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Abstract— In this article, we focus on the comparison of the
passive techniques of multi-view 3D reconstruction, namely the
following techniques : Passive Stereo vision, Shape from Silhouette
and Space Carving. Available data in the Passive techniques are no
more than one or many images taken from different point of views
(using one or several cameras). These images will be used in order
to render the three-dimensional scene. Our study is based on the
quality of the solution (3D Model obtained) and the calculation
time. In passive stereo vision, the quality of the results is evaluated
in terms of the value of the re-projection error. Also we will
evaluate each technique separately. In the end, to enjoy the benefits
of the techniques studied we proposed a method based on the
extraction of silhouette images and the matching between images to
make full 3D object reconstruction. The results of our own
implementation of the different techniques studied and the
proposed method enable to compare and evaluate these techniques,
and to show the quality of the results obtained by the proposed
method.

Keywords-3D reconstruction; passive stereo vision; shape from
silhouette; space carving.

I. INTRODUCTION

The 3D reconstruction from images is an important and
very active subject in computer vision, it has many
applications: robotics, surveillance, measurement, automatic
reconstruction of virtual environments, aerial reconnaissance,
etc.

Many techniques suggest solutions to this problem. In this
paper we are interested in Passive techniques of 3D
reconstruction from multiple images, and exactly the
comparison between Passive Stereo vision, Shape from
Silhouette and Space Carving.

All these techniques require calibration or self-calibration
of cameras used, that is to say estimating the parameters of
cameras. For our study, we choose to use a 3D pattern to
calibrate the cameras. There are several other methods for
calibration [1] or self-calibration [2, 3] of the cameras.
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Passive Stereo vision [6, 7, 8, 9] is based on the matching
between different images. The matching may be dense, quasi-
dense or sparse. This technique begins with the extraction of a
set of points of interest that are easy to be matched. The Harris
detector [4], the Sift method [5] may be used in the extraction
of the points of interest. Sift descriptors [5] or ZNCC method
and other techniques are used in the matching of these points.
The position of a 3D point in the scene can be recovered from
these matches and parameters of the cameras estimated during
the calibration or self-calibration by optical triangulation.

The volumetric approaches: Shape from Silhouette [12, 15],
Space Carving [16, 17] are based on a discretization of space
into basic elements called voxels (figure 1(a)), the quality of
the results obtained depend on the chosen resolution (number
of voxels). Shape from Silhouette approach is based on the
intersection of the silhouette cones associated with all image
silhouettes and defines an approximate geometry of the object
called the Visual Hull. Space carving approach is to assess the
consistency of each voxel. In this approach, an octree
representation [17] can be used (figure 1(b)), the octree
structure is a tree in which each node has eight children, who
become parents in their turn. This is repeated until the desired
resolution is gained. Using the octree enables a faster
reconstruction of the 3D model.
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Figure 1. (a) Voxel grid (b) Octree representation

The process of reconstruction for each technique will be
detailed in the following paragraphs.
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This article is organized in this way : section II presents the
model and the camera calibration. Section III is devoted to the
description and evaluation of the technique for 3D
reconstruction by Stereo vision. In section IV, Shape from
Silhouette technique is presented and evaluated. In section V,
the presentation and evaluation of Space Carving technique.
The comparison between the different techniques of 3D
reconstruction is presented in section VI. A new method of 3D
object reconstruction is presented in section VII. Finally, the
conclusion is presented in section VIII.

II. CAMERA MODEL AND CALIBRATION

A. Pinhole Camera Model

The pinhole model (Figure 2) consists of the image plane
and the optical center O. A point M; = (X, Y, Z) of the 3D
scene is projected onto the image plane at a m; = (u;, v;)" point.
This perspective projection is represented by the following
formula :
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A : is a factor of homogeneity

P= ( P, )f =l-4 " is the perspective projection matrix

i=1...
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’ i=(uy Vi)'
Image point

Figure 2. Pinhole camera model
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B. Calibration

The camera calibration consists in estimating the
perspective projection matrix P that contains the parameters of
the model. 3D Calibration Pattern (Figure 3) was used to
estimate this matrix.

I — ‘

Figure 3. 3D Calibration Pattern

From equation (1), we deduce :
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Each point M; of our 3D Calibration Pattern with known

coordinates (X, Y, Z; is projected onto the image plane at a

coordinate point (u;, v;), provides the equations (2). These

equations are linear over the coefficients of P. Therefore at

least 6 non-coplanar points are needed to determine P.

III. PASSIVE STEREO VISION

The simplest process of stereo vision uses only two images,
it is the binocular stereo vision. Indeed, for the 3D
reconstruction we need more than two images for a complete
reconstruction of the object or the whole scene.

For this technique, the main difficulty comes from the
problem of matching.

In this work, the matching step is performed using the

ZNCC correlation measure. For a window  size
(2N +1)x (2P +1), it is defined by :
ZNCC (m,(u,,v,), m,(u,,v ))—714 3)
1 1271/ 2 2072 M
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A. Sparse 3D Reconstruction [9]
The reconstruction process can be described as:

e (Calibration: the estimation of the parameters of
cameras.

e Interest point Detection : the Harris detector [4] was

used in this work.

e Interest point Matching : is to find for a point of the
image 1 a correspondent in the image 2.

e Optical triangulation : it involves estimating the 3D
coordinates from the matched points and the estimated
projection matrices.

1) Realisation

All these experiments are executed on a machine DELL
Inspiron with Core 2 Duo processor 2 GHz, 2 GB of RAM
memory. Different algorithms have been implemented in Java.
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JAMA Library has been used for matrix computations, Jcg for
the creation of 3D meshes and Java 3D API for 3D
visualization.

A digital camera was used for capturing a set of images
from different viewpoints. The resolution used is 640 x 480
pixels.

Figure 4. Three images of the captured images

e  Matching : first we began with the extraction of a set of
interest points by Harris detector [4]. Then, the ZNCC
method was used to make the matching of these
various points.

Figure 5. Interest point matching

e The 3D points are calculated from these matches and
projection matrices estimated during the calibration
phase.

Figure 6. Reconstructed 3D points after optical triangulation
ZNCCthreshold=0.8

TABLE L RESULTS OF RECONSTRUCTION BASED ON THE VALUE OF
THE ZNCCTHRESHOLD CHOSEN AFTER THE ELIMINATION OF THE FALSE
MACHES BY RANSAC ALGORITHM

The result of the sparse 3D reconstruction is a sparse cloud

of 3D points, to find the shape of the object and obtain a

surface representation, the 3D Delaunay triangulation [20] and

the 3D Crust method [20] has been used.

(b)

Figure 7. (a) Obtained 3D model after the application of 3D Delaunay and
3D Crust on the reconstructed points (b) Zoom on a part of the obtained 3D
model

TABLE IL RESULTS OF RECONSTRUCTION AFTER THE APPLICATION OF
3D DELAUNAY TRIANGULATION AND 3D CRUST ALGORITHM ON THE
RECONSTRUCTED POINTS

ZNCCthreshold value | 0.9 0.85 0.8 0.75 0.7 0.6

Number of caleulated | o1, | ¢35 | 737 | 961 | 1000 | 1264
facets

Extra time (in Sec.) 3 5 7 9 11 14

ZNCCthreshold value | 0.9 0.85 0.8 0.75 0.7 0.6

Number of

. 175 277 309 386 455 527
reconstructed points

Calculation time (in

5.12 5.22 529 | 541 5.56 5.7
Sec.)

The re-projection
error

0.23 0.31 042 | 0.71 0.82 0.95

2) Evaluation

e By reducing the value of ZNCCthreshold, the number
of reconstructed points increases because we will have
more matches. In the matching step, there may be
some false matches. To avoid these matches as much
as possible, the RANSAC algorithm [18] was used.
This algorithm is based on the epipolar constraint
given by the following formula :

m) Fm, =0 “)
With (m;, my) : is a pair of corresponding points.
F : is the fundamental matrix (3x3 matrix)

e Having reliable matches and a reliable estimation of
the projection matrices allow a good quality
reconstruction. According to the results presented in
Table 1, the value of the reprojection error defined by
(5) shows the quality of the different results

Err =3 @AM om, ) +d(PM o)) )
n o
n : The number of matches (number of 3D points).
P; and P;: projection matrices

(my;, my): is a pair of corresponding points.

M; : reconstructed 3D point from (m;, m,,).
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B. Quasi-Dense 3D reconstruction [10, 22]

The propagation method [10, 11] receives as input a set of
initial matches (germs). The treatment consists in looking for
new matches in the vicinity of the old ones, the couples of
points whose correlation score (ZNCC) is above a threshold
that verify the epipolar constraint are kept.

1) Realisation :

After the application of the propagation method [10, 11] on
175 initial matches, the following results were obtained
(different thresholds of ZNCC score are tested).

(b) ©
4 r== .

Figure 8. 3D reconstructed model after the application of the propagation
method (a) ZNCCthreshold = 0.9 (b) ZNCCthreshold = 0.8 (c)
ZNCCthreshold = 0.6

TABLE III. NUMBER OF RECONSTRUCTED POINTS AFTER APPLICATION
OF THE PROPAGATION METHOD AS A FUNCTION OF THE VALUE OF THE
ZNCCTHRESHOLD CHOSEN

ZNCCthreshold

0.9 0.85 0.8 0.75 0.7 0.6
value

Number of

reconstructed points | 6620 | 8770 | 12056 | 15876 | 18765 | 21123

Calculation time (in
Sec.) 35 49 76 96 115 153

The re-projection | 07 | 69 | 092 | 105 | 114 | 1.12
error

2) Evaluation :

e With a big value of ZNCCthreshold (0.9, 0.8) the
number of reconstructed points is insufficient to define
the shape of the object. However, for a small value
ZNCCthreshold (0.6) we obtain a number of 3D points
sufficient to define the shape of the object.

e The calculation time increases with the increase in
number of reconstructed 3D points.

IV. SHAPE FROM SILHOUETTE

Shape from Silhouette [12, 15], also called the Visual Hull,
is a technique which allows to reconstruct a 3D bounding shape
of the objects from the observed silhouettes in each view.

The extraction of the silhouettes [13, 14] is an important
part of the reconstruction process because the quality of the
reconstruction result strongly depends on the quality of the
silhouettes extraction from images

In this work, we are interested in the volumetric approach
working on a voxel grid (approximation of the Visual Hull by a
set of voxels), it consists in eliminating for each camera the
voxels outside the cone of silhouette (Figure 9).

This technique is widely used for 3D shape estimation
because of its simplicity and speed. But it has some
disadvantages : it is not possible to reconstruct concavities of
an object, and the reconstruction result is not very accurate
when the number of views used is low. Other approaches [16,
17, 19, 21] propose the use of color information to estimate
more precisely the form and have a textured 3D model.
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Figure 9. Principle of Shape from Silhouette technique

A. Realisation

First we start with the calibration of cameras, after we
move to the extraction of silhouettes of different images taken
from different viewpoints. This is an important part of the
reconstruction process that is performed by using various
approaches [13, 14]. Examples of silhouettes can be seen
in figure 10.

Figure 10. Silhouettes extraction after segmentation

The visual hull Reconstruction from eight images of 640 x
480 pixels is presented in the figure 11.

(a) (b) (c)

Figure 11. Reconstruction results by Shape From Silhouette technique
(a) grid resolution : 30x30x60 (b) grid resolution : 60x60x80 (c) grid
resolution : 80x80x100
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TABLE IV.

SILHOUETTE TECHNIQUE

RESULT OF RECONSTRUCTION BY SHAPE FROM

Resolution 30*30*60 60*60*80 80*80*100
Number of voxels 10789 26098 48185
Calculation time (s) | 6 15 29

B. Evaluation :
The quality of the results obtained depends on :

e Resolution chosen : the more the resolution is great,
the more the reconstructed form is of quality and close
to reality, and the more likely it is to rebuild exact
details.

e  The number of images used : a large number of images
enables a closer solution of reality. When the number
of views is reduced the reconstruction is little precise.

e Silhouette extraction errors directly affect the quality
of reconstruction.

e The major drawback of this approach is that all the
concavities present in the silhouette images cannot be
represented.

V. SPACE CARVING

The Shape from Silhouette approach allows the
approximate estimation of the shape of the object (Visual hull).
The Space Carving approach [16, 17] wuses the color
information to estimate the shape more precisely. Moreover, it
allows to have a textured model. It is an approach based on
voxels. The process of reconstruction (Figure 13) begins with
the initialization of a volume containing the scene (the object),
Discretized in voxels (voxel grid). For each visible voxel a
validation test compares the color of pixels on which this voxel
is projected. If these colors are similar, this voxel is photo-
consistent and it is validated as belonging to the surface of the
object. The Voxels that are not photo-consistent are removed.
The result of the reconstruction is the set of photo-consistent
remaining voxels.

In order to ensure that all cameras are considered and have
a complete reconstruction of the scene (the object). The photo-
consistent voxels research must be carried out in the 6
directions of space 3D (voxel space) (Figure 12).

Space Carving approaches produce an estimation of the
form more accurate than those proposed by Shape from
Silhouette approaches but it requires longer calculation time.

Figure 12. The 6 directions of 3D space
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Figure 13. Principle of Space Carving technique

A. Realisation

First the cameras are calibrated. The same images used in
the shape from silhouette technique are used here.

Figure 14. Results of 3D reconstruction by Space Carving technique
(a) resolution 30x30x60 (b) resolution 60x60x80 (c) resolution 80x80x100

TABLE V. RESULT OF THE 3D RECONSTRUCTION BY SPACE CARVING
Resolution 30*30*60 60*60*80 80*80*100
Number of voxels 7656 18345 32080
Time (s) 8 20 33

B. Evaluation :

e  The quality of the 3D model obtained depends strongly
on the resolution chosen.

¢ In contrast to the Shape From silhouette technique, we
obtained a more precise and textured 3D model.

e The calculation time is longer because of the photo
consistency test of each voxel.

VI. COMPARISON

The quality of the results of different reconstruction
techniques studied strongly depends on the calibration of the
cameras. Therefore, the camera parameters must be well
estimated.

Our comparison is based on the results of different
reconstruction techniques presented in the tables: Table I,
Table II, Table III, Table IV and Table V.

198




=== Sparse 3D Reconstruction ==g=(Quasi-Dense 3D reconstruction

25000
20000
15000
10000

5000

0

Numberof reconstructed points

08 0.85 08 0.75 o7 0.6
ZNCCthreshold value

Figure 15. Number of reconstructed points as a function of the value of the
ZNCCthreshold. the number of reconstructed points by quasi-dense 3D
reconstruction is greater than sparce 3D reconstruction
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Figure 17. Total number of voxels depending on the resolution chosen. The
number of voxels of reconstruction by Shape from Silhouette is greater
because the model obtained is a bounding shape.

In the sparse 3D reconstruction and quasi-dense 3D
reconstruction, the quality of the results depends on the quality
of matching. According to the experimental results presented in
Table I and Table III, for different values of ZNCCthreshold,
the calculated re-projection error is included between 0.23 and
1.12. So the quality of the different results is accepted.

Shape from Silhouette technique allows the estimation of
an enclosing shape (Visual hull). The quality of the result
depends on the resolution chosen, the number of images used,
and the quality of extraction of silhouettes. The 3D model
obtained comprises a set of voxels which do not belong
actually to the object. The Space Carving technique offers a
solution to this problem by eliminating these remaining voxels.
Moreover, it allows to get a textured 3D model.

Regarding the calculation time, the sparse 3D
reconstruction is much faster than the quasi-dense 3D
reconstruction, the reduced number of reconstructed points
allowed to decrease the time of calculation. The Shape from
Silhouette technique is also much faster than the Space Carving
technique.

VII. PROPOSED APPROACH

A. Description

To take advantage of the methods studied. In this section,
we propose an approach based on the extraction of silhouette
images and the matching for a full 3D reconstruction of object
from a sequence of images taken from different and suitable
viewpoints (Figure 19). It consists in the matching of images

==g==Sparse 30 Reconstruction ==g=(Quasi-Dense 3D reconstruction
180
— 160
v
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E 120
2 10
< ®
S
® 60
-t n
Y
] —
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] 0.85 0a 0.75 07 0.6
INCCthreshold value

Figure 16. Total calculation time according to the value of the
ZNCCthreshold. The quasi-dense 3D reconstruction requires more
calculation time because of the large number of reconstructed points

B Shape From Silhouette

30*30*60 60*60*80 80*80*100

B Space Carving

P w ' wn
= =] = =

Calculation time (s)

=
=

Resolution

Figure 18. Calculation time according to the resolution chosen. The Space
Carving technique requires more calculation time because of the photo-

consistency test

points limited to the points belonging to the object silhouettes.
First of all, it starts by the detection of points of interest by
Harris detector (the points belonging to the object silhouette).
Then, ZNCC is used for the matching of these points. To
increase the density of matches and have the densest 3D
reconstruction, the propagation method [11] has been used. So,
instead of using the silhouette image for carving an initial 3D
volume discretized into voxels, as it was presented in the Shape
from Silhouette and Space carving, we use the silhouette
images for limiting the search space of matches and obtain a
full and textured 3D reconstruction of object. Full 3D
reconstruction is achieved by fusion of the results of
reconstruction between the pairs of consecutive images.

Ik .
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. View k .
hd .
.
.
.
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View n h I
View 3
View 1 View 2

Figure 19. n images taken from different and suitable viewpoints
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Steps :
Image acquisition
Calibration or self-calibration

Silhouette extraction [13, 14]

R VS I S R

Detection and matching of points of interest (the
search is limited to the pixels belonging to the
silhouette of the object).

5. Application of the propagation method [11] for
finding new matches near the ancients (the search
is always limited to the pixels belonging to the
silhouette of the object).

6. Estimation of 3D points by optical triangulation

7. Fusion of the results of reconstruction between the
pairs of consecutive images for a complete
reconstruction of the 3D object.

B. Experiments

10 images with resolution of 640 x 480 pixels was used for
3D reconstruction.

Figure 20. Two images of the captured images

Figure 21. Silhouettes extraction after segmentation

After the detection of points of interest by the Harris
detector, ZNCC method and the epipolar constraint were used
to match these points.

Figure 22. Interest point matching

Application of the propagation method [11] for finding new
matches near the ancients.

Figure 23. Matching result obtained after applying the propagation method

View 1 View 2 View 3

Figure 24. Different views of 3D reconstruction result

From the results obtained, the proposed method allows us
to have results of quality.

VIII. CONCLUSION

In this article, we made a certain kind of comparative study
of the techniques of 3D reconstruction from images, that is to
say passive stereo vision, Shape from Silhouette and Space
Carving. For the passive stereo vision, the quality of the 3D
model obtained or exactly the quality of 3D reconstructed
points depends on the quality of the matches made. The
calculation time relies on the number of reconstructed points.
The sparse 3D reconstruction is fast, but a reconstruction after
the propagation method requires more time. The Shape from
Silhouette technique is a quick technique that enables the
estimation of an approximate form of the object called the
Visual Hull, the quality of the result depends on the quality of
the extraction of silhouettes and the number of images used.
The Space Carving technique allows us to have a more precise
and textured 3D model. But, it requires a longer calculation
time. Each technique has its strengths and weaknesses, the best
solution may be to think about hybrid techniques to benefit
from the advantages and avoid disadvantages of each
technique. So, we proposed a method based on the use of
silhouettes and matching for 3D object reconstruction from a
sequence of images taken from suitable viewpoints. From the
results obtained, the proposed method allows us to have results
of better quality.
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