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Abstract 
This report is a description of a Master’s Degree Project with the aim to create a “Shape from 
silhouette scanner” that analyzes images of a real object in order to create a 3D model of it. 
 
To be able to generate a digital 3D model of a real object by using photos of it, the relationship 
between the photos and the scene need to be known and this can be found by making a camera 
calibration. The calibration gives the parameters for the specific camera configuration and the 
method used in this Shape from silhouette scanner is an extension of a method developed by Intel 
[11]. 
 
The object is placed on the turntable and multiple photos are acquired from viewpoints around it by 
rotating the table. In each of these photos the object is separated from the background by using a 
method where the pixels in the object photos are compared with the corresponding pixels in an 
image of the background without the object. The separation is then performed with a special 
approach in which the Euclidean distance between the colors of these pixels is calculated. If there is 
a big distance between the two pixels it implies that the examined pixel belongs to the object. The 
line separating these object pixels from the background pixels represents the object silhouette. This 
line is found by using a 2D version of the well-known Marching Cubes algorithm [10], called 
Marching squares.  
 
From the 2D information of the silhouettes a 3D cone-shaped volume that originates from the 
camera point and tangents the silhouette can be created in the scene space. Since this volume is 
based on the silhouette it holds no information about the complete shape of the object or the depth 
in space where the object is positioned. By using photos from many viewpoints around the object, 
several cone-shaped volumes can be created. If these volumes are intersected in 3D space a volume 
that is shared between them all can be found and it defines an approximation of the original object. 
The volumes in this Shape from silhouette scanner are represented by using a special method, the 
Marching Intersections data structure [1]. In this data structure the volumes are implicitly described 
as their intersections with a user-defined grid system. This data structure gives a very compact and 
effective description of the volume but more important in this scanner application is the simplicity 
of performing the intersection calculations.  
 
A Shape from silhouette method cannot find the objects’ concavities from the silhouettes so this 
scanner gives a model that is the visual hull of the real object. This disadvantage is compensated by 
the fact that for many object shapes this limitation is not a problem and that a scanner like this is 
relatively cheap. A Shape from silhouette scanner like this it a very good tool for visualizing simple 
convex objects without spending a lot of money. Some possible applications areas are within art for 
visualizing objects like statues and vases for a virtual museum and within e-commerce for 
visualizing products for marketing purpose. 
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1. Background 
This report is a description of a Master’s Degree Project that has been performed during the autumn 
of 2001 at the Italian National Research Council (CNR) in Pisa, Italy. The project work has been 
done within the Visual Computing Group (VCG), IEI, CNR, and is the final step within a Master of 
Science Program in Media Technology and Engineering at the University of Linköping, Sweden.  
 
The task we got was to create a complete Shape from silhouette scanner with all the different 
necessary steps. The steps are: doing a camera calibration, taking the input photos of the object, 
extracting the silhouette from the images, creating volumes from the silhouettes, representing these 
volumes in an innovative way and intersecting them in order to get the final volume that represents 
the object. Other Shape from silhouette scanners have been developed before [3, 4, 7], but the very 
special thing with this scanner that no one had done before was the volume representation with 
means of the Marching Intersections (MI) data struc ture [1]. The big advantage of using the MI data 
structure is that the difficult problem of calculating logical operations on surfaces is simplified.   
 
The software was supposed to be written in C++ and for our help we had a set of different libraries 
(developed in C++). One of the libraries was the VCG library that consists of functions for different 
graphical representations and operations. The algorithm for the Marching Intersections data 
structure is a part of this library. Furthermore we had a calibration library developed by Intel for 
doing the camera calibration. In the image acquisition step we had a library from Kodak to 
automatically control the digital camera and some functions developed by VCG to control the 
turntable. To be able to visualize the final result we had a tool called PlyView that is a VCG 
developed program for volume visualization. The available hardware for creating the scanner was a 
digital Kodak camera, a camera tripod and a turntable. 
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2. Introduction 
The availability of digital models of real 3D objects is becoming more and more important in many 
different applications (e-commerce, virtual visits etc). 
 
Very often the objects to be represented cannot be modeled by means of the classical 3D modeling 
tools because of their geometrical complexity or color texture. In these cases, devices for the 
automatic acquisition of the shape and the color of the objects (3D scanners or range scanners) have 
to be used. 
 
Many range scanners have been designed and built in the last few years and there is now a wide 
spectrum of possible choices: contact or non-contact range scanners, optical or non-optical, 
destructive or non-destructive. Optical range scanners, the scanners based on the acquisition of 
images of the object, can be classified in two large classes: active devices and passive devices. 
Within the active devices, the images of the object are taken after a light or a grid has been 
projected to the object itself, an example of this is laser range scanners. Passive devices are for 
example scanners based only on the acquisition of images of the object. 
 
The scanner presented in this work, a Shape from silhouette scanner, belongs to the class of passive 
devices. It is very cheap (it is based on the use of a simple digital camera and a turntable) and easy 
to use. While maintaining the camera on a tripod and the object on the turntable, the user acquires 
images with different rotation angles of the table. The fusion of all the acquired views enables the 
production of a digital 3D representation of the object.  
 
Shape from silhouette methods do not return an exact representation of the object. As will be seen 
later in this report these methods cannot capture small concavities of the object: this is due to the 
fact that the methods are based only on the silhouette (the line separating the object from the 
background) taken from multiple viewpoints. However, the acquired digital model, together with 
the color/texture information, can be efficiently used in a lot of different applications. 
 
The methods of creating shapes from silhouettes are not new and we will briefly recall the state of 
the art in this field. With respect to the existing algorithms, this Shape from Silhouette scanner 
presented here is faster in the surface construction step than previous ones and it is more precise. 
 
Existing Shape from silhouette scanners operate in an indirect way [3, 4, 7]. They subdivide the 
object definition space in a regular 3D grid and verify that a voxel belongs to the object by verifying 
that its 2D projection falls inside the silhouette of the corresponding image. 
 
Our scanner adopts a direct method: thanks to the use of a new 3D representation scheme and 
algorithm, the Marching Intersections data structure, we directly intersect all the 3D cono ids 
obtained by the silhouettes extracted from the images.  
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3. Workflow 
The Shape from silhouette scanner presented in this work uses photos of a real object to create a 3D 
model. The system consists of a stationary digital camera and a turntable (Figure 1).  

 
Figure 1: Equipment used for the Shape from silhouette scanner: digital camera on a tripod, 
turntable and object. 
 
A computer is used to control both the rotation of the turntable and the functions of the camera 
(section 3.1 Image Acquisition). To take images of the object, it is placed on the turntable and 
photos are taken from different views. For a complete image acquisition of the object, the turntable 
rotates a specific pre-defined angle and one photo is taken for every angle until one turn (360 
degrees) is completed. 
 
To be able to create a model of an object both photos of the real object and the camera parameters 
for that specific camera configuration are needed. The camera parameters describe the relationship 
between a photo and the real scene in which the actual object is placed. By doing a calibration of 
the system, also called camera calibration (section 3.2 Camera Calibration), the parameters that 
describe these relationships can be obtained. This Shape from silhouette scanner uses an extended 
version of a camera calibration method developed by Intel [11]. The Intel calibration uses a set of 
different photos taken of a chessboard pattern to find the camera parameters. The unique extension 
in this algorithm is to place the chessboard on a turntable and for different rotation angles of the 
table take photos of the pattern. The reason for placing the chessboard on the turntable, and not in 
arbitrary positions, is to be able to locate the center of rotation (rotation axis of turntable). This will 
later be used to define the origin of the world coordinate system and to express the camera position 
and orientation in the world reference system. The camera parameters (found by the ordinary 
method of Intel) together with the camera position and orientation (found by the additional 
extension) will later be used to express points in different reference systems such as the image 
coordinate system, the camera coordinate system and the world coordinate system. 
 
When all pictures of the object are acquired the silhouettes (the outer boundaries) of the object are 
extracted from these different images (section 3.3 Silhouette Extraction). A photo of the object is 
compared with a photo of the background and for every pixel the difference between the color 
values in the two images is calculated. Depending on how big this difference is for a particular pixel 
it is possible to decide if it belongs to the object or to the background. The silhouette is then defined 
as line segments in the border between the object and the background pixels. 
 
Next step in the algorithm is to use the silhouettes together with the camera parameters to build a 
model of the object (section 3.4 Model Reconstruction). When a silhouette is extracted from a photo 
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and the corresponding camera position is known, it is possible to create a cone-shaped volume. This 
volume originates from the camera and its edge tangents the silhouette in the image. By defining a 
near plane and a far plane this volume can be truncated (Figure 2).  

 
Figure 2: The truncated cone-shaped volume that is created from the silhouette and used for model 
reconstruction. 
 
The only thing that is known for sure is that the object is somewhere in this volume but since the 
information from the image is just two-dimensional it is impossible to know at what depth. By 
creating one cone-shaped volume for each silhouette, information about the depth can be revealed. 
This is done by performing a logical intersection (Boolean AND operator) between all the volumes 
and the resulting volume represents the final model of the object. Logical operations on surfaces are 
very hard to calculate. To simplify these operations the volumes are represented in data structures as 
their intersections with a user defined grid system (the Marching Intersections data structure, MI) 
[1]. This implies that the logical operations reduce in complexity since they are computed on linear 
intervals instead of on surfaces. When these logical intersections between data structures of the 
different cone-shaped volumes are done, the depth of the object in the scene can be found. The data 
structure of the resulting intersection volume represents the final model and the last step is to 
generate the surface that describes this model of the original object. 
 
Figure 3 below illustrates the workflow for the Shape from silhouette scanner described in this 
report. The first step is to take photos of the object and to extract the object silhouettes in these 
images. These silhouettes together with the result from the camera calibration are used to build up 
the 3D model of the original object.  
 

Figure 3: Overall organization of the workflow and division into the different report sections. 
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3.1.  Image acquisition  
The image acquisition can be divided in two parts; taking the chessboard pattern photos that will be 
used in the camera calibration (section 3.2) and taking the real object photos that will be used to 
create the silhouettes (section 3.3). These silhouettes of the object will later be used to create the 
final 3D model representing the object (section 3.4). To take photos, the item (chessboard or real 
object) is placed on the turntable and photos are taken of it from different viewpoints. A computer 
controls both the turntable and the camera: the turntable rotates a pre-determined angle every time 
and one photo is taken for every viewpoint. During both kinds of image acquisition the camera is 
stationary and the turntable is rotating. The camera functions that are controlled by the computer are 
the shutter lever and the exposure time. 

3.1.1. Rotating the turntable 
The turntable is rotated in controlled steps by the computer. The rotation angle, between every 
taken photo, depends on if chessboard or object photos are to be captured and on the wanted 
accuracy of the result.  

Chessboard photos 
During the chessboard capturing, first the chessboard pattern is put standing on the turntable (the 
reason for this will be explained in section 3.2). Then the turntable is rotated a user-specified angle 
and for each turn the camera takes a photo (Figure 4). The choice of angle depends on wanted 
accuracy for the calibration procedure. The minimum number of images needed is 3 (see section 3.2 
for further explanation) and the maximum number specified in this algorithm is 10 images. 
Regardless of how big the turning angle is between each photo, the process stops when the 
chessboard has done a total rotation of 90 degrees. The reason for just rotating the turntable 90 
degrees is that, in order to perform the camera calibration, the pattern of the chessboard must 
always be visible to the camera and the pattern should be as orthogonal to the view direction of the 
camera as possible.  

 
Figure 4: Rotation of the turntable during image acquisition for camera calibration. 

Object photos 
For image acquisition of the object, the camera is also situated on the tripod (and is not moved) and 
the turntable is turning. The aim is to have photos of the object from all viewpoints around it, like if 
the camera was moving around the object. There are some special reasons for using this 
configuration with a static camera and a turning object. The main reason is that the camera 
parameters (that are necessary for modeling the object) achieved from the camera calibration, are 
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unique for a special camera configuration and if the camera moves, even with a very small 
movement, these parameters will change. Another important reason is that it is practically easier to 
rotate the table instead of moving the camera in a circle around the object.  
 
The rotation angle of the turntable between the different photos of the object depends on how many 
images that are wanted. One turn (360 degrees) is then divided into equally big angles that decide 
how the turntable will rotate between each photo (Figure 5). The number of object images is of 
course directly connected to the desired accuracy of the final model. 

 
Figure 5: Rotations during photo acquisition of object. The index n is the number of photos taken of 
the object. It can also be thought of as different camera positions (as indexed beside the cameras in 
the figure). The angle which the turntable rotates between every photo, da = 360 degrees / n 

3.1.2. Controlling the camera 
Regardless if it is image acquisition for the chessboard images or the object images, the camera 
takes a photo every time the turntable has completed a rotation. In this Shape from silhouette 
scanner there are two different camera functions that are controlled by the computer, the shutter 
lever and the exposure time. 

Camera shutter lever 
If the photos would be taken manually it might cause the camera to move slightly and the images 
would be a bit distorted compared to each other. In the camera calibration procedure this could 
affect the accuracy of the resulting camera parameters.  
 
The problems, of having the camera moving due to manually pressing the shutter lever, are more 
obvious when photographing the object that is to be modeled. A photo of the background (the 
turntable and environment) is taken before the photos of the object on the turntable are taken. The 
reason for this is that the background image will later be used in the silhouette extraction to perform 
the separation of the object from the background (section 3.3.1). Every corresponding pair of pixels 
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in the two images is compared and if the camera has moved (even a very small movement) between 
the two photos this comparison will not be done between the correct pixels. The result is that some 
of the pixels can erroneously be indexed as part of the object or the background. This implies that it 
is important that all photos are taken from exactly the same camera position. 

Exposure time 
Another important aspect, in the comparison procedure between the background image and the 
object images, is the effect of the illumination conditions in the scene. If the background image and  
the object images are differently illuminated the colors of the corresponding pixel pairs will 
incorrectly vary. This problem can be reduced if the exposure time of the camera can be set by the 
user and not be set automatically. For most cameras the automatic exposure time is affected if there 
is an object in the scene or not and this is not good since the color in a background image will differ 
a lot from the color of the background in an object image. This means that it is of high importance 
that all images, both background image and object images, are taken with exactly the same 
illumination conditions. To set the exposure time manually does not necessary require that the 
camera is controlled by a computer but in this algorithm it is.  
 
To summarize, there are two important camera functions that are computer controlled in this Shape 
from silhouette scanner. The first reason is that the effects of shakings due to taking the photos 
manually (by pressing the shutter lever on the camera) can be reduced. The second reason is that if 
the exposure time can be controlled the change of color between different photos can be reduced. 

3.2.  Camera calibration 
To be able to create a model of a real object by analyzing the photos of it, the relationship between 
the photos, the camera and the scene has to be known. The reason for doing a camera calibration is 
to find the parameters that describe this relationship and they are specific for each camera 
configuration. When creating a 3D model of an object by using photos of it, there are three different 
coordinate systems that have to be taken into account: image coordinate system, camera coordinate 
system and world coordinate system (Figure 6). In the following text indices will be used to clarify 
which coordinate system a point is described in, im denotes image coordinates, c is used for camera 
coordinates and w for world coordinates. To be able to know how the different coordinate systems 
are related and how to convert coordinates between them, it is necessary to do a camera calibration.  

 
Figure 6: The three different coordinate systems that are used in this scanner algorithm: 
camera coordinates, image coordinates and world coordinates.   
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In this Shape from silhouette scanner a calibration method developed by Intel [11] is used. The 
calibration is done by analyzing photos of a special calibration pattern and the only thing that is 
obtained from Intel’s method is a set of parameters that describe the specific camera configuration. 
In this Shape from silhouette scanner the parameters are used in a special manner in order to find 
the relationship between the different coordinate systems. The procedure of finding this relationship 
is described in this section and can be divided into three different steps: 
 

Step 1. Achieving the camera parameters  (Section 3.2.1) 
- Parameters for the specific camera configuration are obtained 

from the functions of Intel (and used in step 2 and 3). 
- Calibration pattern is positioned in a particular way in order to 

perform step three below. 
 

Step 2. Relationship between image coordinates and camera coordinates (Section 3.2.2)  
- Using perspective projection to find this relationship. 
 

Step 3. Relationship between camera coordinates and world coordinates (Section 3.2.3) 
- Define origin of world coordinate system. 
- Create base (the coordinate axes) for world coordinate system. 
- Find position and rotation of the camera in the world. 

 
The first step described above is done by using the standard Intel method for camera calibration. It 
is important to notice that the camera parameters are the only thing obtained by Intel’s method and 
the rest of the solutions described in this section are special for this Shape from silhouette scanner. 
The second step uses the well-known functions of perspective projection to do the transformation 
between the coordinate systems. Some of the parameters from the camera calibration are used to do 
these calculations. The last step is done with a unique and special method (created for this Shape 
from silhouette scanner). The calibration pattern used for Intel’s camera calibration is in this 
approach positioned in a special way that makes it possible to find the global world coordinate 
system. 

3.2.1. Obtaining the camera parameters 
There are some different algorithms developed for doing the camera calibration, for example Intel’s 
[11] method and Tsai’s method [9]. The Shape from silhouette scanner developed by Niem et al. [3, 
4, 5] uses a camera calibration that is similar to the method developed by Tsai. The Tsai method is 
older and more difficult to use than the Intel method. Tsai require fixed distances from camera to 
the calibration pattern and it also needs more advanced pattern with circles and barcodes. Intel, on 
the other hand, is a more modern method that is based on the latest research within the field. This 
method is also easier to use since the pattern is a simple chessboard (the size can be arbitrary) that is 
easy to print using a standard printer and that can be placed in almost every position and orientation. 
Due to these advantages of the Intel method, this is the method used in this Shape from silhouette 
scanner to make the calibration of the system. 
 
The calibration pattern that is used in Intel’s method to find the camera parameters is a set of black 
squares on a white background, forming a chessboard pattern. The size of the squares and the 
number of inner corners must be known. Photos are taken of this chessboard pattern placed in 
different positions and these images are analyzed in order to find the camera parameters. Observe 
that it is only one chessboard that is used but when it is placed in different positions it gives 
different pattern images. The photos of the chessboard should not be too similar to each other 
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because then the Intel calibration fails and no parameters can be found. For example, if the 
chessboard pattern is placed in the same plane in all images then the algorithm for finding the 
camera parameters is not working. This can be avoided if some additional photos are taken of the 
chessboard placed in other planes.  
 
This Shape from silhouette scanner uses the functions of Intel for achieving the camera parameters 
and for finding the center of rotation (that is used to create the world coordinate system in section 
3.2.3). If the pattern is rotated between the different photos around a certain rotation axis, any point 
in the pattern can be used to find the center of rotation. One possibility is to place the chessboard 
laying on the turntable and take a set of photos with different rotation angles. Since the patterns in 
all images will appear in the same plane, as described above, additional photos are needed. The 
problem with the chessboard laying on the turntable is that the photos have to be taken with an 
angle that is far from perpendicular to the axis of rotation. An angle like this is not good for the 
model reconstruction (the same camera configuration has to be used there) since many parts of the 
object will be occluded. A better solution is to place the chessboard standing on the turntable 
(Figure 7) and take a user-defined number of photos from different view angles between 0 and 90 
degrees. The reason for taking photos of the chessboard in an interval of 90 degrees is that the 
pattern always has to be visible to the camera and the camera viewing direction should be as 
orthogonal to the chessboard pattern as possible. Since the pattern in the different images will not 
be in the same plane the problems described above can be avoided. 

 

 
Figure 7: Photo of a standing chessboard pattern that is used for the camera calibration. 
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After taking a set of photos of the chessboard pattern these images are analyzed and Intel’s method 
is used to find the camera parameters of this specific camera configuration. The parameters that are 
given by Intel’s method can be divided into two groups, intrinsic and extrinsic parameters.  
 
The Intrinsic parameters give the relationship between the image coordinates and the camera 
coordinates and describe how the camera is forming an image. One set of intrinsic parameters that 
Intel’s method provides is the lens distortion coefficients. However, they are not considered in this 
Shape from silhouette scanner since they are very small and do not affect the final result in a 
noticeable way. The intrinsic parameters used in this scanner are the ones described below: 
 

• Focal length (fx, fy) – distance between the image plane and the center of projection (the 
camera system origin) (Figure 8). The reason for two different focal length components is 
that some cameras might represent the pixels in the image with unequally sized height and 
width. This Shape from silhouette scanner uses a camera that produce quadratic pixels, so in 
this case fx = fy and can be referred to as focal length, f.   

 
• Principal point (cx, cy) – The point where the optical axis (z-axis of the camera coordinate 

system) intersects the image (Figure 8).  
 

The intrinsic parameters, focal length and principal point, are in Intel’s method expressed as 
the camera intrinsic matrix, A (Equation 1). 

 

 

 
Figure 8: Internal parameters: focal length, f (distance from center of camera to image), and 
principal point (cx, cy) (where the optical axis intersects the image). 

 
The Extrinsic parameters describe the position and orientation of the camera in relation to the real 
scene (Figure 9) and they are used to find the spatia l relationship between chessboard coordinates 
and camera coordinates. The extrinsic parameters given by Intel’s method and used in this Shape 
from silhouette scanner are the following: 
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• Rotation matrix (R) – how the chessboard in the scene is rotated with respect to the 
camera, the matrix is given in camera coordinates (Equation 2). 

 
• Translation vector (t) – how the chessboard in the scene is positioned with respect to the 

camera, the vector is given in camera coordinates (Equation 3). 
 

 

 
Figure 9: For each chessboard image there is one rotation matrix R and one translation vector t. 

 
The camera parameters described above are found by analyzing the chessboard photos, which is 
done by using a set of functions from the Intel library. The first function that is used in this camera 
calibration algorithm makes an estimation of the image coordinates for the inner corners of the 
chessboard (Figure 10). Then there is another function that refines these coordinates.  
 
 

Figure 10: Chessboard pattern with the inner corners marked.  
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After the refinement of the coordinates a function for finding the camera parameters is applied. One 
of the inputs is the image coordinate list with all the inner corners of the chessboard pattern in each 
image, received from the previous functions. The calibration function returns then the camera 
matrix A, with calculations of the inner parameters (fx, fy) and (cx, cy). Finally the function also 
provides a solution to the extrinsic parameters in the rotation matrix R and the trans lation vector t 
(that are specific for each of the chessboard photos).  
 
These intrinsic and extrinsic parameters achieved from the Intel camera calibration can be used to 
express a point in space in the different coordinate systems. The functions of Intel simply provide 
the camera parameters which means that the transformations explained below are a description of 
how the parameters are used in this scanner. Why and how these transformations are done in this 
Shape from silhouette scanner will be describe in the following sections (3.2.2 and 3.2.3). Figure 11 
illustrates the connections between the different coordinate systems. Three different transformations 
are described below: 
 

• A transformation that needs to be expressed is the one between a 2D image point and its 
corresponding 3D camera point in the scene. To make this transformation the focal length f 
and the position of the principal point (cx, cy) are used (section 3.2.2).  

 
• Projection of the inner points of the chessboard patterns from the different photos into the 

right positions in the scene. This is done by the rotation matrix R and the translation vector t 
(that are specific for each photo) and the calculations give the camera coordinates of the 
points (section 3.2.3).  

 
• The transformation from the camera system to the world system is performed by making a 

rotation and translation of the reference system of the point (from camera reference system 
to world reference system) (section 3.2.3).  

 
During the image acquisition of the object (section 3.1) the camera can be thought of as rotating 
around the turntable and photos are taken from every viewpoint. This means that multiple camera 
coordinate systems (showed in gray in figure nr 11 below) will be produced and they can all be 
derived from the original camera (that was used for the camera calibration) by just making a 
rotation of it. 
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Figure 11: The connections between the different coordinate systems. 

3.2.2. Finding the camera coordinate system 
After finding the camera parameters, the next step is to use them in the calculations of the 
transformation equations. The intrinsic parameters for the focal length (f) and the position of the 
principal point (cx, cy) can be used to express a 2D image point in 3D camera coordinates.  
 
The Intel library uses a pinhole perspective model to represent the camera and it can be assumed 
that only light traveling through the pinhole may reach the image plane. As light travels in straight 
lines, this means that each image point corresponds to a particular directional ray passing through 
the pinhole and this gives the definition of the perspective projection. If the coordinates of an image 
point are given by (xim, yim) and the camera coordinates for the corresponding point in the scene are  
given by (xc, yc, zc) then the formula for perspective projection can be applied in order to transform 
the image point into the camera coordinate system. The formula is given by Equation 4. 
 

 

 
Figure 12 below shows with an example how the equations of perspective projection (Equation 4 
above) can be derived.  

xim/ f = xc / zc     (4a) 
 
yim/ f = yc / zc      (4b) 
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Figure 12: Distances in image plane and in real scene give the formula of perspective projection. 

 
If the equations 4a and 4b are rewritten the image coordinates can be expressed as: 
 

 

 
The origin of the image coordinate system is displaced to the principal point (Figure 8), and the 
Equations 5a and 5b can be rewritten: 
 

 

 
Finally the corresponding 3D camera coordinates (xc, yc, zc) for the 2D image point (xim, yim) can be 
written as below, where d is the depth (in the z-direction of the camera) at which the point is 
located. For the special case when expressing a point in the image in camera coordinates the zc will 
be equal to the focal length f. The minus sign in the second equation can be derived from the fact 
that the direction of the y-axis in the image and the camera coordinate system are opposite. 
 

 

 

xim = (xc / zc) * f + cx      (6a) 
 
yim = (yc / zc) * f + cy      (6b) 
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xim = (xc / zc) * f      (5a) 
 
yim = (yc / zc) * f      (5b) 

xc = ((xim - cx ) * zc )/ f = ((xim - cx ) * d) / f   (7a) 
 
yc  = (( - (yim - cy )) * zc)/ f = (( - (yim - cy ) )* d) / f  (7b) 
 
zc  = d        (7c) 
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3.2.3. Representing the world coordinate system 
Later in the scanner algorithm, volumes are going to be created for each photo of the scanned object 
(section 3.4) and to be able to project these volumes into the same reference system (the world 
coordinate system), the base of this system needs to be defined.  
 
This algorithm uses a specially designed approach to create the world coordinate system. The origin 
of the world system is chosen to be located on the rotation axis of the turntable at the same height as 
the camera. A plane is defined, that passes through the origin of the camera system and that has a 
normal that is perpendicular to the turntable. The point where this plane intersects the rotation axis 
of the turntable is defined as being the origin of the world coordinate system. After defining the 
origin point, the next step is to create a base for the world coordinate system. Finally the camera 
position and orientation can be expressed in world coordinates by using this base. The location of 
the camera is later used in this Shape from silhouette scanner to project the volumes correctly into 
the scene.  

Define origin of the world coordinate system 
The first step when finding the center of the world coordinate system is to locate and store all the 
center points of the chessboard patterns (the middle inner corner) in the different calibration images. 
In order to find the camera coordinates of the center points of the chessboard it need to be projected 
into the camera coordinate system. The transformation is performed by means of the rotation matrix 
R and the translation vector t, which are given as the extrinsic parameters from the camera 
calibration. R and t are unique for each chessboard photo and tell how the chessboard points are 
translated and rotated with respect to the camera. A 2D point on the chessboard (p2chess) is 
expressed as a 3D point by assuming that the z component is zero (p3chess) (Equation 8a). This 
means that the chessboard is supposed to be placed in the xy-plane of the camera. Then by 
multiplying this 3D point with the rotation matrix R and by adding the translation vector t, this 
point is projected to the camera coordinate system (p3cam) (Equation 8b).  
 

 
When the chessboard center point for each image is transformed to camera coordinates there is a 
function that randomly takes two of these points and creates a virtual plane between them. A 
sufficient way of describing a plane is to define the normal and one point that is laying in the plane. 
A point in the plane between the two chessboard center points is easily found by taking the average 
between the center points. The normal can be found by taking one of the two center points minus 
the average point in the plane. This procedure is illustrated in Figure 13 with a simple example, 
three chessboard images are used to create two planes and these planes in turn create one 
intersection line.  
 

p2chess = (x, y)      ⇒      p3chess = (x, y, 0)   (8a) 
 
p3cam = (R * p3chess) + t     (8b) 
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The procedure, of randomly taking two center points and creating a plane between them, is 
performed a user-defined number of times. The result of the process is a set of planes, which are 
then intersected and for each pair of planes an intersection line is created. The starting point and the 
direction of this line need to be specified. The direction of the line (rotdir) can be found by taking the 
vector product between the normals of the two planes A and B (Figure 14a.). Observe that rotdir is 
only a direction and in Figure 14a it is displaced from the position of the intersection line. Next step 
is to locate the starting point of the line and this is done by creating a third plane (called C in Figure 
14b), which passes through the origin of the camera system and has the rotdir as normal. Then by 
intersecting the three planes A, B and C the starting point of the line (rotcent) can be found. The 
lowest number of chessboard images that is needed is three, this to be able to create at least two 
planes and to get at least one intersection line. To avoid numerical errors it is recommended to use 
more than three chessboard images and create multiple planes and intersection lines and to store the 
average of these lines. This average line represents the position and direction of the rotation axis. 
 

 
Figure 14: Finding the origin of the world coordinate system and the direction of the rotation axis. 

a. The direction of the rotation axis is given by the vector product of the normals to the planes 
A and B. 

b. Location of origin of world coordinate system by intersecting the planes A, B and C. 
 

 
Figure 13: Calculating the location of the rotation axis by intersecting planes that are orthogonal 
to lines between the center points of two chessboards.  
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Create a base for the world coordinate system 
When the center and direction of the rotation axis are found, next step is to create an orthogonal 
base that describes the world coordinate system. This base can be represented by three vectors (Xw, 
Yw, Zw), where each of them represents a coordinate axis. The Yw-axis is simply given by the 
normalized direction of the rotation axis (rotdir) (Equation 9a). The Xw-axis is given by the 
normalized vector product between the Yw-axis and the inverse vector of the rotation center (rotcent) 
(Equation 9b). The Zw-direction is then simply given by the normalized vector product between the 
other two axes, Xw and Yw (Equation 9c). One important thing to remember here is that the world 
base is now given in camera coordinates. 

 

 
Figure 15 below illustrates how the world coordinates is created by means of the Equations 9a, 9b 
and 9c above.  

 
Figure 15: Creation of the world coordinate system using the vectors (rotdir) and (rotcent). The base 
(Xw, Yw, Zw) is given in camera coordinates. 
 
When the camera coordinates for all three base axis of the world coordinate system are found they 
can be expressed as a base matrix (Bw )c.  

 
 
 
 
 

(Xw ,  Yw ,  Zw ) are the base vectors that represent the x-, y- and z-axis respectively of the world 
coordinate system expressed in camera coordinates. 
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Yw = rotdir / || rotdir ||       (9a) 
 
Xw = Yw x (-rotcent) / ||Yw x (-rotcent)||    (9b) 
 
Zw =  (Xw x Yw) / || Xw x Yw||     (9c) 
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Find position and orientation of camera in the world 
The base matrix (Bw)c of the world coordinate system (expressed in camera coordinates) gives 
system rotation with respect to the camera coordinate system. On the other hand the inversion of 
this base matrix (Bw

-1)c describes how the camera system is rotated with respect to the world 
coordinate system. In this section the placement of the camera with respect to the world has to be 
found and therefore the inverted base matrix is used. The placement of the camera can be expressed 
with the position and the orientation. 
 
The position of the camera (campos)w in the world coordinate system is given by multiplying the 
vector that goes from the camera to the center of rotation (rotcent)c with the inverted base matrix  
(Bw)c

-1
 (Equation 11) .  

 
 

The directions of the three camera coordinate axes (Xc, Yc, Zc)w can be represented by the camera 
base matrix (Bc)w. As described above the base matrix (Bw

-1)c describes how the camera system is 
rotated with respect to the world coordinate system and therefore equation 12 is valid. 
 
 
 
 
 
 
How the camera system and the world system are related to each other is illustrated graphically in 
Figure 16. The vectors (campos)w  and (rotcent)c represent the same vector between the camera origin 
and the world origin but with different direction. 

 
Figure 16: The relationship between the camera coordinate system and the world coordinate 
system. This is used to calculate the camera position and orientation in the world coordinate system. 
 
The parameters that describe how the camera is positioned (campos)w and oriented (Bc)w in the 
world, are then used together with the camera parameters in order to correctly project the volumes 
that are created for each object photo into the same reference system, the world coordinate system 
(section 3.4.1). 
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3.3.  Silhouette extraction 
After acquiring photos of the object from different views, the next step is to extract the silhouette, 
the outer boundary, of the object in each of these images. The silhouettes will later be used to create 
the 3D model that describes the real object (section 3.4). The method used to make the extraction of 
the silhouette is to look at the color value for each pixel in every object photo and determine if the 
pixel in question belongs to the object or the background. The aim is to find the border between 
these two separate regions and this procedure is done for each object photo.  
 
The Shape from silhouette scanner developed by Szeliski [7] uses a method that compares an object 
photo with a background image and the one developed by Niem et al. [3] uses a one-colored 
background. The silhouette extraction in this Shape from silhouette scanner is based on a 
combination of these two.  
 
The different steps that will be described in this silhouette extraction section are illustrated in figure 
17. An image of the background together with one of the object images is used to make the object 
background separation. The output from this operation is an image with information about the 
difference between the two images and this is used to define and locate the line segments that 
together build up the object silhouette.  
 

 
Figure 17: Workflow for the silhouette extraction. 

3.3.1. Object and background separation 
The separation in this scanner algorithm is performed by analyzing the red-, green-, and blue-
component (R, G, B) of pixels in the object photos. One photo is taken of the scene without the 
object, a photo of only the background. Every object photo is then compared, pixel-by-pixel, with 
this background image and the variation between the pixel color in the two images is calculated. 
How this difference is computed depends on a certain separation criterion that has been chosen. If 
the difference is bigger than a user-defined threshold value it means that the pixel in the object 
image differs significantly from the corresponding pixel in the background image. This implies that 
this pixel belongs to the object.  
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Separation method 
When setting up the method for separation of the object from the background there are different 
ways in which the calculations can be done. Two of these are presented below and illustrated in 
figure 18: 
 
§ Comparison between pixel color in object photos and a pre -defined background color. 

This method requires a homogenously colored background that covers all parts around the 
object. Each pixel in the object image is then compared to the background color and if it is very 
different the pixel can be considered as belonging to the object. In practice it is pretty 
improbable to get good results with this method. It is very difficult to first cover the turntable 
and the surfaces behind the object with a non-reflecting homogenously colored material (like a 
cloth) and then get photos where the pixels in the background parts do not differ too much 
from the defined background color. Because of variation in the illumination it is often hard to 
avoid that some kind of shadows appear in the images and because shadows have colors that 
differ a lot from the real background color these parts can incorrectly be categorized as object.  
 

§ Comparison between color of corresponding pixels in object photos and a photo of the 
background. 
This second method is an extension of the first one and because it is more precise and general 
this is the method used by this scanner algorithm. Since every pixel in the object photo is 
compared to the corresponding pixel in a photo of the scene without the object it is not required 
that the background can be represented by just one color. In practice it would be possible to use 
even a non-uniformly colored background but to make the approach even more robust it is 
convenient to cover the background with a non-reflecting homogeneously colored material like 
in the first method. The problem with a non-homogeneous background is that corresponding 
pairs of pixels in two different images can be a bit displaced (due to small vibrations in the 
environment) compared to each other. This means that the comparison will be done between 
wrong pairs of pixels. These movements are not a problem if a background with uniform color 
is used.  For this approach, it is just the shadows that the object put on the background that is a 
problem and not other possible color differences that might appear in the background scene. 
This implies that it is important with a good illumination of the scene regardless of which 
method that is used. 
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Figure 18: Two different separation methods. 
a. Comparison between single background color and the pixel colors in the object image. 
b. Comparison between colors of corresponding pairs of pixels in a background image and an 

object image (method used in this scanner). 
 
One important thing to consider when comparing pixel colors from different images is that all 
photos have to be taken with the same camera settings. Especially one camera setting, the exposure 
time, is important to consider. The problem is that a certain pixel (or area of pixels) in the scene can 
get different colors in different photos depending on what exposure time that is used. In this Shape 
from silhouette scanner the exposure time is controlled by a computer (section 3.1.2) in order to 
make sure that it is always the same.  

Separation criterion 
This scanner algorithm uses the last method described above, in which the object photos are 
compared to a background photo in order to make the object background separation. This 
comparison can be made in different ways depending on what separation criterion that has been 
chosen. In this section a number of different separation criteria will be described based on the last 
separation method above but they can also be used with some modifications for the method that 
compares the object image with just one specified background color. Regardless of the criterion that 
is used, the comparison calculation will give a special difference va lue (between object image and 
background image). This value is later used to threshold the original image and it decides which 
pixels that belong to the object and which that belong to the background. 
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Some possible separation criteria are presented in the list below. For each pair of pixels (one in 
object image and one in background image) values, based on one of the following criteria, are 
calculated. The difference between these two values gives a resulting comparison value. 
  

• Single color component (R, G or B)  
• Average between all three color components (R, G and B)  
• Vectors in color space (R, G, B) for each pixel (Euclidean distance between vectors gives 

the comparison value) 
 
The approach to use a single color component as separation criterion does no t give good results. For 
example, with a complete blue background it is possible to threshold the image by just looking at 
the B-component. If an examined pixel has a big component of blue it will be considered as being a 
background pixel but if the object for example is white, this method creates problems. White has 
big values for all color components (R, G and B) and by making a decision based on just looking at 
the blue component, the white object will incorrectly be considered as background. Therefore it is 
not enough to just look at one color component. On the other hand, the second approach that uses an 
average value of all color components (R, G and B) suffers from the problem that many different 
colors generate the same average. This means that even if the background color seems very 
different from the colors in the object, it can have the same average value. An approach that is a bit 
more complicated but that gives much better results is the third one in the list above. This criterion 
is using the Euclidean distance between different colors. If every color is represented as a unique 
3D vector in color space (Figure 19) the difference between two pixel colors is easily computed as 
the Euclidean distance between the vectors of these pixels. In this approach all color components 
(R, G, B) of a pixel are contributing to the value and two completely different colors that might give 
the same average value does not give the same vector in the color space. These are some of the 
reasons why the method based on the Euclidean distance between pixel colors gives very good 
result and due to these advantages it is the method used in this Shape from silhouette scanner. The 
Euclidean distance is calculated between a pixel color in the object photo and the color of the 
corresponding pixel in a background image. 

 
After calculating all the distances between the background image and the object image the result is 
an image with the same size as the original object image but with one-valued pixels (gray level 
image) instead of three-valued (R, G, B). A dark pixel in this distance image means that the 
corresponding pixel in the original image has a color that is similar to the background and vice 
versa (Figure 20).  

 
Figure 19: Euclidean distance between color vector of a pixel in the object image and in the 
background image. 
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Figure 20: Distance image. Light pixels imply that the pixels in the object image have a big 
distance to the corresponding background pixels and dark pixels have a short distance. (Black 
means exactly the same color as the background and white means maximum difference from 
background). 

Threshold 
After calculating the difference between the color of a pixel in the original image and in the 
background image, the next step is to compare this difference value with a user-defined threshold 
value. If the difference is bigger than the threshold then the pixel is considered as being part of the 
object and if it is smaller it is part of the background. 
 
There are different ways of choosing a threshold value that fits the image and gives a correct 
silhouette. The threshold value in this Shape from silhouette scanner is chosen by analyzing the 
background image and the object images manually. The user checks how much the color of the 
background parts in the different object images vary compared to the background image and also 
how different these parts are from the object parts. If there are areas in the object that have colors 
similar to the background it is difficult to choose a good threshold that will not cause holes. The 
optimal threshold choice is one that reduces the effects of shadows but still do not give holes in the 
object area.  
 
A more automatic and precise method for choosing the threshold could be to analyze the histogram 
of the one-valued distance image that holds the distance for every pixel from the corresponding 
pixel in the background image. In a histogram like this the background pixels will produce a peak 
near zero (short distance means dark pixel). If the object colors differ a lot from the background 
color these pixels will give another peak (or possible more than one if the object color is not 
uniform) at some higher value. By finding the global minimum between these two peaks a good 
threshold can be defined [12]. 
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Regardless of how the threshold value has been chosen the next step is to use it to analyze the pixels 
in the object photos in order to separate the object from the background. A threshold method based 
on the calculations of Euclidean distance described above, can be illustrated as in Figure 21 below. 
A sphere in the 3D color space can be represented with the threshold value as radius and the color 
of the current pixel in the background image as center point. Then if the Euclidean distance between 
the pixel in the object image and this background pixel is less than the threshold, the color vector 
for this object image pixel falls into the sphere. This implies that the pixel is part of the background 
and not the object.  
 

 
Figure 21: Thresholding with respect to Euclidean distance between color of pixel in object image 
and background image. 
 
This section dealt with object and background separation and can be summarized as follows: 
 

• Two different separation methods for calculating the difference values are clarified. These 
values are later used to decide if the pixels in the original images belong to the object or the 
background. The computations can either be based on comparisons with a single 
background color or with a complete background image. 

• Some different separation criterions for calculating the difference value (between object 
photo pixel and background photo pixel) are explained. The can be based either on single 
color component, average between all three color components or Euclidean distance 
between color vectors. 

• Set a threshold value that will be used to analyze the difference value in order to make the 
separation between the object regions and the background regions. 

  
After the object has been separated from the background, next thing is to create the lines that will 
represent the border between the object and the background in the images, i.e. to create the 
silhouette of the object. 

R 

G 

B 

t 

 p 

b d 

b   –  color of a pixel in the background image 
p   –  color of the corresponding pixel in the examined  
  image  
t   –  threshold (sphere radius)  
d  –  Euclidean distance between color b and  
 color p 
 
If d  <  t then pixel p is part of the background 
If d  > t then pixel p is part of the object 



 

  University of Linköping   
  Master of Science in Media Technology and Engineering 

 

 

Master’s Degree Project by Karin Olsson & Therese Persson 25 

4 pixels 

Square 

Intersections 

Pixel that belongs to object 
(pixel value > threshold) 
 

Pixel that belong to 
background  
(pixel value < threshold) 

 

3.3.2. Iso-line generation 
After generating a distance image where each pixel represents the distance (or difference) from the 
background a very simple way of separating object pixels from background pixels is to binarize the 
image with respect to the user-defined threshold value. In a method like this the values in the 
distance image will only be used to specify if the examined pixel is an object pixel or a background 
pixel and not further contribute to the placement of the border. A binarization means that pixels 
with values above the threshold will be considered as object pixels and represented with one special 
value. On the other hand, pixels with values below the threshold are background pixels and 
represented with another value. The silhouette would then be defined by the outer pixels of the 
object region. This method does not give a good result since it generates a very step- like contour. 
 
A better solution for making the separation is to take the actual pixel values in the distance image 
into account. By comparing each pixel in the distance image with the user-defined threshold value it 
is possible to find the cells (square of four adjacent pixels) that have values both above and under 
the threshold. It is these cells that will be intersected by the silhouette line of the object. This gives a 
smoother result than the binarization approach because the line segments have different inclinations 
instead of just being horizontally or vertically. In this algorithm this later solution has been chosen 
and it is implemented using a 2D version of the Marching Cubes algorithm [10] that will be referred 
to as Marching Squares.  

Marching Squares 
Marching Squares is an algorithm for finding iso- lines and a certain threshold (iso-value) is used to 
decide which cells that are going to be intersected by this iso-line. The regions with pixel values 
under the threshold are separated from regions with pixel values ove r the threshold.  
 
In the Marching Squares method the values of four adjacent pixels (Figure 22) are compared to the 
threshold value and if two adjacent pixels belong to different regions (one pixel has value over the 
threshold and the other has value under the threshold) it is known that there must be an intersection 
on the edge between these pixels. 
 

 

 
Figure 22: Four adjacent pixels form a square and if it has pixel values both under and over the 
threshold the silhouette intersects this square. 
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In Marching Squares there exist fifteen different square intersection cases and they can be specified 
with a look-up table. The pixels in the distance image are traversed and for each square of four 
pixels the values are compared to the threshold value. The pixe ls that have bigger value than the 
threshold (part of the object) give different weight values depending on their position in the square 
(Figure 23a). These weight values are then summed for the whole square and the resulting number 
is the index to the look-up table (Figure 23c). 
 

 
Figure 23: Look-up table for the Marching Squares algorithm. 

a. The pixels that are inside the object are given different weight indices depending on their 
placement in the cell. Pixels that are part of background have zero weight. The sum of the 
weights in the cell gives the index to the look-up table. 

b. The intersection index is used in the look-up table to express the intersected sides. 
c. The look-up table for the Marching Squares algorithm. The first number is the index to the 

table, the second is the number of intersection lines in the square and the four last numbers 
represent the sides that are being intersected (-1 means no intersection).  

a. b. 
2 1 

4 8 

Weight 

3 

0 

1 

Intersection 
index 

2 

c. 
{no. of intersection lines, 
{intersected sides}} 

Index to 
look-up table  

Pixel inside object 
Pixel outside object 

0 {0, {-1, -1, -1, -1}} 

1 {1, {0, 3, -1, -1}} 

2 {1, {1, 0, -1, -1}} 

3 {1, {1, 3, -1, -1}} 

4 {1, {2, 1, -1, -1}} 

5 {2, {0, 1, 2, 3}} 

6 {1, {2, 0, -1, -1}} 

7 {1, {2, 3, -1, -1}} 15 {0, {-1, -1, -1, -1}} 

14 {1, {3, 0, -1, -1}} 

13 {1, {0, 1, -1, -1}} 

12 {1, {3, 1, -1, -1}} 

11 {1, {1, 2, -1, -1}} 

10 {2, {3, 0, 1, 2}} 

9 {1, {0, 2, -1, -1}} 

8 {1, {3, 2, -1, -1}} 
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A significant aspect in the look-up table is the order of the sides that are being intersected. In all 
cases the order of the intersected sides gives line segments that are clockwise and this means that 
the final silhouette will have line segments that are all pointing in the same direction. This will be 
important later in the model reconstruction when these line segments are used to create the cone-
shaped volume. The volume will be represented as a set of surfaces and to make sure that all of 
them have normals pointing in the same direction, the order of the segment endpoints is central.  
After indexing all the squares, the type of intersection is defined and the next step is to locate where 
on the square side this intersection should be. The easiest way is to use a discrete approach for 
positioning the silhouette segments. That means that the intersection point is simply placed in the 
middle between the two adjacent pixels without caring about their values. Because the discrete 
approach gives a very step- like result this algorithm uses linear interpolation instead to get the 
correct placements of the intersection lines.  
 
The general formula for linear interpolation between two adjacent points in one dimension is given 
by equation 13 below (see Figure 24 for definition of the indices):  
 

 

 
In this algorithm it is the distance (dx) that is the unknown variable and the threshold value (t) is 
known as well as the pixel values (a, b) and the length of the cell side (Side). This means that the 
formula can be rewritten as equation 14: 
 

 
 
 

Figure 24: Illustration of the linear interpolation between adjacent pixels in a square.  
 
For each square the image coordinates of the pixel in the upper left corner is used as reference 
point. The equation 14 gives the distance, in the x-direction from this reference point, at which the 
intersection is positioned. The same formula (but possibly with other pixel values, depending on 
what square intersection that are being examined) is also valid for finding the distance in the y-
direction. These distances are then added to the global coordinates of the upper left pixel in order to 
give the global coordinates for the examined intersection point. The interpolation is performed for 
all the intersection points (two or four, depending on if there is one intersection line or two) in the 
square. After calculating the linear interpolation between the pixel values in the square, the global 
coordinates for the intersection segment is known and can be stored in a special data structure. 
 

t = a (Side-dx) + b * dx     (13) 
 

dx = ( t  –  a * Side ) / ( b - a )    (14) 
 

Pixel value = a Pixel value = b 

Side 

dx 

Threshold value = t 
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In Figure 25 below an example is showing the difference between the discrete method for 
positioning the silhouette line segments and the method where linear interpolation is used (note that 
the images have been down sampled in order to make it easier to see the difference). 
 

 
Figure 25:  
  a. Silhouette made with discrete placement of the segments. 
  b. Silhouette made with linear interpolation. 
 

 
To summarize this section about iso- line generation the following can be said. The input to the 
Marching Squares algorithm is a distance image that holds the difference values between the pixels 
in the original image of the object and in the image of the background. Then by traversing the 
image and locating all the squares that have pixel values both below and above a given threshold, 
the intersected squares can be found. Next step is to classify in what way the cells are intersected 
and this is done by using a Marching Square look-up table. After this the coordinates of the 
intersection points need to be located and this is done by means of linear interpolation. The final 
step is to store the coordinates for each intersection segment in a common data structure that will 
give a description of the object silhouette.  
 
In the following image (Figure 26) the result of the silhouette extraction method used in this Shape 
from silhouette scanner is shown. The silhouette is in this example drawn on the original photo in 
order to show the correctness of the line.  

 

Figure 26: An example of an object silhouette drawn on the original object image. 

a. b. 
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3.4.  Model reconstruction 
When the object silhouettes have been extracted from the images and the camera parameters are 
found, the next step is to build a model of the object.  
 
From one silhouette image a cone-shaped volume, called conoid, can be created (section 3.4.1). The 
conoid originates from the center of view (camera position) and the sides tangent the silhouette and 
continue to infinity (Figure 27 a). By defining a near plane and a far plane (with the object laying 
between them) this conoid volume can be cut (Figure 27 b).  
 

 
Figure 27: Example of a simple conoid  
             a. A conoid originates from the camera and tangents the object silhouette in the image 
             b. By defining a near plane and a far plane a truncated conoid is generated 
 
The truncated conoids are represented as a set of trapezoid surfaces. A trapezoid surface is 
generated for each line segment in the silhouette image (found by the Marching Squares algorithm 
described in section 3.3.2). The trapezoid is generated by projecting the two end-points of the line 
segment onto the near plane and the far plane (Figure 28). This means that a trapezoid is completely 
represented by four points, two on the near plane and two on the far plane.  
  

a. 
Camera 

Image 

b. 

Near plane 

Far plane 

Image 
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Figure 28: A trapezoid is represented by two points on the near plane and two on the far plane. 

 
When one trapezoid for each silhouette segment in the image is generated a complete representation 
of the final conoid is created. This procedure is then performed for each silhouette image of the 
object and the result is a set of conoids. These conoids are then closed in the ends by making a 
triangulation of the near plane and the far plane. This is done in order to be able to perform the 
logical AND operation described later. 
 
By using an algorithm called Marching Intersection (MI) [1], the conoids can be represented as their 
intersections with a user-defined grid, instead of being explicitly described (section 3.4.2). This 
gives a more compact and effective representation of the volumes.  
 
So far it is only known that the object is encapsulated somewhere in each of the conoids. Since one 
single 2D image does not hold any depth information the exact position of the object in the real 
scene cannot be known. Therefore, next step is to take the Boolean AND operator between the data 
structures of all the different conoid volumes (section 3.4.3) and the result gives a volume that is an 
approximation of the real object (Figure 29). From this volume the surface of the model can be 
generated. 

 

Figure 29: 2D example of the Boolean AND operator of the conoid volumes. 
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It is quite easy to verify that the digital model obtained with the Shape from silhouette scanner 
approach does not present a one-to-one correspondence with the scanned object. Since small 
concavities of the object might not be visible from any of the viewpoints the method does not 
permit the acquisition of these details. In the following text the description “digital model” will be 
used but more correct would be to refer to the “visual hull of the real object”. This visual hull is the 
Boolean intersection between all the conoids. 

3.4.1. Creating the conoids 
As described in the introduction to this section the final model can be found by means of a set of 
conoids where each conoid is represented by a number of trapezoids. The first step in the model 
reconstruction is therefore to find all these trapezoids. After that it is also important to close the 
conoids in the ends. This in order to be able to perform the Boolean AND operator that will be 
described later in section 3.4.3. 

Calculating the trapezoids 
By using the end-points of the silhouette segments (found in the silhouette extraction part) together 
with the intrinsic camera parameters, the trapezoids that together form a conoid can be generated.  
 
The image coordinates of the silhouette segment end-points are known from the silhouette 
extraction. By using the focal length and the principal point that were calculated in the camera 
calibration these coordinates can be expressed in the camera coordinate system. In figure 30 the 
coordinates of a point in the image plane are given as (px, py)im. The principal point (where the 
principal axis, the z-axis of the camera, intersects the image plane) is given in image coordinates 
and is denoted as (cx,  cy)im. The focal length (distance between camera and image) is given in 
camera coordinates and is represented by (f)c.  

 

 
Figure 30: Illustration of the camera intrinsic parameters (principal point (cx, cy) and focal length 
(f)). An image point (px,  py)im can be expressed in camera coordinates by using these intrinsic 
parameters. 
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The corresponding camera coordinates for the image point of interest is then given by the 
coordinates (px, py, pz)c and can be found by the equations (15a, 15b, 15c) below. The first minus 
sign in the second equation can be derived from the fact that the direction of the y-axis in the image 
and the camera coordinate system are opposite. 
 

Now the position of a silhouette point is known not only in image coordinates but also in camera 
coordinates. By using the formula for perspective projection the silhouette point (px, py, pz)c can be 
projected onto a arbitrary plane in the 3D scene. The equations (16a, 16b, 16c) below give this 
projection onto a plane at distance d from the camera (given in camera coordinates). The image 
coordinates for a segment point are still represented as (px,  py)im, the principal point is still 
represented by (cx, cy)im and the focal length by (f)c. The coordinates of the projected point are (p2x, 
p2y, p2z)c and they are given in camera coordinates.  
 

 
For each silhouette segment there are two image points and when these are projected onto the near 
plane and the far plane (given by a certain distance, d), four points representing a trapezoid are 
generated. For every silhouette segment in the image one trapezoid is created and together many 
trapezoids form the final conoid for the silhouette. 
 
One conoid is generated for each silhouette image of the object and the final step is to convert all 
the trapezoids from camera coordinates to world coordinates so all conoids can be expressed in the 
same reference system. During the camera calibration step, the position and orientation of the 
original camera in world coordinates were calculated (section 3.2.2). When the camera is rotated 
around the object (in reality it is the table that rotates) a new camera coordinate system is obtained 
and it can be derived just by making a rotation of the original system around the world y-axes. 
Given this information equations can be derived that describe the conversion between the different 
camera systems and the global world system. In Figure 31 below there is a simplified 2D example 
of how to find the world coordinates for a point that is given in camera coordinates. The vectors that 
give the direction of the camera coordinate system (the base, in this example in 2D) are known in 
world coordinates from the camera calibration and given by (Xc, Yc)w. The point of interest (p)w in 
world coordinates, is given by the position vector (pos)w plus the (a)w and the (b)w vector, all 
expressed in world coordinates. To find the two vectors (a)w and (b)w the camera base vectors are 
multiplied with the camera coordinates for the point of interest (gives the length of the vectors).  
 

 

(p2x)c = ((px – cx)im * (d)c) / f     (16a)  
 
(p2y)c = (-(py – cy)im * (d)c) / f    (16b) 
 
(p2z)c = (d)c       (16c) 
 

(px)c = (px – cx)im      (15a) 
 
(py)c = -(py – cy)im      (15b) 
 
(pz)c = (f)c        (15c) 
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Figure 31: 2D example of the relationship between camera coordinates and world coordinates. A 
point p expressed in camera coordinates can be converted to world coordinates as described above. 
 
This 2D example can be extended to a more general 3D description. The base matrix of the camera 
coordinate system and the position of the camera were described in section 3.2.3 and denoted as 
(Bc)w and (campos)w. If a 3D point is given in camera coordinates as (p)c the world coordinates of 
this point (p)w can be found by the following computations: 
 

 

Closing the conoids 
To be able to make the Boolean AND operation (section 3.4.3) the conoids need to be closed 
volumes. The logical operations will be made on intervals and if the conoids are not closed there 
exist some cases when only one conoid will be considered and no intersection interval will be found 
(Figure 32).  

 

 

Figure 32: Closing the conoids 
             a. If the conoids are not closed the intersection does not give a correct result.  
             b. Volume intersection of two closed conoids gives the correct result.  

(p)w  = (campos)w  + (p)c * (Bc)w    (17) 
 

Known from camera calibration: 
(pos)w  - camera position in world coord. 
( Xc )w  - camera x-orientation in world coord. 
( Yc )w  - camera y-orientation in world coord. 
 
Searched: 
(p)w   = (pos + a + b)w  
 
(a)w  = ( Yc )w  * (py)c 
(b)w  = ( Xc )w  * (px)c 
 
⇒ (p)w  = (pos)w  + (a)w  + (b)w   =  
(pos)w  + (( Yc )w  * ( py )c )+ (( Xc )w  * ( px )c)  
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A conoid can be closed by making a triangulation of the near plane and the far plane. In the function 
for finding the silhouette segments (section 3.3.2) there is a lookup table not only for the placement 
of the segments but also for this triangulation of the area inside the silhouette. The table is similar to 
the one used for the line segments with different cases depending on how the square is intersected. 
The difference is that instead of making just a line, one or more triangles are created (depending on 
the case). The image coordinates for these triangles are then projected onto the near plane and the 
far plane respectively. An important thing that has been consider here is the representation order of 
the lines in the triangles, this to make the surface normals of all triangles to point in the same 
direction (out from the conoid volume). 

3.4.2. Data structure for representing the conoids  
When all trapezoids for a conoid are calculated they need to be represented in some kind of data 
structure. This scanner algorithm uses a special approach to represent the conoid volumes. The 
method, called Marching Intersections (MI) [1], uses a data structure where the intersections 
between the volume and a user specified grid represent the mesh (set of triangles) (Figure 33, a 
simple 2D example). This implicit representation makes the structure very compact. Another 
advantage is that when the volume is regenerated from the data structure, only the active cells (the 
one that are intersected by the surface of the volume) are visited and this  gives a very quick 
traversal. However, the main advantage of using the MI data structure is the possibility to perform 
Boolean operations between different conoids in an efficient and easy way.  
 

 
Figure 33: 2D example of the MI representation method. 

a. Object immersed in user defined grid system 
b. Intersection between object and first set of parallel grid lines. 
c. Intersection between object and second set of parallel grid lines. 

The Marching Intersection algorithm 
To build up the data structures in the MI algorithm, first a virtual user defined grid needs to be 
specified. A bounding box that encapsulates the input volume is calculated and gives the size of the 
grid system. In this scanner the bounding box that covers all conoids is calculated by examine the 
absolute minimum value and maximum value in all directions (x, y, z) for each trapezoid. The user 
specifies the number of cells in the grid system and this number directly affects the resolution and 
quality of the final model. Next step is to scale the input data in order to make the integer values of 
the surface to coincide with the lines of the grid. This makes the computations more effective and it 
will be easier to handle the intersections between the surface and the grid.  
 
When the virtual grid is created the next step is to make the discretization of the surface and it is 
done on a per- face basis and performed in three different scan conversion steps. In this scanner each 
trapezoidal face is split into two triangles and scan-converted. The triangles in the surfaces that 
close the conoids are also scan-converted. For each conversion step the intersection between the 
surface and the parallel set of grid lines is computed. The first set of parallel lines are the ones that 
are parallel to the z-axis, the second set is these parallel to the y-axis and the third set is these 

a. b. c. 
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parallel to the x-axis (Figure X). The intersections for each parallel set of grid lines are calculated 
for all surfaces in the volume and the result is three dynamic two-dimensional data structures, called 
XY, XZ and ZY. The XY data structure will hold the intersection between the volume and the grid 
lines parallel to the z-axis, the XZ data structure will hold the intersections between the volume and 
the grid lines parallel to the y-axis and the ZY data structure holds the intersections between the 
volume and the grid lines parallel to the x-axis (see Figure 34). 
 

 
Figure 34: One cell in the grid system with intersecting surface. The intersections between the 
surface and the three parallel set of grid lines give the three data structures.  

 
Figure 35 below shows how the XY data structure is represented and the same principle is also 
valid for the XZ and ZY structure. For each entry (i, j) to the XY data structure there is a pointer to 
a list with all the intersection points that are laying on the line that is parallel to the z-axis and 
passes through the point (i, j, 0). For each intersection along the line the list holds a numerical value 
(the z-coordinate) and a sign that tells if the object is entered or left (+ or –) in this point. 
 

 
Figure 35: The XY data structure. The entrance ij holds a pointer to a list with all intersection 
points that are laying on the line parallel to the z-axis and passing through the point (i, j, 0). For 
each intersection point there is a numeric value (ic) that gives the z-coordinate and a plus or 
minus sign (sg) depending on if the object is entered or left. 

 
The intersection data structures (XY, XZ, ZX) do not explicitly define a 3D surface but since all 
intersection points are known it is easy to rebuild the volume surface (Figure 36). The MI data 
structure contains a function that assures that only one intersection per cell side is stored. This 
means that high frequencies in the input surface are removed and the data structure is more MC 
(Marching Cubes) compatible [10]. An intersection point in the data structure is found during the 
traversal and its location on a cell side is easy to find since all grid lines are on integer values. By 
analyzing the sign of the intersection point it is possible to classify the vertices of this cell edge. For 
every classified vertex the adjacent vertices have the same classification if there is no intersection 
on the edge between them. The classification is opposite if there is a single intersection between the 
two vertices. When all vertices are classified the virtual cell is rebuilt and an eight bit binary code 
can be produced that represent the classification of the vertices. This code can later be used as the 
index to an ordinary MC look-up table in order to reproduce the surface of the volume.  
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Figure 36: Example on how to recreate a surface element from the data structures 

a. An intersection point on a cell side is known from the data structure  
b. Sign of the intersection (sg) gives the classification of the vertices of the intersected edge 
c. For every classified vertex the adjacent vertices have the same classification if there is       
no intersection on the edge between them, otherwise the classification is opposite  
d. When all vertices of the cell are classified the surface element can be reconstructed 

 
The traversal of the MI data structure is a bit special and has some very important advantages. The 
ordinary MC algorithm uses an iterative slice-based traversal, which is very simple since it does not 
need any stack to keep track of the visited cells. A more effective method is a propagation approach 
where the traversal starts from a seed cell and the whole surface is tracked from this. The 
advantages of this approach is that it is fast since only active cells (intersected cells) are visited and 
the output can easily be coded as triangle strips that are very memory compact. The big 
disadvantage is that an enormous stack is needed to hold the addresses to the active cells that have 
been visited. The MI algorithm uses an iterative visit of the intersection lists (XY, XZ, YZ) and 
since these hold the intersection values it implies that it is only the active cells that are visited which 
makes the traversal very effective. Since all active cells are kept in the lists no huge stack is 
required to hold the information about visited cells. 
 
To summarize it can be said that two big advantages with the MI data structure is the compactness 
and the efficiency. Even if the  MI method holds a volumetric representation of the input surface the 
volume is not explicitly defined but implicitly, with only the value and sign for each intersection 
point. This reduces the memory required and the data structure becomes more compact. Another 
advantage, the efficiency, is found in the surface reconstruction step.  In MI the intersection points 
between the input volume and the grid are located instead of the distance between cell vertices of 
the grid and the volume. This implies that the reconstruction of the surface can be more effective 
since the algorithm moves on the intersections and only the active cells are visited. Even if these 
two advantages are very important, the main reason for using the MI data structure in this Shape 
from silhouette scanner is the simplicity of performing logical operations. This will be described 
further in the following section. 

a. b. c. d. 

Intersection point 
Vertex inside object 
Vertex outside object 
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3.4.3. Volume intersection (Boolean AND operator)  
When the conoids from all viewpoints are created and represented in the MI data struc ture next step 
is to use them to find the final volume. All conoids are represented in the same reference system, 
the world coordinate system, and the volume that is shared by all of them gives the model of the 
original object. This final volume can be found by intersecting the conoid volumes, which is the 
same as calculating the Boolean AND operator between the different data structures of them (Figure 
37). 
 

Figure 37: The dashed area in this figure illustrates the volume intersection (Boolean AND 
operator) between two conoids. 
 
The trapezoids that are generated for each conoid are projected into the same reference system, the 
global scene, by using the transformation process described in section 3.4.1. When all conoids are 
represented in the same coordinate system it is possible to perform the Boolean AND operation 
between them. The definition of the Boolean AND is to include everything that is shared by the  
operands in the operation and exclude the parts that are not shared. In the conoid case this will 
produce a volume that approximates the original object. Even if a large number of conoids (photos 
from many different view angles) are used the intersection volume will always lose the concavities 
of the real object. Since the whole algorithm is based on object silhouettes it is impossible to 
discover small curved shapes and the result will give the so-called visual hull of the scanned object. 
Figure 38 illustrates with a 2D example how the intersection of many conoids gives the 
approximation of the final volume. In the figure the turntable and scene is seen from above. 
 

 

Figure 38: 2D example of intersection between truncated conoids. The concavities of the object 
can never be found and the model represents the visual hull of the real object. 
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As described in section 3.4.2, the Marching Intersection data structure is used in this Shape from 
silhouette scanner for making the volume intersection in an easy way. The complex problem with 
logical operations between surfaces reduces to simple operations between linear intervals. The 
conoids are represented in three different data structures as intersection points and the structure 
holds information about if the volume is entered or left (this gives intervals that are inside volume). 
The volume intersection, or the logical AND operator, between the volumes when using MI data 
structures, is illustrated with a 2D example in figure 39. In the scanner algorithm the volume 
intersection operation is performed on pairs of volumes. After intersecting two conoids, the 
resulting intersection volume is intersected with the next conoid and so forth. The intersection 
operations are easy to iterate in order to get the final result.  
 

 
Due to the difficulties in intersecting solids and to get the surface of the resulting volume, previous 
shape from silhouette methods [3, 4, 7] adopted an “indirect” approach to the problem. In those 
methods the global 3D grid is selected and then voxels in the grid are tested with respect to all 
silhouettes. This test can be divided in the following steps: 
 

1. A voxel is considered. 
2. Center of voxel is projected into the image of the silhouette. 
3. It is checked if the voxel is inside or outside the silhouette. 
4. Steps 2 and 3 are repeated for all silhouettes. If all these tests are passed then the voxel is 

marked as “belonging” to the object. 
5. Steps 1 to 4 are repeated for the complete 3D grid. 
6. The resulting surface can be reconstructed with a Marching Cubes method. 

 

 

Figure 39: 2D example of volume intersection between the XY data structures of two conoids 
represented with the Marching Intersection data structure. The operation is done on linear 
intervals. 
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The existing methods for making this test differ especially in step 5 that gives how the complete 
volume is traversed. One possibility is to traverse the 3D grid voxel by voxel but this is an 
enormously time-consuming solution. Szeliski [7] presents a method where octrees are used to 
represent the 3D grid of the mesh. This is a tree-structured volumetric representation constructed by 
subdividing the global grid into eight sub-cubes that are iteratively divided into new sub-cubes. The 
leaf nodes (nodes with no children which means sub-cubes that do not need to be further 
subdivided) in a structure like this can either be white (not belonging to object), black (belonging to 
object) or gray, which means that it has children of both colors and need to be further divided. This 
model is constructed by projecting sub-cubes onto the image plane and testing if they fall inside the 
silhouette or not. The problem with this is that a cube projected onto the image plane can form a 
hexagon, which can lead to time-consuming intersection tests. Niem et. al. [3, 4] presents another 
method where the volume is decomposed into pillars of voxels with the finest resolution. It is only 
the top and the bottom voxel of the pillar that is explicitly described and the voxels between can be 
derived from these. The pillars are projected onto the image plane for different views and tested for 
intersection with the object silhouettes. 
 
These methods for calculating the intersection volume between surfaces are all more complicated 
than methods based on the MI data structure. The main advantage of using the MI data structure 
when calculating the intersection between the conoids is that the complex problem of intersecting 
surfaces is reduced to intersections between linear intervals. When using the MI data structure the 
intersection can be performed directly on the conoid representations and no further decomposition 
is needed. The result when intersecting the data structures of the different conoids is also a MI data 
structure with linear intervals that describe the model of the real object. This data structure can then 
be used to reconstruct the approximated surface of the original object as described above (section 
3.4.2). In a following section (chapter 5.Results) some of these resulting surfaces will be shown. 
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4. Implementation of the scanner  
In chapter 1.Background we wrote about the task we were assigned and the available tools that we 
could use to solve the task, to develop the Shape from silhouette scanner. This chapter will describe 
how the scanner has been realized and how our ideas have been combined with existing methods. 
 
The software for this scanner is developed using Microsoft Visual C++. The scanner consists of a 
graphical user- interface for the image acquisition step and the other steps are without this interface 
and here the user works directly towards the C++ code. The camera calibration is done in a separate 
C++ program and it writes the camera parameters and the placement of the camera in a file. This 
file can later be read by the actual scanner program that is another separate C++ program.  
 
For doing the Image Acquisition (section 3.1) we use the well-known approach of placing the 
object on a turntable and taking photos with a stationary camera [3, 4, 7]. For turning the table we 
use functions from a library developed by the VCG (Visual Computing Group) and for controlling 
the digital camera we use functions from a Kodak library. We created a graphical user-interface 
where the user can select if it is a background photo, photos of the chessboard or photos of the 
object that are about to be taken. The user can also specify the exposure time for the photos. For 
both chessboard photos and object photos the user can choose an angle that the turntable will move 
between the different photos and this implies that the user controls how many photos that will be 
taken. The photos are saved in JPG-format with a name and a number. The name depends on the 
type of the photo (chessboard or object) and the number of the image in the sequence, for example 
object01.jpg, object02.jpg.  
 
The Camera Calibration (section 3.2) uses the photos of the chessboard that were acquired in the 
image acquisition step. In this Shape from silhouette scanner we found out a special way of placing 
the chessboard pattern that facilitates the process of finding the rotation axis of the turntable. The 
chessboard is placed standing on the turntable and one photo of the pattern is taken for each rotation 
of the table (a user-specified angle described above). By analyzing how a point in the pattern moves 
between the different photos we can find the rotation axis of the turntable. The camera calibration 
program we have developed reads in the photos of the chessboard and after using some Intel 
functions in the code we get the camera parameters. We use the intrinsic camera parameters and the 
formula for perspective projection to find the relationship between image coordinates and camera 
coordinates. The relationship between camera coordinates and world coordinates we find by 
defining the world coordinate system. This we do with the special placement of the chessboard, the 
extrinsic camera parameters and our new approach with intersected virtual planes (described in 
section 3.2.3). When we have defined the world coordinate system it can be used to describe the 
placement of the camera. In the end of the calibration program the camera parameters and the 
camera placement is stored in a file that the scanner program will read. As mentioned in section 
3.2.1 Niem et al. use a camera calibration that is comparable to the one developed by Tsai.  
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In the Silhouette Extraction (section 3.3) we use an approach that compare an object photo with a 
background photo and compute the Euclidean distance between the colors in these. Szeliski [7] uses 
a method that compares an object photo with a background image and Niem et al. [3] uses a one-
colored background. The silhouette extraction in this Shape from silhouette scanner is based on a 
combination of these two and we wanted to both use a pretty homogenously colored background 
and comparing object photo with a background photo. In the beginning we tried using just a 
homogenously colored background but with this approach it was difficult to get good results. Then 
we tried comparing pixels in an object image and a background image (without uniform color) but 
this method was not very good since it was easy to get noise and errors. Finally we came up with 
the idea of combining these two methods and that gave us better results. We got the idea that we 
could use the Euclidean distance as comparison criterion and it gave better results than other 
methods we had tried before. For creating accurate silhouette segments the people of VCG 
suggested us to use Marching Squares, the 2D version of Marching Cubes, and this we did.  
 
In the Model Reconstruction (section 3.4) the new thing most important in this Shape from 
silhouette scanner is presented, which is the representation method used for the volumes, the 
Marching Intersection data structure (section 3.4.2). The data structure is developed by VCG and 
has never been used in a similar scanner before. By using existing libraries and coordinate the 
functions of them in a special way we made a new representation scheme for the conoids. This 
representation method simplifies the intersection calculations between the different conoids in an 
immense way. Some existing methods for making the intersection are presented in section 3.4.3 
(Szeliski [7] and Niem et. al. [3, 4]). For visualizing the final model we used a program developed 
by VCG that is called PlyView. The surface is specified in a number of triangles and faces where 
one face consists of two triangles. A special printing order of the triangles is set and this gives the 
instructions of how to visualize the surface. 
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5. Results 
The Shape from silhouette scanner described in this report has been tested on a number of real 
objects with varying results. In this section three different objects and their resulting models will be 
presented. Each of the objects was placed on the turntable and a set of images was taken for 
different rotation angles. 
 
Figure 40 below illustrates the different steps in this Shape from silhouette scanner, starting from an 
input object image and finishing with a snapshot of the final 3D model.  
 
 

Figure 40: From the input object image to the output 3D model. 
a. Object image  b. Distance image  c. Silhouette image  d. Conoid  e. Model 
 
The first image in the figure (Figure 40a) is the object photo and after comparing this with an image 
of the background the second image, the distance image (Figure 40b), is achieved. In the distance 
image the dark areas have short distance to the background and the light areas have long distance to 
the background. With respect to this distance the object is separated from the background and the 
result of that can be seen in the third image (Figure 40c) where the black line shows this separation, 
the silhouette of the object. By using the silhouette a conoid volume is created and this can be seen 
in the fourth image (Figure 40d). The volumetric intersection of many conoids together generates 
the final object volume as is shown in the last image in the figure (Figure 40e). 

a. b. c. 

e. d. 
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In the example (Figure 40) 144 photos (which gives 144 conoids) and a user-defined grid with 
approximately 20 million cells were used. The resolution and the quality of the final model are 
directly dependent on these numbers. The size of the Marching Intersection data structure is also 
related to the size of the grid (number of cells). A high resolution of the grid gives more intersection 
points between the grid and the model that needs to be stored and the result is that a bigger data 
structure is required. For example in the XY-data structure, each intersection point is stored as a 
floating number that describes the coordinate in the Z-direction and a bit for the sign that tells if the 
volume is entered or left.  
 
Another parameter that clearly affects the result of the final model is with what step size the original 
image is down sampled. This down sampling can be set by the user and a down sampling with 
factor 2 (which was the case for the example in Figure 40) means for example that every second 
pixel in the original image is considered. A higher resampling factor gives silhouette segments that 
are rougher, which implies that the final model will have lower resolution than if no down sampling 
was used. 
  
The resolution of the final model is furthermore dependent on another item, the placement of the 
near plane and the far plane. They are set by the user and the ultimate placement is when the planes 
do not cut the volume of the real object in any way. If they are placed unnecessary far from each 
other the specified number of cells is spread over a wider volume and the result is bigger voxels and 
lower resolution. 
 
The stripes that can be seen on the side of the final model (Figure 40e) are an effect of the fact that 
the scanner is based on silhouette photos of the original object. The concavities of the object can 
never be represented in these images and the resulting model is like a visual hull of the real object. 
These effects can however be reduced by adding textures on the models. 
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Figure 41 below shows an example of some final models that are based on the same set of object 
photos (144 photos) but with different parameters for the grid size and the resampling factor. The 
first pair of models shows two different grid resolutions and the second pair shows two different 
resampling factors. 
 
 

Figure 41: Object image and models of a porcelain dog. 
                  a. An object photo.  
                  b. Comparison between different grid resolutions. The model to the left has 1 million 
                      of cells and the right one has 200 millions. 
                  c. Comparison between different resampling factors. The model to the left is down         
                      sampled with a factor 10 and the one to the right with a factor 2 

a. 

c. 

b
. 



 

  University of Linköping   
  Master of Science in Media Technology and Engineering 

 

 

Master’s Degree Project by Karin Olsson & Therese Persson 45 

 
The two models in Figure 41b are presented in order to show the difference between different 
resolutions of the user-defined grid. The first model in Figure 41b is created with a user-defined 
grid of 1 million cells; a resampling factor 2 and the final ply-file that represents the surface of the 
model is 587 KB. The second model in Figure 41b is generated with a grid of 200 millions cells; 
still a resampling factor 2 and the final ply-file is 20938 KB. Even if the size of the model is 
increased dramatically in the second case the visual result is not that much improved. For this 
model it is almost the contrary, the model with higher resolution appears worse because now all the 
artifacts with concavities are more visible.  
 
The two models in Figure 41c are showed to illustrate the resulting models are changed by different 
resampling factors. The first model in Figure 41c is created with a resampling factor 10 and a user-
defined grid of 20 million cells; and the final ply-file that represents the surface of this model is 
4445 KB. The second model in Figure 41c has the same number of grid cells (20 millions) but the 
resampling factor is now just 2 and the final ply-file for this model is 4476 KB. Here we can see a 
significant improvement of the result while the size of the final model remains almost unchanged. 
However, important to note is that the time for generating the conoids and the time for calculating 
the AND operation increase very much when the resampling factor is low.  
 
Figure 42 below shows another example of a final model. This model was made with 144 input 
object images, 10 millions of cells in the user-defined grid and a resampling factor 3. 
 

  

Figure 42: Object image and model of a porcelain bird. 
 
In the next chapter (6. Conclusions and Future work) the results achieved from this scanner will be 
further analyzed and some possible improvements will be discussed. 
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6. Conclusions and Future work 
A method for creating a 3D model of a real object has been presented, called Shape from silhouette 
scanner. The scanner is based on the well-known approach to reconstruct a model of an original 
object from a set of photos taken from different viewpoints. By extracting the object silhouettes 
from these images with a special and accurate method, conoid volumes can be created for each 
photo. The main innovative approach in this Shape from silhouette scanner is the special 
representation method used for the volumes, the Marching Intersection (MI) data structure [1]. This 
structure makes the representation very compact and effective and the complex problem of making 
intersections between volumes is dramatically simplified. Another big advantage with this Shape 
from silhouette scanner is the relative cheapness (compared to for example an optical laser scanner) 
since the equipment that is needed only consists of a turntable, a digital camera and a normal PC. 
 
A limitation of the scanner is that it can only reconstruct the visual hull of an object so all 
concavities in the object are lost. This means that a scanner like this is best suited for convex 
objects. A future extension of the system could be to add textures that increase the visual 
impression of concavities even if they are not present in the model shape. This means that even 
concave objects can be scanned with satisfying results. Another thing that can be improved in a 
future system is the reduction of shadows in the scene. The problem is that shadows can cause 
errors in the object background separation and this means that the conoids will be wrongly 
calculated. This problem can be solved by using better illumination and more precise encapsulation 
of the background with a non-reflecting material.  
 
This Shape from silhouette scanner like the one presented in this report can be a very good solution 
when there is a need of a low-cost scanner that can model simple convex objects. A scanner like 
this is uncomplicated and cheap to implement and this implies that it can easily be distributed and 
used. One possible application area is product advertisement on the Internet. Another idea could be 
to use the scanner for modeling pieces of art (like statues and vases) for a virtual (and possible 
online) museum. The scanner could also be a good tool when people cooperate without the 
possibility to meet and want to illustrate the shapes of real objects to each other. 
 
To summarize it can be said that even if a scanner like the Shape from silhouette scanner presented 
in this report has some limitations there exists a lot of different application areas where it gives an 
appropriate result. Due to the special representation method that is used, the Marching Intersections 
data structure, the system is more effective and easy than previous scanners of the same kind. The 
low cost of a scanner like this makes it in many cases a better option than a more expensive scanner. 
This means that depending on the application area a Shape from silhouette scanner can sometimes 
compete with more advanced systems.   
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