∗ (𝐶𝑟 − 128) − 0.391
∗ (𝐶𝑏 − 128) 

𝑅 = 1.164 ∗ (𝑌 − 16) + 1.596 ∗ (𝐶𝑟 − 128) 

 
After the image is converted to the RGB color space, the resulting image will 

be returned to the main process. The converted image will be used as the OpenGL 

texture (apply 2D image to 3D environment as texture of a surface). This step includes 

making a full screen preview surface on the device screen to display the video stream 

from the camera. Then, an OpenGL surface will be layered on top of the preview 
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surface. This OpenGL surface will function as a canvas to house a video stream as its 

2D texture. 

3. ARToolkit library 

ARToolkit was created by Dr. Hirokazu Kato in 1999 [11], developed by the 

Human Interface Technology Laboratory (HIT Lab) at the University of Washington 

and currently released as an open-source library by DAQRI, an augmented 

reality company. Released under GNU Library General Public License, this library is 

one of the most popular Augmented Reality libraries, used in thousands of commercial 

and open source projects [12].  

Although the ARToolkit structure includes 3 main modules (AR module, 

Video module and Gsub module), in this thesis, only AR module and Gsub module’s 

transformation matrix function will be used directly by AndAR [8]. AR module will 

provide marker tracking capabilities when the transformation matrix function is used 

to calculate relative position and orientation between detected marker and camera. The 

structure of the AndAR framework is shown in Figure 8.   

 
Figure 8 - ARToolKit architecture [29] 
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a. Marker for AR 

The marker image is essential input for every application based on AndAR and 

the ARToolkit library. A marker for ARToolkit can be made by developers with the 

following constraints [13]: 

 Must be a square marker. 

 Must have a continuous (full black or pure white) border with pattern image 

and background with contrasting colors (white background for black pattern or white 

pattern image with dark background). 

 The pattern image inside the marker border must be rotationally asymmetric. 

 
Figure 9 - Example of custom-made marker for ARToolkit [11] 

 
In Figure 9 is an example of custom-made marker for ARToolkit library. The 

application in this thesis uses markers with alphabet characters as patterns. These 

patterns were designed in Microsoft Paint as seen in Figure 10. 
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Figure 10 Marker images with alphabet characters as patterns 

 

To detect, recognize, identify and track the marker images from a captured 

video stream [13], ARToolkit or an application based on ARToolkit must be trained 

with pattern recognition data files (“.patt” files). These “.patt” file are generated from 

marker images using ARToolkit Marker Generator Online, an online tool based on 

Adobe Flash [14].  
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Figure 11 - Marker "A" and its pattern recognition data file 
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b. Marker detection in ARToolkit 

The marker detection process inside the ARToolkit can be broken into the 

following steps [15] (Figure 12):  

 First, the captured live video frame is used to extract a binary image by 

applying a threshold to its grayscale image. In the AndAR framework, the binarization 

threshold was set to the value of 100 in the gray scale range of 0-255. 

 Next, ARToolkit will find contours in the image and extract the contours that 

fit inside four segments (square).  

 For each of the extracted squares, the pattern inside it will be compared with 

the pattern file pre-registered with ARToolkit to find the AR tracking marker.  

 The coordinates of the four vertices of the square and parameters of four line 

segments will be saved for estimation of the transformation matrix. 

 
Figure 12 – Marker detection steps. [15] 
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c. Transformation matrix estimation in ARToolkit 

Figure 13 shows the marker coordinate and the camera coordinate systems in 

ARToolkit. To overlay a 3D object on top of a marker, we need to know the relative 

position and rotation between camera and marker and the relationship between Marker 

Coordinate and Camera Coordinate systems (Figure 13). 

 

 

Figure 13 - Marker coordinate and camera coordinate systems in ARToolkit [16] 

Therefore, the transformation matrices that represent the relationship among 

Camera Screen Coordinates (xc,yc), Marker Coordinates (XM, YM. ZM) and the Camera 

Coordinates (XC, YC. ZC) should be estimated (Figure 14). ARToolkit suggests 

estimating the intrinsic camera parameter matrix (P) and the image distortion function 

between Camera Screen Coordinates and Observed Screen Coordinates by doing 

camera calibration. However, because the ARToolkit version we are using in this 

thesis is integrated into the AndAR framework, which is designed for use with 

Android devices, this calibration step is replaced by loading default camera properties 

stored in the camera parameter file, “camera_para.dat” during application 

initialization. The rest of this section will present the process of transformation matrix 

estimation in ARToolkit suggested by Kato et al. [11]. 
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Figure 14 - Coordinate systems used in ARToolKit [17] 

 

The connection between Camera Screen Coordinates and Camera Coordinates 

can be expressed by: 

[

ℎ𝑥𝑐

ℎ𝑦𝑐

ℎ
1

] = 𝑃 [

𝑋𝑐

𝑌𝑐

𝑍𝑐

1

]   , where 𝑃 =  [

𝑃11 𝑃12

    0 𝑃22

𝑃13 0
𝑃23 0

0 0
0 0

1     0
0    1

  ] 

The transformation matrices from these marker coordinates to the camera 

coordinates (TCM) can be represented by: 

[

𝑋𝑐

𝑌𝑐

𝑍𝑐

1

] = [

𝑉11 𝑉12

𝑉21 𝑉22

𝑉13 𝑊𝑥

𝑉23 𝑊𝑦

𝑉31 𝑉32

0 0
𝑉33 𝑊𝑧

0 1

  ] [

𝑋𝑚

𝑌𝑚

𝑍𝑚

1

] = [
𝑉3𝑥3 𝑊3𝑥1

0 0 0 1
] [

𝑋𝑚

𝑌𝑚

𝑍𝑚

1

] = 𝑇𝑐𝑚 [

𝑋𝑚

𝑌𝑚

𝑍𝑚

1

]     (*) 

In addition, we have parameters of one pair of parallel sides of a square marker 

from the previous marker detection step: 
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𝑎1𝑥𝑐 + 𝑏1𝑦𝑐 + 𝑐1 = 0 

𝑎2𝑥𝑐 + 𝑏2𝑦𝑐 + 𝑐2 = 0 

Thus, equations of the planes that include these two sides can be represented 

by: 

𝑎1𝑃11𝑋𝑐 + (𝑎1𝑃12 + 𝑏1𝑃22)𝑌𝑐 + (𝑎1𝑃13 + 𝑏1𝑃23 + 𝑐1)𝑍𝑐 = 0 

𝑎2𝑃11𝑋𝑐 + (𝑎2𝑃12 + 𝑏2𝑃22)𝑌𝑐 + (𝑎2𝑃13 + 𝑏2𝑃23 + 𝑐2)𝑍𝑐 = 0 

From this equation, we can compute normal vectors (n1 and n2) of these 

planes: 

𝑛1 = (𝑎1𝑃11, 𝑎1𝑃12 + 𝑏1𝑃22, 𝑎1𝑃13 + 𝑏1𝑃23 + 𝑐1) 

𝑛2 = (𝑎2𝑃11, 𝑎2𝑃12 + 𝑏2𝑃22, 𝑎2𝑃13 + 𝑏2𝑃23 + 𝑐2) 

 

Then, direction vector u1 of two parallel sides is calculated with the product 

u1=n1 x n2. The directional vector u2 of the two other parallel sides can be calculated 

with the same method. 

 

Figure 15 - u1, u2 and v1, v2 vectors pairs [11] 

However, image processing inaccuracies mean that the vectors won't be 

exactly perpendicular. Therefore, a pair of perpendicular unit direction vectors v1 and 

v2 in the plane that includes u1 and u2 will be used instead (Figure 15). From v1 and v2 

we can calculate the perpendicular direction vector to v1 and v2:  

v3 = v1 * v2 

From v1, v2, and v3, we now can obtain the rotation component V3x3 in the 

transformation matrix TCM:  
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V3x3 = [v1
t  v2

t  v3
t] 

To calculate translation component w1, w2, and w3 in TCM, we simply solve the 

system of equations (*) by substituting coordinates of four vertices of the detected 

marker in camera screen coordinate system and marker coordinate system.  

4. AndAR summary 

As presented in this chapter, AndAR was chosen to be the foundation of the 

3D Augmented Reality application. Its Java API and ARToolkit libraries provide the 

framework, marker detection and transformation matrices calculation ability needed 

for the development process. The design of markers used in this thesis was introduced 

in this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Duc Dang, May 2016 

18 

CHAPTER 3 

3D HUMAN ANATOMY MODELS AND 

COMPUTERIZED AXIAL TOMOGRAPHY SCAN  

 

3D Human Anatomy models and Computerized Axial Tomography (CAT) 

scans are key components in this thesis. These are two elements that will be 

superimposed over the human body, displayed on the device screen in real time. In 

this chapter, a brief summary of 3D file format that is used for the application will be 

introduced. The CAT scan dataset and its optimization to work with the developed 

application will also be presented. 

1. 3D models 

a. BodyParts3D  

In the field of human anatomy, many methods can be used to represent 

anatomical knowledge, and one of the most efficient and convenient is to specify 

human body parts by 3D models. Thus, we can obtain both computable and 

comprehensive representation of a physical human body [18]. Several efforts have 

been made by research groups around the world to publish a 3D human anatomy atlas, 

such as National Library of Medicine’s Visible Human Project and the BodyParts3D 

project. Among these atlases, BodyParts3D, a 3D anatomy atlas funded by The 

Integrated Database Project, Ministry of Education, Culture, Sports, Science and 

Technology of Japan [18], provides a suitable database of 3D human body model for 

this thesis. The BodyPart3D is a high resolution “dictionary-type database for anatomy 

in which anatomical concepts are represented by 3D structure data that specify 

corresponding segments of a 3D whole-body model for an adult human male” [18]. 

This database is made freely available under a Creative Commons Share-Alike 

license, which means that the models can be used and altered without charge under the 

requirement that the alternate version is also distributed under the same license. The 
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3D models used in this thesis can be downloaded through the BodyParts3D project ftp 

site: ftp://ftp.biosciencedbc.jp/archive/bodyparts3d/ [31] in Wavefront’s .OBJ format. 

 

Figure 16 - 3D model of left humerus bone in BodyPart3D 

     

 
Figure 17 - 3D model of left ulna bone in BodyPart3D 

b. Wavefront OBJ format 

The .OBJ is a geometry definition file format first developed by Wavefront 

Technologies (now Alias Systems, part of Autodesk Corporation) for its Advanced 

Visualizer 3D graphics software package in the 1980s [19]. Currently, the .OBJ file 

format is widely accepted by other vendors to represent 3D graphic. 

The application in this thesis supports parts of the .OBJ file format and its 

support material template library (.MTL) file format, which is used in 3D models of 

the BodyPart3D database and in the limited scope of this thesis. Those parts of .OBJ 

and .MTL file formats that are used in the thesis will be described below. The full 

description of the .OBJ file format can be found in Wavefront’s Advanced Visualizer 

Manual [20]. 

 

ftp://ftp.biosciencedbc.jp/archive/bodyparts3d/
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i. OBJ file format 

 The .OBJ objects file is written in ASCII to define polygonal objects and their 

points, lines and faces.  

 The objects used in this thesis have the following file structures: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Vertex data will provide coordinates for geometric vertices, texture vertices 

and vertex normals. 

 Geometric vertices (v)   

This geometric vertices lines have the following syntax: 

v x y z   

 

Vertex data 

Elements 

Vertex data 

Elements 

Grouping 

Render 

attributes 

Figure 19 - Obj file structure of object 

file used to display CAT image 

 

 

Figure 18 -  OBJ file structure of 

BodyPart3D models 
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“v” is the key word, and x, y, z are floating point geometric coordinates of the 

vertex. The geometric vertices order will be numbered based on their position in the 

.OBJ file, beginning with 1.  

 Vertex normals (vn) 

In OpenGL, the vertex normal vector is a directional vector at a vertex. 

Typically, the normal vector of a vertex is a normalized sum of normal vector of 

polyhedron faces containing that vertex [33]. The vertex normal vectors of a 

dodecahedral is shown in Figure 18. 

 

Figure 18 - Vertex normal vectors of a dodecahedral [33] 

vn i j k 

 
 This line is used to specify a normal vector with components i, j, and k, and 

“vn” is the key word. In 3D model representation, normal vertex vector (vn) is the 

directional vector associate with each geometric vertex (v) and is also used to replace 

a model’s polygon face normal and surface normal. The geometric vertices are based 

on their position in the object file, beginning with 1. 

 Texture vertices (vt) 

vt u v  
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This line represents texture vertex coordinates, where “vt” is the key word, u is 

horizontal direction value, and v is vertical direction value. The texture vertices order 

is based on their positions in the .OBJ file, beginning with 1. 

 Elements 

 face (f)  

The Element lines are used to represent geometrical elements of a polygon. 

Although the full .OBJ file format supports points, lines and faces elements, within the 

scope of this thesis, the object file only represents its 3D polygon by face elements. 

  f v/vt/vn v/vt/vn 

 
Where f, v, vt, vn are the key word, ordinal number of Geometric vertices, 

Texture vertices, and Vertex normal, respectively.  

Below is an example of 3D cube and its .OBJ description code [20]: 

v 0.000000 2.000000 2.000000 

v 0.000000 0.000000 2.000000 

v 2.000000 0.000000 2.000000 

v 2.000000 2.000000 2.000000 

v 0.000000 2.000000 0.000000 

v 0.000000 0.000000 0.000000 

v 2.000000 0.000000 0.000000 

v 2.000000 2.000000 0.000000 

f 1 2 3 4 

f 8 7 6 5 

f 4 3 7 8 

f 5 1 4 8 

f 5 6 2 1 

f 2 6 7 3 
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Figure 19 - 3D cube 

 Render attributes 

 material name (usemtl) 

usemtl material_name 

 
This line indicates the material name for an object, where “usemtl” is the 

keyword, following by the name of the material. 

 Material library (mtllib)  

mtllib filename 

 
This line provides the material template library (.MTL) file for the object, 

where “mtllib” is the keyword, following by MTL file name and its relative direction. 

ii. MTL file format 

The Wavefront .MTL file format is the reference material library for an .OBJ 

object file. This is called a material template library file and provides material 

descriptions for associated objects described in .OBJ file format. 

In this thesis, the .MTL file is used to declare a material is ambient, diffused 

and specular colors. It also specifies material texture images of an object. The syntax 

of the .MTL file format is described below: 
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newmtl cat 

Ka 0.000000 0.000000 0.000000 

Kd 0.501961 0.501961 0.501961 

Ks 0.000000 0.000000 0.000000 

map_Kd vhm.451.png 

 

“newmtl” is the keyword to specify material name, “cat” is the name of 

material. The lines with the key words “Ka”, “Kd”, “Ks” declared ambient, diffused 

and specular colors in R, G, B color dimensions. The “map_Kd” line will provide a 

diffused color texture image for the “cat” material.  

2. Computerized axial tomography (CAT) scan 

a. Computerized axial tomography scan image 

Introduced in the 1970s, Computerized axial tomography (CAT) is a medical 

imaging method that makes use of computer processing power to create cross-

sectional images (also called slices) inside a human body from a combination of X-ray 

images taken from different angles [21]. In Figure 19 is an example of CT imaging 

suite.   
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Figure 20 - A CT imaging suite [22] 

Although there is warning about CAT scan and higher cancer risk [23], CAT 

scan is now considered as one of the most common methods for medical diagnostics, 

thanks to its ability to get detailed cross-sectional images of certain parts of the body, 

such as soft tissues, the pelvis, blood vessels, the lungs, the brain, the abdomen, and 

bones [22]. All CAT scan images used in this thesis are provided by the Visible 

Human Project CT Datasets of the Magnetic Resonance Research Facility, Carver 

College of Medicine, University of Iowa [24]. 

The CAT scan stacks are provided in the form of Digital Imaging and 

Communications in Medicine (DICOM) image datasets. Each of them is a collection 

of DICOM scan slides, with each slide representing a CAT scan in the stack. A slide 

of human pelvis CAT dataset is shown below in Figure 21. 
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Figure 21 - A slide of human pelvis CAT dataset 

             

Although the system created in this thesis makes use of CAT scans, it could 

easily be used to display other kinds of 2D and 3D medical images, with the only 

requirement that the scan data must be converted to bitmap images before loading to 

the application. 

b. Optimizing CAT scan dataset 

Because CAT scans are set of 2-dimensional images, in order to display CAT 

scan as a 3D AR object, we chose to create a rectangular surface covered with a single 

CAT scan slice image. Thus, a CAT slice image can be considered as the 2D texture 

of a 3D object and therefore, can be displayed as an AR object in a 3D environment. 

In addition, the 3D medical Augmented Reality application and Android OS do not 

support the DICOM file format of CAT datasets. Therefore, the scan images that were 

used in this thesis must be pre-processed before they will work with the application. 

The optimization steps include  
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 Convert CAT scan image to another image format so that the Android tablet 

can read it. In this step, DICOM CAT scan images will be converted to .PNG image 

file format. 

 Create a thin rectangular flat 3D object in .OBJ file format. 

 Create material template library (.MTL) file containing object’s texture 

information. This file will be called inside the associated .OBJ object file. In this file, 

there is a file name and path to the .PNG image created above.  This .PNG file will 

cover the 3D object material as the material’s texture. 

The images of the thin Rectangular flat 3D object before and after covering by 

CAT scan slice image are shown below in Figure 22.  

 

Figure 22 - Rectangular flat 3D object before and after covering by CAT image 
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3. 3D models and CAT scan summary  

The 3D medical Augmented Reality application of this thesis requires 3D 

human anatomy models and CAT scan images for its operation. This chapter has 

investigated the structure and the syntax of the .OBJ file format, which will be 

supported in the application. The DICOM dataset of each CAT scan, on the other 

hand, will be converted to a set of .PNG images before use.  The influence of syntax 

and structure of .OBJ format on the design of the application and how the application 

display converted CAT scan slice images will be presented in the next chapter.  
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CHAPTER 4  

APPLICATION DESIGN 

This chapter focuses on the development of 3D Augmented Reality. The 

structure of the application represents the relationship among its components. The first 

section of this chapter also introduces the functions of the application’s important 

classes. The second section of this chapter will describe step by step the operation of 

the application and its design. The last section will discuss the testing phase and the 

obtained result. 

1. Application structure 

 

 
Figure 23 - Application block diagram 

In the Application Block Diagram shown in Figure 23, the Activity 

myARActivity class will handle AR operations such as opening the camera, detecting 

the markers, and displaying the video stream by extending the AndARActivity 

abstract class from the AndAR framework. However, in order to detect and render 

appropriate 3D objects, this class must call an instance of ARToolkit library to 

register a marker and an instance of myARobject belonging to that marker. 

Object myARObject is an extension of ARObjects, an abstract class from 

AndAR that provides openGL initialization, 3D object rendering, and alignment of the 

object to marker position and angle. In addition, to draw a 3D object, the draw() 

function of the ARObjects class must be overwritten to feed parameters of the 3D 
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object to be drawn to OpenGL. This object operation will be explained in detail in the 

Program operation section. 

The Object3D class contains all data required to render a 3D object: vertex 

coordinates, texture coordinates, vertex normal, object scaling factor, position and 

orientation with respect to the marker coordinate system. 

Renderer myARRenderer is an implementation of the OpenGLRenderer 

class. This class will set up the OpenGL lighting environment. 

2. Program operation 

A full program flow chart is shown below in Figure 24. This section will 

describe all the program operations in the flow chart.  

 

Figure 24 - Application operation flowchart 
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a. Program initialization 

The program starts by loading an instance of ARToolkit library. The 

AndARActivity class of the AndAR framework will set video preview screen to full 

screen mode. The auto turnoff feature of the device screen is also disabled. Then, the 

myActivity class will setup the OpenGL lighting environment by loading an instance 

of myARRenderer class.  

 

b. Object file reader and object vertex data 

After initialization, the program begins to load a 3D object stored in 

Wavefront’s .OBJ and .MTL file format with instances of Mtlreader and Objreader 

classes. The implemented Mtlreader and Objreader only support the portion of 

Wavefront’s .OBJ and .MTL file formats that are used in models and materials files 

used in this thesis. 

To obtain 3D object data, Objreader reads geometric verticex coordinates, 

texture coordinates and normal vertex coordinates of a 3D object from an object file 

(.OBJ). The order of vertices, texture and normal line in the .OBJ file will be their 

VerticeID, TextureID, and NormalID, respectively. Then, based on Polygonal face 

element description lines in the .OBJ file and those identification numbers (VerticeID, 

TextureID and NormalID), Objreader will assign to each polygonal face the proper 

vertex data. All of these faces of vertex data, then, will be put into three arrays, with 

each of them storing a unique type of data: Vertices coordinates array, Textures 

coordinates array, and vertex Normal array. The structures of Vertices coordinates 

array, Textures coordinates array, and vertex Normal array are shown in Figure 25. 

Each polygon face is constructed from vertex coordinates, texture coordinates and 

normal vector of 3 vertices.   
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Figure 25 - Vertices coordinates array, textures coordinates array and vertex normal array structures 

 

If the 3D object has a defined material (3D object with a following MTL file), 

Objreader will call Mtlreader to read its material description.  

c. Environment lighting and object material 

i. Material File Reader  

The .MTL file that defines object material will be handled by the Mtlreader 

class. This Mtlreader reads material parameters and the texture file name to generate 

a Material java object, which will contain all material data for this 3D object. This 

Material java object will be used by OpenGL to define the material properties of the 

3D object. 

ii. Lighting 

Environmental lighting and material reflection play important roles in 

computer graphic imaging, especially in 3D graphics. The interaction between 

environmental lighting and object material reflection creates a 3D scene for most 

objects [25]. An example of a lit and an unlit left humerus bone are shown in Figure 

26. 
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Figure 26 - A lit and an unlit left humerus bone [25] 

Light source  

In OpenGL, the environment is illuminated by simulated light sources. Eight 

different light sources are available, from GL_LIGHT0, GL_LIGHT1,… to 

GL_LIGHT7. However, only GL_LIGHT0 and GL_LIGHT1 are used in the 

developed application. These light sources must be individually turned on and off 

using glEnable() and glDisable() functions, respectively. The properties such as color, 

position, and direction of these light sources must be set up before we can use them for 

this application.  

Lighting color components 

OpenGL uses RGBA for color and lighting. Thus, the color of light in the 

OpenGL environment will be approximated by a combination of Red, Green, Blue and 

Alpha components. These components of colors and transparency parameter (Alpha) 

combine to generate four fundamental type of OpenGL lighting model: Emissive, 

Ambient, Diffuse, and Specular light.  

Ambient light comes from all directions of the environment to a lighted object 

and will bounce back equally to all directions after hitting an object surface. Ambient 

light can be considered as environmental light surrounding the 3D object. 

Diffuse light has the same reflection property as Ambient light. However, it 

comes from a specific lighting source and direction.  



Texas Tech University, Duc Dang, May 2016 

34 

Specular light comes from a specific direction and also bounces off in a 

specific direction after hitting a surface. This light model can be considered as shining 

light reflected back from 3D objects. The size of the shining area is controlled by the 

Shining parameter. Specular highlight color will be controlled by specular light RGBA 

parameters. 

The components of GL_LIGHT0 light source are set as below: 

gl.glLightfv(GL10.GL_LIGHT0,GL10.GL_AMBIENT, new float[] 

{0.4f, 0.4f, 0.4f, 1.0f},0); 

gl.glLightfv(GL10.GL_LIGHT0,GL10.GL_DIFFUSE, new float[] 

{0.7f, 0.7f, 0.7f, 1.0f},0 ); 

 gl.glLightfv(GL10.GL_LIGHT0,GL10.GL_SPECULAR,new float[] 

{0.7f, 0.7f, 0.7f, 1.0f},0); 

 gl.glLightfv(GL10.GL_LIGHT1,GL10.GL_DIFFUSE, new float[] 

{0.3f, 0.3f, 0.3f, 1.0f},0); 

 gl.glLightfv(GL10.GL_LIGHT1,GL10.GL_SPECULAR,new float[] 

{0.3f, 0.3f, 0.3f, 1.0f},0); 

 

The arrays of float numbers define Red, Green, Blue colors and Alpha 

components of Ambient, Diffuse and Specular light of GL_LIGHT0 and 

GL_LIGHT1 light sources. The fact that GL_LIGHT1‘s Ambient light parameters 

haven’t been set here means that its default value is applied, and ambient light of 

GL_LIGHT1 source is turned off. The default values that have been set to ambient 

light component of GL_LIGHT1 are:  

 float[] {0.0f, 0.0f, 0.0f, 1.0f}  

 
Light source position:  

OpenGL supports two means of light source positioning: “directional” and 

“positional”. A “directional” light source illuminates an object with parallel rays of 

light coming from a location infinitely far from the object. A “positional” light sources 

is positioned at a specific location defined by user. In this thesis, only the latter type 

will be used as light sources.  

The position of light sources GL_LIGHT0 and GL_LIGHT1 in this thesis 

are given by:  
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gl.glLightfv(GL10.GL_LIGHT0,GL10.GL_POSITION,   new 

float[] {0.0f, 2.0f, 0.0f, 1.0f},0); 

gl.glLightfv(GL10.GL_LIGHT1,GL10.GL_POSITION,  new 

float[] {0.0f, 0.0f, -2.0f, 1.0f},0); 

 
The first three float numbers of the array describe light source position in X, Y, 

and Z axes. The forth float number set to “1” means that the light source is set to 

“positional” type. 

iii. Material lighting properties: 

The object material used in this thesis contain: ambient light, specular light, 

diffuse light, shining and alpha parameters. As their names imply, these material 

properties are similar to those of light sources, except that these are parameters for 

light reflected back from 3D object surface. The information of object material comes 

from the material template library (.MTL) file associated with that specific object file 

(.OBJ). If the object doesn’t have its material specified, the MtlReader class will use 

default ambient, specular, and diffuse parameter for that object.  

float[] ambientlightArr  = {0.2f, 0.2f, 0.2f, 1.0f};            

float[] diffuselightArr  = {0.8f, 0.8f, 0.8f, 1.0f};           

float[] specularlightArr = {0.0f, 0.0f, 0.0f, 1.0f};       

 
A 3D Object is illuminated by ambient and specular components of each light 

source; therefore, ambient and diffuse reflectance are responsible for defining the 

color of the 3D object. Specular reflectance defines amplitude and color of the 

illuminated area on a 3D object, which not only depends on the reflectance values but 

also on viewing angle, with brightest reflectance along the direct angle of reflectance 

[26]. 

iv. Material texture: 

One goal of the application described in this thesis is displaying a patients 

CAT scan on an Android device screen as AR object overlays on a marker. However, 

CAT scan data set is a collection of 2D images, while AR model and environment are 

3D. Thus, the main problem now is displaying 2D images in the OpenGL 3D 
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environment. The answer for this question is using a 2D CAT image as the cover 

texture for a 3D thin flat rectangular object. 

The .OBJ and .MTL script used to define a 3D thin flat rectangle object for 

CAT scan display is shown below. The 3D object was created and exported to .OBJ 

and .MTL code by using Google SketchUp 2015. The code of created 3D object and 

its material are shown below: 

# Alias OBJ Model File 

# Exported from SketchUp, (c) 2000-2012 Trimble 

Navigation Limited 

# File units = inches 

 

mtllib cat2.mtl 

usemtl cat 

v -33.8358 0 19.9448 

vt 0 0 

vn 0 1 -0 

v 24.9149 0 19.9448 

vt 1 0 

v 24.9149 0 -24.1183 

vt 1 1 

v -33.8358 0 -24.1183 

vt 0 1 

f 1/1/1 2/2/1 3/3/1  

f 1/1/1 3/3/1 4/4/1  

 

 

# 

## Alias OBJ Material File 

# Exported from SketchUp, (c) 2000-2012 Trimble 

Navigation Limited 

 

newmtl cat 

Ka 0.000000 0.000000 0.000000 

Kd 0.501961 0.501961 0.501961 

Ks 0.000000 0.000000 0.000000 

map_Kd hum0002.png 
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d. Create 3D object  

The Object3D class contains all data required to render a 3D object, including: 

 Rendering position:  The 3D object will be placed right on top of the detected 

marker. It will be positioned at the origin of the marker coordinate system. 

    float x = 0f;          // Model position 

    float y = 0f;          // Model position 

     float z = 0f;          // Model position 

 

 Object orientation with respect to x, y, z axis of marker coordinate system:  

float x_rotate = 90f;  // Model x orientation  

   float y_rotate = 0f;   // Model y orientation 

    float z_rotate = 0f;   // Model z orientation 

 

 Object scaling factor 

float scale = 4f;     // Model scale 

 

 Vertex data including vertex coordinates, texture coordinates and vertex 

normal from Objreader. These data will be stored in three float arrays (Floatbuffer) 

with each of them contain one type of data. 

FloatBuffer vertices; 

FloatBuffer texcoords; 

FloatBuffer normal; 

 

 Material data in Object3D class will be stored in a field named “material”, 

which contain all data related to material lighting properties and texture. 

e. Create AR object 

AR objects will be created when the program starts. The myARobject class 

has two key data components: the 3D object and the name of the pattern recognition 

data files (“.patt” files) of the marker related to that 3D object. By wrapping these two 

fields inside myARobject class, the 3D object is now registered with a specific 

marker.   
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f. Registering AR Object to ARToolkit 

Created ARObjects must be registered with ARToolkit library before the 

marker detection and 3D object rendering processes can be started. Each registered 

AR object will be assigned a unique integer called ObjectID. If an AR object is 

registered multiple times, it only obtains its number on the first attempt.  

After the AR objects are registered, the ARToolkit library will load the training 

pattern files of the markers related to those objects from the application’s asset folder 

and give each of them a patternID number. By assigning each AR object and marker 

pattern their identification number, ARToolkit and the application based on it can 

distinguish different marker and AR object. These IDs will not be reset until the 

application shuts down and the ARToolkit library is unloaded. 

g. Marker detection and transformation matrix estimation 

After registering an AR Object to the ARToolkit library, the toolkit will begin 

looking for registered AR object markers in all captured video frames. When a 

registered marker is detected, its transformation matrix will be estimated. The process 

of marker detection and matrix estimation is conducted by ARTookit C/C++ libraries. 

The resulting transformation matrix will be passed back to the AndAR framework 

through JNI for later use.  

h. Rendering 3D AR object 

 Apply transformation matrix to OpenGL 

At this point, the application has been the started, device is capturing a video 

stream from the camera and displaying it, AR objects were registered, and the 

ARToolkit has detected markers belonging to registered objects and also calculated 

their transformation matrixes. The final step is rendering those 3D AR objects on top 

of the detected markers. In order to do so, first, the transformation matrix of each AR 

object is fed to OpenGL so that the 3D object will be placed at the right location and 

oriented as we want it to be.  

When the draw() function in myARObject class (an extension class of 

ARObject of the AndAR framework) is called, it will call its original version from the 
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ARObject super class to apply  the transformation matrix to OpenGL before doing the 

rendering part itself. 

@Override 

public void draw(GL10 gl) { 

super.draw(gl); // call Draw function from ARObject 

 . . . 

 
 Render 3D object 

The process of rendering a 3D object and aligning it to a detected marker will 

be handled by the draw() function in myARobject class with four steps: 

 Set the 3D object scaling factor and orientation with respect to the marker 

coordinate system.  

// set 3D model scale 

gl.glScalef(model.scale, model.scale, model.scale);  

// set 3D model position 

gl.glTranslatef(model.x, model.y, model.z); 

// set 3D model orientation 

gl.glRotatef(model.x_rotate, 1, 0, 0);   

gl.glRotatef(model.y_rotate, 0, 1, 0);  

gl.glRotatef(model.z_rotate, 0, 0, 1);  

 

 Activate OpenGL’s Vertex Array, Normal Array and Texture Coordinates 

Array (in the case 3D object surface has covering texture) routines.  

gl.glEnableClientState(GL10.GL_VERTEX_ARRAY);          

gl.glEnableClientState(GL10.GL_NORMAL_ARRAY); 

gl.glEnableClientState(GL10.GL_TEXTURE_COORD_ARRAY); 

 

 Load data arrays to OpenGL. 

gl.glVertexPointer(3,GL10.GL_FLOAT, 0, model.vertices);     

gl.glNormalPointer(GL10.GL_FLOAT,0, model.normals); 

gl.glTexCoordPointer(2,GL10.GL_FLOAT,0,model.texcoords;           

 

 Finally, draw the 3D object from its vertices and triangle faces data.  

gl.glDrawArrays(GL10.GL_TRIANGLES,0,model.vertexCount);  
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Examples of rendered 3D anatomy can be seen below in Figure 27. In this 

image, marker “B” was detected by the developed application and a 3D model of a left 

humerus bone was rendered behind the marker.  

 

Figure 27 - Examples of rendered 3D model of left humerus bone 

 Applying texture to object surface, displaying CAT scan image 

Loading texture image  

In the object definition file, in addition to numeric vertex coordinate 

parameters, the command “mtllib cat2.mtl” specifies the material library template file 

associated with the 3D object.    

In the material library template file, because the 3D object used to display the 

CAT image has textured material, a texture image file name is specified in the .MTL 

file. The reflectance parameters of objects (Ambient, Diffuse and Specular light) are 

defined in command lines beginning with Ka, Kd, and Ks keywords, respectively. 

Because OpenGL requires decoded bitmap images as texture, the Mtlreader 

class will load the CAT image to the Android BitmapFactory class by using the 

provided file name and direction. The BitmapFactory class, then, will decode each 

provided image to the decoded bitmap image which is ready for use by OpenGL.  

Setting texture rendering mode 

After having decoded bitmap texture for an object, the next step is setting 

texture rendering mode to model surface. In this thesis, because the 3D object can be 
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considered as a white board to house the CAT scan image displayed on top of it, the 

CAT scan image color will be used as the final color. This step will be handled by the 

OpenGL environment’s Decal mode, in which the texture is painted on top of the 

model surface pixel, like a decal applied on a physical surface [26]. This displaying 

mode is set with the below function in the Object3D class:  

gl.glTexEnvf(GL10.GL_TEXTURE_ENV,GL10.GL_TEXTURE_ENV_MODE

, GL10.GL_DECAL); 

 

Enable texture mapping 

Another step to be done before we can draw our CAT image on the scene is 

enabling texture mapping.  

gl.glEnable(GL10.GL_TEXTURE_2D);  

The GL_TEXTURE_2D keyword indicates that we enable two-dimensional 

texturing only. 

Draw the scene with supplied texture and geometric coordinates. 

After having textured image and OpenGL environment setup, we can now 

begin to draw the scene.  

The 3D thin flat rectangle object is rendered by feeding OpenGL geometric 

vertices and normal vertices coordinates and number of vertices:  

gl.glVertexPointer(3,GL10.GL_FLOAT, 0, model.vertices);   

gl.glNormalPointer(GL10.GL_FLOAT,0, model.normals);          

gl.glDrawArrays(GL10.GL_TRIANGLES, 0, model.vertexCount);  

 
The texture coordinates for each vertex will be fed to OpenGL by:  

gl.glTexCoordPointer(2,GL10.GL_FLOAT, 0,model.texcoords); 

 

The 3D thin flat rectangle object with and without texture are shown below in 

Figure 28. 
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Figure 28 - 3D thin flat rectangle object without and with CAT image as surface texture 

 

 

 Displaying CAT scan data set 

CAT scan data set contains multiple images. To display all of them, each 

image must be linked with a 3D flat rectangular object and displayed as its surface 

texture. For example, if we want to display 20 images of CAT dataset, the same 
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number of 3D objects are required to handle all of those image. However, we don’t 

want to waste 20 markers for those 3D slice objects. Only one marker will be used to 

display all of them. A slider will select a single image of CAT scan slice in the dataset 

to be rendered on the 3D slice object. The user can chose the level to be rendered 

when the marker is detected by moving the slider thumb. The CAT scan images of 

human pelvis overlaid on top of 3D flat rectangular objects are shown below in Figure 

29. 

 

Figure 29 - CAT scan images of human pelvis  
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3. Final result 

After the application was developed, the next step was to implement and test it 

in the environment where it will work.  

a. Testing device  

The first step of testing is loading and running the application on the device 

under test. The device used in this thesis was a LG Gpad 7.0 v400 tablet was shown in 

Figure 30.  

 

Testing device specification  

Chipset: Qualcomm MSM8226 Snapdragon 400 

CPU: Quad-core 1.2 GHz ARM based Cortex-A7 

GPU: Adreno 305 

Internal Memory: 8 GB Flash 

RAM: 1 GB RAM 

Front camera: 3.15 MP 

 

The development software (Eclipse ADT Bundle) was installed on a PC 

running Windows 8 Operating System. The Eclipse ADT Bundle was connected to 

the tablet, and then loaded and installed. Debugging the developed application 

occoured through the Universal Serial Port (USB) on the tablet. 

 
Figure 30 - Testing device - LG G Pad 7.0 v400 [30] 
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b. Final result  

After the application was implemented on the test tablet, it was tested in a real 

environment. The testing environment was set with designed markers attached on the 

body and clothing of the test subject, who is a 25-years old Asian male.  

The first test case is shown below in Figure 31. The 3D model of left humerus 

bone was registered to marker “B” and rendered behind the detected marker, inside the 

left upper arm of the test subject. The marker and 3D model are at present manually 

scaled to make sure the humerus bone fit the test subject.   

 
Figure 31 - 3D model of left humerus bone rendered on human body 

The second test case is shown below in Figure 32. In this test, the 3D model of 

left ulna bone was registered to marker “E” and rendered inside the left forearm of test 

subject. When the camera of test device moved around the marker, the left ulna bone 

can be viewed from different angles. 
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Figure 32 - 3D model of left ulna bone rendered inside the left forearm of test subject 

In Figure 33 is the third test case. The 3D model of left radius bone was 

registered to marker “C” and rendered inside the left forearm of the test subject. 

 

 
Figure 33 - 3D model of left radious bone rendered on human body 

The fourth test case is shown in Figure 34. The 3D models of right and left hip 

bones were registered to markers “AB” and “CD”, respectively. In the developed 

application, multiple 3D objects can be displayed independently if they are registered 

to different markers. In the middle image of Figure 33, the right and left hip bones 
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were rendered inside the hip region of the test subject after the application detected 

markers “AB” and “CD”.  

 
Figure 34 – Left and right hip bones rendered on human body 

The fifth test case is shown below in Figure 35. The models of T1, T2 and T3 

thoracic vertebrae were registered to markers “L”, “M” and “K”, respectively, and 

rendered behind the detected markers, inside the body of test subject. The models 

position in marker coordinate system is currently set to place the rendered models in 

proper positions on the body.   

 

Figure 35 - T1, T2 and T3 thoracic vertebrae rendered inside the body of test subject 
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The ability to display CAT images of the developed application was tested in 

the sixth test case. The test results are shown in Figure 36. By moving the slider up 

and down, the user can chose which image in the CAT dataset stored inside the test 

device to be rendered.   

 

 
Figure 36 - Displaying CAT images of human pelvis on test subject 

4. Application design summary  

As presented in this chapter, the developed application can now detect the 

registered markers and rendered CAT images and 3D human anatomy model. 

However, the application is not perfect because it requires the marker to be attached at 

right place on the test subject and oriented in the right direction to position the CAT 

images and 3D models inside the body correctly.  
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CHAPTER 5                                                                            

CONCLUSION 

The purpose of this thesis is to develop an Augmented Reality system that can 

be used for medical purposes. Therefore, the Augmented Reality definition and its 

notable applications in real life were discussed in the first chapter. The study has 

shown what AR is and how it is changing our lives.  

With all that in mind, the AndAR framework was chosen to be the foundation 

of the application developed in this thesis. A study on its structure and how the ground 

work processing was done under the hood of the Java APIs of the framework and 

Android OS was made, which showed that AndAR provides the foundation needed to 

develop the application. 

The development, structure, and operation of this 3D medical Augmented 

Reality application was explained in chapter 4. It is relatively easy to see from the 

result of the testing phase that the application allows the user to view a 3D model of 

human bones and its related CAT scan rendered on markers attached to the body of 

test subjects, which satisfied the purpose of this thesis.  

The developed application, however, also have some limitations.  The marker 

and 3D model must be manually scaled. It also requires the markers to be attached at 

the correct place on the test subject and oriented to the right direction to render the 

CAT images and 3D models inside the body correctly. 

From the result of this thesis, future work might include the following tasks. 

Currently, the developed application only supports a small number of bones in 

comparison with 270 bones in a new born child and 206 bones in an adult human 

skeleton [32]. The next version of the application should support a new and larger 

system of markers and 3D models so that it can display the complete skeletons of both 

a new born child and an adult human. A new function should be added to ensure the 

scaling and orientation of markers and 3D anatomy models will fit individual patient 

body accurately. In addition, the new application should also guarantee that the bones 

can only be rendered if the markers are positioned at the correct locations.               
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The application developed in this thesis is based on the AndAR framework, 

and thus, it only supports Android OS. However, Windows and iOS also responsible 

for a large portion of the mobile market and are worth considering for the next phase 

of 3D Augmented Reality application development.  

Currently, the application only supports one type of 3D model file format. It 

also requires the CAT scan image to be converted from DICOM file format to a 

conventional image file format like .JPG or .PNG before loading to the application. 

Therefore, the next version of the application might consider support of DICOM 

datasets and more 3D file formats such as FDX, STL, 3DS, DAE, and DXF. 

Due to the limited performance of the test device, the captured and displayed 

video stream are set to the resolution of 240x160 pixels. For the next version, a higher 

resolution might be considered, which might require modification of the AndAR 

framework and ARToolkit libraries and a testing devices with higher processor 

performance.  
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APPENDIX A                                                                        

DEVELOPMENT ENVIRONMENT 

1. Android OS 

Android is a mobile operating system initially developed by Android Inc. and 

currently managed by Open Handset Alliance, a group of technology and mobile 

industry leaders including Google, Motorola, Intel, T-Mobile, Qualcomm, etc. 

Primarily designed for smartphones, Android now dominates the smartphone market 

with share of 82.8% (Q2, 2015) [27].  

The architecture of Android is described by Figure 37. 

 

 
Figure 37 - Architecture of Android [32] 

a. Linux kernel 

Android depends on the Linux kernel for memory management, hardware 

drivers, process management, security, network, and power management. The Linux 

kernel can be considered as an abstraction layer between the device hardware and the 

software stack components like libraries, run time and application. Since the kernel 

version of 2.6.5 was used on Android 1.0 [28] many different versions of Linux kernel 

have been used in Android. Figure 38 indicates that the test device in this thesis runs 

Android version 5.0.2, which is based on Linux kernel version 3.4.0+.  

Linux Kernel 
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Figure 38 – The test device in this thesis runs Android version 5.0.2, which is based on Linux kernel version 3.4.0+ 

b. Libraries 

The Linux kernel holds a collection of C/C++ libraries including System C 

library (lirc), media library, graphics library (including OpenGL for 2D and 3D 

graphic), Webkit library for web browser, surface manager library for display 

management, SSL library for Internet security, etc. However, these system libraries 

cannot be accessed directly, but instead must be reached through Android’s Java API.  

c. Android runtime 

Android Runtime is a runtime environment that entirely replaces the Dalvik 

virtual machine in Android 5.0 and later versions. Generally, Android Runtime is a 

virtual machine that will compile application bytecode to machine code during 

installation of applications. This approach is different from its predecessor, the Dalvik 

virtual machine, which translates application bytecode to machine code only when the 

applications were launched. 

d. Android framework 

The Android application framework consists of a set of Java classes that will 

be used to develop Android applications and provides the developer a gateway to 
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access device hardware, location information, background service, and other system 

resources. 

e. Applications layer 

Written in Java, the Application Layer is the layer upon which all Android 

applications build. Developers all around the world have created millions of apps from 

SMS messenger to Hotel booking on the Application Layer by using classes and 

system services provided by the Android Application framework.  

2. Development tools and software 

a. Eclipse ADT bundle  

This thesis uses the Eclipse Integrated Development Environment with Android 

Developer Tools (ADT) plugin installed (Figure 39) for developing applications.  

    

Figure 39 - Eclipse ADT bundle 

b. SketchUp 2015  

The 3D object used to display a CAT scan as an Augmented Reality object is 

custom made and exported to .OBJ file format with SketchUp 2015. The working 

environment of SketchUp 2015 is shown in Figure 40. 

 

Figure 40 - SketchUp 2015 


