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Abstract

We present o family of reflective surfaces that will
provide a wide field of view while preserving the geom-
etry of a plane perpendicular to their axis of symme-
try. Used in conjunction with a conventional imaging
device, these surfaces act as computational sensors,
capable of providing unwarped images automatically,
eliminating the need for further processing. These
surfaces arise as solutions to a differential equation
that contain a function which controls the planar dis-
tortion. We demonstrate how the differential equa-
tion can be altered to accommodate different models of
imaging devices with which the surfaces may be cou-
pled. Such sensors could be potentially useful in mobile
robotics, with applications such as control and range
estimation.

1 Introduction

Recently, many researchers in the robotics and
vision community have begun to consider visual sen-
sors that are able to obtain panoramic and omni-
directional views.! Such devices are the natural so-
lution to various difficulties encountered with conven-
tional imaging systems.

The two most common means of obtaining large
fields of view are fish-eye lenses and convex mirrors.
The possible uses of such systems are numerous and
varied, including applications such as robot control
and surveillance. In this paper we will only consider
sensors of the mirror type. Typically, such systems
consist of a standard CCD camera pointing upward at
a convex mirror, as in figure (1).

How to interpret and make use of the visual in-
formation obtained by such systems, e.g. how they
should be used to control robots, is not at all obvious.

1We distinguish omni-directional sensors, i.e. sensors that
see in all directions, from panoramic sensors, which can see
only a 360 degree cross section of the world.
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Figure 1: The generic setup of the type of sensor that
we consider in this paper.

There are infinitely many different shapes that a mir-
ror can have, and at least two different camera models
(perspective and orthographic projection) with which
to combine each mirror. The properties of the result-
ing sensors are very sensitive to these choices.

Here we introduce a family of mirrors that preserve
the geometry of a plane perpendicular to their axis of
symmetry. A flat mirror has this property, but when
a flat mirror is placed in front of a camera, the field
of view is limited by the field of view of the camera
and the size of the mirror. A curved mirror, such as a
sphere, does not have this difficulty - it allows for an
extremely wide field of view, but produces a greatly
distorted image. The surfaces that we describe below
allow one to control the distortion, while preserving
some of the structure of the world.

2 Related work

We will not attempt a complete survey of the work
done on mirror based sensors, but instead we will dis-
cuss the wide range of applications for which these
types of sensors have been used.

In [5], Nayar describes a true omni-directional sen-
sor. In this case, the goal was to reconstruct “nor-
mal” (i.e. perspective) views. This sensor uses a
parabolic mirror, which is essentially the only shape
from which one can do a perspective unwarping of the
image when using a camera that is well modeled by an



orthographic projection (see [1]). Surveillance is one
obvious application of such a system.

A very different sort of application is that of
Mouadddib and Pegard [6]. In this case a conical mir-
ror is used to estimate a robot’s pose. This is done
using vertical lines in the world as landmarks, which
are appear as radial lines in the image. If the posi-
tions of these landmarks are known, then they can be
used to estimate the robot’s pose. In contrast to [5], in
this work the authors use their device as a 2D sensor.
The effect of noise on computing a robot’s position by
measuring the angles between known landmarks is in-
vestigated in [2]. Navigation and map building with
a mobile robot using a conical mirror is considered by
Yagi et al in [8] and [7].

In [3], Chahl and Srinivasan describe a means of
estimating range by moving a panoramic sensor, based
on the fact that the local distortion of the image is
range dependent. This method, which gives a range
estimate in every azimuthal direction, is implemented
using a conical mirror.

The work most closely related to this paper is that
done by Chahl and Srinivasan in [4]. Here the authors
exhibit a family of reflective surfaces that preserve a
linear relationship between the angle of incidence of
light onto a surface and the angle of reflection onto
the imaging device.

igure 2 Here we see a panoramic sensor on a floor
surrounded by 8.5 inch s uare sheets of paper.

In gure (2) we see a scene consisting of a
checkerboard pattern spread out on the floor around a
panoramic sensor. Images of this scene (and different,
but similar scenes) taken from sensors using spherical
and parabolic mirrors appear in gure (3). It is clear
that the distortion caused by the spherical mirror is
greater than that caused by the parabolic mirror.

ur contribution is a method for designing a mirror

igure 3  n the left we see a checkerboard scene simi-
lar to the one in gure (2), but now from the viewpoint
of a sensor that uses a spherical mirror, and on the
right the viewpoint of a sensor that uses a parabolic
mirror. In each case, the mirrors are approximately
thirty centimeters above the ground. Notice how the
size of the s uares decreases as a function of their dis-
tance from the camera and that the distortion caused
by the spherical mirror is much greater than the dis-
tortion caused by the parabolic mirror.

with a prescribed distortion of a chosen plane. In par-
ticular, it is possible to create a mirror that does not
distort the checkerboard at all, other than by a cho-
sen scaling factor. An image taken from such a sensor
appears in gure (4). The key to nding the shape of
this mirror is to write down the relationship between
the e uation of the mirror and the distortion it causes.
This e uation will contain the derivative of the func-
tion describing a cross section of the mirror, and may
be considered as a means for nding the distortion if
the mirror shape is given. n the other hand it can
be considered as a differential e uation in the shape
of the mirror if the distortion function is given. y
prescribing the distortion to be linear and solving the
differential e uation numerically, data points describ-
ing the cross section were generated, which were then
used to make an actual mirror by cutting it from alu-
minum on a CNC lathe. The mirror was then polished
until it was highly reflective and the surface appeared
fairly mirror like to the eye. (This method was chosen
for its simplicity in creating the prototype - superior
reflectance can be achieved by coating the mirror with
nickel or chrome.) The total cost of making the rst
prototypewas ( S)72 . . Inmaking the prototype,
only twenty points were used to describe the cross sec-
tion (which is rotated to create the mirror) of the mir-
ror in the CAD model. The majority of these twenty
points lie near the center of the mirror, so that the
outer portion of the mirror was very cone-like. This
and the fact that the mirror was only polished and
not plated probably contributed to the distortion that
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