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Abstract. Shape-From-Silhouettes (SFS) is one of the most popular ideas for 
reconstructing the 3D voxel of an object from silhouettes images. This paper 
presents a method based SFS and pre-computing methods for 3D voxel 
reconstruction using a single PC. This method is reduced the memory usage. 
Towards this approach, a meshless parameterization for dimensional reduction 
is integrated in the process to obtain object representation in 2D form. Since the 
meshless parameterization requires the solution of large linear system on a 
whole 3D voxel, by taking the advantages of 3D voxel reconstruction process, 
the meshless parameterization is computed locally. The proposed method is 
able to implement an optimize system and utilize in various applications. 

Keywords: Meshless parameterization, dimensional reduction, 3D voxel 
reconstruction, shape from silhouettes, single PC. 

1   Introduction 

3D voxel reconstruction using multiple-views of silhouette images is an active 
research topic in 3D video, 3D animation, 3D gesture recognition and etc. The 3D 
voxel reconstruction is referred to the problem of extracting the parameters of an 
object from a set of sequence images. Visual Hull (VH) construction and Shape-
From-Silhouettes (SFS) approximates the shape using silhouettes images have been 
proposed in last two decades [1, 2].  SFS is one of most popular approach for shape 
estimation since it has many advantages for estimating 3D shape. For better shape 
estimation, multiple cameras are used to increase the number of silhouette images.  

The 3D voxel reconstruction involves many operations therefore PC clusters are 
used in order to perform a fast processing speed. However, the PC clusters need high 
cost, high speed network and synchronizing multiple-view images. This motivates us 
proposed a pre-computing method using look-up table for 3D voxel reconstruction in 
a single PC. The proposed system consists of one PC, four web cameras and a graphic 
card. This method optimizes the performance and speed for 3D voxel reconstruction 
using a single PC. 
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In addition, the interest of dimensional reduction of 3D voxel has grown rapidly. 
The 3D voxel is rich of information that supports the various kinds of applications. 
However, this information causes high computational time for real time performance. 
Dimensional reduction becomes very important to reduce the curse of dimensionality. 
There are various approaches of dimension reduction such as Principal Component 
Analysis (PCA), Linear Discriminant Analysis (LDA), Multi-Dimensional Scaling 
(MDS) and etc [3, 10, 11]. These techniques are popular for pattern recognition areas.  
Yet, we chose Meshless Parameterization, as a technique for dimensional reduction of 
the reconstructed 3D voxel. The meshless parameterization is well known for 
parameterizing and triangulating a single patch for unorganized point sets [4-8].  

The basic idea of meshless parameterization is to map the points into some convex 
parameter domain in the plane. This method is mapping independently in any given 
topological structure. However, this method requires a solution of a large linear 
system and the complexity of linear system is increased rapidly when the number of 
3D voxel increased. Therefore, in this paper, we are adopted the advantages of the 3D 
voxel reconstruction, the meshless parameterization is computed locally within the 
process of generating the 3D voxel. This approach is able to overcome the linear 
system complexity. On top of this, the operations for number of neighborhoods and 
weight computation are performed faster.  

An overview of our proposed system is illustrated in Fig. 1. In this paper, the 3D 
voxel is reconstructed using SFS method. The silhouettes images are extracted from 
four web cameras using a single PC. In the process of generating 3D voxel, meshless 
parameterization is computed for every three base plane slices. At the end of process, 
the system results a 3D voxel object and a 2D pixel object representation. 

 

 

Fig. 1. The overview of proposed system 

Shape-From-Silhouettes method for 3D voxel reconstruction using pre-computing 
approach is described in section 2. Section 3 explains the basic idea of meshless 
parameterization. The meshless parameterization towards the 3D voxel reconstruction 
in order to solve the large linear system is presented in section 4. The experimental 
results of the proposed system are elaborated in section 5. Conclusions and proposed 
future work are presented in section 6. 
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2   3D Voxel Reconstruction 

Matsuyama et al. [1] presented a real-time dynamic 3D object shape reconstruction 
method using sequential processes: silhouettes image generation (SIG), base-plane 
projection (BPP), parallel-plane projection (PPP) and intersection (INT). They are 
introduced a forward computation of all silhouettes pixels for 3D voxel generation 
using pc clusters approach. However, this process requires much computational time. 
We adopted the method of Shape-From-Silhouettes (SFS) to reconstruct the 3D 
object. However, we propose a fast and efficient method which runs on a PC, for 3D 
voxel reconstruction using pre-computing of 2D silhouettes image for one slice of 
plane and stored into a look-up table. Section 2.1 describes the overview of general 
method of SFS for 3D voxel reconstruction and section 2.2 explains our proposed 
approach of pre-computing. 

2.1   Basic Method of Shape-From-Silhouettes 

Shape-From-Silhouettes is implemented in proposed system. In this paper, the 3D 
object is reconstructed by volume intersection. To realize efficient volume 
intersection, the plane-based volume intersection method is introduced. The 3D voxel 
space is partitioned into a group of parallel planes and the cross section of the 3D 
object volume on each plane is reconstructed. Then, we devised the plane-to-plane 
perspective projection algorithm to realize efficient plane-to-plane projection 
computation. PC cluster is introduced to realize real-time processing. Fig. 2 shows a 
forward computation of all silhouettes pixels for 3D voxel generation on PC cluster.  
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Fig. 2. 3D voxel reconstruction based on silhouettes pixel using PC clusters 
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2.2   Pre-computing Method 

The 3D voxel reconstruction consists of four steps: silhouettes generation, plane 
generation, cross section, and voxel extraction. It is represented in volumetric form. 
The silhouettes are generated using background subtraction and shadow detection 
from the color difference [2]. The proposed approach only relies on volumetric voxel 
data of the object in order to infer shape information. The threshold value of RGB 
color is derived to subtract the background and foreground images. The silhouette 
generation consists of two methods: first, compute the distance in order to separate a 
silhouette pixel and background pixel, and second, compute the difference to separate 
the shadow and non-shadow.  

We present a fast and efficient method of 3D voxel reconstruction in order to 
reduce the memory storage and computational times. This approach used a computed 
plane data (pre-computing) and post-computing method. Fig. 3 shows the proposed 
method of pre-computing in 3D voxel reconstruction.  
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Silhouette Extraction

Post-computing

Voxel Generation

Look-up table

 

Fig. 3. Work flow of 3D voxel reconstruction using pre-computing approach 

The projection of each voxel in the 3D volume is constrained on a 2D plane. The 
plane is x-y axis and z-axis is equal to zero. Then, the 2D silhouette points of this 
plane are pre-computed and saved in look-up table. The voxel reconstruction is fast 
and efficient with the assist of look-up table and post-computing process. In the 
proposed system, the relationship between a 3D point (X, Y, Z) and its image 
projection of 2D point (x1/x3, x2/x3) is given by the equation (1). 
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As for x1, x2 and x3 computation, the equation can be found in Table 1. We can 
represent the general perspective projection from 3D voxel point (X, Y, Z) to 2D point 
(x1/x3, x2/x3). This process requires 22 multiplications, 14 additions and 2 divisions for 
each voxel point. However, for the equation (2) and (3), if the z-axis is zero for each 
voxel data, the parameter A1, and A2 are pre-computed and stored in look-up table. 
Therefore, this process reduces the computational times and only requires 5 
multiplications, 5 additions and 2 divisions for each computation of all voxel data 
from plane 0 until plane k. The data set for (B1, B2, r31, r32, t3, r33) which derived from 
equation (2), (3) and (4) are also saved for each of web camera [12, 13].  
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3   Meshless Parameterization 

The meshless parameterization method [4-8] is used to represent the 3D voxel data 
into 2D pixel representation which adopt good characteristics of convex combination 
such as fast computation and one-to-one mapping. We briefly describe the basic idea 
of meshless parameterization in the following sections. 
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3.1   Basic Idea 

Meshless parameterization is a 2D representation with some convex parameter where 
the one-to-one mappings of 3D voxel into 2D pixel without using mesh information 
[4-8]. The method is divided into two basic steps. First, map the boundary points PB 
into the boundary of domain D plane. Then, the corresponding parameter points U = 
{un+1, un+2,…,uN} are laid around the domain D counter-clockwise order. The chord 
length parameterization is used for the distribution of parameter points U. In this 
paper, we used the boundary-following algorithm to search and order the boundary 
points from the 3D voxel. The detail of the algorithm is described in section 3.2. 

The second step, the interior points are mapped into the domain D plane. However, 
before mapping, a neighborhood pj for each interior point in PI where the points are 
some sense closed by is chosen, and let Ni as a set of neighborhood points of pi. In this 
case, a constant radius r is chosen.  The points that fall within the ball with radius r are 
considered the neighborhood points of each interior point. Then, the reciprocal distance 
weights method is to compute the weight 

ijλ for each interior point pi. The parametric 

points for interior point’s ui can be obtained by solving the linear system of n equations 
of the number of interior points, as shown in below equations (5) and (6).  
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From the equation, we rewrite the linear system in the form of Au=b, where A is a 
matrix of weight nxn, u is parameter points and b is the sum of neighbor points of u. 
The linear system can be written in the matrix form:  
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(7) 

We use Gauss Elimination to compute the inverse of matrix A. Follows by solving 
the equation (7) and obtained the parametric value U for all interior points, which are 
used to represent gesture data, and novel features are extracted for gesture 
recognition. 
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Fig. 4 illustrated the result of 3D hand voxel data and the 2D representation of 
meshless parameterization. This meshless parameterization has two drawbacks: first, 
need to solve a large sparse linear system, and second, the neighborhood computation 
takes a linear search computation time. Both drawbacks have much computational 
times when the number of 3D voxel increases. This is not efficient for real-time 
application. In order to solve these problems, meshless parameterization is integrated 
in the 3D voxel reconstruction. The details approach of proposed method is presented 
in Section 4. 

 

 

Fig. 4. Result of meshless parameterization for 3D hand voxel 

3.2   Neighborhood Points and Weight 

In this section, we describe a method to compute the neighborhood points and weight. 
The number of neighbor points are determined using a ball neighborhood with 
constant radius, r. The reciprocal distance weights method is to compute the 
weight,

ijλ for each interior point pi. In this process, we reduced the computation time 

from all interior points into local interior points only. The equation (8) explains the 
method of choosing neighborhoods and weights. The choice of weights is 
positive ,  for , ij ij Nλ ∈  such that 1 
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3.3   Boundary-Following Algorithms 

The boundary-following algorithm is used for surface point’s extraction and order 
boundary points in counterclockwise ordered. The 3D voxel data generation is 
extracted from the silhouette images and intersection points. The 3D voxel contains 
the whole volume of the 3D object information. The voxel data is extracted without 
proper ordered. In meshless parameterization, it only needs the 3D surface points 
instead of the whole volume. The boundary-following algorithm [9] is widely used on 
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the boundary extraction on 2D image. Thanks to the base plane generation for 3D 
voxel which is the slice basis, it can be treated as a 2D domain image. The boundary 
of a connected component S is the set of pixels of S that are adjacent to Ŝ is defined in 
2D domain image. A simple local operation may be used to find pixels on the 
boundary. In this meshless parameterization, it wants to track pixels on the boundary 
in counterclockwise order. The details and simple boundary-following algorithm is 
given as follows: 
 

1. Find the starting pixel s∈S for the region using a systematic scan, say from left
 to right and from bottom to top of the image 

2. Let the current pixel in boundary tracking be denoted by c. Set c=s and let the 
4-neighbor to the west of s be b∈Ŝ. 

3. Let the eight 8-neighbors of c starting with b in counterclockwise order be n1, n
2 ,…, n8. Find ni, for the first i that is in S. 

4. Set c=ni and b=ni-1. 
5. Repeat steps 3 and 4 until c=s. 
 
This process is very important to determine the boundary points. The first starting 

point of the boundary points is at the left most bottom position. The order of the 
boundary points sequence is counterclockwise ordered. 

4   Meshless Parameterization in 3D Voxel Reconstruction 

The objective of the proposed system is to represent the 3D voxel into 2D pixel 
representation that is useful for object recognition or related applications. In the same 
time, the integration of meshless parameterization in 3D voxel reconstruction reduced 
the computational complexity and memory storage. The overall proposed system of 
meshless parameterization for dimensional reduction integrated in pre-computing 3D 
voxel reconstruction using a single PC is described as following algorithm and Fig. 5: 
 

1. Precompute the 2D silhouettes points correspond to 3D voxel and store in look-up table 
2. Synchronized the multiple images by taken simultaneously with multiple cameras 
3. Extract the silhouette by background subtraction based on the RGB color threshold 
4. Reconstruct the 3D voxel data volume using post-computing based on look-up table 

A. Every 3 slices compute neighbor points and weight for local meshless 
parameterization 

5. Repeat step 4 until complete reconstruct 3D voxel 
 
The existing method of meshless parameterization requires the computation of the 

2D parameterization to solve a large linear system. In order to solve the large sparse 
linear system, an iterative solver such as Gauss-Seidel or Krylov subspace methods 
[8] is used. Our proposed method can be overcome the large linear system using local 
3D voxel for meshless parameterization process. This local approach of meshless 
parameterization is introduced during the process of reconstructing the 3D voxels. 

The 3D reconstruction method is based on shape from silhouettes and generates the 
3D voxel plane per plane. Original method of meshless parameterization of 3D voxels 
into 2D representation is gathered all the 3D voxels points and split them into 2 
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Fig. 5. The overall process of proposed system 

disjoint sets. This process will generate a large sparse linear system during 2D 
parameterization computation. In addition, the process time of neighborhood 
computation increases rapidly according to number of voxel points. Therefore, we are 
introduced meshless parameterization integrated in the process of reconstructing the 3D 
object.  

Fig. 5 shows the process of 3D reconstruction, the voxels are generated plane by 
plane. The first plane generation is equivalent to the boundary points one of two 
disjoints subsets of points for meshless parameterization. Therefore the boundary points 
are discriminated easily from the interior points. Only in the first plane, the boundary 
points are ordered in counter-clockwise order using boundary following algorithm. The 
process is carried out for the next plane of 3D voxels and this voxels are stored as 
interior points. The meshless parameterization using local 3D voxel is referred as partial 
simultaneously compute the 2D parameterization whenever there are three consequent 
of planes that generated in 3D reconstruction from bottom to upper plane. This process 
of meshless parameterization is illustrated as following pseudocode: 
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1. Assume the first plane generation of 3D voxels data as boundary points 
2. Ordered the boundary points using boundary-following algorithm 
3. Map the boundary points into 2D domain using chord-length 

parameter 
4. Obtained the two consequence planes of 3D voxels data as interior 

points 
5. Compute the neighbor points and weights 
6. Solve the linear system to compute and update the interior points 

parameter 
7. Treat the 2D parameter points of first plane from interior points as 

map boundary points in 2D domain 
8. Obtained the following plane and remain the last plane of 3D voxel as 

interior points 
9. Repeat the step 5 to 9 until last plane generation 

5   Experimental Results 

In this paper, we proposed two methods and integrated into a system. The first 
method is the pre-computing for 3D voxel reconstruction, and the second method is 
meshless parameterization for dimension reduction. Four cameras are placed towards 
a defined workspace to capture the object. The system is processed with a personal 
computer (Intel® XeonTM CPU 3.20GHz, 2.56GB RAM, Windows XP OS).  

We have tested on overall performance for general method, look-up table and our 
proposed method to reconstruct 3D voxel.  Fig. 6 shows the total processing time for 
each method. The general method took the longest processing time compared to look-
up table and our proposed method. The look-up table method is slightly faster than 
our proposed method. However, the look-up table used up more memory storage 
compared with our proposed method.  
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Fig. 6. Total processing time for proposed method and other existing methods 

We have explained the theoretical method of meshless parameterization for 
existing approach and proposed approach which is integrated in 3D voxel 
reconstruction. In this experiment section, we evaluated the similarity of the proposed 
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approach with the original approach. There are 3 virtually created 3D opened cubes in 
5x5x5, 7x7x7 and 11x11x11 size of voxel for validation purposes. The 3D opened 
cubes voxel are saved as binary format file. Fig. 7 shows the result of meshless 
parameterization for 5x5x5 size of 3D opened cube, Fig. 7(a) is the result of original 
approach and Fig. 7(b) is the result of proposed approach. 

 

  

Fig. 7. Results of meshless parameterization for both approaches on 5x5x5 voxel size of 3D 
opened cube 

Table 2 shows the results of error difference between the proposed method and the 
existing method. The absolute error is used to measure the similarity of the proposed 
approach with the existing one. The results concluded that when the number of voxel 
point increase, the average or absolute error is getting lesser. And the average of 
minimum distance is computed between the results of 2D parametric. It also indicated 
that the average of minimum distance is reduced corresponding to the number of 
voxel size.  

Table 2. Results of error difference between existing and proposed method 

Measurement of error 3D opened cube 
(volume size) Average of absolute Error Average of minimum distance 

5x5x5 0.00225052 0.141804 
7x7x7 0.00108899 0.031601 

11x11x11 0.00063468 0.025904 

In meshless parameterization method, we need to solve large linear system and 
compute the inverse matrix according to the number of interior points. Solving system 
of linear equations Au=b, where A is a matrix of weight nxn, u is parameter points and 
b is the sum of neighbor points of u, the inverse of A-1 for matrix A can be determined 
in time of 3( )nΘ . As a result, the existing method of meshless parameterization is 
considered all number of interior points to solve the linear system. The inverse of A-1 

for matrix A consumes much running time since the all number of interior points are 
counted.  
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As our proposed approach, the meshless parameterization is executed for every 
three slices of 3D voxel reconstruction. It has less running time since the numbers of 
interior points are reduced from all points to some number of points. The inverse of 
matrix A in our proposed approach can be determined in time 
of 3(( ) ),  n g where g nΘ − < . The parameter g is a large number of interior points which 

are not included in derived slices. In this approach, we solved the running time 
complexity and reduced the memory space for computation process.  

In addition, this approach results two tasks in one system, we adopted the advantage of 
3D voxel reconstruction approach to performance the dimension reduction using 
meshless parameterization. This approach solved the sparse linear system and is able to 
maintain the existing 3D information data for any related applications. 

6   Conclusions and Future Work 

Our primary aim is to reduce the 3D voxel complexity without loss the information 
generality and satisfy the critical requirements of speed and robustness in representing 
3D object for related applications. This paper presented a solution of the large sparse 
linear system of meshless parameterization, which is integrated in pre-computing 3D 
voxel reconstruction. In addition to this system, we proposed an efficient and fast 
method for reconstruct the 3D voxel in real time.  

The proposed method using look-up table and post-computing to reconstruct 3D 
voxel shows the total processing time nearly closed to look-up table method. 
However, our proposed method is wisely reduced memory storage compared to look-
up table. And for the inverse matrix of meshless parameterization operation, the 
running time needs 3(( ) ),  n g where g nΘ − <  and parameter g is almost closed to n. 

Therefore, the running time is much lesser than existing approach. The integration of 
3D reconstruction and dimension reduction makes this system not only efficient in 
term of time processing, it also wisely reduce the memory usage. Therefore, this 
method promises a better performance in any real time applications. 

For future work, more experiments need to carry out on various kinds of 3D object 
to test and validate the robustness and efficiency of proposed system. The object 
recognition classification remains to be performed in order to judge our proposed 3D 
voxel reconstruction and meshless parameterization for dimensional reduction are not 
limited the shape preserving information.  
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