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I. INTRODUCTION
For robotic applications and first of all autonomous driving
vision-based obstacle detection and 3D reconstruction is an
important task. Therefore, it is desirable for camera systems
to have a large field of view of the surrounding of the
vehicle. However, conventional perspective cameras typically
used in vehicles, only provide a horizontally limited field
of view (< 90◦ ). Commonly the cameras point in frontal
direction and objects alongside the vehicle are not visible
with a single perspective camera. However, for many advanced
driver assistance systems such as blind spot detection, lane
departure warning or lane tracking, knowledge about the sides
of the vehicle is essential. In addition, a panoramic view of
the surrounding could enable new applications like intersection
reconstruction (e.g. [1]) for autonomous driving in urban
environments. Omnidirectional cameras are able to provide
such information, for example passing vehicles, pedestrians
or lane markings.
The apparent possibility to obtain a panoramic view of the
vehicle environment by capturing a set of perspective images
using cameras with different orientations or one rotating camera suffers from the complexity to stitch the images together,
the sizable installation space and the extensive calibration.
Hence, such systems are not suitable for the dynamic environment of a vehicle, although such systems are capable to
obtain a high resolution image. Moreover, violation of the
single view point condition while stitching a panorama from
multiple images introduces unwanted effects such as ghosting
which makes the panoramas unsuitable for stereo matching
and reconstruction. In contrast, catadioptric camera systems
are able to provide a 360◦ field of view of the environment
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Abstract— This paper presents advantages of catadioptric
camera systems for robotic applications using the example of
autonomous vehicles and driver assistance systems. We propose
two different catadioptric stereo camera systems to improve
environmental perception. Both stereo camera systems consist of
at least one catadioptric camera, which combines a lens with
a hyperbolic mirror and provides a panoramic view of the
surrounding. This allows a 360◦ field of view of the vehicle’s
surrounding and ultimately allows e.g. object detection around
the vehicle or the detection of lane markings next to the vehicle.
We discuss the advantages of both camera systems for stereo
vision and 3D reconstruction. Furthermore, we show results for
depth estimation with sparse features in a simulated environment
as well as on a real data set.
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(b) Catadioptric/Catadioptric System mounted on the left and right
side above the windshield.

Field of View of the catadioptric stereo camera systems.

with only one camera. This eliminates the problem to stitch a
panorama out of many perspective images. Moreover, a central
catadioptric camera system inherently fulfills the single view
point condition [2].
Catadioptric cameras are a combination of a convex mirror
above a lens and provide a panoramic image. Such panoramic
imaging systems are very popular in the robotic research community for autonomous navigation and surveillance systems
and have been studied in the past [3, 4]. While monoscopic
catadioptric cameras have been considered for driver assistance
applications such as blind spot detection [5], lane tracking [6]
or egomotion estimation [7], there is very little work on the
potential of stereoscopic catadioptric systems for intelligent
vehicles.
In recent years, different types for catadioptric stereo vision
systems have been proposed. Zhu et al. [8] discuss different
configurations of omnidirectional stereo setups, mainly binocular stereo with vertically or horizontally aligned cameras.
Common methods to use vertically aligned omnistereo are the
combination of two lenses with two separated mirrors which
are vertically aligned [9] or two mirrors mounted on top of
each other and only one lens [10]. Gandhi and Trivedi [11]
used two horizontally aligned catadioptric sensors mounted on
the side mirrors of a vehicle for visualizing and analyzing the
nearby surrounding of a vehicle and Ehlgen et al. [12] applied
two horizontally aligned catadioptric cameras mounted on the
rear roof edges. Both approaches give the driver a visualization
of the entire environment. A hybrid camera system, combining
a catadioptric and a perspective camera, has been proposed by
Lauer et al. [13] and Sturm [14]. This imaging system combines the advantages of a 360◦ field of view from a catadioptric
camera and the high resolution from a conventional perspective
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II. CATADIOPTRIC STEREO CAMERA SYSTEMS
A. Catadioptric Camera
Our catadioptric camera consists of a hyperbolic mirror and
a camera lens. The catadioptric system fulfills the single view
point (SVP) condition, which means that the camera center
C coincides with the second focal point F of the hyperbolic
mirror as shown in Fig. 2. The shape of a hyperbolic mirror
is defined by the following equation
(z + e)2 R2
− 2 =1
a2
b

(1)

√
where a and b are the mirror parameters and e = a2 + b2 .
The relationship between a world point and the corresponding camera point consists of two projection steps [16], a nonlinear projection from the world point X to the point on the
mirror surface XM and a linear projection from the point on
the mirror surface XM to the image point uC . The world point
in the mirror coordinate system XW M is given by the following
equation
XW M = RM (X − tM )
(2)
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camera. In [15] such a hybrid omnidirectional pinhole sensor
(HOPS) is used for stereo obstacle detection in a robotic
environment. However, little research has been performed on
stereo matching and 3D reconstruction with a stereo camera
system consisting of at least one catadioptric camera as well as
on the choice of a catadioptric camera system for autonomous
vehicle applications.
In this paper, we evaluate the advantages of catadioptric
camera systems for environmental perception in applications
for driver assistance systems and intelligent vehicles. Herefor, we propose two promising systems to improve environmental perception. The first system consists of a perspective and a catadioptric camera which are vertically aligned
(Fig. 1(a)). The second system consists of two horizontally
aligned catadioptric cameras (Fig. 1(b)). Both systems provide
a panoramic view of the surrounding, which allows object
detection around the vehicle and not only in the small area
in front of the vehicle. We introduce stereo vision and 3D
reconstruction for both catadioptric systems and discuss results
for simulated and real data sets as well as the respective
advantages of both methods.
The remainder of this paper is organized as follows. Section II introduces the imaging model of catadioptric cameras and the construction of a catadioptric/perspective stereo
camera system as well as a catadioptric/catadioptric stereo
camera setup. Section III describes stereo vision utilizing
the proposed catadioptric stereo camera systems. We explain
feature matching as well as the 3D reconstruction for both
camera systems. In Section IV we discuss results for feature
matching and 3D reconstruction on real data and evaluate
the accuracy of the reconstruction for both systems within a
simulated environment. Furthermore, we show the advantages
of both systems for future intelligent vehicle applications.
Finally, Section V concludes our work and gives an overview
of future work.
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Fig. 2. Hybrid Imaging System consisting of a catadioptric camera with
image plane uc and a perspective camera with image plane u p .

where RM is the rotation matrix and tM the translation vector
between the world and the mirror coordinate system. The point
XW M is projected to the point on the mirror surface XM by
the nonlinear function λ1/2 (XW M ).
XM = λ1/2 (XW M ) · XW M

(3)

with

λ1/2 (XW M ) =

b2 (−eZ ± a kXk)

b2 Z 2 − a2 X 2 − a2Y 2

.

(4)

Consequently, the point XM is computed from the intersection
of the ray from XW M to the focal point F ′ and the hyperbolic
mirror surface. Thus, we receive two values for λ caused by
the two intersection points between the mirror and the ray.
The correct λ is given by
(
for λ1/2 > 0
min(λ1/2 ),
λ1/2 (XW M ) =
(5)
max(λ1/2 ), for λ1 > 0 and λ2 < 0 .
The point XM is then transformed into the camera coordinate system with rotation matrix RC and translation vector
tC = [0, 0, −2e]T . Finally, the point on the mirror surface in
the camera coordinate system XC is projected to the image
point uc with the camera calibration matrix K by the following
equation
1
(6)
uc = K XC .
zC
Using equation (6), the complete imaging model is given by
uc = K

1
RC (λ RM (X − tM ) − tC ) .
zC

(7)
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Fig. 3. The images show the stereo and the mono region of the catadioptric/catadioptric system in the unwarped panoramic images of the left (above) and
the right camera (below). The green area is the visible region in both cameras, the yellow area the visible region of the left camera and the blue area the
visible region of the right camera.

B. Catadioptric/Perspective Stereo Camera System
The catadioptric/perspective stereo camera system, which
will be denoted as System A, consists of a catadioptric and
a perspective camera. The system is mounted on top of the
vehicle in the center above the windshield. As depicted in
Fig. 2, the perspective camera is attached under the catadioptric camera, so that the focal points of the perspective camera
and the catadioptric camera are aligned vertically.
As shown in Fig. 1(a) the system allows a monoscopic view
of the surrounding environment in all directions of the car,
only the area behind the vehicle is occluded by the vehicle
itself. Additionally, the system obtains stereo information in a
preferential direction which is the frontal direction in our case.
The stereo area of the system is depicted in Fig. 1(a) and
is bounded by the field of view of the perspective camera.
The advantages of this camera system are the 360◦ field
of view of the catadioptric camera while at the same time
providing a standard perspective camera image in frontal
direction. This allows the use of well-established monoscopic
image processing algorithms such as lane boundary estimation,
traffic sign recognition and obstacle detection even for longer
distances. Besides, in the close up range in frontal direction we
obtain stereo vision information in the overlapping perspective
and catadioptric field of view.
C. Catadioptric/Catadioptric Stereo Camera System
The catadioptric/catadioptric stereo camera system, which
will be denoted as System B, consists of two catadioptric
cameras which are aligned horizontally. The cameras are
mounted on the left and right side on top of the vehicle
above the windshield. This enables a binocular observation in
front of the vehicle as well as on both sides of the vehicle in
difference to Gandhi et al. [11] who mounted the cameras on
the side mirrors and obtain stereo information only in frontal
direction. Moreover the mounting of the camera system on a
rigid frame on top of the vehicle yields to a higher rigidity
of the stereo camera system which is important for stereo
vision. The overlapping stereo area which is visible in both
catadioptric cameras is shown in Fig. 1(b). The stereo area is
also larger than in the catadioptric/perspective system. Due to
the two horizontally aligned cameras, the stereo area of the
system is only restricted by the vehicle itself. As depicted

in the unwarped panoramic view of the left and the right
catadioptric camera in Fig. 3, both cameras observe the area
in front of the vehicle and far range alongside the vehicle. The
close range behind and on both sides alongside the vehicle is
only visible within one of the two catadioptric camera images.
Hence, the advantages of the catadioptric/catadioptric camera
system are the large stereo field of view in which we obtain
3D information about the environment and the monocular
observation alongside the vehicle.
III. STEREO VISION WITH CATADIOPTRIC
CAMERAS
The first step for stereo vision is the matching process.
During the matching process we obtain corresponding points
in the image regions which are visible in both images. To simplify the correspondence search and to verify the established
correspondence points with the epipolar geometry, we need
the intrinsic and the extrinsic calibration parameters of the
camera setup. We use the calibration toolbox from [17] for the
intrinsic calibration of the catadioptric cameras. The extrinsic
calibration is done with the aid of virtual images which are
generated out of the catadioptric images. Due to the fact that
we use perspective images for the extrinsic calibration, we
can use the stereo calibration toolbox [18] for perspective
images. Finally, we reconstruct the corresponding 3D world
points from the 2D image matches by triangulation.
A. System A: Catadioptric/Perspective System
In System A we obtain two different images, a panoramic
catadioptric image and a perspective image. For the feature
matching we compare the overlapping area of both images and
search corresponding feature points directly in the different
images. Due to the different mappings in the catadioptric and
perspective camera, standard block matching algorithms are
non-applicable to establish feature correspondences. Therefore, we use the well-known SURF features [19] which are
scale and rotation invariant and hence applicable for the
different images. By means of the correspondence search
directly in the different images we do not lose any image
information by the transformation of the catadioptric image
into a virtual perspective image. The epipolar geometry for a
combined catadioptric/perspective stereo setup is more difficult
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Fig. 4.
Reconstruction of a 3D scene point X from the corresponding
catadioptric image points uL and uR by the shortest distance between the
rays through FR ,xR and FL ,xL .

than in the classical case of stereo vision. Points which lie
on a vertical line in the perspective image are on a radial
curve in the catadioptric image. In our case, the perspective
camera is attached in the symmetry axis of the mirror under
the catadioptric camera. This simplifies the epipolar geometry
so that points on a radial line in the catadioptric image are
mapped onto a straight line in the perspective image [13].
The 3D scene point X is calculated out of the corresponding
image points. To estimate the 3D points we use the points
on the mirror surface XM which belong to the corresponding
image points uc of the respective image. The mirror points are
back-projections from the image points uc to the mirror points
Xc by equation (3). The 3D point can be found as the midpoint
of the shortest distance [20] between the ray through the focal
point of the mirror Fc and the point on the mirror surface XM
and the ray through the focal point of the perspective camera
Fp and the 3D point on the perspective image plane X p .
B. System B: Catadioptric/Catadioptric System
In System B we obtain two catadioptric images. The overlapping area as shown in Fig. 1 is larger and not only in
front of the vehicle. Again, block matching algorithms are nonapplicable to match directly in the catadioptric images, due to
the distortions in catadioptric images. As in System A, we use
SURF features to find corresponding feature points directly in
the catadioptric images. The epipolar geometry for a catadioptric image pair is described in [16]. A corresponding point in
one image lies on a conic circle in the other catadioptric image.
The estimation of the 3D point is performed by calculating
the midpoint of the shortest distance between the ray through
the focal point of the left mirror FL and the point on the left
mirror surface XL and the ray through the focal point on the
right mirror FR and the point on the right mirror surface XR .
The points on the left and right mirror surface depend on the
corresponding image points in the catadioptric images. The
reconstruction of a 3D scene point from the corresponding
image points in case of two catadioptric cameras is shown in
Fig. 4.
IV. EXPERIMENTAL RESULTS
For our experiments we use catadioptric cameras with
IT+Robotics VS-C450MR hyperbolic mirrors with the para-

Fig. 5. SURF correspondences between the perspective and the catadioptric
image (System A).

meters a = 26.8578 mm, b = 20.8485 mm and rmax =
22.5 mm. The spatial angle of view is α = 104◦ . The image
resolution of the catadioptric cameras and of the perspective
camera is 1392 × 1032.
The catadioptric/catadioptric stereo system as well as the
perspective/catadioptric stereo system can outperform standard
perspective camera systems in the task of object detection,
since the detection of objects is possible not only in front of
the vehicle but also on both sides. Moreover, both systems
have different additional advantages. Due to the mounting of
System B on the sides on top of the vehicle, it is also possible
to detect small objects alongside the car such as lane markings
or curbs. As shown in Fig. 3, lane markings alongside the
vehicle are clearly visible at both sides in the images captured
with System B. The ability to not only detect lane markings in
front of the vehicle may help to improve systems such as lane
departure warning or vehicle localization significantly. With
System A it is not possible to see close objects alongside to
the vehicle. However, this system has advantages for object
detection in front of the vehicle due to the higher resolution
of the perspective camera. Objects far away could be detected
in the high resolution perspective image before their position is
estimated in the stereo vision area. This camera system allows
also to track detected objects even after they have left the
stereo field of view.
A. Feature Matching
Within the matching process we obtain corresponding features in both images of the respective camera system by means
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(a) Distribution of the 3D reconstruction for a noisy circular point cloud with 8m radius around the
midpoint of the camera baseline from System B in left image and from System A in the right image.
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(b) Depth Image from the catadioptric/catadioptric
system of a simulated environment with noisy input
data.

3D reconstruction results within a simulated environment.

of a SURF feature detector. We evaluate the feature matching
and 3D reconstruction in a sequence of 600 frames captured
with the considered catadioptric stereo camera systems. The
features are only matched in the area around the vehicle and
not on the vehicle itself.
On average, 500 features are found with the SURF detector
in the perspective images, whereas in the catadioptric images
1000 features are found. From these features an average of
100 corresponding image points is found for System B, which
is about two times higher than for System A. This can be
explained by the larger stereo field of view for System B
than for System A and the fact that corresponding points
are also found on both sides of the vehicle. The number of
correspondence points in frontal direction which is visible with
both systems is approximately the same. The corresponding
image points for one frame in System A are depicted in Fig. 5
and the corresponding image points for System B are shown
in Fig. 7.
B. Reconstruction
Out of the established feature points and the extrinsic
calibration, the corresponding 3D world points are calculated.
The accuracy of the world points for both systems is evaluated
using a simulated 3D environment. Herein, we simulate both
camera systems and a circular point cloud with 8 m radius
around the midpoint of the camera baseline. Afterwards, we
map all these points onto the image planes of the cameras
and perform a Monte-Carlo-Simulation. Therefore, we create
100 samples of the mapped points, each sample disturbed with
Gaussian noise of standard deviation 1.5 pixel. Subsequently,
we reconstruct each sample and compute mean and standard
deviation of the Euclidean distance between reconstructed and
ground truth scene points. For System B the error depends on
the azimuth angle as shown in the left image of Fig. 6(a). The
accuracy of the reconstruction decreases from the points in
the middle between the two cameras to the points on both
sides of the cameras. The reconstruction of a point which
is horizontally aligned with both catadioptric cameras is not
possible, because the baselength in horizontal direction of both
cameras is close to zero. Table I shows the back-projection
error depending on the azimuth angle. For System A the

accuracy is more or less constant due to the small aperture
angle of the perspective camera which restricts the stereo
vision area. The right image of Fig. 6(a) shows the results for
the catadioptric/perspective system within the same simulation
environment. Fig. 6(b) shows the depth image out of the
catadioptric/catadioptric stereo camera system of a simulated
environment. Therefore we map a simulated 3D scene onto the
catadioptric image planes and disturb the image points with
Gaussian noise with standard deviation 1.5 pixels. The image
shows the calculated depth information of the back-projected
scene points.
The catadioptric/catadioptric system captures a larger stereo
vision area and thus allows feature matching and 3D reconstruction also alongside the vehicle. The mean and standard
deviation of the Euclidean distance between reconstructed and
ground truth scene points in the frontal direction for System A
are not significantly smaller than for System B. Therefore
System B is better suitable for 3D reconstruction because
3D points on the sides of a vehicle can be calculated in
addition to points in frontal direction. Moreover, with the 3D
information alongside the vehicle it is also possible to detect
and track objects which enter the field of view from one side
of the observer vehicle.
V. CONCLUSIONS AND FUTURE WORK
In this work, we presented two different catadioptric stereo
camera systems for advanced intelligent vehicle applications.
The feature matching and the 3D reconstruction out of the
feature points for a catadioptric/perspective and a catadioptric/catadioptric stereo camera system is explained. We performed experiments on point correspondence search with
SURF features as well as 3D reconstruction for both catadioptric camera systems on real data and evaluated the accuracy
of the 3D reconstruction on simulated data. Furthermore, we
pointed out the advantages for applications in autonomous
vehicles for both systems. The catadioptric/perspective system
is advantageous for object detection in the preferential frontal
direction due to the higher resolution of the perspective camera. Besides, it would be possible to track objects alongside the
vehicle if they were detected first in frontal direction. However,
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Azimuth angle
Mean [m]
Standard deviation [m]
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1.7837
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SURF correspondences between the both catadioptric images (System B) and the corresponding reconstructed 3D points on top view.

the catadioptric/catadioptric system allows for feature matching and 3D reconstruction also on both sides of the vehicle.
Hence, it is possible to track objects which are not detected in
frontal direction at first. Moreover, lane markings on the side
of the vehicle can be detected and e.g. improve localization.
The results of this evaluation showed that the use of
catadioptric cameras improves many intelligent vehicle applications. Based on the investigation in this study, the catadioptric/catadioptric system turned out to be more promising
for further evaluation. Our next steps will include an implementation for object detection and tracking in the entire
vehicle surrounding from catadioptric images of a catadioptric/catadioptric stereo system. The possibility to use lane
markings next to the vehicle to improve localization or lane
departure warning will also be evaluated.
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