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Abstract

We propose a method of calibrating multiple camera sys-
tems that operates by adjusting the camera parameters and
the 3D shape of objects onto silhouette observations. Our
method employs frontier points, which are geometrically
meaningful points on object surfaces, to determine the ge-
ometrical relations among multiple cameras. In contrast
to conventional methods, both camera parameters and the
3D positions of the frontier points are jointly estimated by
minimizing the 2D projection errors between the 2D pro-
jected positions of the frontier points and observed silhou-
ette contours for all cameras. This method makes it possi-
ble to obtain accurate calibration results without using any
special instruments. Experimental results using real image
data demonstrate the effectiveness of our method.

1. Introduction

Compared with systems based on one or two viewpoints,
vision systems based on multiple cameras have many ad-
vantages, such as the ability to observe broad spaces, fewer
occlusion problems, and higher tracking/3D reconstruction
accuracy, etc. Therefore, many systems employing mul-
tiple cameras have been proposed, including surveillance
systems, 3D modeling systems, and human-computer inter-
faces [1, 3–5, 10, 13].

To receive the maximum benefit from the multiple cam-
era system, some researchers employ a very large number of
cameras. For example, Kanade et al. proposed a 3D mod-
eling system comprising 49 synchronous observations [5].
Matsuyama et al. [7] and Tomiyama et al. [10] also pro-
posed a 3D modeling system using a “visual hull” observed
with many cameras.

In such systems, however, it is difficult and time-
consuming to calibrate the cameras, especially when the
number of viewpoints (number of cameras) is large. Ac-

cordingly, automatic camera calibration must be a key tech-
nology for multiple camera systems to be practicable.

In open-air conditions, the number of valid (stable) im-
age features that can be used for automatic calibration is
very limited. From this perspective, for instance, Lee et al.
have proposed a method to determine geometrical relations
among multiple cameras [6] that requires coplanar image
features (pedestrian trajectories) and a nonlinear algorithm
for the calculations.

On the other hand, regarding indoor scenes (especially
in a video studio), we can extract more features from a tar-
get object image. Some researchers have proposed a cam-
era calibration method that uses silhouette images [2, 8, 9].
For example, Sinha et al. proposed a RANSAC-based algo-
rithm [9] in which the first epipolar geometry (fundamen-
tal matrices and frontier points) is estimated for all camera
pairs. These results are then integrated and optimized by
bundle adjustment. In that method, however, frontier points
themselves are not the targets of the optimization. Boyer
proposed a calibration algorithm based on pairwise tan-
gency constraints [2]. This method considers constraints on
entire silhouette contours and minimizes them to calibrate
multiple cameras. However, in silhouette contours, only the
frontier points are geometrically meaningful points; there-
fore, this method runs the risk of becoming unstable during
the optimization process.

In this paper, we propose a camera calibration method
in which the camera parameters and the 3D shapes of tar-
gets are simultaneously adjusted to the observed silhouette
shapes. Here, the 3D shapes are represented by frontier
points. The camera parameters of all cameras can be es-
timated by directly minimizing the 2D projection errors be-
tween the projected frontier points and observed silhouette
contours. The concept of the proposed method is based
on bundle adjustment [11], thus it is different from other
silhouette-based algorithms because it directly adjusts 3D
object shapes to observed silhouette shapes. Our method
makes it easy to calibrate a multiple camera system.
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The next section contains an explanation of the geomet-
rical constraints used in our method. Section 3 describes
our algorithm, which calibrates a multiple camera system
based on silhouette images. In Section 4 we present the ex-
perimental results and conclude the paper in Section 5.

2. Silhouette Geometry Constraints

2.1. Silhouette and Frontier Points

First, we describe frontier points and their characteristics
as employed in our method.

In 3D reconstruction based on a visual hull, the recon-
structed shape is generally larger than the actual one; the
reconstructed shape only matches the actual shape at the
frontier points. Therefore, we employ frontier points as the
representation of the 3D shape and adjust the geometrical
relations between 3D shapes and observed silhouettes by
using the properties of the frontier points

Here, let us consider the situation where a target is ob-
served with cameras Ck and Cl. Frontier points are hypo-
thetical locations on the target surface projected onto the
silhouette contour in Ck and Cl.

Figure 1 shows these relations. Frontier point P f is pro-

jected onto silhouette contours Sk and Sl at x
(k)
i and x
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Figure 1. Silhouette and frontier points

2.2 Constraints among Cameras

Next, based on the relations described above, we explain
the geometrical constraints among multiple cameras used in
the proposed algorithm.

Let us consider a situation where the target is observed
with three cameras Ck, Cl, and Cm. Let Sk, Sl, and Sm be
the observed silhouette contours (Fig. 2).

We can obtain the following frontier points: Pkl,i, the
frontier points with cameras Ck and Cl; Pkm,i, the fron-
tier points with cameras Ck and Cm; and Plm,i, the frontier
points with cameras Cl and Cm.
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Figure 2. Constraint for frontier points among
multiple cameras

Here, let us consider the observations at camera Ck. We
categorize the obtained frontier points into two types: the
frontier points concerning camera Ck Pkm,i and Pkl,i, and
other frontier points Plm,i.

According to the properties of frontier points, both Pkl,i

and Pkm,i should be observed on silhouette contour Sk.
On the other hand, Plm,i is not observed on silhouette

contour Sk. However, since Plm,i is the point on the object
surface, Plm,i should be visible inside the silhouette.

The proposed method optimizes 3D shape (frontier
points) and camera parameters by satisfying these con-
straints among all cameras. The constraints resemble the
those used in [2]. That method considers constraints on
entire silhouette contours and minimizes them to calibrate
multiple cameras. However, in silhouette contours, only the
frontier points are geometrically meaningful points for rep-
resenting the relationship among cameras. Therefore, the
proposed method is straightforward and more efficient.

Finally, we define the 2D distance between silhouette Sk

and 2D frontier point x
(k)
i . First, we calculate the epipole of

camera Cl on Ck ekl. Then, we determine tangential lines
to Sk through epipole ekl and locate a tangent point on the
silhouette boundary. The 2D distance d(x(k)

i , Sk) can be
calculated as shown in Fig. 3.

The next section explains the details of the proposed
method.

3. Bundle Camera Calibration that Minimizes
Frontier-Point Projection Errors

3.1. Initialization

This subsection describes the initialization process.
First, we calculate the initial values of all camera param-
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Figure 3. Distance between Silhouette and 2D
Frontier Point

eters by using [12], enabling us to estimate the fundamental
matrices and the epipoles among all cameras. Candidates
for the initial frontier point are obtained by estimating tan-
gential points from epipoles onto the silhouette contours.
Then, we can choose initial frontier points that satisfy the
property of the frontier points.

3.2. Minimizing Projection Errors

Next, we estimate camera parameters of multiple cam-
eras by minimizing 2D projection errors.

Here, let us consider a situation where the target is ob-
served with N cameras C1,...,CN . S1,...,SN are obtained
silhouettes on cameras C1,...,CN , respectively.

We assume M frontier points P 1, ...,P M are obtained.
Here, the frontier point P i(i = 1, ...,M) is observed by

two cameras Cai
and Cbi

. Let x
(Cj)
i be the 2D observation

positions of P i on cameras Cj .

t

⎡
⎢⎣ x

(Cj)
i

y
(Cj)
i

1

⎤
⎥⎦ = Aj [Rj T j ]

[
P i

1

]
. (1)

Rj , T j and Aj are the rotation matrix, the posi-
tion, and the intrinsic matrix of camera Cj , respectively.(
Aj =

[
fj 0 u

0 fj v

0 0 1

])
.

Here, let us consider the relations between a camera Cj

and frontier points P 1, ...,P N .
If P i is the frontier point directly observed by Cj , 2D

distance Dj(x
(Cj)
i ) between the projected frontier point

x
(Cj)
i and the silhouette Sj can be defined as d(x, S) de-

scribed in Section 2.2.

D
(Cj)
i = d(x(Cj)

i , Sj). (2)

On the other hand, if P i is the frontier point defined by
other cameras bur Cj , the 2D distance Dj(x

(Cj)
i ) can be de-

fined as follows: when x
(Cj)
i is inside the silhouette Sj , we

set Dj(x
(Cj)
i ) as zero. Otherwise, Dj(x

(Cj)
i ) is the min-

imum Euclidian distance Dmin(x(Cj)
i , Sj) between x

(Cj)
i

and Sj .

D
(Cj)
i =

{
0 x

(Cj)
i ∈ Sj

Dmin(x(Cj)
i , Sj) otherwise

(3)

We then estimate the optimal camera parameters by min-
imizing constraints regarding all cameras as follows:

Dall =
M∑
i=1

N∑
j=1

D
(Cj)
i → min . (4)

(P ,A,R,T ) = arg min
P ,A,R,T

Dall (5)

4. Experiments

To evaluate the proposed method’s effectiveness, we per-
formed experiments using real images.

Four cameras (cameras 1-4) were arranged in the scene.
They were all roughly calibrated by [12] in advance, and
initial frontier points were extracted by using initial calibra-
tion results. Figure 4 shows the experimental environment.
All cameras captured ten images for about one second and
performed silhouette extraction by color. Figure 5 shows
the input images.

Figure 4. Experimental environment

All cameras were subsequently calibrated using our
method. In this experiment, we estimated the positions and
poses T and R as well as the focal length f of all cam-
eras. Figure 6 illustrates the calibration results (red points
are the frontier points, which should be visible on the sil-
houette contours; the green ones are other frontier points.)
Figure 7 shows the summation of the projection errors of all
cameras.

As the figure shows, projection errors decrease with an
increase of iterations, indicating that our technique, makes
it easy to calibrate systems based on multiple cameras.
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Figure 5. Input images

Figure 6. Silhouette images and estimated
frontier points (Red: frontier points, which
should be visible on the silhouette contours.
Green: other frontier points.)

5. Conclusion

In this paper, we proposed a camera calibration method
that operates by adjusting the camera parameters and 3D
shapes of targets onto the observed silhouette shapes. In our
method, we employed frontier points and their characteris-
tics for calibration, and optimal camera parameters were es-
timated by minimizing the projection errors between the 2D
positions of the frontier points and the observed silhouette
shapes. Experimental results using real images revealed the
effectiveness of our method. The proposed method makes
it possible to obtain accurate calibration results without any
special calibration instruments.

Future works will involve evaluating the system’s robust-
ness and integrating the initialization process.
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