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ABSTRACT

We present a method for reconstructing the shape of
a rigid 3-D object based on multiple calibrated images
from an arbitrary camera setup. The algorithm is ro-
bust and able to reconstruct concavities. It is based
on the idea to reconstruct a photo-consistent shape by
carving and coloring voxels from a volume description
of the object. Coloring and carving steps are carried
out with respect to a color verification from the input
images for each visible voxel. As compared to other ap-
proaches, the threshold used for the color verification
is adapted automatically. Information included in the
input images is processed and applied simultaneously
without any explicit integration or assignment to the
volume. The approach is evaluated using camera im-
ages of a real scene.

1 Introduction

For the visualisation of rigid 3-D objects in multimedia
or internet applications, techniques for an automated
creation of the object model are required. The easiest
way for a user to get information about an object is to
take images of the object from different viewpoints with
a camera. The camera can be calibrated using existing
methods [6]. The problem is to reconstruct the object
from these calibrated camera images.

Disparity based depth estimation (stereo) by block-
matching [1] is a suitable solution for a binocular image
pair, because disparity is examined only between two
images per time. Processing more than two images re-
quires to merge the depth information of different depth
maps. This step is not trivial and the depth maps often
contain regions where no correspondence was found.
Our goal is the reconstruction from multiple calibrated
camera images. The shape-from-silhouette approach [2]
calculates the intersection of backprojected object sil-
houettes. This algorithm achieves robust results but an
explicit segmentation step is required. The result is the
observed visible hull of the object. Concavities in the
object can not be reconstructed.

A class of algorithms that are able to reconstruct con-
cavities is based on a volume description of the object
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by voxels. The voxels are colored or carved according
to the color of the input images at the locations of the
projected voxel into the images [3, 4, 5]. We present an
algorithm from this class that combines the ability to
reconstruct concavities of the voxel coloring algorithms
with a robustness close to the shape-from-silhouette al-
gorithm.

2 Reconstruction of a 3-D object

The reconstruction algorithm aims at the reconstruc-
tion of the maximal photo-consistent shape [3], i.e. the
largest shape reproducing the input images when col-
ored accurately.

The proposed algorithm consists of five steps:

e Voxel-volume initialization,

e Determination of the voxel visibility,
e Color verification,

e Carving of inconsistent voxels,

e Adaptation of the applied threshold.

2.1 Voxel-volume Initialization

For initialization of the voxel-volume we use a shape-
from-silhouette algorithm [2] in order to obtain a suit-
able volume initialization. This initial shape is consis-
tent with all evaluated object silhouettes.

2.2 Determination of the voxel visibility

Due to occlusions a voxel is not visible in each image.
Each voxel on the object surface is projected into each
input image. The visibility of the voxel from an image is
verified by calculating possible intersections of the pro-
jection ray with other voxels. A voxel that is visible from
at least one image is considered to be a visible voxel.

2.3 Color Verification

The colors at the locations of a projected voxel in the
visible input images are added to a set of colors C =
{C1, ..., Cp}. A voxel that is visible from at least two
images is going to be color verified. Therefore each color



C; of the set of colors C is compared to each other color
C;.

ACi; =||Ci = Cjll < d (1)

If the difference ACj; is less than an assigned thresh-
old d then the color pair is considered as photo-
congsistent. The voxel is defined to be non-photo-
consistent if there exists one pair of colors in the set
C that is not photo-consistent.

We used the RGB-color space with an euclidian color
norm.

ICll = VR(C)? + G(C)? + B(C)? 2)

2.4 Carving of inconsistent voxels and Coloring
of consistent voxels

After the color verification for each visible voxel, the
non-photo-consistent voxels are removed from the ob-
ject. Remaining voxels are colored with the mean color
of the set C. Due to the voxel removal, the visible sur-
face at the location of a carved voxel moves one voxel
inside the object.

The steps visibility determination, color verification,
voxel carving and voxel coloring are iteratively re-
peated. The reconstruction terminates if no non-photo-
consistent voxel can be carved from the volume, that
means the maximal photo-consistent shape is recon-
structed. Due to the visibility determination for each
voxel, an explicit plane sweep is not necessary and the
algorithm works for arbitrary camera setups. The ini-
tialization with the shape-from-silhouette algorithm re-
sults in an initial object that is already consistent with
the object silhoutte. It avoids unnecessary iteration
steps for carving voxels outside the visible hull when
initalizing with the bounding box of an object.

2.5 Threshold adaptation

The algorithm reconstructs a photo-consistent object re-
ferred to the chosen threshold d and the color norm [|C||.
This color norm is based on a color space which has been
used.

The reconstruction thus depends on

e the threshold d and,

e the used color space and color norm.

The idea is to realize an automatic adaptation of the
threshold d so that the algorithm looses its dependency
on an user-defined value.

We have to consider that the task of the algorithm is
to reconstruct an object that reproduces the input im-
ages. For a solution we take this condition as constraint
for the reconstruction process by a comparison between
the input images and the reproduced images rendered
from the reconstructed and colored object. The outcome
of this comparison is an error criterion ) for the current

reconstruction. We choose a normalized euclidean dis-
tance between the K pixels of the input images I;,, and
the rendered images I;.¢. from the reconstruction and we
applied the same color norm as for the color verification.
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We regard the criterion ) as function of the used
threshold d. When decreasing d from high to low values,
we expect Q(d) to decrease monotonically until a mini-
mum is reached. If we continue decreasing d we expect
the criterion Q(d) to increase due to damaging the ob-
ject by removing too many voxels. The local mimimum
of Q(d = d,pt) first reached when decreasing d corre-
sponds to a maximal photo-consistent shape. There-
fore, it is quite likely, that the reconstructed object has
correctly reconstructed concavities and is still consistent
with the input silhouettes. Due to this, the robustness
of the reconstruction is comparable to that of the shape-
from-silhouette algorithm.

dopt =max{d | Qd) <QU+h)}  (4)

We define the reconstruction result as the object re-
constructed with the threshold dgpt.

3 Reconstruction Results

As an example for a real scene, we used an egyptian
statue which has strong concavities in the regions of the
cavernous eyes. We took a sequence of 36 input images
of the object standing on a turntable. Three of them
are shown in figure 1 (left column).

In figure 3 the initial object that results from the
shape-from-silhouette algorithm is shown in voxel rep-
resentation (uncolored and colored). The concavities of
the original object are missing. Rendered images of the
same object are shown in figure 1 (middle column).
Here photo-inconsistency is observable in the region of
the eyes (blurred colors) due to the missing concavities.

The criterion Q(d) during the reconstruction process
can be seen in figure 2. The threshold d was decreased in
steps of one unit and the first local minimum regarded as
reconstruction result is reached with d,p; = 133. In this
case the first local minimum is the global minimum. The
right part of the curve (for d > d,p;) corresponds with
the reconstruction process and is quite smooth while the
part that represents the damaging of the object due to
a small threshold (for d < dopt) shows a steep increase.

The reconstructed object is shown in figure 4. The
concavities have been reconstructed while the silhouette
was not violated. The same object is shown in figure
1 (right column), where the achieved photo-consistency
can be seen. The input images are now projected on the



Figure 1: left column: Input images, middle column: Rendered images of the inital object, right column: Rendered
images of the reconstructed object
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Figure 2: Result for Q(d) during the reconstruction pro-
cess

correctly reconstructed object shape producing sharp
renderings.

Figure 3: Initial object

4 Conclusion

In this paper we presented an algorithm that achieves
an automated volume reconstruction of a rigid 3-D ob-
ject based on mutiple calibrated images from arbitrary
camera setups. The voxels of an initialization with the
shape-from-silhouette algorithm are carved or colored
depending on a color verification of the input images at
the locations of the projected voxels. An used threshold
adapts automatically by minimizing an error criterion.
The reconstructed object is photo-consistent with the
input images and can be used for visualization purposes.
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