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1 Abstract 
 
This paper proposes an algorithm that solves the 

shape recovery problem from N arbitrary images. By 
introducing a polygon carving method, the proposed 
method can directly reconstruct the 3D polygonal shape 
which is image-consistent and patched by high quality 
textures. This algorithm identifies the valid vertices and 
polygons by checking the color variance which represents 
the consistency on each view. The carved model is refined 
based on the reprojected pixels of the vertices onto input 
images. The reconstructed shape faithfully accounts for 
the input images and its textured appearance reflects the 
similar reflectance property to the true object. 

 
 

2 Introduction 
 

There exist several ways to reconstruct the 3D model 
such as range scanning, reconstruction from sketch, 
image-based modeling, and so on. 

Among them, range scanning reconstructs most 
accurate 3D model, but the scanning devices are too 
expensive to use generally. And the sketch reconstruction 
technique is cheap and easy to acquire the input data 
because it requires only manually-drawn sketches. But the 
inherent ambiguity of the sketch sometimes leads to the 
incorrectly reconstructed model. The image-based 
modeling algorithm is also cheap and easy to acquire the 
input images. The model reconstructed by this approach is 
not as exact as the range scanner’s. But this approach 
reconstructs the ‘image-consistent’ model stably. 

Of course, there are also many kinds of image-based 
approaches such as ray-casting, geometry-based, aligned 
block parameterization, space carving and so on. 

Taylor[3] proposed an algorithm of structure from 
motion(SFM) to reconstruct line segments in multiple 
images. This algorithm shows good results to the image 
noise and proposes new technique to avoid local minimum 
in the nonlinear solution. But this work can’t reconstruct 
the complex objects. 

Debevec[4] proposed the aligned block 
parameterization technique for architectural scene 
reconstruction. In this work, the blocks are adjusted by the 

hybrid algorithm of photogrammetric modeling and 
model-based stereo algorithm. In this paper, the view-
dependent texture mapping technique is proposed to 
enhance the reality of the reconstructed scene. But the 
target objects are confined to the man-made scenes like 
architectures which can consist of pre-defined blocks. 

Seitz[5] proposed the plenoptic image editing 
technique that virtually modifies the 3D object by editing 
input images. The ‘plenoptic’ which is introduced by 
Adelson[2] means that the object’s appearance changes 
according to the viewpoint and light sources. This 
algorithm recovers the plenoptic function – object’s 
appearance - from N view images. This paper introduces 
the ordinal visibility that improves and simplifies the 
visibility computation process. And the visual effects such 
as occlusion, shading, and parallax are considered as the 
critical constraints of the image-based approaches. 

Matusik[8] used epipolar geometry to reconstruct the 
visual hull of the target object. This work efficiently 
provides a useful model with accurate silhouettes and 
textures. But it is difficult to represent the concave objects 
and necessary to perform background segmentation such 
as chromakeying and image differencing. 

The space carving[9] algorithm recovers the 3D 
model by applying the carving operation to the initial 
volumetric space. This operation makes the reconstruction 
process free from the vision constraints - especially 
occlusion. And this work recovers the maximal photo-
consistent shape that accounts for the input images. But 
because the reconstructed model consists of voxels, 
volume rendering must be performed to visualize it. This 
rendering technique takes so much calculation time to 
render each frame. And it shows the blurred result on a 
large-size voxel space due to the interpolation on the 
intermediate pixels that exist between the voxel centers. 
So the smaller voxel size is required for the better 
rendering result in this rendering technique. This means 
that much more memory is needed. Of course, we know 
that the volume rendering is a useful technique for 
visualizing the interior of an object. However, the general 
input images show us only the external shape of the target 
object. So space carving algorithm also recovers only the 
external description of the object. In this case, the volume 
rendering becomes only a low-speed rendering technique 



which is weak to the case of the coarse voxel distribution. 
So we want to use a high-quality fast rendering 

technique – especially texture mapping – to visualize the 
carved model because this technique can use the input 
images so that the color of a polygon is mapped by the 
real color value. But there is an inevitable problem to use 
texture mapping. It is that the model reconstructed by the 
previous voxel-based method does not have a polygonal 
structure which is necessary for texture mapping. 

In this paper, we propose a different type of carving 
algorithm that generates the polygonal model directly 
carved from N view images taken at arbitrary viewpoints. 
Our approach offers three main contributions. 

 
1. We also reconstruct the maximal photo-consistent 
shape. This shape faithfully accounts for the input images. 
In addition, it is composed of polygons to use texture 
mapping. 

 
2. We refine the maximal photo-consistent shape to make 
it closer to the true object. The image-based refinement 
operation is proposed to refine the shape. For this 
operation, the normal vector approximation is performed 
by investigating the topology of the carved model. 

 
3. This method photorealistically renders the reconstructed 
model by patching the corresponding head-on view image 
on each polygon. 

 
The paper is organized as follows: Section 3 

introduces the basic assumptions for this reconstruction 
algorithm. Section 4 shows the detailed process. 
Experimental results and comparisons are shown in 
Section 5 and we conclude in Section 6. 

 
 

3 Basic Assumptions 
 

3.1 Illumination Model 
 
Like the previous voxel-based approach, the 

proposed algorithm is based on the Lambertian 
illumination model. This means that there exist only the 
diffuse light sources. So we’ll see the same color at a 
vertex even though the viewpoint changes. This makes the 
vertex validity check routine simple and fast. 

 

3.2 Projection Matrix 
 
Before the reconstruction, we must know the 

projection matrices of the input images to project the 3D 
vertices onto each input image. We assume that the 
projection matrices of the input images are already known 
before the reconstruction. We can acquire the matrices 
when the input image was captured or calculate them by 
Poulin[6]’s method. 

 

3.3 Initial Space Configuration 
 

We apply the new carving scheme to the initial space 
which has the polygonal structure. In the initial space, the 
vertices are distributed in a constant distance. And we 
associate the neighbor vertices to create the polygonal 
topology. As you can see in a figure 1, we select a triangle 
as a basis polygon because this type of mesh reduces the 
geometric aliasing effect on the boundary edges. 

 
Figure 1. Initial space configuration 

 
 

4 Reconstruction Process 
 

4.1 Vertex Validity Check 
 

In this process, we apply the previous carving 
algorithm to the initial space. The difference in this 
process is that we carve the vertices instead of the voxels. 

 

4.1.1 Vertex Validity Criterion 
 
As mentioned before in section 3.2, we already know 

the projection matrix of each input image. By applying the 
projection matrix to each vertex, we can find the projected 
position of each vertex onto each input image. Because we 
suppose Lambertian model as a basic illumination model, 
if the vertex exists on the true object, all the corresponding 
pixels of all visible images may display the same color. 
Then the vertex is set to valid. On the contrary, if any 
color of pixel is different from the others, we can say that 
the vertex is not on the object. So the vertex is set to 
invalid. (see Figure 2) This process is performed 
iteratively, until the number of invalidated vertices is 
below the user-defined number. 

 
Figure 2. Vertex carving 

 
But the projected pixel might have a little color 

variance because of difference between Lambertian and 
actual illumination environment, projection error, image 
noises and so on. Therefore, we specify a threshold value 
and consider the vertex whose color variance of all 
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projected pixels is within the threshold as a valid one. 
Finally the vertices that are thought to be on the true 
object remain. 

 

4.1.2 Plane Sweeping 
 
To achieve the vertex validity check, we must 

determine whether the target vertex is visible in each 
image before we project it onto the image. Most visibility 
computation algorithms require much calculation costs 
and some constraints. We use the plane-sweep 
algorithm[9] to simplify and accelerate the visibility test. 
This algorithm sets up a sweep plane, and activates the 
cameras in front of the plane. The sweep plane moves to 
the direction of a view vector. And the vertex validity 
check is processed on vertices on the sweep plane with the 
images of the activated cameras. 

 
Figure 3. Plane sweeping 

 
For example, as you see in the figure 3, if the vertex 

A is hiding the vertex B to the sweeping direction, they 
are projected to the same pixel P about the relevant 
camera. Then the vertex A is checked first. If the vertex A 
is valid, the flag of the pixel P will be set to true. When 
the vertex B is checked later, because the flag of the B’s 
projected pixel P is already set to true, we consider that 
the vertex B is not visible from the position of relevant 
camera. So the vertex B is not checked by the camera. In 
this way, the vertex visibility is checked easily. 

 

4.2 Polygon Carving 
 
After the vertex validity check, it is needed to carve 

the polygons. So we think out a simple criterion to 
determine the validity of a polygon. The proposed 
polygon validity criterion is defined as following. 

 
Polygon validity: If the number of the valid member 
vertices in the target polygon is one or more, the polygon 
is valid. 

 
That is to say, if all member vertices are invalid, the 

polygon becomes invalid and it is carved. The figure 4 
shows the reconstructed shape when the number of the 
valid member vertices in the definition changes from 1 to 
3. We set the number to 1 in this paper. Otherwise we 
reconstruct the model that imperfectly includes the true 
object as you can see in the figure 4-(c), (d). The model 
that perfectly includes the true object is called the 
‘maximal photo-consistent shape’ (figure 4-(b)). Because 

this shape accounts for the input images and the shape 
distortion is less than the other cases, this shape is the first 
target of our reconstruction algorithm. 

 
(a) original object               (b) n=1 

 
(c) n=2                     (d) n=3 

Figure 4. The reconstructed shape according to the 
polygon validity criterion number. 

 

4.3 Normal Vector Approximation 
 
Vertex and polygon normal vectors are necessary to 

determine the head-on view image in mapping the surface 
properties such as texture coordinates. But after the 
carving process, all the information that we can obtain is 
only the external shape description. 

In this section, we explain the method for 
approximating normal vectors. 

 

4.3.1 Vertex Normal Approximation 

Figure 5. The mask vectors for the approximation of 
vertex normal. ¦ : target vertex, ? : 1st neighbor vertex, ? : 
2nd neighbor vertex, ★: 3rd neighbor vertex (black: valid 
vertex, white: invalid vertex) 

 
We suppose that the directions of all normal vectors 

are toward the outside of an object. By using this 
proposition, we build a vertex approximation mask filter. 
For each vertex, we add the mask vectors of invalid 
neighbor vertices to the normal of the target vertex (see 
Figure 5). The magnitude of each mask vector was 
decided to be in the inverse proportion to the level of each 
neighbor vertices as follows. We define that the nst 
neighbor vertex is linked to the target vertex through n 
segmented lines which create no loops. That is to say, the 
first neighbor vertex is linked to the target vertex directly. 

 
Magnitude of 1st neighbor vertex:  6 
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Magnitude of 2nd neighbor vertex: 23  

Magnitude of 3rd neighbor vertex: 32  
 
These approximated vertex normal vectors are used 

for assigning color values and refining the boundary of 
maximal photo-consistent shape to be explained later. 

 

4.3.2 Polygon Normal Approximation 
 
After the approximation of vertex normal vectors, 

the approximation of polygon normal vector is performed. 
As you can see in a figure 6, we approximate the polygon 
normal vector by simply averaging the normal vectors of 
the member vertices of the target polygon. And these 
approximated polygon normal vectors are used to select 
the head-on view image for assigning texture coordinates. 

 
Figure 6. Polygon normal vector approximation. Dotted 
line: vertex normal, solid line: polygon normal 
 

4.3.3 Normal Smoothing 
 
Of course, the approximated normal vectors are not 

as accurate as the original. And the neighbor vectors are 
not continuous. To reduce the differences, we add a 
smoothing operation in the normal vector approximation 
process. 

First, we smooth the vertex normal vectors. This 
process is same as the general vertex normal calculation 
method. We simply average the normal vectors of 
polygons that have the target vertex as a member. Then, 
we smooth the polygon normal vectors in the way as same 
as the polygon approximation. 

 

4.4 Redundancy Elimination 
 

 
Figure 7. Redundancy (? : valid vertex, ?: invisible vertex) 

 
Because we use the polygonal rendering – especially 

texture mapping, we can see only the exterior of the 
reconstructed model. However there are many vertices 
and polygons inside the model after the carving operations 
are performed. If we can remove the redundant data, then 
the required memory will be reduced and the rendering 
speed will be also faster. 

To eliminate the interior parts, we investigate the 
validity of the neighbor vertices of each polygon. If all the 

neighbor vertices are valid, the target vertex at the center 
can’t be visualized at any viewpoints. (see Figure 7) 
Therefore, these vertices do not affect the rendering result 
even if they are deleted. So we remove the vertices. But 
this elimination process must be performed after the 
normal vector approximation because they affect the 
normal vector approximation process. By removing the 
redundant data, the memory efficiency and the rendering 
speed are enhanced. 

4.5 Image-based Geometric Boundary 
Refinement 

 
As you can see in the figure 8-(a), many vertices that 

compose the boundary aren’t on the object. They are only 
close to the surface of the object. As a result, the 
reconstructed shape is different from the true object and 
there exists some aliasing effects due to the triangulated 
configuration of the initial space. So we propose an 
image-based boundary refinement method to solve such 
problems. 

The main point of this method is to make the vertices 
as close as possible to the boundary of the object. In each 
image, all the vertices are determined whether their 
projected pixels are out of the boundary of the true object. 
If they are out of the object, they are slightly moved to the 
opposite direction of the approximated vertex normal 
vector until their projected pixels reach the boundary. (see 
Figure 8-(b)) 

In this paper, we call the refined shape the optimal 
photo-consistent shape to distinguish it from the maximal 
photo-consistent shape[9]. 

   
(a) before the refinement         (b) after the refinement 

Figure 8. Image-based boundary refinement in 2D view. 
(solid line: target object, dotted line: reconstructed shape) 
 

As you can see in the figure 9, this technique 
effectively reduces the aliasing effect at the geometric 
level and some texturing errors are corrected. 

 
(a) before the refinement     (b) after the refinement 

Figure 9. Result of image-based boundary refinement 

4.6 Optimal Texture Selection 
 
After the shape recovery, we must associate the 

texture with the model. Before the texture coordinate 
allocation, we must decide which image is optimal as a 
texture. The selection of the optimal texture that displays a 
color close to the true object is an important process that 



affects the rendering quality. 
Considering intuitively, we can say that the image 

with the most accurate color is the head-on view image of 
the polygon. On the contrary, the disparity of the color 
value becomes large when the camera is far from the front 
side of the polygon. 

Morris[7] determines the head-on view image of 
each polygon by projecting it into each image. The image 
with the largest projected area is determined as the 
optimal one. But the method can’t be used in this paper, 
because all the polygons on the same slice will be 
projected in the area of the same size. So the polygons on 
the same slice will be associated to the same image in this 
method. 

In this paper, we select the head-on view image by 
using the polygon normal vectors. As you know, the angle 
between the normal vector of the head-on view image 
plane and the polygon is 0o. So if we find the image of the 
smallest inner product with the target polygon, we can say 
that the image is the closest head-on view. And we map 
the selected head-on view image to the polygon. 

Notice that we don’t need to blend the texture even 
though we use the multi textures. Because of the inherent 
property of the vertex validity check process, the colors of 
the neighbor vertices and polygons change continuously. 
So there are few texture seams. 
 

 
5 Results & Discussion 

 
This section describes the experimental results and 

comparisons with the previous approaches. The 
experiments are performed on the system which has 
Pentium 4 1.5 GHz CPU, 768 MHz RAM and NVidia 
GeForce 3 3D-accelerated graphic card. 

The figure 10 shows the 18 input images of Igea. All 
the reconstructed models are carved from the initial space 
that is composed of 1,000,000 vertices and 5,880,600 
polygons. 

Figure 10. Two of eighteen 512x512 input images of the 
Igea model. 

 
 
 
 
 
 
 
 

(a)                    (b)                    (c) 
Figure 11. Comparison of the reconstructed Igea, grid 
size: [1.87, 2.72, 2.7]). (a) one of input images (b) 
previous method (c) proposed method  

The figure 11 shows the reconstructed results. The 
figure 11-(b) is the reconstructed result by the previous 
volumetric approach. And the figure 11-(c) is the result by 
our polygon-based approach. The volume-rendered one 
shows much more blurred result. This comes from the 
interpolation that is performed because of the large voxel 
size. Our result shows more consistent result to the input 
image than the previous one, because it maps the actual 
image colors to the intermediate pixels. In addition, the 
volume-rendered result shows some aliased areas. 

The figure 12 shows us the disparity maps which 
compare one of input images and the reconstructed object 
by the previous method and the proposed one. You can 
clearly see the enhanced result. 

 
 
 
 
 
 
 
 

(a) volumetric approach       (b) proposed method 
Figure 12. Disparity map between input image and 
rendered result. 
 

The figure 13 shows the rendered result at new 
arbitrary viewpoints. 

 
 
 
 
 
 
 
 

Figure 13. Reconstructed result of Igea rendered at novel 
viewpoints 

 
 
 
 
 
 

Figure 14. Reconstructed result of Horse, grid size: [2.72, 
2.25, 1.23]. left: one of input images, right: reconstructed 
result 
 
 
 
 
 
 
Figure 15. Reconstructed result of Globe, grid size: [2.7, 
2.7, 2.72]. left: one of input images, right: reconstructed 
result 
 

The figure 14 and 15 show the reconstructed results 
of the other models. The table 1 compares the number of 
vertices(voxels) and polygons and the memory usages 
between the voxel-based and our polygon-based 



approaches. 
 

Table 1. Comparison of the reconstructed model 

 
 
The rendering speed of each model is about 30 

seconds for the volumetric approach and below 1 second 
for the proposed method. And as you can see in the table, 
the required memory is not very different even though the 
polygonal model has additional topological information 

The figure 16 shows the rendered results of other 
complex models reconstructed by the proposed method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Reconstructed complex models. (Stanford 
Bunny, Starwars Fighterplane, Happy Buddha, Dragon) 

Figure 17. Reconstruction of outlier vertex 
 
As you see in the figure 17, when the vertex v is 

projected onto each image with color values α and β, if 
the difference between α and β is within the preset RGB 
threshold, the vertex v will be reconstructed. Like this 
case, this technique doesn’t cope with the case of minor 
color variation due to its inherent reconstruction property. 
So the defining RGB threshold is important to reconstruct 
more accurate shape of the target object. 

 
 

6. Summary and Future Works 
 
This paper proposes the 3D reconstruction algorithm 

that enhanced the previous voxel-based space carving 
technique. From this algorithm, we can directly 
reconstruct a high-quality textured 3D model from N view 

images taken at arbitrary viewpoints. To reconstruct the 
polygonal 3D model, we configure the initial space with 
polygons and add new polygon carving criterion. In 
addition, to enhance the quality of the reconstructed 
model, we propose the image-based refinement algorithm 
that fits the boundary edges to the silhouette of each 
image. This operation eliminates the aliasing effect at the 
geometric level. And we also propose the normal vector 
approximation method that investigates the topology of 
the reconstructed model. Finally we solved the problems 
of the previous voxel-based approach such as the blurring 
effect of the rendered frame, low rendering speed and so 
on. So we can render the photorealistic 3D textured model 
with high quality. 

As a future work, we will apply the image-consistent 
triangulation technique[10] to the reconstructed model and 
we’ll add new carving criterion to reconstruct more 
accurate shape. In addition to that, input image analysis 
will be added to find the optimal RGB threshold. 
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