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Abstract

In this paper we propose a 3D reconstruction algo-
rithm by combining shape from silhouette with stereo.
Visual hull of the object is first derived from multi-view
silhouette images. Pairwise stereo matching for shape
refinement is then accomplished using the best viewable
images. Based on the reduced correspondence search-
ing range constrained by contact points and bounding
edges, significant improvement of visual hull is possible
even if the number of cameras is limited. Experimental
results are presented for both synthetic data and real
scene images.

1 Introduction

3D model reconstruction of a real scene is an im-
portant and active research topic in computer vision. It
has many applications ranging from industrial inspec-
tion and reverse engineering to computer graphics and
multimedia. The objective is usually to recover the ge-
ometric (and possibly the photometric) information of
the scene using intensity images recorded by a camera.
The acquired 3D measurements can then be used to gen-
erate a computer model of the scene.

In the past few decades many 3D reconstruction al-
gorithms based on different visual cues, such as stereo,
motion, shading, silhouette, texture, have been pro-
posed [12]. For a given real object, however, not all of
the above methods are capable of creating a complete
3D model without acquisition, registration and data fu-
sion of multiple range images [14]. For example, stereo
vision or shape from shading can only provide the so-
called 2.5D range data from a single viewpoint. Mul-
tiple image captures from different viewing directions
are mandatory for the reconstruction of a complete 3D
model. In addition to the 3D alignment between dif-
ferent range data sets, the reconstruction of a dynamic
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scene is also not possible without simultaneous multi-
view 3D recovery.

Shape from silhouette, on the other hand, reconstruct
a 3D model using the object silhouettes acquired from
the surrounding cameras [7]. Since the complete 3D
model is recovered by the intersection of all silhouette
cones back-projected from the camera centers, it can be
implemented very easily and is also suitable for the re-
construction of moving objects. One major drawback
of this approach is that the resulting visual hull is gen-
erally not a good geometric approximation of the ob-
served shape. It might be even worse if the number
of cameras is reduced or the object consists of appar-
ent concave surface shape. Thus, a number of methods
have been proposed to improve shape from silhouette
with additional constraints [6, 2, 1, 11].

Our goal is to refine shape from silhouette with
stereo to extract more precise geometric models. Sev-
eral approaches for 3D reconstruction by exploiting the
advantages of combining these two techniques have
been investigated in recent research. Li et al. con-
struct a polyhedral visual hull from silhouettes as an ini-
tial estimate, and it is then used to restrict the disparity
searching range for stereo [8]. Esteban et al. generate
an octree-based coarse model from visual hull followed
by a multi-stereo carving technique for refinement [5].
Cheung et al. assume the object is under rigid motion
and improve shape from silhouette by registering and
refining the visual hulls across time [2].

In this paper, we present a 3D reconstruction algo-
rithm using the visual hull derived from the object sil-
houettes with the refinement of pairwise stereo match-
ing. Different from the previous approaches, our 3D
surface is refined based on the best viewable stereo im-
age pair. Given the cameras with fixed positions and
orientations, the 3D reconstruction result is more pre-
cise for certain viewpoints over others. It is therefore
suitable for stereoscopic image synthesis with predeter-
mined primary viewpoints.



2 Shape from Silhouette

Suppose an object is placed in front of multiple cam-
eras and its silhouettes are identified in all images. For
any given camera, the viewing cone is defined by a set
of viewing edges — the rays connecting the silhouette
boundary and the center of projection. The intersection
of all viewing cones is called the visual hull of the ob-
ject. It is clear that the object surface is bounded by
its visual hull. By identifying the bounding edges (i.e.
the line segments of the viewing edges contained in all
silhouettes) of the visual hull, a rough 3D model of the
object can be approximated by a single surface repre-
sentation.

Consider a set of silhouettes S;,7 = 1,2,--- | N,
with u the boundary points of the silhouettes. The
viewing edge rf is obtained by back-projecting ug from
the camera center C;. Suppose the projection of a 3D
scene point onto the k-th camera is given by IIj(-), then
the bounding edge E is a subset of 7] which satisfies
the condition 1Ty (E?) C S) forall k = 1,2,--- | N. It
should be noted that the bounding edge could consist of
several disjounted line segments. _

One way to derive the bounding edge E7 is to form
the line segments Hk(rg ) N S, in all images, and have
them back-projected to the 3-space for intersection with
the viewing edge 7 as described in [2]. This approach,
however, does not efficiently reduce the bounding edge
searching range. In this work, the best camera view-
point C}, with respect to the i-th camera is first deter-
mined by the relationship between 7 and all other cen-
ters of projection. The intersection of the corresponding
epipolar line in the k-th image and the silhouette Sy, is
then used to derive a base 3D line segment L¥. The
bounding edge is then given by the part of L satisfying
II;(L¥) N S;, j # 4, k, as illustrated in Figure 1.

3 Refining Visual Hull with Stereo

The fundamental principle of stereo is to infer the
depth information based on the point correspondence
obtained in the image pair. In addition to a robust met-
ric for template matching, how to restrict the searching
range is also a key to success of stereo matching algo-
rithms [10]. In this paper, we emphasize on reducing
the stereo searching range based on the result provided
by the initial visual hull. Similar to the idea of registra-
tion assisted stereo matching proposed by Lin et al. [9],
the spheres centered at the “contact points” of the object
surface with predetermined radii are used to restrict the
correspondence searching ranges.

One important property of bounding edge is that it
touches the object at at least one point, which is called a

Figure 1. Interpretation and derivation of
the bounding edge.

“contact point” of the surface. Since any bounding edge
delimits the object, the containing edge points closer to
a contact point generally implies that they are better ap-
proximations to the real surface. Based on this obser-
vation, De Roeck et al. [3] use visual hull for plane
sweeping and improve stereo matching with the surface
“anchor points”. Franco et al. [4] use the relationship
between contact points and viewing edges to approx-
imate the so-called “visual shapes” under smoothness
assumption of the visible surface.

Our approach utilizes the distance between the con-
tact point and the endpoints of the corresponding
bounding edge to define a sphere centered at the con-
tact point. The sphere is then used to constrain the depth
range associated with the bounding edge for correspon-
dence matching. It is clear that the size of the sphere
depends on the length of the bounding edge as well as
the location of the contact point on the bounding edge.
When the number of viewpoints increases for shape
from silhouette, the number of bounding edges becomes
larger while the average length becomes shorter in gen-
eral. Consequently, the sizes of the spheres and thus the
searching ranges are inversely proportional to the num-
ber of cameras. The performance increases more sig-
nificantly as more and more cameras are added to the
system.

To refine a visual hull with the above stereo match-
ing algorithm, the best viewable stereo image pair has



Figure 2. Simulation results of synthetic
data set used for error analysis. From the
left to the right: one of the eight rendered
images, 3D reconstruction by shape from
silhouette, stereo refinement with the pro-
posed algorithm.

to be identified. Consider the bounding edge F, origi-
nated from the m-th image, the corresponding image for
stereo matching is selected by the one with the smallest
angle between its optical axis and the viewing edge 77,.
Mathematically, the stereo image pair (I, I,,) is deter-

mined by

arg max cos(r7 , o,)
m,n

where o,, represents the optical axis of the camera C,,.
Since the viewing edge rJ, is not fixed for different
boundary point u/, of the silhouette S,,, the corre-
sponding image for stereo matching varies with the po-
sition of u/ .

Once the best viewable stereo image pair is obtained,
the contact point on any bounding edge can be identified
by template matching and the epipolar constraint. A
sphere can then be created based on the length of the
bounding edge, and the depth range is estimated within
the sphere radius. Note that, since the contact points are
the points contained in the visual hull and closest to the
true object surface, the depth range for correspondence
searching can be further restricted to the same side with
respect to the bounding edge.

The presented algorithm for stereo-based visual hull
refinement can be summarized as follows. The bound-
ing edges generated by shape from silhouette are used
to create the spheres centered at the containing contact
points. The circle projections of the spheres onto the
best viewable stereo image pairs are then used to restrict
the correspondence searching range. Thus, based on the
robust but sparse bounding edges derived from silhou-
ettes, a dense 3D model is reconstructed by stereo with
highly constrained correspondence searching regions.

Figure 3. 3D reconstruction of a pawn and
a cat object from synthetic data set.

4 Experimental Results

Simulation with synthetic data sets is carried out first
to demonstrate the validity of our algorithm. Two tex-
tured 3D computer models, a cone and a sphere, are
generated and rendered using VTK (The Visualization
Toolkit) with eight surrounding virtual cameras. Figure
2 shows one of the captured images, the results of shape
from silhouette and the proposed method, respectively,
for both objects. Different color in the results repre-
sents 3D reconstruction from different camera. The er-
ror analysis in terms of mean absolute deviation (MAD)
is tabulated in Table 1. The base radius and height of the
cone are 4 mm and 8 mm, respectively. The radius of
the sphere is 5 mm. Figure 3 shows the visual hulls and
stereo refinements of more complex objects.

Our experimental setup for 3D model reconstruction
includes eight cameras surrounding the object and fac-
ing downward about 45 degrees. The intrinsic and ex-
trinsic camera parameters are calibrated using Tsai’s
method [13]. Figure 4 shows the foreground images
acquired from all viewpoints. The 3D models recon-
structed using shape from silhouette and the proposed
method are illustrated in Figures 5(a) and 5(b), respec-
tively. The head and other body parts of the object ap-
pear more smooth by the stereo refinement. Depend-
ing on the object size, the processing time with the pro-
posed stereo refinement generally increases about 20%
— 60% compared to the computation of shape from sil-
houette alone.

Table 1. MAD of the virtual objects.

’ Object model \ Cone \ Sphere ‘

Shape from silhouette | 0.13 (mm) | 0.10 (mm)
The proposed method | 0.08 (mm) | 0.09 (mm)




Figure 4. Foreground images of a man-
nequin object acquired from all cameras.

5 Conclusion

In this paper we have presented a 3D reconstruction
algorithm to refine shape from silhouette with stereo.
Different from the previous approaches, our 3D surface
refinement is based on the best viewable stereo image
pair. Thus, the improvement over shape from silhou-
ette is significant even if the numbers of viewpoints and
bounding edges are limited. Currently the surface re-
gions between different stereo image pairs is not con-
sidered explicitly, stereo algorithms dealing with large
baselines will be investigated for shape refinement in
the future work.
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