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Abstract

In this paper, we propose a calibration method for

catadioptric camera sy stems consisting of a rotation

symmetry mirror, like H yperO mni V ision, and an

affi ne camera. T he proposed method is based on con-

ventional camera calibration and mirror postu re esti-

mation. M any methods for camera calibration have

previou sly been proposed. In the last decade, meth-

ods for catadioptric camera calibration have also been

proposed. T he main problem with catadioptric cam-

era calibration is mirror postu re estimation becau se

the degree of freedom of a mirror postu re is limited

and the accu racy of the estimated parameters is inad-

equ ate, owing to nonlinear optimization. O u r method

can estimate the six degrees of freedom of mirror pos-

tu re and can be free from the volatility of nonlinear

optimization. O u r method u ses a conic cu rve in an

image, the borderline between mirror and non-mirror

and estimate u p to for mirror postu re. T his method is

an application of ex trinsic parameter calibration based

on conic fi tting. T he mirror postu re estimated analy t-

ically is not u niqu e, so we propose a selection method

for fi nding the best one. B ecau se of the conic-base an-

aly tical method, ou r method can avoid the initial valu e

problem arising from nonlinear optimization. W e con-

du ct experiments on synthesized images and real im-

ages to test the performance of ou r method, and dis-

cu ss its accu racy .

1 Introduction

Catadioptric camera systems are u sed for v ariou s
application s su ch as secu rity systems, en v iron men t
recog n ition , an d rob ot n av ig ation . M an y k in ds of
catadioptric camera are desig n ed for v ariou s applica-
tion s accordin g to th eir u se.

T h e disadvan tag e of catadioptric cameras is th at
alig n men t of th e mirror an d camera mu st b e ex act.
If th ere is misalig n men t, th e camera can n ot main tain
desired optical ch aracteristics su ch as a sin g le v iew -
poin t. M isalig n men t prob lem cau ses v ariou s errors
in systems u sin g catadioptric cameras. T h e meth od
u sed to correct misalig n men t depen ds on th e pu rpose
for w h ich th e camera is u sed. In measu remen t appli-
cation s, it is n ot n ecessary for cameras to main tain
th eir desig n ed optical ch aracteristics, b u t th e g eomet-
ric arran g emen t b etw een pix els, v iew poin ts, an d rays

sh ou ld b e correct. In oth er w ords, th e position of th e
camera an d mirror sh ou ld b e calib rated ex actly. In
v isu alization application s, accu rate alig n men t of th e
camera an d mirror is n ot req u ired an d, w h en errors
in v iew poin t position an d ray direction are w ith in ac-
ceptab le lev els, th e v iew er does n ot h av e an y sen se of
in con g ru ity. In b oth cases, th e catadioptric camera
calib ration is an importan t prob lem.

T h e desig n of catadioptric camera systems is th e
comb in ation of mirror sh apes an d camera models. In
th ese systems, catadioptric camera calib ration is as
importan t as it is in reg u lar camera calib ration , b u t
is more in tricate, b ecau se it in clu des reg u lar camera
calib ration an d mirror postu re estimation , an d th e
meth ods for catadioptric calib ration diff er accordin g
to th e k in ds of mirrors, refl ection , an d camera models
th at are u sed. In th is paper, w e propose a calib ration
meth od for a catadioptric camera system con sistin g of
a rotation symmetry mirror, H yperO mn i V ision [1 ],
an d an affi n e camera model.

A s men tion ed ab ov e, th e catadioptric camera cali-
b ration can b e div ided in to reg u lar camera calib ration
an d mirror postu re estimation . M an y camera calib ra-
tion meth ods h av e already b een proposed, for ex am-
ple, T sai’s calib ration [2 ], con ic b ased meth ods [3 , 4 ],
an d so on . T h erefore, w e do n ot discu ss th e reg u lar
camera calib ration b u t focu s on th e mirror postu re
estimation .

1 .1 R e late d W o rk

M an y catadioptric camera systems h av e b een pro-
posed ov er th e last decade. T ypical catadioptric cam-
era systems h av e b een proposed b y N ayar [5 ] an d Y a-
mazaw a et al. [1 ]. T h e fi rst u ses an orth og on al camera
model an d a parab olic mirror. Y amazaw a et al. u ses a
perspectiv e camera model an d a h yperb oloidal mirror.
Catadioptric cameras th at h av e n on -sin g le v iew poin ts
h av e also b een proposed [6 , 7 ].

M u ch w ork h as b een don e on dev elopin g meth ods
to calib rate catadioptric cameras [8 , 9 ]. G eyer an d
D an iilidis [8 ] proposed a meth od of calib ration to es-
timate in trin sic parameters of a catadioptric camera
system th at con sists of a parab oloid mirror an d an or-
th og raph ic len s. S trelow et al. [9 ] proposed a model
for relation b etw een th e mirror an d camera w ith 6
deg rees of freedom (tran slation an d rotation ). T h ey
determin ed 6 parameters th rou g h n on lin ear optimiza-
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Figure 1: Omnidirectional image and the borderline
betw een mirror and non-mirror.
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Figure 2 : R elationship s among coordinate sy stems
and matrices.

tion. T his has the advantage that translation and ro-
tation p arameters are simultaneously determined, but
the disadv antage is that the accuracy of the estimated
p arameters is w orse and dep ends on the initial v alues
because of nonlinear op timization.

T he main p roblem w ith the catadiop tric camera
calibration method is mirror p osture estimation be-
cause the degree of freedom of a mirror p osture is
limited and the accuracy of the estimated p arameters
is inadeq uate ow ing to nonlinear op timization. Our
method estimates the six degrees of freedom of mir-
ror p osture and is free from the v olatility of nonlinear
op timization such as the local minimum p roblem, the
initial v alue p roblem, and the comp utation comp lex -
ity p roblem. Our method uses a conic curv e in an
image, the borderline betw een mirror and non-mirror
region, and is based on the ex trinsic p arameter cal-
ibration using a circular p attern[3 ]. B ecause of the
conic-base analy tical method, our method av oids the
initial v alue and local minimum p roblem arising from
nonlinear op timization.

2 Catadioptric Camera Calibration

In this section, w e p resent a calibration method for
catadiop tric camera sy stems consisting of a rotation
sy mmetry mirror and an affi ne camera model. T he
catadiop tric camera calibration can be div ided into
four step s: normal camera calibration, mirror p osture
estimation, ray tracing, and calculation of mirror re-
fl ection.

Our method uses a conic curv e in an image, the bor-
derline betw een mirror and non-mirror regions, and is
an ap p lication of ex trinsic p arameter calibration based

on conic fi tting. W e actually ap p lied W u’s method [3 ],
based on conic fi tting, to calibrate ex trinsic p arame-
ters.

In order to estimate a mirror p osture, w e assume
the follow ing conditions: the camera is calibrated, the
rank of camera intrinsic matrix , K, is three (full rank ),
the borderline betw een mirror and non-mirror regions
(Figure 1) is w ithin an inp ut image, and its radius, r,
is k now n.

T he borderline mentioned abov e is p rojected to an
omnidirectional images as a ellip se (conic) curv e, and
its eq uation is a x2 + b y 2 + 2 f x + 2 g y + 2 h xy + c = 0 ,
w here (x, y ) is in the image coordinate sy stem. T he
q uadratic form of that eq uation is

x̃
T QI x̃ = 0 ,

(1)

w here

QI =





a h f

h b g

f g c



 (2 )

and x̃ = (x, y , 1)T is the augment v ector of a p oint in
the image coordinate sy stem. T he relation betw een a
p oint in the image coordinate sy stem and one in the
camera coordinate sy stem is ex p ressed by the follow -
ing eq uation:

x̃ = sKXC , (3 )

w here K is the camera intrinsic matrix and XC is the
p oint in the camera coordinate sy stem. B y substitut-
ing E q . 3 for E q . 1, w e obtain

s2
X

T QeX = 0 , (4 )

w here Qe = KT QIK. B y eigenv alue decomp osition,
Qe = V ΛV T .

W e consider a circle centered at (x0, y 0, z0) on Z =
z0 p lane w ith radius r. A ccording to W u’s method [3 ],
the circle can be w ritten in a q uadratic form:

QC =







1 0 −x0

z0

0 1 −y0

z0

−x0

z0

−y0

z0

x2

0
+y2

0
−r2

z2

0






, (5 )

XT QCX = 0 . (6 )

W e consider the rotation from the coordinate sy stem,
OE − XEYEZE (S ee Figure 2 ), to the mirror coordi-
nate sy stem, OM −XMYMZM . T he Z -ax is of the mir-
ror coordinate sy stem is p arallel to the normal v ector,
NC , of the cross-section surface, PC . T o ex p ress that
rotation, w e consider the rotation matrix U and the
relation can be ex p ressed as follow s.

UT ΛU = k QC . (7 )

T o solv e the abov e eq uation, w e obtain U by using
W u’s method [3 ]. B y substituting U and r for E q .
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Figure 3: Coordinate systems

7, we can compute C0 = [x0, y0, z0], the center of the
circle. The rotation matrix, R, from the mirror coor-
dinate system to the camera coordinate system is ob-
tained by R = V U . Figure 2 shows the relationships
among each coordinate system and rotation matrices.
The center of the circle in the camera coordinate sys-
tem, CC , is obtained by the equation: CC = RC0.
Since R is a rotation matrix, it can be represented by
three orthogonal unit vectors: [r1, r2, r3]. Specifically,
r3 is the normal vector of the circle, the aspect of the
the mirror, in the camera coordinate system.

Ray tracing is implemented using coordinate trans-
formation. Ray tracing uses four coordinate systems
(image, camera, mirror, and world), and traces inci-
dent rays from the camera through coordinate trans-
formation (Figure 3). Finally a viewpoint, PM , and a
direction of reflected ray ,VMout

, are calculated from
each pixel.

The mirror posture is not unique and has 4 so-
lutions by using Wu’s method. H ere, we propose a
method for selecting the best one of them. In this se-
lection method, we use the rays from pixels projecting
a line far from camera.

The condition that the rays, Pi + kiVi, are on a
plane,(X, N) = S, is expressed as (Pi+kiV i, N) = S,
where (, ) expresses the inner product and S is the
distance from the origin. In other words, a normal
vector N exists and satisfies the equations: (Vi, N) =
0 and (Pi, N) = S.

The rays from a catadioptric camera intersecting
with a line in a 3D -space are expressed as PMi +
kiVMouti. In the case of an aligned single viewpoint
catadioptric camera, a normal vector, N , exists and
satisfies the following equation:

(PMi + kiVMouti, N) = S, (8 )

because the catadioptric camera can be assumed as
a normal camera. In the case of misalignment, N

does not exist. H owever, if the line is very far from
camera (i.e. ki → ∞), we can assume that equation
8 as (VMouti, N) → 0, and this can be regarded as
the case of aligned mirror. We apply this assump-
tion to select mirror posture. If the posture is cor-
rect, N exists and satisfies (VMouti, N) → 0, other-
wise N does not satisfy the condition because the rays

don’t intersect the line. We estimate N by minimizing
Σ (VMouti, N)2. Such N is the solution of the equa-
tion, ∇Σ (VMouti, N)2 = 0. And N is the eigenvector
that has the minimum eigenvalue of ∇Σ (VMouti, N)2.
The minimum eigenvalue can be regarded as an evalu-
ation value. The mirror posture that has the minimum
evaluation value is the correct posture.

3 Experiments
3.1 Mirror Posture Estimation

We conduct experiments on synthesized images to
evaluate the accuracy and performance of our method.
At first, we make an ellipse image by projecting the
misaligned mirror. N ext, we estimate ellipse param-
eters by least square error estimation. Finally, the
mirror posture is estimated by our method.

Table 1 shows the experimental result. In table
1, the translation of the ground truth is the position
of the circle’s center, the rotation of ground truth is
the normal vector of the plane including the circle,
the borderline between mirror and non-mirror regions,
the translation error is Euclid distance between the
ground truth and the estimated mirror position, CC ,
and the rotation error is the angle, inner product be-
tween the ground truth and estimated normal vector
r3. We can see that our method can be used to accu-
rately estimate the mirror posture.

The factor of the estimation error is only quanti-
zation error of projection and the error of the ellipse
estimation because the experiments are simulation. It
is impossible to completely eliminate the quantization
error. The accuracy of our method depends on the
accuracy of camera calibration and ellipse estimation.
To apply our method to a catadioptric camera system
and real images, it is important to correctly estimate
the ellipse parameters and the intrinsic parameters.

3.2 V iew R econstruction

The advantage of our method is shown in image
transformation. If an omnidirectional image is trans-
formed into a perspective or panorama image assum-
ing that the mirror is aligned while the mirror is mis-
aligned, the transformed image has distortion and/ or
skew. If the mirror is misaligned, we can not trans-
form omnidirectional image into perspective image be-
cause H yperOmni V ision does not keep single view-
point. But we can transform omnidirectional image
into approximate perspective image by assuming an
arbitrary point to the viewpoint. We decide the view-
point by the error, mean squared distance between the
viewpoint to each ray.

Figure 4 and 5 shows that a perspective image
transformed from the omnidirectional image (Figure
1). Figure 4 is transformed image without using cal-
ibration data, and Figure 5 is transformed image by
using calibration data. We can see the distortion and
skew in Figure 4, on the other hand we can see little
distortion and skew in Figure 5. From these experi-
mental results, our method is eff ective for omnidirec-
tional camera calibration.
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Table 1: Accuracy of mirror posture estimation
G round truth Error

Translation [mm] Rotation Translation [mm] Rotation [deg]
X Y Z X Y Z

0 0 -0.5 0 0 1 0.0701 0.464
0 0 3.5 0 0 1 0.120 0.828

-4.5 0 0 0 0 1 0.108 0.800
0 -2.19 -0.0229 0 -0.0209 0.9 9 9 0.172 1.13

-4.38 2.19 -0.115 -0.0419 0.0209 0.9 9 9 0.0506 0.333

Figure 4: U ncalibrated perspective view.

4 Conclusion
In this paper, we propose a calibration method

for a catadioptric camera system consisting of a ro-
tation symmetry mirror, such as HyperOmni Vision,
and an affine camera. The proposed method is based
on camera calibration and mirror posture estimation.
Our method can estimate the six degrees of freedom
of mirror posture and can be free from the volatility
of nonlinear optimization. Our method uses a conic
curve in an image, the borderline between mirror and
non-mirror and is an application of extrinsic parame-
ter calibration based on conic fitting. Because of the
conic-base analytical method, our method can avoid
the initial value problem arising from nonlinear opti-
mization. We also proposed a method for mirror pos-
ture selection because Wu’s method has 4 solutions of
mirror posture.

We conducted experiments on synthesized images
and real images to test the performance of our method,
and discussed its accuracy. In future work, we will
evaluate the accuracy of our method by 3D reconstruc-
tion with real images.
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