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Abstract Generally, due to the partial occlusion, it is very
difficult to correctly estimate the central catadioptric line
image from its visible part. Except for the necessary and
sufficient conditions that must be satisfied by a set of para-
catadioptric line images,wefind that if the antipodal points of
image points on the visible arc are known, the fitting accu-
racy can be improved greatly. In this paper, we propose a
new method for fitting line images, which can be applied to
all central catadioptric projection. Firstly, a new relationship
between a pair of antipodal image points and the camera
principal point is derived. Next, using this relationship, a
new method is proposed to estimate the line images. These
estimated line images are used to calibrate camera intrinsic
parameters to evaluate the performance of our fittingmethod.
Experimental results on both simulated and real data have
demonstrated the effectiveness of our method.
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1 Introduction

In many computer vision applications, such as robot navi-
gation and virtual reality, a camera with quite a large field
of view is required. Since conventional camera has a very
limited field of view, one effective way to enhance the field
of view of a camera is to combine the camera with mirrors,
which is referred to as catadioptric image formation. Accord-
ing to the uniqueness of an effective viewpoint, catadioptric
systems can be classified into two groups, central and non-
central [1,2]. The central catadioptric system, having a single
viewpoint, is desirable because it allows the mapping of any
part of the scene to a perspective planewithout parallax as if it
was takenwith a perspective camerawhose focus is the view-
point [3]. And, it can be built by setting a parabolic mirror in
front of an orthographic camera, or a hyperbolic, elliptical,
planar mirror in front of a perspective camera [1]. Moreover,
Geyer and Daniilidis [3] propose a unifying model for gen-
eral central catadioptric image formation. It is shown that the
imaging process is equivalent to the two-step mapping by a
sphere.

Now, under central catadioptric camera, Duan and Wu
[4] provide a unified imaging theory of different geometric
elements, which establishes the theoretical foundation for
calibration methods based on geometric elements. What’s
more, many authors have already proposed calibration algo-
rithms for central catadioptric camera [2–15]. However,
because of the partial occlusion, it is very difficult to cor-
rectly fit the central catadioptric line images, which affects
the calibration accuracy of the camera.
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For paracatadioptric camera,Geyer andDaniilidis [5] used
the certain properties of parabolic projection to estimate the
line images. But these properties are not the necessary con-
ditions for the paracatadioptric projection of lines. Thus,
Barreto and Araujo [16] derive the necessary and sufficient
conditions, which must be satisfied by a set of conic curves
to be the paracatadioptric line images. In order to correctly
estimate the paracatadioptric line images, these derived con-
ditions are used to limit the search space. We notice that the
performance of this method is largely relied on the num-
ber of the line images, the amplitude of the visible arc, the
number of points on it. Therefore in this paper, we want
to study a better method to fit paracatadioptric line images.
Also simultaneously, we hope the method is not limited to
paracatadioptric images and can work well on other central
catadioptric images.

Lines aremapped into conic curves by central catadioptric
camera [14], and are only partially visible on the image plane.
Thus, if the antipodal points of image points on the visible
arc exist and are known, it is obvious that we can fit the line
images more correctly. Based on this idea, firstly, we derive
a new relationship between a pair antipodal image points and
the camera principal point. Then, using this relationship, a
new method is proposed to estimate the line images. In order
to evaluate the performance of our fitting method, the esti-
mated line images are used to calibrate the camera intrinsic
parameters. Experimental results on both simulated and real
image data have shown that our method has the performance
as expected above, i.e., our method not only can fit paracata-
dioptric line images correctly, but also canworkwell on other
central catadioptric images.

This paper is organized as follows: Sect. 2 reviews the
image formation for central catadioptric camera, and some
relatedworks. Section 3 gives a new algorithm for fitting cen-
tral catadioptric projections of lines in space. Experimental
results are shown in Sect. 4. Finally, Sect. 5 presents some
concluding remarks.

2 Preliminaries

A bold letter denotes a vector or a matrix. Without special
explanation, a vector is homogeneous coordinates. In the fol-
lowing, we briefly review the image formation for central
catadioptric camera given by Geyer and Daniilidis [3], the
antipodal image points and their properties proposed by Wu
et al. [12], and the calibration method for central catadioptric
cameras proposed by Barreto and Araujo [6].

2.1 Central catadioptric projection model

Geyer and Daniilidis [3] show that the central catadioptric
imaging process is equivalent to the following two-step map-

Fig. 1 The imaging process under central catadioptric model

ping by a sphere (see Fig. 1): first, under the viewing sphere
coordinate system O − XsYs Zs , a 3D point X = (x, y, z)T

is projected to a point Xs = (xs, ys, zs)T on the unit sphere
centered at the viewpoint O; Second, the point Xs on the
viewing sphere is projected to a point m on the image plane
� by a pinhole camera through the perspective center Oc.
The image plane is perpendicular to the line going through
the viewpoints O and Oc. This image plane is also called the
catadioptric image plane. Let the intrinsic parameter matrix
of the pinhole camera be

Kc =
⎛
⎝
rc fc s u0
0 fc v0
0 0 1

⎞
⎠

where rc is the aspect ratio, fc is the effective focal length,
(u0, v0, 1)T denoted as p is the principal point, and s is the
skew factor. The imaging process of a space point X to m
can be described as:

αm = Kc

(
RX + t

‖RX + t‖ + ξe
)

. (1)

where α is a scalar, R is a 3 × 3 rotation matrix, t is a 3-
vector of translation, ‖‖ denotes the norm of vector in it,
e = (0, 0, 1)T , and ξ is the mirror parameter that is the
distance from O to Oc. The mirror is a paraboloid if ξ = 1,
an ellipsoid or a hyperboloid if 0 < ξ < 1, and a plane if
ξ = 0.

The image of a space line is a conic. The equation of locus
of the point m on the conic is

mT Cm = 0, (2)

where C is a 3× 3 symmetric matrix. Later in the paper, we
use C to denote the conic, i.e., a line image.

2.2 The antipodal image points

Under central catadioptric camera,Wu et al. [12] give the def-
inition of antipodal image points and derived their properties
as follows:
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Fig. 2 {m, m
′ } is a pair of antipodal image points

Definition 1 {m, m
′ } is called a pair of antipodal image

points if they could be images of two end points of a diameter
of the viewing sphere (See Fig. 2).

Proposition 1 If {m, m
′ } is a pair of antipodal image points

under a central catadioptric camera, we have:

1 + √
1 + τmT�m
mT�m

m + 1 +
√
1 + τm′T�m′

m′T�m′ m
′ = 2p,

(3)

where τ = (1−ξ2)/ξ2,� = K−T
c K−1

c andp is the principal
point. In the case of parabolic mirror, (3) is simplified as

1

mT�m
m + 1

m′T�m′ m
′ = p. (4)

ByProposition 1,m
′ = (u

′
, v

′
, 1)T can be computed from

Kc, m and ξ . Here, solutions for Eqs. (3) and (4) are dis-
cussed. From (3), we know thatm,m

′
andp are collinear, i.e.,

one element u
′
of m

′
can be represented by the other element

v
′
of m

′
, m and p linearly. Then, only one element v

′
of m

′

needs to be computed. Thus, we obtain a quadratic equation
about v

′
from (3). According to the definition of antipodal

image points, we can get only one solution of v
′
from the

quadratic equation. That is, from (3), m
′
can be computed

exactly. Similarly, when ξ = 1,m
′
can be obtained exactly

from (4).

2.3 Calibration of a central catadioptric system

Barreto and Araujo [6] present a calibration method for cen-
tral catadioptric cameras using the images of K (K ≥ 3)
number of lines in general position. Here, we briefly review
the calibration steps.

Setp1: Determine the catadioptric line images Ci for i =
1, 2,…, K ;

Setp2: For each pair of conics Ci , C j , compute the inter-
section points Fi j ,Bi j , and determine the corresponding line
μi j = Fi j ∧ Bi j ;

Step3: Estimate the principal point p which is the inter-
section point of lines μi j ;

Pm

c 'm

Fig. 3 The imaging process under central catadioptric model

Step4: For each conic Ci , compute the polar line π i of the
principal point p (i = 1, 2, . . . , K );

Step5: For each conic curve, obtain the points ii and ji ,
where line π i intersects Ci (i = 1, 2, . . . , K );

Step6: Estimate the conic � going through points ii , ji
(i = 1, 2, . . . , K );

Step7: Perform the Cholesky decomposition of � to esti-
mate matrix Kc.

3 Estimation of central catadioptric line images

We know that the central catadioptric projection of a space
line is a conic curve, and only a small arc can be visible on
the image plane. For paracatadioptric camera, Barreto and
Araujo [16] derive the necessary and sufficient conditions,
and use these conditions to limit the search space, when esti-
mating the paracatadioptric line images. This method still
cannot estimate the line images correctly, especiallywhen the
amplitude of the visible arc is small and there are few points
on the visible arc. In addition, we notice that if the antipodal
points of image points on the visible arc are known, it is obvi-
ous that the fitting accuracy can be improved greatly. Based
on this idea, in this section, we propose a new fitting method
for line images. The proposed method not only improves the
fitting accuracy of paracatadioptric line images, but also can
be applied well to other central catadioptric cameras.

3.1 A new relationship on antipodal image points

At first, we establish a new relationship for a pair of antipodal
points and the principal point.

Proposition 2 Let C be a line image under central cata-
dioptric projection and {m, m

′ } be a pair of antipodal image
points on C , we have:

m
′ − p = k(m − p). (5)

where p is the principal point, k = (pT Cp)/(pT Cp −
2mT Cp (a rational fraction on m, p and C).

Proof From the property of antipodal image points in
Sect. 2.2, we know thatm, m

′
andp are collinear (See Fig. 3).

Thus, the difference between the vector m − p and the vec-
tor m

′ − p is only a scale factor, denoted as k. Therefore,
m

′ − p = k(m − p). The algebraic expression of k is given
as follows.
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Fig. 4 a is a test image
generated by a central
catadioptric camera with
ξ = 0.7. b is a test image
generated by a paracatadioptric
camera
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Fig. 5 The Calibration results for central catadioptric camera using 3, 5 and 7 lines

Since m, m
′
are on the conic C,

mT Cm = 0, m
′T Cm

′ = 0. (6)

From m
′ − p = k(m − p), we have

m
′ = k(m − p) + p. (7)

Substituting (7) into the latter equation of (6), we obtain

(k(m − p) + p)T C(k(m − p) + p) = 0

Expanding this equation and using mT Cm = 0, then

(pT Cp−2mT Cp)k2+2(pT Cm−pT Cp)k+pT Cp = 0. (8)
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Fig. 6 The convergence results of four line images. [Sigma] denotes the noise standard deviation and [the inner ratio] denotes the ratio between
the number of inner points Ñ and the number of total points N

Solving (8) for k yields

k = 1, k = pT Cp
pT Cp − 2mT Cp

. (9)

Because m
′
is different from m, there is

k = pT Cp
pT Cp − 2mT Cp

. (10)

This completes the proof. ��
Proposition 2 gives a new relationship on m, m

′
and p.

The relationship is derived on the image plane, then it is
not related with the camera intrinsic parameters except for
the principal point. In addition, it is represented in a rational
form associated with the conic curve C. Thus, when fitting
the image of a line, the expression in Proposition 2 can be
used to optimize the equation of the line image.

3.2 Algorithm of fitting central catadioptric line images

In this section,we use the established relationship in Sect. 3.1
to fit line images under central catadioptric cameras.

Table 1 The average
convergence times of four line
images under 100 runs of each
experiment

σ 0.5 1 1.5 2 2.5 3

C1 4 5 9 12 16 15

C2 3 8 12 17 15 14

C3 5 10 16 14 13 15

C4 4 10 15 16 14 12

Let C be the image conic of a space line under an uncali-
brated central catadioptric camera andmi , i = 1, 2, 3, . . . , N
with N ≥ 5 be points on C.

Usually, the projected contour of the catadioptric mirror
is visible and also a conic, denoted as C0. At first, by the
least square method, we fit this contour conic C0 and use the
result to make some initialization.

3.2.1 Initialization

Assume that the representation of C0 is:

C0 =
⎛
⎝
a b d
b c e
d e f

⎞
⎠ .
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Fig. 7 The calibration results using 5 lines

Then, the initial values of rc, s, u0, v0, fc can be obtained
[13]:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

rc =
√

− b2

a2
+ c

a ,

s = − b
a ,

u0 = be−cd
ac−b2

,

v0 = bd−ae
ac−b2

,

fc = ξ(u20a + 2u0v0b + v20c + 2u0d + 2v0e + f ),

(11)

where ξ is the mirror parameter, which is known in advance.
Next, compute the antipodal image points m

′
i of mi using

the obtained intrinsic parameters in (11), i = 1, 2, 3, . . . , N
by Proposition 1. Then, estimate C using {mi , m

′
i , i =

1, 2, . . . , N} through minimizing the orthogonal distance
from points to the conic curve [17].

Record the number Ñ of points belonging to M =
{mi , i = 1, 2, 3, . . . , N }, from which the orthogonal dis-
tances to C are no larger than the prescribed threshold d0
(d0 = 0.01).

For each mi , compute ki from p and C by (10), i =
1, 2, 3, . . . , N .

So far, we obtain the initialization of p, C, Ñ and ki , i =
1, 2, . . . , N . Then, the fitting algorithm for central catadiop-
tric line image is given as follows.

3.2.2 The fitting algorithm

Input The pixels extracted from the projected contour of cata-
dioptric mirror and from the line image.

Step 1. Let the iteration number n = 0, compute the prin-
cipal point p, C(0), Ñ (0) and k(0)

i , i = 1, 2, 3, . . . , N through
the initialization above.

Step 2. Consider the objection function:

F =
N∑
i=1

(
d2

(
mi , C(n)

)
+ d2

(
m

′
i , C(n)

))
,

where d represents the orthogonal distance from points to the
conic curve. And by Proposition 2, we get

F =
N∑
i=1

(
d2

(
mi , C(n)

)
+d2

(
k(n−1)
i

(
mi −p

)
+p, C(n)

))
.

(12)
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Fig. 8 The comparison of calibration results when θ = 120◦, N = 100 and θ = 170◦, N = 150 . [Our] denotes the results obtained using our
method with the ones [Barreto] denotes the results obtained using the method [16]

Through minimizing (12), estimate the line image C(n).
Step 3. For eachmi , compute k(n)

i from p andC(n) by (10),
i = 1, 2, 3, . . . , N . And record the number Ñ (n) of points
belonging to M = {mi , i = 1, 2, 3, . . . , N }, from which the
orthogonal distances to C(n) are no larger than the prescribed
threshold d0 (d0 = 0.01).

Step 4. If Ñ (n) is equal to Ñ (n−1) or the iteration number n
reaches a prescribed threshold, stop the procedure and output
the C = C(n). Otherwise go to Step 2.

Output The line image C.
Due to the partial occlusion, the central catadioptric line

image is only partially visible on the image plane, and it is
very difficult to estimate the line image from its visible part.
Based on the derived relationship between a pair antipodal
image points and the camera principal point in (5), besides the
image points on the visible arc, their antipodal points can also
be used to fit the central catadioptric line image. In addition,
we propose an iterative method to optimize the central line
image by minimizing (12). At present, we still cannot prove
the convergence of whether Ñ (n) = Ñ (n−1) in theory. But
fromextensive experiments,wefind the algorithmcan always

be convergent no more than 20 iteration times. Thus, our
fitting method not only can fit paracatadioptric line images
correctly, but also can work well on other central catadioptric
images. Even if only a small arc is visible on the image plane,
the line image can be fitted correctly using our proposed
method.

In the case of paracatadioptric camera, we can use the
method proposed in [18] to initialize the camera intrinsic
parameters instead of the method proposed in [13]. Thereby,
whether the projected contour of the parabolic mirror is vis-
ible on the image plane or not, the line images still can be
estimated using our algorithm.

4 Experiments

In this section, we test the proposed algorithm using the sim-
ulated and the real images. The proposed method is used to
fit the central catadioptric line images, then the camera is cal-
ibrated using the calibrationmethod in Sect. 2.3.We evaluate
the performance of our method through the camera calibra-
tion results. In the case of paracatadioptric camera, the direct
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Fig. 9 The comparison of calibration results when θ = 90◦ and N = 50. [Our] denotes the results obtained using our method with the ones
[Barreto] denotes the results obtained using the method [16]

comparison can be made between the results presented in
here and the ones present in [16]. It is shown that our method
outperforms the method proposed in [16].

4.1 Using simulated data

The simulated camera has the following intrinsic parameter
matrix:

Kc =
⎛
⎝
610 0.8 500
0 600 350
0 0 1

⎞
⎠ (13)

where (500, 350, 1)T is the principal point p, 61/60 is the
aspect ratio rc, 0.8 is the skew factor s and 600 is the effec-
tive focal length fc. Two catadioptric camera settings with
mirror parameters ξ = 0.7 and ξ = 1, are considered
respectively.

In order to make direct comparison between the method
proposed in here and the method proposed in [16], we gen-
erate the images of lines in a similar way in [16] as follows.
Each line in the scene corresponds a plane, i.e., the base plane

with normal n. The plane defined by each normal intersects
the unit sphere on a great circle, and half of the great circle is
within the camera field of view(FOV). However, because of
the partial occlusion, only a small arc is visible on the image
plane. Then, denote the amplitude of the arc as θ , which is
less than or equal to the FOV. Uniformly sample N points
on the visible arc. Each sample point is projected to the sim-
ulated image plane through a predefined central catadioptric
camera. The generation of the image of boundary mirror is
similar to the line images, where the normal of the base plane
is n = (0, 0, 1)T .

The projections of three space lines are shown in Fig. 4a
with ξ = 0.7 and Fig. 4b with ξ = 1, where θ = 140◦
(amplitude of the visible arc) and N = 100 (number of
sample points). The biggest circles are the points on the pro-
jected contour of central catadioptric mirrors. Gaussian noise
with mean 0 and standard deviation σ ranging from 0 to 3 is
directly added to each of the points on the line images and
the projected contour of catadioptric mirror.
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Fig. 10 The calibration results using 3 lines, 5 lines or 7 lies

4.1.1 Calibration of general central catadioptric camera

Usually the mirror parameter offered by manufactures is
nearly precise, so we set ξ = 0.7 as a priori. We fit the line
images using the algorithm presented in Sect. 3.2, and then
calibrate the camera parameters using themethod inSect. 2.3.
The estimated calibration parameters are compared with the
ground truth and the RMS error is computed over 100 runs
of each experiment.

The experiments of Fig. 5 compare the performance of
the calibration algorithm when using the images of 3 lines, 5
lines or 7 lines. It can be seen that the calibration results are
correct and the number of lines slightly affects the robustness
to noise. That is, the line images can be estimated correctly
using our method.

Now, we cannot prove the convergence of our algorithm
in theory. But, Fig. 6 shows the convergence results using our
algorithm to fit four line images. What’s more, Table1 shows
the average convergence times of four line images under 100
runs of each experiment. From the results, we can see that
our algorithm can always be convergent no more than 20
iteration times.

4.1.2 Calibration of paracatadioptric camera

In the case of paracatadioptric camera, assume that the pro-
jected contour of parabolic mirror is invisible on the image
plane. Thus, instead of the method proposed in [13], the
method proposed in [18] is used to initialize the camera
intrinsic parameters. Then, line images are estimated using
the algorithm presented in Sect. 3.2, and calibration results
are obtained by the calibration method in Sect. 2.3.

Figure 7 shows the calibration results using five lines for
three different choices of θ (the amplitude of the visible arc)
and N (the number of sample points). From the calibrated
results, we know that the decrease in the number of sample
points and the amplitude of the visible arc has little impact on
the robustness to noise. Even when θ = 90◦ and N = 50, the
calibration results is still very correct, that is, the line images
are estimated correctly using our method.

In addition, an alternative algorithm for estimating the line
images , which requires a calibrated system, is presented in
[16]. Here, under same simulation conditions, we use the
method in [18] to initialize the camera intrinsic parameters
and then evaluate the performance of the algorithm. A direct
comparison can be made between the calibration results
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Fig. 11 The comparison of the calibration results using 7 lines. [Our] denotes the results obtained using our method with the ones [Barreto] denotes
the results obtained using the method [16]

obtained above and the ones presented in [16]. The com-
parison of the calibration results with three different choices
of θ and N are shown in Figs. 8 and 9. From the comparison
results, it can be seen that the performance of our approach
seems to be better, especially when θ = 90◦ and N = 50.

What’s more, the experiment of Fig. 10 compares the per-
formance of our algorithm when using the images of 3 lines,
5 lines or 7 lines, where θ = 140◦ and N = 140. It can be
seen that the number of lines slightly affects the robustness
to noise. Similarly, the method in [16] is performed under the
same conditions, and the calibration results aremade compar-
ison with the ones in Figs. 11 and 12. The comparison shows
that the algorithm proposed in this paper is better, especially
when using 3 lines to calibrate the camera parameters.

4.2 Using real image data

4.2.1 Central catadioptric camera calibration

A real image, captured by a NIKON COOLPIX990 with a
hyperboloid mirror designed by the Center for Machine Per-
ception, Czech technical University, is shown in Fig. 13a.

Its size is 512 × 384 pixels. The images of four lines are
fitted using the method proposed in Sect. 3.2, and then, the
central catadioptric camera are calibrated using the method
in Sect. 2.3. In order to verify the estimated parameters,
we transform the original distorted image by the estimated
parameters. The rectified result is shown in Fig. 13b. It can
be seen that those heavy distorted lines become straight.

4.2.2 Paracatadioptric camera calibration

Two images, captured by an uncalibrated paracatadioptric
camera with a field view of 180◦[6], are shown in Fig. 14.
These two images are down loaded from http://mail.isr.uc.
pt/carloss/software/software.htm. Here, the used curves that
four lines in the scene projected to are shown in Fig. 14a, and
the image points used for curves fitting are manually selected
by using the software presented in this website. The method
presented in here and the method presented in [16] are used
to calibrate the paracatadioptric camera respectively. Next,
the two graphics in Fig. 14 are rectified using the estimated
parameters to evaluate the estimated intrinsic parameters.
Figure 15 shows the rectified results. Intuitively, the esti-
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Fig. 12 The comparison of the calibration results using 3 lines. [Our] denotes the results obtained using our method with the ones [Barreto] denotes
the results obtained using the method [16]

(a) (b)

Fig. 13 a A real image captured by an uncalibrated central catadiop-
tric camera. b The rectified results of (a) by the estimated intrinsic
parameters

mated intrinsic parameters through these two method can
make those heavy distorted lines become straight.

In the following, we evaluate the performances of the two
methods through estimating the rectified lines respectively.
We use the rectified image points of conic curves being used
to calibrate the camera, to fit lines. But extracting the pixels
of the same line images from different figures can cause dif-
ferent errors. In [12], we know that under a virtue pinhole
camera, the projection Xs of a space point X on the viewing
sphere can be expressed as

 (a)   (b) 

Fig. 14 The figures captured by an uncalibrated paracatadioptric cam-
era. a is used to calibrate the camera. b is the test image

Xs = 2

mT�m
K−T

c m.

where m denotes the image point extracted from line image,
and � = K−T

c Kc. Then the rectified image point m̂ can be
expressed as

m̂ = 2

mT�m
m. (14)
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(a) (b)

(c) (d)

Fig. 15 a and b are the rectified results using the calibration results
obtained through our method. c and d are the rectified results using the
calibration results obtained through Barreto’s method

Table 2 The median of the orthogonal distances from points to lines

The median Blue Red Green Yellow

Our 0.85945 0.93527 0.97536 1.56975

Barreto’s 0.92144 0.98425 1.24426 1.62768

According to (14), rectified image points can be obtained
directly from the estimated intrinsic parameters and the
image points of conic curves extracted from the Fig. 14a.

For each rectified line, the median of the orthogonal dis-
tances from the rectified image points to the estimated line is
computed and shown in Table 2. Where the blue (red, green
and yellow) line represents the rectified result of the blue
(red, green and yellow) conic. From Table 2, we know that
our method is better than the method in [16]. That is, the esti-
mated conics, which are the paracatadioptric line images, are
more correct.

5 Conclusion

In this paper, we present a new method for fitting central
catadioptric line images, and evaluate the performance of this
method through the calibration results. It is well known that it
is very hard to correctly estimate the central catadioptric line
images through its visible part due to the partial occlusion.
For paracatadioptric camera, Barreto and Araujo [16] derive
the necessary and sufficient conditions that must be satisfied
by a set of paracatadioptric line images, and use these condi-
tions to limit the search space to accurately estimate the line
images. Here, we find that if the antipodal points of image
points on the visible arc are known, the fitting accuracy can
be improved greatly. Thus, we first derive a new relationship

between a pair of antipodal image points and the camera prin-
cipal point. Then, a new fitting method is proposed using this
relationship. Finally, calibration results of camera are used to
evaluate the performance of our fitting algorithm. The sim-
ulated and real data experiments both validate the accuracy
and robustness of our method. At present, we shows the con-
vergence of our fittingmethod by experiments. In theory, The
proof of the convergence will be our future work.
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