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We describe a family of reflective surfaces for panoramic viewing which achieves
approximately cylindrical projections. The requirement of satisfying the single
viewpoint constraint restricts the surface type to conics; in contrast, relaxing this
requirement allows us to obtain a novel class of sensors which give a highly accurate
approximation of a cylindrical projection. Design parameters for these sensors
enable control of the region of space to be imaged, therefore increasing effective
resolution by excluding unwanted portions of the scene.

1 Introduction

A panoramic image is one that provides a “360 degree” field of view. There
are numerous ways to capture such images, from wide-angle lenses to cam-
eras with slits that rotate around a piece of film wrapped on a cylinder. An
approach which has recently generated much interest within the computer
vision community is the use of catadioptric sensors, which consist of com-
binations of cameras with conventional lenses (dioptrics) and curved mirrors
(catoptrics). In this paper, our attention will be focused on this type of sen-
sor. Their usefulness in panoramic imaging stems from the following idea: if
one points a camera at a curved mirror (usually convex), the field of view
of the camera can be increased. The image may then be digitized and nu-
merically transformed as desired, including the generation of various different
projections from the acquired image. For example, one might use the sen-
sor to generate a perspective projection of a small portion of the image. A
major asset of this type of panoramic sensor is that it operates in real-time,
facilitating video applications.

A consequence of the increased field of view of a catadioptric sensor is
that image resolution tends to low. To make this precise, we define the reso-
lution of the sensor to be the total number of pixels in the image divided by
the total solid angle (steradians) that have been imaged. (Recall that solid
angle simply refers to the area of a region on a unit sphere; hence a hemi-
sphere corresponds to an angle of 2. A true omnidirectional sensor can view
a whole sphere - a solid angle of 47.) Suppose one chooses a fixed camera
with a conventional glass lens; this choice effectively fixes accumulated pixels
and resolution. If one augments the sensor by introducing a reflective surface
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component which increases the imaged solid angle, the resolution obviously
decreases. Decreased resolution is a major disadvantage for important ap-
plications such as stereo imaging and tracking. It is therefore worthwhile to
design sensors which maximize resolution by more “efficiently” imaging the
view sphere, and ignoring regions not of interest to the observer.

The shape of the catoptric component of a catadioptric sensor is crucial in
determining not only the field of view, but also the types of projections that
may be mimicked by the sensor (possibly coupled with digitally transforming
the image). An important example is the class of surfaces that yield a single
effective viewpoint. We will say that a sensor has a single effective view-
point if it measures the intensity of light passing through some fixed point in
space, in every possible direction. This point, which is known as the effective
viewpoint, acts as a sort of virtual center of projection. If a sensor does have a
single effective viewpoint, then perspective images with respect to that point
may be recovered. This may be achieved by backprojecting the image onto
the plane of choice. For example, consider a parabolic mirror being viewed by
an orthographic-type® camera. This sensor design, due to Nayar 7, exploits
the fact that the focus of a parabola can play the role of a single effective
viewpoint if the parabola is viewed orthographically.

Horizon line

Figure 1. Here we see a schematic depiction of an image from a parabolic sensor. The
region in side of the dotted circle is of no use when creating a panoramic image, and so
those pixels are “wasted”.

Suppose we wish to create a panoramic image with such a parabolic sen-
sor, where the region on the view sphere of interest lies between parallel

®Two basic projection models for a camera are orthographic and perspective. In the ortho-
graphic case the camera is assumed to detect light rays that are parallel to one another in
a fixed direction. In the perspective case, the rays detected are all those that pass through
a fixed point called the pinhole or center of projection.
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latitudinal lines - imagine the region of space which is swept out by the rotat-
ing beam of light of a lighthouse, the “beam sweep”. A large fraction of the
image obtained by the parabolic sensor is devoted to the camera (centered in
the middle), and its immediate neighborhood — an area likely not of interest
to the observer. Thus, valuable pixels are wasted; the resolution of the sensor
is not optimized. See figure (1) for a diagram illustrating this phenomenon.
To circumvent this difficulty, we have designed an “exotic” (non-conic)
rotationally symmetric reflective surface which gives an approximate cylin-
drical projection of a specified “beam sweep”. Recall that a cylindrical
projection is a mapping from the world to the plane obtained by choosing
a center of projection on the axis of symmetry of a cylinder and projecting
points in the world onto the cylinder along the lines that contain the center of
projection. Then the cylinder is “unrolled” by a software transformation to
obtain a 2-dimensional image (see figure (2)). The design specification for our
mirror translates mathematically into the requirement that the cross-sectional
profile of the surface satisfy a certain differential equation (see section 3).

World point .
projected onto the cylinder __— World point

Center of
projection

Cut the cylinder along aline

Figure 2. The cylindrical projection

Any rotationally symmetric mirror will have the property that horizontal
circles on a cylinder (whose symmetry axis coincides with that of the mir-
ror) will be imaged without distortion, up to scaling. Qur mirror enjoys the
additional property that vertical lines along a given cylinder are imaged
without distortion, that is, they are subjected to a simple linear scaling.
We have observed experimentally that this property corresponds to a certain
robustness for the unwarping process - the sensor is designed to image objects
at a certain distance, but continues to work reasonably well for objects at
varying distances.
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2 Previous Work

There are numerous systems for creating panoramic images: wide-angle and
fisheye lenses, mechanical means, stitching images, etc. We will not survey all
of these methods, since we are interested in catadioptric sensors. The reader
interested in these systems may consult the surveys by Svoboda and Pajdla *
and Yagi *.

An early use of mirrors for panoramic imaging is a patent by Rees 7, who
proposes the use of a hyperbolic mirror for television viewing. Another patent
is by Greguss °, which is a system for panoramic viewing based on an annular
lens combined with mirrored surfaces.

Nalwa ? describes a panoramic sensor that uses flat mirrors and multiple
cameras that has a single effective viewpoint.

Chahl and Srinivasan * describe a mirror that has the property that there
is a linear relationship between the angle of incidence of the light and its angle
of elevation. The mirror is described using a differential equation. Hicks and
Bajcsy * consider a mirror which provides perspective images without digital
unwarping.

Nayar ’ has described a true omni-directional sensor, with the goal of
reconstructing perspective views. Nayar and Peri ° investigate two mirror
systems with a single effective viewpoint.

3 The Polar Sensor

f(x)
7
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Figure 3. Derivation of the differential equation

We now derive the differential equation that describes our panoramic
mirrors for cylindrical projection. In figure (3) we see a schematic of the
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mirror geometry. The cross section of the mirror is the graph of a function
f(x). We assume that the mirror is being viewed orthographically’® and that
the image is formed on the z-axis. We fix the vertical line at = ¢ and
assume also that the mirror shape is such that the point (0, z) is the image
of a point (¢, T(z)) where we require T'(z) = az + b; this corresponds to a
linear relationship between distance measured along the vertical line z = ¢,
and the “film” located along y = 0. Thus the image obtained from such a
sensor can be used to create a cylindrical projection by applying a simple
polar coordinate transformation, hence we refer to this sensor as the polar
sensor. 6 is the angle between the normal to the curve and the light ray,
where we assume of course that the angle of incidence is equal to the angle
of reflection. We derive our equation by computing tan(26) is two different
ways, and setting the two expressions equal to each other.

Figure 4. Cross sections of mirrors for use with orthographic projection, with scaling factors
a =1 (a straight line of slope 1), a = 3 and a = 9, all with b =0 and ¢ = 10.

On one hand, since tan(f) = f'(z), tan(26) = % On the other
hand, from the diagram tan(260) = T(z)—T(z)- Here we are mostly interested
in the case when T'(z) = ax + b. Thus we have our basic equation:

2f'(x) c—z
1-fl(@)*  f(@)—az b

Solutions to this equation tend to look like straight lines or concave up mono-
tonic functions (see figure (4)).

In figure (5) we see a panoramic view of a scene obtained from a prototype
of our catadioptric sensor. In this case the “vertical field of view” is about
45 degrees. The image quality decreases towards the top of the image, where
there is a discontinuity in the unwarping process.

bThis is a reasonable approximation for a camera with telecentric lens. A similar derivation
is possible for the case in which the camera projection is assumed to be perspective.
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Figure . n the left we see an image obtained directly from our sensor. n the right we
see the same image unwarped.

4 Conclusions

sing differential equation techniques, we have introduced a new class of mir-
rors for panoramic imaging. By employing these mirrors, one can construct
catadioptric sensors which efficiently image a given latitudinal range of the
view sphere. In general, extensions of these techniques can be employed to
construct catadioptric sensors with specific design constraints while optimiz-
ing their effective resolution. We are currently investigating these research
directions.
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