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Abstract 

In this diploma work, a technique for digital reconstruction of 3D objects is 
presented. By using an ordinary digital camera, a turntable and a green 
screen a method of scanning objects and recreate them as digital 3D models 
is explained. This technique is based on deriving depth from images using 
stereo matching methods. When the depth of a scene is obtained, a volume 
corresponding to the scanned object can be reconstructed. This volume is 
later on textured with its original textures and presented as a digital 
reconstruction. Using only a sparse set of images, new and unique views of 
the object can be obtained.  



Abbreviations 

2D – Two dimensional 
3D – Three dimensional 
RGB – Red, green and blue color space 
Texel – Texture element 
VDTM – View dependent texture mapping 
 
 
 
 
 

Dictionary 

Correspondence – Pixel matching in stereopsis 
Disparity – Differences for describing depth 
Epipolar geometry – Measurement for stereopsis  
Plenoptic function – Mathematical function describing light 
Point cloud – A collection of points defining a volume in 3D space 
Stereopsis – Stereo vision 
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1 Introduction 

The interest for virtual reality and digital models of real 3D objects has 
increased substantially over the last few years. More and more commercial 
products use the advantage that the digital techniques are offering today. 
Also the availability of digital 3D objects is becoming more and more 
important in many areas, such as e-commerce and virtual visualization.  
 
Digital reconstruction of real 3D objects is a time-consuming process if 
done by hand. In many cases it might even be impossible to recreate an 
object in 3D with the exact shape and texture. Only a skilled 3D artist would 
be able to recreate an object with a realistic look and feeling.  
 
Range scanners, such as laser scanner, are today offering the availability to 
scan and recreate objects with good quality and resolution, but are on the 
other hand still very expensive, especially for home users or smaller 
companies. The alternative is to use another technique, which can produce 
enough good results at a much lower cost.  
 
The system presented in this diploma work uses an ordinary digital camera 
and a turntable to reconstruct the object of interest. The camera, which is 
mounted on a tripod, acquires images of the object at different rotation 
angles, and all images are then used to recreate a digital model of the object.  
 
This technique does not compare to laser scans regarding resolution of the 
reconstructed model, but does however create models of sufficient 
resolution depending on its purpose. The ease of use also makes it suitable 
for any user, regardless of any prior knowledge.  
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1.1 Background 
This diploma work was formed out of a project that ran in the spring 2004 in 
the course Image based rendering at Campus Norrköping. The goals for that 
project were to create a digital reconstruction of an arbitrary object with 
only two dimensional images as input. The project did not entirely meet 
these requirements, which gave me the opportunity to develop this project 
further.  
 
Even though many problems were encountered during the project, I wanted 
to examine the possibilities and limitations for this technique further. Is this 
technique usable for commercial interests, or is the quality not yet up to the 
demands required today? With some prior knowledge of this topic the goals 
for this diploma work was set. Noteworthy is that the first priority with 
these goals are to examine whether they are possible or not. If so, can they 
be implemented?  
 
• Given almost any arbitrary object, a digital reconstruction is to be made 

using basic and non-expensive equipment.  
 
• Present the reconstruction in a user-friendly environment, making it easy 

accessible for any person who wishes to interact with the model. 
 
• Make the reconstruction enough detailed and realistic to be used in 

commercial aspects. 
 
• Make the whole process automated, no manual adjustments along the 

way should be necessary. 
 
With these goals established this diploma work was set to five months. The 
first five weeks were spent reading scientific papers and other diploma 
works to get a good understanding of the related work done earlier. With 
most of the required theory in mind, the implementation phase begun. Along 
the way some alterations were made to match the predefined goals as close 
as possible. 

1.2 Thesis outline 
Relevant facts and related work previously done in this area are discussed in 
the following chapter. Concepts and different methods are brought up for 
better understanding. With the theory in mind, the implementation is 
presented along with limitations and constraints made for this diploma 
work. The last chapters contain results and conclusions drawn from this 
diploma work and also what to alter for possible future enhancements of this 
project.   
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2 Related work 

This diploma work is based on previous research done in the field of image-
based rendering. All the methods and techniques needed to accomplish this 
work will be explained in this chapter, so the reader will have the base 
knowledge required to understand the process explained further on. Only the 
techniques directly related to this work will be explained, since the area of 
computer vision is huge and cannot be presented in this report. Even though 
this diploma work is based on existing research, new enhancements and 
combinations will be presented here, rarely or not yet existing prior to this 
report. 

2.1 Stereo based systems 
When working with image-based rendering, one of the key issues is the 
estimation of depth. There are many ways in which depth can be derived 
from a scene, and stereo is one of them. Stereo based systems analyze two 
or more images taken from a scene and try to find matching regions or 
features in these images. When a match is found, the depth of that particular 
region can be established. Here the most commonly used systems are 
brought up and explained. 

2.1.1 Stereopsis 
By observing a scene from a one-eyed view, no certain conclusions can be 
made about the depth structure in the scene, because each light ray is 
independent of the others. To be able to perceive a 3D structure of a scene, 
two or more views are required. If a scene is observed by two cameras it is 
referred to as binocular stereopsis where the position of each point in the 
scene can be estimated by calculating the intersection of two rays. To fully 
understand the relationship between the two cameras, the epipolar geometry 
[1] must be explained. 
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Figure 1: Stereopsis 
 
C and C’ are the optical centers of the left and the right camera, both 
pointing at P. The line connecting the two cameras is referred to as the 
baseline, which along with the lines CP and C´P forms the epipolar plane. 
The epipolar plane intersects both left and right image plane which defines 
the epipolar lines, L and L´. Therefore the epipolar line L´ is the projection 
of CP and vice versa.  The points where the baseline and the epipolar lines 
are intersecting are called the epipoles, E and E’ and at the other end of the 
epipolar line lays the projected points U and U´. These points are defined by 
the intersection of the line between the camera and the point P and the 
image plane. Since the ray CP can be projected onto the epipolar line L´ the 
point U´, which relates to U, must lie on L´. Hence the region of where to 
look for correspondence is reduced from 2D to 1D. 

2.1.2 Canonical stereo 
One stereo setup which is very commonly used in matching procedures is 
the linear stereo setup called canonical stereo. In canonical stereo the 
epipolar lines are parallel to the image plane, leaving the optical axes C and 
C´ to be parallel to each other and orthogonal to the baseline.  

 
 

Figure 2: Canonical stereo setup 
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When we have a canonical stereo setup, the theory for finding 
correspondence between the two images is not too complicated. The theory 
can be explained as follows. [2] Two cameras observing the same scene are 
distanced from each other with the length 2h, assuming P(x,y,z) contains no 
occluded pixels. The projection in each image plane becomes Pl and Pr.  

P(x,y,z) 

Cr Cl 

f 

Pl Pr 
z hh

xr = 0xl = 0 x = 0
x  

Figure 3: Depth estimation using canonical stereo 
 
The z-axis represents the distance from the cameras, at which z = 0, and the 
x-axis represents the horizontal distance. The height of the coordinates, y, is 
not of any interest since the cameras are positioned at the same height. 
Therefore y is left out  in the following equations. The center of the x-axis is 
defined as the midpoint between the two cameras. Furthermore, each image 
has its own coordinate system, xl and xr, which for convenience is measured 
from the center of the respective images. This setup allows us to calculate 
the depth, z-value, of each pixel since P1 - C1 and C1 - P are the hypotenuses 
of similar right-angled triangles. The following equations can be formed.  
 

z
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f
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f
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Eliminating x will give: 
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hfz
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=
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This result shows us that Pr - Pl is the detected disparity between the images, 
which will lead to infinite value of z if the disparity is equal to zero.  
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2.1.3 General stereo 
The general stereo setup has rotated cameras with non-parallel optical axes.  
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Figure 4: General stereo setup 

 

In this stereo setup, the coordinate system in the left image can be converted 
into the right coordinate system using a translation matrix t between the 
optical centers, where the coordinate systems are rotated with the rotation 
matrix R. If C and C’ are the optical centers and K, K’ are the camera 
calibration matrices, the relationship between U and U’ can be described by 
the Longuet-Higgins [3] equation. 
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Although this approach is more complicated and requires much more 
calculations than the canonical setup, it is mainly preferred in computer 
vision when searching for correspondence.[4] Mostly for the ability of 
higher control of the cameras. It allows more freedom when choosing the 
viewpoint from where the images should be acquired.  
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2.1.4 Rectification 
Today, most depth generating algorithms require image pairs that are 
perfectly aligned to each other, meaning the epipolar lines must be parallel 
or the algorithms will fail. This is because the search for corresponding 
pixels is performed along the x-axis and the y dimension is not considered. 
It also reduces the time needed for the matching algorithm. That is why an 
image pair captured with the general stereo setup will not comply with the 
algorithm. If the camera rotations are relatively small the distortion may not 
be crucial, but for larger distortions one or both of the images needs to be 
rectified. [5]  
 
 

 

P

C´

C

 
Figure 5: Image rectification 

 
 
 

Rectification of an image will distort or skew the image so the epipolar lines 
in both images become horizontal and parallel to each other. It selects 
certain features or lines in both images and distorts the images so these lines 
become parallel. Image rectification can be viewed as the process of 
transforming the epipolar geometry into canonical form.    

2.1.5 Stereo algorithms 
The different techniques for recording stereo have now been introduced, but 
that is only the first part of the whole stereo process. The next step is to 
compare the left and right image and to search for correspondence between 
the two images. The matching algorithms in the following section do not 
reflect on which stereo setup used, only how they are designed to find the 
best correspondence.  
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Most of the stereo algorithms out today can roughly be divided up into two 
categories. [6] The first of these is correlation-based or intensity-based. In 
this category we have area-based stereo which uses the intensity of the 
pixels to find a close match. This method uses a predefined search grid and 
measures the intensity of the pixels, inside that grid. The algorithm will then 
search for matching pixel areas in the other image. The area with the least 
difference in pixel intensity will be marked as the closest match. When 
using area-based stereo, several problems may occur. The main issue is how 
to deal with shadows that may appear in the image. Since the images are 
taken from different views the shadows changes slightly between the two 
images which complicates the matching process. A fully diffuse lighting 
setup simplifies this problem, but is on the other hand not easy to achieve. 
 
The other category is the feature-based methods, such as edge-based stereo. 
These methods pre-process the images with filters to enhance certain 
features such as edges, corners, lines, curve segments etc. These features are 
used as reference points to derive the correspondence instead of the pixel 
intensity. This approach can handle shadows better than area-based but is on 
the other hand dependent on sharp clear edges and other features. If these 
features lie far apart from each other, then the algorithm will not find a good 
match and the resulting depth map will have too many errors.  
 
Another feature-based method is filter-based stereo [7], which convolves 
the input with linear filters. The filtering creates response vectors which 
describe the local structure and these response vectors are compared to 
establish the correspondence. Model-based stereo [8] is a bit different from 
these methods in the way that is uses an approximate model of the scene, 
and measures how much it deviates from the actual scene. Of course, there 
are hybrids available of these methods trying to combine them and uses the 
advantages of each method to enhance the results further. 
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2.1.6 Matching constraints 
Even if the matching algorithm is decided, there are several constraints [6] 
which can be applied in order to minimize the number of false matches.  
 

• Similarity For the intensity-based approach, the matching pixels 
must have similar intensity value, i.e. a threshold value is used to 
separate the true matches from the false matches. For the feature-
based approach, the matching features must have similar 
attribute values, e.g. line width, circle radius etc.    

 
• Uniqueness A given pixel or feature from one image have 

exactly one matching pixel or feature in the other image.  
 
• Continuity Continuity suggests that the depth vary smoothly 

across a surface, giving room for no discontinuities.  
 
• Ordering If two corresponding points are found, '  and mm ↔

'nn ↔  and m is to the left of n, then m’ also must lie to the left 
n’.  

 
• Epipolar Any given point m in the left image must have a point 

in the right image which lie on the corresponding epipolar line. 
 
• Relaxation Each candidate has a probability value assigned to it 

based on some “best match” criteria. Probabilities under a certain 
threshold are deleted, and the probability values can be increased 
by looking at neighbouring values to see if the candidate lies in 
the right area. The candidate with the best probability value is 
chosen as the best match.  

 

 
 9 



2.2 Range sensing 
All depth estimation systems can be divided into two groups, active and 
passive systems. Stereo bases systems belong to the passive systems, while 
the active systems, emits energy to enhance the geometry structure or 
improve the depth estimation process. Active systems usually perform better 
than stereo systems. 

2.2.1 Structured light 
The difference between stereo and structured light is that one of the cameras 
is replaced by a light source and illuminates the scene with a light pattern of 
high contrast. Often a normal projector is used, but laser and infrared light is 
also occurring. The pattern that is projected on the scene is captured by a 
camera and by triangulation the depth in the scene can be calculated. This is 
done by measuring how much the projected pattern diverges from the 
original pattern. This method is far more accurate than the stereo algorithms 
since structured light does not deal with the correspondence problem. Below 
structured light is illustrated in research by Szeliski et al. [23] 
 

 
 

Figure 6: Structured light By projecting different patterns, the scene structure can easier 
be estimated.  
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2.2.2 Active sensing 
Active sensing uses laser, radar or sonar to send out a signal and measures 
the time it takes for it to bounce back to its source. Active sensing is even 
more accurate than structured light, but it comes at the cost of price. Laser 
scanners out in the market today can perform scans with resolutions less 
than one millimeter. [9] Different phases are also often used to receive more 
accurate data from the scanning, which makes laser scanning one of the 
most accurate systems available today. [10] 

2.3 Silhouette extraction 
Silhouettes are frequently used when the foreground is separated from the 
background. The problem to overcome is to identify and segment out the 
background. The most common technique in this area is to use a single 
colored background and then remove that color from the scene with by 
threshold methods. The choice of color depends on the color of the object. 
The most common colors used are red, blue and green, [17] but they all 
have the same basic idea. Often blue color is used when human skin color is 
present, since that color is a blend between red and green. Otherwise green 
is just as good as background color. The main issue of color choice is to 
choose a different background than what is represented in the object you 
want to extract. 

2.4 Volume reconstruction 
There are several ways in which an object reconstruction can be made, and 
in image based rendering new and unique ways of representing objects are 
often presented. Geometric models can be built to represent simple, static 
objects without any motion. Volumetric representations could be used when 
dynamic scenes are to be represented, and sometimes even the plenoptic 
function [11] is used to derive or estimate the shape of an object.  

2.4.1 Geometric representation 
The technique which maybe is used the most is the geometric 
representation. One way is to use the photographs of the object to rebuild 
the geometry in 3D space and then attaches the photographs to it, making it 
look more realistic.  As mentioned, this technique is suitable for static 
objects, and the benefits are the low amount of input images to understand 
the geometry of the scene. Today, many commercial products use this type 
of image-based rendering [12,13] and the original idea was developed by 
Debevec in [8]. Another way of reconstructing the shape of the object is to 
use volume sculpting. [19] It is a technique which aims at carving out the 
object from a larger volume with the information from silhouettes and depth 
values. This is also often used together with the marching cubes algorithm 
[20] to create a surface to the volume 
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2.4.2 Volumetric representation 
The volumetric representation is a bit similar to the geometric. Volumetric 
representation derives the volume data by using input from multiple 
cameras and calculates the intersection of rays. Nearly all form of dynamic 
image-based content uses some sort of volumetric representation. One of the 
most powerful methods for representing dynamic scenes is the Image-based 
Visual Hull system developed by Matusik et al. [14] It is a system 
consisting of several cameras filming an arbitrary dynamic object, e.g. a 
person moving around. For every image, rays are cast into 3D space and 
calculated where they intersect with rays from other views. All intersection 
points together define the visual hull of the object, and the visual hull here 
defines as the largest hull of an object. The number of cameras determines 
the shape and quality of the visual hull.  

2.5 Texturing 
Once the object shape is constructed, it still needs colors or images attached 
to it to make the object appearance as realistic as possible. The problem left 
to overcome is how to put the object, the images and possible a depth map 
together to form a realistic 3D illustration. There are several ways in which 
this can be achieved, some more efficient than others depending on the 
purpose.  

2.5.1 View dependant texture mapping 
VDTM was developed by Debevec et al. [15] and it is a simple yet efficient 
and powerful method for texturing objects. This method requires a model 
and photographs taken from different views of the object. Depending on 
where the viewer is looking, the image taken closest to this view is selected 
as the most appropriate and projected onto the surface. If no individual 
image is sufficient for an acceptable output, VDTM can blend several 
images together to create the best-weighted view for the observer. VDTM is 
also fast enough to be executed in real-time. Now, this method is quite 
conventional in the sense that it requires some kind of geometry to project 
the images on. But a complex geometry is not always needed.  
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2.5.2 Relief texturing 
Relief texturing was developed by Oliviera et al. [16] with the intent to offer 
alternative control over texture mapping. Relief texture mapping has much 
focus on the bump mapping and its features. Normal bump mapping 
simulates depth by adding shadows and highlights in a texture. This works 
fine as long as the surface is viewed from an orthogonal angle, but when a 
flat surface with bump mapping is rotated near 90 degrees the illusion of 
depth vanishes. The advantage that relief texturing offers is that it actually 
uses real depth instead of trying to simulate it. For every pixel value of the 
texture, a depth value is stored. Therefore, both the texture and the depth 
map, called the relief, are used to reconstruct the original object. Relief 
texturing uses low resolution geometry and projects the texture onto this 
geometry. The depth map tells the algorithm how deep in the 3D space the 
texel should be projected. A depth value of zero means the texel is mapped 
on the surface, if it is larger or smaller it is mapped in front or behind. This 
method minimizes the amount of polygons required to represent an object. 
In theory, almost any solid object could be represented with only six 
polygons, each pointing at different directions.  
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3 Implementation 

Even though enough material had been read, the main question with the 
implementation part was, will the theory match the practice? This chapter 
explains the process, from equipment to depth approximation, volume 
reconstruction, texturing and final results.  

3.1 Workflow 
Here an overview of the implementation is presented, showing all the 
necessary steps in the process.  
 
 
 
 
 
 
 
 

Acquire 
stereo images 

Create 
silhouettes 

Approximate 
depth 

Reconstruct 
volume 

Apply textures Present the result 
in VRML 

Remove errors 
and noise 

Figure 7: Workflow 

3.2 Equipment 
Due to the lack of funding, the equipment used for this diploma work is 
either borrowed or relatively cheap. The images were acquired in a studio 
similar environment using two direct light sources as the lighting setup. A 
green screen [17] were used as the background environment.  
 

 
 

Figure 8: Scene setup 
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When capturing stereo images the captured object has to remain completely 
still, or the matching process will not be easy or even viable. The stereo 
matching algorithm requires two images, each from a slightly different view 
than the other. Depending on the algorithm these images should be taken 
about 5-10 degrees apart to detect disparities in the image. There are several 
methods in which this could be done. Either you could use multiple 
cameras, at least two, capturing the stereo images from different views at 
the same time. Another way is to use only one camera and move it to 
different positions, in order to capture the stereo images. For my system, I 
have used a rotating turntable. The object itself is rotated leaving the camera 
at the same position, which minimizes the chances of unwanted movement 
of the object or the camera. Using a turntable is also very convenient, since I 
need stereo images from four different directions. 
 
Other equipment used is a Canon EOS 10D digital camera for capturing the 
images and all the algorithms are implemented in Matlab.  

3.3 Depth approximation 
The depth approximation algorithm is carried out in several steps. First, the 
background must be separated from the foreground, and a silhouette of the 
object is created. The silhouette defines which areas of the images where the 
matching process should be carried out. Then the matching process is begun 
calculating disparity values for each pixel. During the pixel matching, errors 
or false matches might occur, which have to be corrected. This is done in 
the last step, where an interpolation algorithm defines new values for 
incorrect depth values.    

3.3.1 Foreground extraction 
To be able to extract the foreground, a green screen is used. With a bright 
green color it is easy to separate the foreground from the background, as 
long as there is no bright green color present in the actual object. Since the 
images are represented in the RGB color space and the background consists 
of only one color, the red and the blue color channels will have very little or 
no color information in the areas surrounding our object. Therefore the 
following equation will extract the background assuming the color space is 
normalized (0 <= R, G, B <=1). 
 
Mask = (green channel - blue channel - red channel) 
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The mask will then consist of bright values which represent the background, 
and dark values which represent the foreground. A threshold value is then 
decided and all the values beneath this threshold are set to zero and all the 
values above is set to one. The mask will then contain of black and white 
areas, where black is the foreground and white is the background. For 
convenience the mask is inverted so white represents foreground and black 
represents background.  
 
This mask is multiplied with the original image to obtain an image where 
only the foreground is represented. The background is black.  
 

 
 

Figure 9:  Foreground extraction 
 

3.3.2 Disparity calculation 
In my system I have decided to use area-based correlation, since I wanted to 
evaluate its performance and it seemed to be the best solution for my 
diploma work. In general area-based correlation a search box of predefined 
size is used to match similarities. Many adjustments can be made to improve 
this technique further. My system uses a search box of varying sizes. A 
small search box will produce matches with little difference in intensity. 
The drawback of using small search boxes is the high error probability. Due 
to shadows, wrong pixel areas could be marked as the right match. If the 
search box is too large the chance of finding the right match decreases due 
to the perspective, especially at the sides of an object.  
 
Therefore my system uses large search boxes and iterates the matching 
process, changing the search box size after each iteration. Large search 
boxes will produce good matches on continuous and flat surfaces and 
smaller search boxes produces good match results at discontinuous or 
bumpy surfaces. The first search looks at the whole image. The following 
searches only search for matches in those areas where the previous search 
process could not find an acceptable match.  
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As mentioned the searching process is an iterative process, scanning the 
image from left to right, top to bottom. At each pixel the predefined search 
box surrounding the pixel takes the intensity values of all pixel values inside 
the search box and calculates the SAD (Sum of Absolute Difference) value. 
[18] 
 

),(_),(_ yximagerightyximageleftSAD −=  
 
This value is used to establish where the closest match occurs. The closer 
the match is the smaller the difference is. Also a search region must be 
established because there is no point search for matching pixels far away 
from the current region. Depending on the size of the image and the 
displacement of the object between the two images the search region is 
decided. The search is mainly performed in the x-direction since our object 
only is rotated in the z-axis and therefore displacements only should occur 
along the x-axis. But the camera perspective distorts the image slightly, and 
to compensate the search is also carried out in the pixel rows above and 
below the current row. Also, the camera is positioned far away from the 
object and uses a large zoom to avoid perspective as much as possible. To 
derive a depth value from our image, the displacement between the 
matching pixel positions is used. A region, k pixels wide, is defined and the 
search for matching areas is carried out within that region. A depth map, 
d(x,y), is created and saves the k value for where the best match was found. 
The method for finding the best match is carried out according to the 
similarity method described in 3.1.6. Other methods were evaluated but this 
proved to generate the best results. 
 
 
 
 

kyxd =),( 
 
 
Figure 10: Disparity value The k value defines the disparity between the two images. 
 
 
If a matching region is found to the left, a low k-value is inserted at the 
current pixel position in the depth map d(x,y). A high k-value is inserted if 
the closest match is to the right. Object surfaces close to the camera will 
move to the left in the image, and object surfaces at the back of the object 
will move to the right. Therefore, low k-values will indicate a surface being 
close and high k-values means the surface is farther away. These values are 
then rescaled to lie between 0 and 1 for easier understanding and 
calculation. This matching process is carried out for every pixel in the stereo 
image pair, defining a depth value for every pixel.  
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In some cases the matching algorithm will produce mismatches due to the 
lighting conditions. Occasionally the algorithm find better SAD values at 
wrong pixel position and will then take this as the best match. To avoid this 
problem, my algorithm first analyzes the image and calculates a mean SAD 
value for the main part of the image and uses this value as a threshold to sort 
out erroneous values. SAD values larger than the threshold value are 
marked as unmatched and when the matching process is over, it will start 
again with a smaller search box. The same matching process is iterated three 
times with three different sizes for the search box to avoid matching errors 
to the fullest extent. 
 

 
 

Figure 11: Depth maps Depth maps as seen from front, right, back and left view 

3.3.3 Noise and error reduction 
The outcome of the matching algorithm will be a depth map. Possibly with 
some unmatched pixels which either did not have a corresponding area 
because it was not visible in both images or the SAD values were too high 
to count as a corresponding area. In this case the unmatched pixels have to 
be interpolated in order to receive a depth map with no errors. For every 
unmatched pixel, the interpolation process looks at surrounding pixel 
intensity and determines the new pixel value, based on its neighboring 
pixels. Pixels close to the current pixel are considered more than pixels 
lying farther away. Although the interpolated pixel values are not the 
mathematically correct depth value, they are much better than erroneous 
values which often have large variations in intensity compared to its 
neighbors. These large variations could be very destructive to the final 
model, why it is preferred to interpolate these values instead of using the 
wrong values from the matching process.  
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3.4 Volume reconstruction 
To be able to reconstruct the volume of the object, four depth maps are 
required. Depth maps from front, back, left and right views are considered 
to capture the detail of the object as much as possible. These depth maps 
will be used to carve out the object similar to the technique volume 
sculpting. [19] Visual hull is not appropriate in this diploma work, due to its 
complexity and most of all it is more suited for dynamic scenes. A volume 
containing only ones is created with the same size and proportions as our 
depth maps. Since the depth maps are grayscale images representing the 
depth, these grayscale values can be used to carve out our object from the 
initial volume. Each depth map is used to carve in the volume from its 
designated view, i.e. the front depth map is used to carve in the volume from 
the front and so forth. In the volume carving process the depth and the width 
of the object is used to decide where the volume carving is to begin. When a 
depth map is processed the volume carving algorithm determines the closest 
depth point in the image by looking at the object silhouette from a 
perpendicular view. 
 

 
 
Figure 12: Depth boundaries The brightest pixel value in the front depth map corresponds 
to the left most white pixel in the right silhouette. 
 
When the closest depth is established the carving method is begun. The 
carving is carried out by replacing the initial values in the volume with 
values of zero. Hence, the outcome will be a 3D matrix containing the 
values 0 and 1, where 0 means no volume, or empty space, and 1 meaning 
the object is represented at that point. The algorithm processes every pixel 
in the image and determines how far into the volume it should carve 
depending on the pixel value. The pixel values in the depth map are ranging 
from 0 to 1 where 0 corresponds to the back of the volume and 1 
corresponds to the front of the volume. By looking at the pixel value, the 
carving is performed to different depths depending on the intensity of the 
pixel.  
 
Since all images are photographed at the same distance from the centre of 
the object, all depth maps can be automatically fit together without any 
rescaling or retouching of the depth map. When the volume carving of the 
first depth map is completed, the next depth map in order is processed and 
the whole carving process is executed again.  
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Earlier I mentioned the importance of having depth maps with no or 
minimum errors in it. It is especially important that there exists no depth 
values with smaller depth value than what is correct. Too low depth values 
will give rise to incorrect holes or concavities in the volume, which could be 
very destructive for the final output. Larger values may not inflict errors to 
the final output since these values will create unwanted spikes or 
convexities which could be removed by depth maps from other view. Holes, 
on the other hand, will not be filled.  
 
When all the depth maps have been processed the remaining volume will 
consist of values, what is similar to a point cloud, describing where the 
object is represented and where it is not. To be able to see the object that all 
these values represent, the marching cubes algorithm is used. [20] For 
convenience the built in isosurface function in Matlab were used for this 
diploma work. This function has the marching cubes algorithm already 
implemented and is fast and easy to use. The output of the isosurface 
function is a surface patch wrapped around our point cloud, which gives it a 
three dimensional look and feel. The volume itself has now been 
reconstructed using the depth maps as the only input.  
 

 
 

Figure 13: Reconstructed volume Without textures the volume is not so easy to 
recognize. 
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3.5 Model texturing 
VDTM [17] would be the best choice for texturing our object. Relief 
texturing is also a good alternative but it does not comply with the file 
format intended to use for the output. VDTM would provide highly accurate 
texturing, if enough textures from different views are used. However, to 
implement this method is almost a diploma work in itself, so a slightly 
different texturing method was used in this system. The fundamental theory 
is the yet the same. The volume created from the volume carving consists of 
small faces connected to each other, each having three vertices, defining the 
face coordinates. Each face in the volume is textured with color from the 
texture image closest to the face and pointing towards it.  But before the 
actual texturing is begun, a viewing angle is defined. This angle is used as a 
reference when to establish how a face is oriented in our 3D space. Each 
face has a normal vector defining its orientation and by comparing the face 
normal with the viewing angle, every face is assigned to its proper texture 
image. With the face coordinates known, the texture coordinates can be 
calculated. These coordinates define which part of the image that belong to 
a certain face. The texture coordinates are calculated by looking at the 
boundaries of the volume and compare these boundaries with the silhouette 
of the object in the texture images. The x, y and z values of each face define 
which x and y values this correspond to in the texture image. Thereby a 
connection can be made between the face coordinates, the texture 
coordinates and which texture to use at which face.  
 
Matlab allows the user to extract the face and vertice coordinates and the 
normals for each vertice directly from the volume, using predefined 
functions, which simplifies the texturing process.  

3.6 Output 
To be able to present the results in a user friendly environment, the VRML 
format was chosen. VRML is a simple, yet powerful programming language 
mainly intended for graphical presentations using the internet and web 
browsers as presentation tool. The only software needed to view VRML is a 
plug-in installed in the web browser. VRML uses a scene graph [21] to 
define all the nodes and shapes within the VRML world.  
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There is no conversion tool in Matlab which allows the volume in Matlab to 
be saved as a VRML object, therefore an algorithm which creates VRML 
object from the Matlab data had to be created. As mentioned, Matlab 
exports the face and vertice data needed for the VRML objects. The only 
thing missing is the texture coordinates which had to be generated using the 
above data. The volume in Matlab is divided into four groups, one for each 
texture image, so all faces in one group are assigned to the same texture.  
 
Each group is treated as a separate node with its own individual shape and 
coordinates in the VRML scene graph. When the VRML code is generated 
each group is processed separately. For every texture, the coordinates of the 
faces assigned to it are inserted in the VRML document, along with the 
texture coordinates and the connections rules linking these coordinates 
together. The output of this approach is a VRML document containing four 
nodes, defined as four different shapes, where each shape corresponds to the 
faces seen from the assigned texture. So even though it is four shapes in the 
document they will appear as a single solid object since the shapes are 
perfectly aligned to each other leaving no visual seams or holes. 
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4 Results 

Several objects have been tested with the technique described in this 
diploma work, with varying results. In general, objects with large single 
colored surfaces or surfaces with high specularity are hard to reconstruct. 
The matching algorithm will then not be able to determine the correct 
corresponding pixels which results in a depth map with too many false 
matches and errors. Not too complicated objects have on the other hand 
proven to generate quite good results. In this section some of the results 
obtained are presented. But since the output is supposed to be viewed in a 
3D environment, ordinary images like these will not do the result any 
justice. I advice the reader to view the VRML output, as the 3D experience 
is both interactive and more interesting. 
 

 
 

Figure 14: Depth map results 
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Figure 15: Results New and unique views can now be rendered from any viewing angle. 
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5 Conclusions and future work 

A method for digital reconstruction of 3D objects has been presented. This 
technique is based on previous research, but has been altered and changed in 
different ways to fit this particular solution as good as possible. Sadly, due 
to the limited time and a narrow budget some simplifications had to be 
made. 
 

• Only one camera was available during this diploma work. The 
preferred setup would be to use two cameras, one for each stereo 
view. 

 
• Images acquired from above and beneath the object could not be 

implemented. Some kind of camera rig or mirrors would solve this 
problem, but time and effort could not be spared to elaborate this 
technique further.  

 
• A fully automated process could not be achieved. The original idea 

was to control the turntable and the camera from the computer 
without having to do any manual adjustments during the whole 
process. Unfortunately there was no time to implement this feature.  

 
• The capture environment had to be setup in an ordinary classroom 

with colored paper and cheap green fabric as single colored 
background. Also the lighting setup in the classroom was not fully 
controllable either.  

 
• Matlab is a powerful tool for all kinds of mathematical calculations. 

Unfortunately it is not optimized for graphics programming which 
was one of the main restrictions for this diploma work.  

 
The disadvantages discovered along the way are among others the 
correspondence problem. Often manual adjustments had to be made to 
receive a good output for a particular object. A general solution was hard to 
come up with. The advantages on the other hand are the cheapness of the 
system, and if the right stereo algorithm is chosen for the right object, very 
good results could be obtained.  
 
There are a wide range of areas in which this type of application could be 
used. Game and film industry, digital archiving, 3D product catalogues just 
to mention a few.  
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To make this system more stable and for general use, lighting conditions 
must be more controllable. Too many appearing shadows are not acceptable. 
Perspective has been another problem, since the volume carving method 
assumes parallel rays and does not take into account the fact that a camera 
uses non-parallel rays. This problem can however be solved by using conoid 
volume carving. [22] For this diploma work I have chosen to minimize this 
problem by placing the camera further away and zoom in on the object 
which gives me nearly parallel rays. The selection of software has also been 
one of the main restrictions. Even though Matlab is, as mentioned, a reliable 
tool for almost any calculation, this technique would benefit a great deal of 
using another language, preferable C++ or C#, which are much faster when 
handling graphic programming. Implementing this in a faster language 
would decrease the time needed for processing the images by far, depending 
on the cpu power available. Today there are even some algorithms which 
can perform the matching process almost in real-time, and as the 
computational power in computers increase, this technique will hopefully be 
used in a wider range of applications in the future.  
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