
1 Panoramic Vision of the World

The word “panorama” was derived from the Greek words pân (everything) and
òrama (view), meaning an all-around view at a glance. Panoramic cameras have
been realized in many different fashions for more than a century. Panoramic images
can be created in a variety of ways: the oldest and most popular way takes a set of
pictures around the observer and stitches them together with post-processing. There
are three main classes of panoramic cameras:

− Systems based on moving cameras,
− Systems that use a set of independent lenses (and sensors) to look at differ-

ent points in the surrounding space, and
− Motionless panoramic cameras.

A pan–tilt mechanism is usually the main part of the first class. A standard
perspective camera pans and tilts to capture a number of perspective shots of
the scene, and then it creates a panoramic view that comprises such images.
The pan–tilt camera requires a significant amount of time. It has to stop while
capturing the shots used to compose the panoramic image. A moving camera
cannot provide simultaneous vision of the surrounding environment, and
dynamic information is lost. For this reason, the system is useful for static sce-
nery (panoramic photography, art diagnostics, architecture, etc.).

Panoramic sensors with multiple cameras, the second class, offer simultane-
ous vision of the panoramic space and have satisfactory spatial resolution, but
they are rather expensive, bulky, and usually require a complicated calibration.

Omnidirectional cameras belong to the third class. A motionless panoramic
camera has many advantages with respect to the other classes: it uses only one
detector (unlike class two) and does not need a moving motor (as in class one).
All of these aspects result in lower power consumption, lower cost, lower weight,
and less bulk; furthermore, they reduce possible failure points. This family is use-
ful when the recording of a dynamic scene, combined with lightness, is necessary
(as in robotic and anticollision systems, self-driving, scene monitoring, etc.).
Relatively low spatial resolution information of the surrounding environment is
an evident drawback of this family of panoramic cameras. Thus, this Spotlight
refers only to omnidirectional panoramic lenses.

Table 1 summarizes the parameters described in this section.

1.1 Omnidirectional lens image formation

An omnidirectional panoramic lens’s image-forming chain is roughly shown in
Fig. 1. The optical axis of the lens points to zenith, and the lens makes an image
of the panoramic field, 360° around the azimuth axis and tens of degrees both
above (ZMIN) and below (ZMAX) the horizon (panels a and b). The focal plane (FP)
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Table 1 Comparison of different panoramic systems.

Lens class
Dynamic
scene Complexity Bulkiness

Post-
processing

Spatial
resolution

Multiple lenses Yes High Large Difficult High

Motorized lens No Medium Medium Difficult High

Omnidirectional Yes Low Small Easy Low

Figure 1 General view of panoramic lens image formation.
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image (panel c) has the typical donut shape. The image plane result is quite
“unintelligible” to an observer and needs some distortion correction (dewarp)
algorithms to make it comprehensible. This is the reason why omnidirectional
systems were revaluated after the mass introduction of digital image sensors.
The (paraxial) lens focal length fixes the physical dimension of the “donut.”
The blind field around the zenith projects a blind spot on the FP (the central
part of donut). The zenith angles are projected in the radial direction of
the donut, whereas the azimuth angles are projected as circles in the image
(see panel c).

The realization of omnidirectional optics can be quite a challenge. The first
recognizable sketch of such a system dates back to 1911,1 and since then many
authors have produced new patents.2–8 A brief history of traceable patents is pro-
vided in Section 2.

The basic design of omnidirectional panoramic cameras uses a mirror placed
on top of a lens objective (OBJ). Many examples of developed optics may be
found in Refs. 9 and 10. As cited, the FP image is highly distorted. The way
in which the panorama is “mapped” into the FP is explained in Section 3. The
optical designer/inventor has some degrees of freedom to parameterize this dis-
tortion, depending on the purpose for which the lens is built.

The basic mirror–OBJ lens system developed into modern omnidirectional
systems due to custom designs that use a catadiopter instead of a mirror and
include an OBJ lens. In this way, one can balance the aberrations in the whole
optical train, producing an aberration-free, diffraction-limited panoramic lens.
This is discussed in Section 4.

Today, panoramic lens research searches for solutions where the “donut hole”
[i.e., the frontal “blind” field of view (FoV)] is filled, which will produce a lens
that combines the performance of a fisheye lens and a panoramic lens,
producing an extremely large FoV (360° in azimuth angle, ±135° in zenith angle).
This trend, which still continues, is described in Section 5.1.1.

2 History of Panoramic Systems

This section provides a brief review of the omnidirectional systems. The major
known steps toward modern omnidirectional lens design are summarized in
Table 2. We touch here only on the inventions preceding the massive introduction
of digital image detectors. A brief description with figures is provided in this sec-
tion. Note that the filed date of a patent is generally different than the conces-
sion date.

The system invented by Kleinschmidt1 in 1911, shown in Fig. 2, can be con-
sidered the first patented “omnidirectional” camera. All of the numerous patents
for panoramic cameras granted before this version required swinging cameras
(with moving parts and no real-time resolution). Kleinschmidt used a conic mirror
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