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Abstract

This paper proposes a novel approach for the calibration of a panoramic
camera using geometric information available in real scenes. A
panoramic camera possesses some flexibility in acquiring different types
of panoramas, such as single-center (e.g. as assumed for QTVR),
symmetric stereo, concentric or polycentric panoramas. Panoramic
camera are based on the use of line sensors rotating around an axis, and
are of increasing value for various applications in computer vision,
computer graphics or robotics. Previously developed camera calibration
methods (for `standard' camera architectures) are not applicable due to
the non-linearity of the panoramic camera, defined by the existence of
multiple (nonlinear) optical points and a cylindrical image surface. This
article addresses the calibration subject of panoramic cameras for the
first time. The paper focuses on the calibration of two dominant
parameters that characterize the camera model and provide flexibility in
selecting different types of panoramas. It elaborates selected geometric
constraints (for increasing numerical stability), experiments with
captured image data, an error-sensitivity analysis by simulation, and a
discussion why other approaches (designed for `standard' camera
architectures) would fail.
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Calibration of Panoramic Cameras Using 3D Scene Information

Abstract

This paper proposes a novel approach for the calibration
of a panoramic camera using geometric information avail-
able in real scenes. A panoramic camera possesses some
flexibility in acquiring different types of panoramas, such
as single-center (e.g. as assumed for QTVR), symmetric
stereo, concentric or polycentric panoramas. Panoramic
camera are based on the use of line sensors rotating around
an axis, and are of increasing value for various applications
in computer vision, computer graphics or robotics. Pre-
viously developed camera calibration methods (for ‘stan-
dard’ camera architectures) are not applicable due to the
non-linearity of the panoramic camera, defined by the ex-
istence of multiple (nonlinear) optical points and a cylin-
drical image surface. This article addresses the calibra-
tion subject of panoramic cameras for the first time. The
paper focuses on the calibration of two dominant parame-
ters that characterize the camera model and provide flex-
ibility in selecting different types of panoramas. It elabo-
rates selected geometric constraints (for increasing numer-
ical stability), experiments with captured image data, an
error-sensitivity analysis by simulation, and a discussion
why other approaches (designed for ‘standard’ camera ar-
chitectures) would fail.

1 Introduction

An example of a prototype of a panoramic camera is
depicted in Fig. 1. The architecture of the camera allows
the acquisition of different panoramas for various applica-
tions, such as single-center panoramas for QTVR, route-
planning, or robot localization [1, 10]; symmetric panora-
mas for stereo reconstruction and/or visualization [4, 7, 9];
and concentric or polycentric panoramas for image-based
rendering, novel view synthesis, or walk-through anima-
tions [3, 5, 6].

Unfortunately such a widely applicable panoramic cam-
era cannot be calibrated using traditional camera calibra-
tion methods due to its non-linearity: it possesses multiple
(nonlinear) optical points and a cylindrical image surface,

Figure 1. A panoramic camera build at the
space sensory institute of DLR (German
Aerospace Center).

see Fig. 2. This camera requires a new methodology for the
design of a calibration method.

Technically, it is possible to calibrate the camera using
production-site facilities. But they are not available for the
end user. This paper addresses an on-site camera calibra-
tion method utilizing geometric properties available in real
scenes.

1.1 Camera Model

A panoramic camera can be geometrically described as
follows: let O be the rotation center and C the optical center,
see Fig. 2(a). The camera-viewing angle is defined by the
angle ! between optical axis and the line passing through
rotation center O and optical center C. A line sensor is ro-
tated with respect to O at the distance R away from the ro-
tation axis (i.e. distance between O and C). It captures one
slit (line) image for subsequent constant-size angular incre-
ments during rotation. (Note: each slit image contributes to
one column of a panoramic image.) Ideally the parameters
remain constant throughout one acquisition process (we ne-
glect minor deviations during one rotation in this article).
Different types of panoramas are acquired depending on
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Figure 2. Geometrical relation among parameters.

the specification of the camera parameters R and !. Fail-
ure in measuring these two parameters results in unsatisfac-
tory/unstable outcomes in applications, e.g. an oversimpli-
fied assumption of a nodal point perfectly on the rotation
axis in the specification of a panorama stitching problem.
The paper focuses on calibration of these two dominant pa-
rameters.

1.2 Traditional Scenario and Comparisons

Traditionally, if a camera model is available, a straight-
forward way in camera calibration is to minimize the dif-
ference between ideal projections and actual projections of
known 3D points (such as calibration objects or localised
3D scene points). In the context of panorama camera cali-
bration, given a set of known 3D points (Xw; Yw; Zw) (in
world coordinates) and their projections (u; v) (in image co-
ordinates), this means the following minimization:
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Table 1. Comparisons between approaches.
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T. The matrix Rwo

and the vector Two describe the rotation and translation of
the panoramic camera coordinate system with respect to the
world coordinate system. The parameters WP and HP are
the width and height of a panoramic image in pixels, and �
is the size of one CCD cell.

The complexity of Eq. 1 is rather large involving in-
verse sine, square root etc. The dimensionality is high
compared to our approach (to be specified in the sequel),
because extrinsic parameters in Rwo and Two are unavoid-
able in this projection-difference approach. The quality of
a calibration result using this approach highly depends on
the given initial values, and the error sensitivity showed
exponential-growing trends in our experiments. All this
motivated us to explore linear geometric relations such that
better (numerically more stable) calibration results can be
obtained. Table 1 summarizes our comparison of a tra-
ditional projection-difference approach with our approach
which will be detailed in the rest of the paper.

2 Problem Statement

The problem is to estimate the values of camera param-
eters R and ! from a given panoramic image based on
some knowledge available from 3D scenes (such as dis-
tances, lengths, or orthogonalities) under the following as-
sumptions:

We assume there are more than two straight lines in
the captured real scene (e.g. a special object with straight
edges) which are parallel to the rotation axis. Moreover,
for each straight line we assume that: (1) we may identify
two points on the line which are visible in the panorama;
(2) either there exists another parallel straight line and the
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distance between theses lines is known, or there exists two
more parallel straight lines such that these three lines are
orthogonal (note: see definition in the next section). The
effective focal length of the camera and the CCD cell size
are assumed to be pre-calibrated using a traditional method,
e.g. Tsai’s method [8].

The main intention is to find a single linear equation that
links 3D geometric scene features to the camera model such
that by providing sufficient scene measurements we are able
to calibrate the values of R and ! with good accuracy.

3 Geometric Constraints

This section starts with some definitions, followed by
describing two selected geometric constraints that are fre-
quently observable in real scenes. Calibration results based
on these two constraints are reported in the experimental
section.

Note that even though all the measurements are defined
in 3D space, the geometrical relation among those can be
described on a plane (i.e. in 2D space) since all our lines
are assumed to be parallel.

3.1 Definitions

Available straight lines in the 3D scene are denoted and
indexed as Li. The distance, denoted as Dij , between two
lines Li and Lj is the length of such a line segment which
connects Li and Lj and which is perpendicular to both
lines.

If the distance between two straight lines is known, then
we say that both lines form a pair. One line may be paired
up with more than one other line.

We say three parallel lines Li, Lj , and Lk are orthogo-
nal iff the plane defined by lines Li and Lj and the plane
defined by lines Lj and Lk are orthogonal. (Note: line Lj
is the intersection of these two planes.)

Figure 2 shows examples of pairs of lines and orthogonal
lines. There are three pairs of lines, namely (L1, L2), (L3,
L4), and (L4, L5). Lines L3, L4, and L5 are orthogonal
lines.

The distance, denote asHi, between the camera’s optical
point and the line Li is the length of a line segment starting
from the optical point and ending at one point on Li, which
is perpendicular to line Li.

The angular distance, denoted as �ij , of a pair of lines Li
andLj is the angle between the image columns of their pro-
jections on the panoramic image with respect to the rotation
axis.

Figure 2(b) shows the geometrical relation between the
camera parameters (R and!) and the calibration parameters
(Hi, Hj , Dij , and �ij ).

3.2 By Distance

Consider two lines Li and Lj in 3D space and the im-
age columns of their projections on the panoramic image,
denoted as xi and xj respectively. Let dij = jxi � xj j in
pixel. The angular distance �ij between lines Li andLj can
be calculated from the value of dij .

Select two points on each line that are visible in the
panorama. The distance of these two points on line Li (Lj)
is measured and denoted as Vi (Vj), which can also be in-
terpreted as the length of line segment defined by those two
points. The length, denoted as vi(vj) in pixel, of projections
of the corresponding line segment on image column xi (xj)
can be determined from the image. We use all these infor-
mation plus the effective camera focal length and the pixel
size pre-calibrated to calculate the values of Hi and Hj .

Denote the camera’s optical points as Ci and Cj asso-
ciated to image columns xi and xj respectively. A 2D co-
ordinate system is defined on the base-plane where all the
camera’s optical points lie on with the origin meets at the
rotation center. The y-axis passes through the camera’s op-
tical point Ci.

The position of Ci can be described by coordinates
(0; R) and the position Cj can be described by coordinates
(R sin �ij ; R cos �ij).

The intersection point of line Li and the base-plane, de-
noted as Pi, can be described by a sum vector of

��!
OCi and

��!CiPi. Thus, we have

Pi =
�

Hi sin!
R+Hi cos!

�
:

Similarly, the intersection point of line Lj and the base-
plane, denoted as Pj , can be described by a sum vector of
��!
OCjand

��!
CjPj . We have
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�
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R cos �ij +Hj cos(�ij + !)

�
:

The distance between points Pi and Pj is Dij , thus we
have the following equation

0 = (1� cos �ij)R
2
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3.3 By Orthogonality

Consider three orthogonal lines Li, Lj , and Lk in 3D
space. The measures of Hi, Hj , Hk, �ij , and �jk are ob-
tained similar to the distance-constraint case, and a 2D co-
ordinate system is defined, also similar to this case.
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The position Cj can be described by coordinates (0; R),
the position Ci by coordinates (�R sin �ij ; R cos �ij), and
the position Ck by coordinates (R sin �jk; R cos �jk).

The intersection points of lines Li, Lj , and Lk with the
base-plane are denoted as Pi, Pj , and Pk, respectively. We
have

Pi =
�
�R sin �ij +Hi sin(! � �ij)
R cos �ij +Hj cos(! � �ij)

�
;

Pj =
�

Hj sin!
R +Hj cos!

�
;

and

Pk =

�
R sin �jk +Hk sin(�jk + !)
R cos �jk +Hk cos(�jk + !)

�
:

Vectors
��!PiPj and

��!PjPk are orthogonal, thus we have the
following equation

0 = (1� cos �ij � cos �jk + cos(�ij + �jk))R
2

+ (2Hj � (Hj +Hk) cos �ij � (Hi +Hj) cos �jk

+(Hi +Hk) cos(�ij + �jk))R cos!

+ ((Hk �Hj) sin �ij + (Hj �Hi) sin �jk

+(Hi �Hk) sin(�ij + �jk))R sin!

+ H
2

j
+HiHk cos(�ij + �jk)

�HiHj cos �ij �HjHk cos �jk : (3)

4 Experiments

We describe two experiments: the first demonstrates the
practicality of our approach using real image data, and the
second is about error sensitivity in dependence of used con-
straints.

4.1 Real Image and Scene Data

A WAAC camera (see Fig. 1) is used, originally designed
for space missions. The camera’s effective focal length is
21:7mm, and the CCD cell size is 0:007mm2. The camera
mounts on a rotational rig supporting an extension arm up
to 1m. The value of R is manually set to be 10cm. The
camera’s viewing angle ! is equal to 155� according to our
definition (which is 25� in terms of WAAC specification).

Figure 3 is a panoramic image taken in a seminar room
at DLR in Berlin. The size of the room is about 12m2.
The image has a resolution of 5; 184�21; 388 pixels. Line-
pairs (eight pairs in total) are highlighted and indexed, They
are used the for estimating R and ! where only the dis-
tance constraint is applied in this case. Lengths are manu-
ally measured, with an expected error of no more than 0:5%

Index Vi = Vj (m) vi (pixel) vj (pixel) Dij (m) dij (pixel)

1 0.0690 91.2 133.8 1.4000 1003.1

2 0.6320 600.8 683.0 1.0000 447.3

3 0.5725 351.4 367.4 1.5500 490.5

4 1.0860 1269.0 1337.6 0.6000 360.9

5 0.2180 273.0 273.6 0.2870 180.1

6 0.0690 81.8 104.2 1.4000 910.5

7 0.5725 318.0 292.0 1.5500 398.2

8 1.3300 831.2 859.4 1.3400 422.5

Table 2. Data used for calibrating the
panoramic camera capturing Fig. 1.

of their readings. The data of these sample lines used for
calibration are summarized in Tab. 2.

We use optimization and sequential quadratic program-
ming [2] for determining R and !. We minimize the fol-
lowing:

min

nX
i=1

(K3nX1 +K2nX2 +K1nX3 +K0n)
2

; (4)

subject to the equality constraint X1 = X
2

2
+ X

2

3
, where

Kin; i = 0; 1; 2; 3; are calculated based on the measure-
ments of real scenes and the image, and X1 = R

2, X2 =
R cos!, and X3 = R sin!.

The results are summarized as follows. When all pairs
are used, we obtain R = 10:32cm and ! = 161.68�. If
we select pairs f2,3,4,7,8g, we have R = 10:87cm and ! =
151.88�. If we only use the pairs f2,4,8g, thenR = 10:83cm
and ! = 157.21�. We conclude that sample selections and
the quality of sample data are influential to the calibration
results.

4.2 Simulation of Error Sensitivity

Our error sensitivity test addresses for both constraints:
the distance between two parallel lines, and the orthogonal-
ity of three lines.

Due to unknown error sources for real data, an error sen-
sitivity analysis based on real data might not be reliable. We
generated ground-truth data in correspondence to values of
the real case (i.e. R = 10cm and ! = 155�) and simulated
the errors of all values of Hi, Dij , and �ij , independently
with a maximum of 5% additive random noise (normal dis-
tribution). The range ofHi is from 1m to 8m, and the range
of �ij is from 4 to 35 degrees. The sample size is eight.

The mean results (100 trials) are shown in Fig. 4. The
results suggest that estimated parameters using the orthog-
onality constraint are more sensitive to errors than in case
of using the distance constraint. The errors of the estimated
parameters increase linearly with respect to the input errors.
The results may also serve as a reference for error behaviors
of calibration results from real image and scene data.
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Figure 3. A test panorama image (a seminar room at DLR in Berlin) with indexed line-pairs.
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Figure 4. Error sensitivity results.

5 Conclusion and Future work

A novel approach of calibrating a panoramic camera
is proposed, using real scene information. Two geomet-
ric constraints have been introduced. Simplified formula-
tions of both constraints lead to identical algebraic forms
allowing a mixed optimization in accordance with avail-
able ‘scene structure’. Experiments with real image and
scene data illustrate the method’s practicability. Our re-
sults on error sensitivity analysis suggest that the use of
the orthogonality constraint is more sensitive to input-errors
than the distance constraint. A comparison between our
approach and traditional projection-difference approaches
suggests the importance of the exploration of geometric
properties/constraints for the calibration of a panoramic
camera. Our approach is based on the assumption that ref-
erence lines are parallel to the camera’s rotation axis. Al-

though the results show that our approach is tolerable to a
certain degree of errors, we will attempt to relax this as-
sumption in future studies.
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