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[571 ABSTRACT
[76] Inventors: Jeffrey D. Keast, 20 Riga Rd., Dover, . . .
Mass. 02030; Jobn F. Buford, PO. Box ‘A System performing capture and display of both still and
1223, Lowell, Mass. 01853 real-time motion picture panoramic images corflpn_scd of
360 degrees in azimuth and £180 degrees in declination for
211 Appl. No.: 078 a virtual spherical field of view wherein image capture is
[21]  Appl. No.: 695, achieved via a horizontally scanned vertical slit image
[22] Filed: Aug. 8, 1996 passing through a fish-eye lens, mirrors, and prisms rotated
6 under servo motion control onto a stationary line-scan
g;} gg Ccli 348/36: 3 4? /30;N3::5r7' sensor to build up a continuous two dimensional image. A
53 F‘i el.d f Srch 3:18/3 6.3 9’ 42-60 host computer system monitors a position encoder on the
58] of Sea i optical head, sends motion commands to the servo
[56] References Cited contr?llcr, controls sampling rate fmd integration time'for
the line-scan sensor, and does image data processing,
U.S. PATENT DOCUMENTS encoding, and storage. Additional mechanisms in the optical
4,100,571 7/1978 Dykes et al. .oososeososnenn. 348136 ic2d permit optical and solid-state image magnification.
4241,985 12/1980 Globus et al. . selective field of view and sub-sampling of pixel data,
4,395,093 7/1983 Rosendahl et al. . optical horizon shifting, and streak and slit-scan camera
4,484,801 11/1984 Cox . effects. Image display is possible either through various
4,532,544  7/1985 Federau . methods of mapping the spherical image to a conventional
4,613,898 9/1986 Bagna]]—Wlld etal .oreerenn. 348/36 ﬂat display, or using the same Optical hcad to projcct the
4,670,648 6/1987 Hall et al. ....covverremn .. 348/36 . the i T £ ical Synchro
4787725 11/1988 Preussner et al. ............ 34836  LMAgE onto the interior of a spherical screen. Synchronous
4977323 12/1990 Jehle . image scanning and projection from a single optical head is
4,982,092 1/1991 Jehle . accommodated. Variations on the optical head includes
5,022,723 6/1991 Schmidt et al. . options for stereoscopic imagery and miniaturized optics.
5,130,794  7/1992 Ritchey 348/42  Designs permitting both adaptive and interactive control of
5,262,867 11/1993 Kojima . image capture and display are presented.
5,305,035 4/1994 Schonherr et al. .
Primary Examiner—Tommy P. Chin 26 Claims, 7 Drawing Sheets
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DIGITAL VIDEO PANORAMIC IMAGE
CAPTURE AND DISPLAY SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

2. Description Relative to the Prior Art

The present invention relates to video-rate pamoramic
recording and projection systems which use an image dero-
tator to decouple the rotation of the optics from the sensor
so that the sensor is stationary. Such systems are used for
both optical and infrared spectra and have a 360 degree
annular recording window.

In the following discussions, the term “three-dimensional
image” is used to mean the incident light which provides an
input to the panoramic recording and projection systems,
wherein this incident light is the result of illuminating a
three-dimensional object or objects.

The term “light” is used to mean electromagnetic
radiation, irrespective of the wavelength involved. The most
common wavelengths for the systems described herein are in
the visible and infrared regions; however, other parts of the
spectrum may be appropriately used in conjunction with this
invention.

The term “azimuth”, together with its variants is used to
mean an angular displacement in the plane of the horizon.

The term “declination”, together with its variants, is used
to mean an angular displacement in the vertical direction, or
in the direction normal to the horizon.

The prior art teaches panoramic recording systems of
various kinds, some of which use derotation, and some of
which also allow recording and projection of a 360 -degree,
wide-angle vertical image area. However, the present inven-
tion not only allows for this expanded coverage, but further
provides for video-rate capture. In addition, the present
invention accomplishes this task with a novel combination
of elements which can be inexpensively and easily manu-
factured.

The still-image slit scan panoramic camera (U.S. Pat. No.
4,241,985, Globus et al) is an early panoramic camera with
film recording. It features radial rotation of a slit over
photographic film with a speed governor to ensure uniform
imaging, It does not address video-rate capture or projection.
It does not address 180 degree vertical capture. .

The line-scan panoramic TV camera (U.S. Pat. No. 4,532,
544, Federau) is a rotating optical assembly which images
onto a linear array sensor, and which is coupled to a
stationary base with electronics and power passed through a
multichannel optical rotary joint without mechanical con-
tacts. The linear sensor is displaced coaxially from the slit so
that the head optics can be minimized in size for applications
which require camera insertion in small openings. This
design requires a rotating signal transmission unit which
increases costs. However, the design does not allow a 180
degree vertical view of the image.

A panoramic camera (U.S. Pat. No. 5,262,867, Kojima)
for object search records three dimensional position,
azimuth, focus amount, and zoom amount with each pan-
oramic image. However, Kojima does not disclose or claim
a method or apparatus for implementing the scanning of the
panoramic image, and does not appear to be suitable for
video rate image recording.

A panoramic camera with objective drum (U.S. Pat. No.
5,305,035, Schonherr et al) images onto a rotating objective
drum through a slit, with light-catching grooves located near
the edges of the imaging window. The imaging window
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restricts the azimuthal range to less than 360 degrees. This
invention doesn’t address real-time video.

A panoramic periscope for two spectrum ranges (U.S. Pat.
No. 5,022,723, Schmidt et al) shows a panoramic periscope
which uses a spectrum divider in the optical path to permit
bispectral viewing, such as day and night. It does not have
an image counter-rotating prism. The design does not
include video-rate recording or projection.

A lens system for 360 degree panoramic viewing and
projection uses hyperbolically surfaced mirrors (U.S. Pat.
No. 4,395,093, Rosendahl et al). This design uses a large
number of optical components which increases costs. The
system has a 360-degree annular field but the vertical range
is less than 180 degrees. Another lens system (U.S. Pat. No.
4,484,801, Cox) improves the Rosendahl design by requir-
ing fewer lenses and by providing improved response to
heating that occurs during projection. However, this system
does not provide an 180-degree vertical view.

A 360 degree infrared surveillance system includes a
panoramic display (U.S. Pat. No. 4,977,323, Jehle). The
projection sub-system and capture sub-system of the Jehle
invention are directly coupled by using the output of the
detectors to drive the amplifiers for LEDs. It uses two stages
of detectors in which the first stage of infrared detectors are
used to drive optical detectors. However, this system does
not provide 180 degree vertical view and has no record
capability. It uses a derotator prism on the capture side to
decouple to driver optics from the rotating projection lenses.

A 360 degree optical surveillance system (U.S. Pat. No.
4,982,092, Jehle) provides a different coupling. The projec-
tion sub-system and capture sub-system are directly coupled
by using the output of the detectors to drive the amplifiers
for LEDs. This system runs at Y5oth second rate per pan-
oramic image, but it does not provide 180-degree vertical
view or a record capability. It uses a derotator prism on the
capture side and doesn’t permit the same optics to be used
for both capture and projection.

The present invention utilizes a scanning technique in
which a three-dimensional image is constructed by scanning
the field of view with a wide-angle, or “fish-eye” lens
incorporated into the scanning head. It is essential that the
fish-eye lens provide a wide angle of capture in the vertical,
or altitudinal direction. However, only a thin vertical slice of
this image, located near the image center, is used. The
scanning head is rotated in the horizontal, or azimuthal,
direction. As the scanning head is thus rotated, the vertical
image slice paints the image onto the recording surface.
Previous panoramic cameras paint the image onto an annu-
lus or ring, or project the image onto a rectangular strip. The
Jehle U.S. Pat. No. 4,982,092 describes such a process in
detail.

The present invention avoids the necessity for an anaular
recording surface. Instead, it uses a linear array of detectors
to record the image slice as a series of dots, or pixels,
arranged in a vertical line. The use of such linear arrays is
well known in digital photographic applications. When an
image is focused on the array, each sensor in the array
provides an electrical signal proportional to the intensity of
light incident upon that sensor. The resulting electrical
signals may then be stored electronically, and can be used to
reconstruct the image which generated the signals. This
electronic image storage is contrasted to the traditional
means of storing light images on photographic film.

These detectors are effective in both visual and infra-red
portions of the spectrum. Accordingly, the current invention
may be used for both optical and infra-red applications. A



ClibPD

5,721,585

3
discussion of this subject may be found in L. J. Kozlowski,
W. E Kosonocky, “Infrared Detector Arrays”, in Handbook
of Optics, vol. 1, pp. 23.1-23.37.

As the panoramic scanning proceeds, the vertical image
slice is constantly projected onto the linear detector array,
whose time-varying outputs are stored for later processing,
or processed in real time.

Maintaining the image slice on the linear detector array
requires that either the array be moved synchronously with
the scanning head, or that the image be “derotated” by
optical system means which reduce the moving image slice
from the scanning head to the stationary image slice focused
on the detector array.

In the present invention the “derotation™ approach is used
in the preferred embodiments.

The use of detector arrays is now becoming common in
photographic applications. Its should be noted, however, that
the technique of wiping an image across a linear array of n
elements has some inherent advantages as opposed to using
a two-dimensional array of nxm elements, which constitutes
a competing implementation. The use of the linear array
requires the manufacture of a significantly smaller number
of elements per detector, thus reducing the effects of yield on
cost. For instance, a 1000 by 1000 grid of detectors contains
1,000,000 elements. Manufacturing a grid of this size with
no defects requires the discarding of a substantial number of
exemplars before producing a perfect array. On the other
hand, the same effect may be obtained by wiping an image
across a linear array of 1000 elements. Producing a perfect
1000 element linear array can be done much more cost
effectively, due the substantially higher yield effected during
the manufacture of such a linear array, as compared to the
1,000,000 element array.

The manufacturing yield of defect free sensors is largely
dependent of the probability of single sensor site defect and
the total number of sites per sensor. Consequently, commer-
cially available linear arrays have a maximum resolution in
one axis of just over 8000, whereas maximum resolution of
area arrays is limited to about 1000 in each axis. For these
reasons, even as manufacturing processes achieve higher
resolutions, we can expect our design based on using a linear
array will always provide higher resolution than systems
based on using area sensors.

A further consideration in the number of array elements in
the camera is the impending use of high-definition TV
(HDTV). For this application. the number of array elements
should be equal or greater than 2000, which is the upper
limit of the vertical dimension of standards for HDTV.

It is further noted that the present invention may be
implemented with or without an intermediate storage device.
In the instance where the result of the panoramic scan is
viewed in real time, the output of the linear array may be
processed into a real-time display without the need for
starage. On the other hand. the output of the array may be
stored electronically for later use. Another alternative is to
expose photographic film which moves in the direction of
the scan during exposure.

A final advantage of the current invention is the reduction
or control of “aliasing”, or distortion of objects which have
a motion component in the direction of panoramic scanning,
Aliasing is a well-known effect in panoramic photography,
and it is sometimes purposely done for the special effects it
produces in photographs. The current invention can be used
to minimize aliasing due to the inherently high speed of the
scan. Alternatively, aliasing can also be purposely produced
and controlled using the present invention, because of the
invention’s inherent ability to control the scanning speed.
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4
SUMMARY OF THE INVENTION

The limitations and disadvantages of the prior art dis-
cussed above are overcome by the present invention. It is an
object of the present invention to allow video rate (30
rotations per second or more) recording and projection of
360 degree azimuth and 180 degree vertical scenes.

Tt is a further object of this invention to provide for said
video rate, wide-angle recording and projection without
complex or unusual lens assemblies or costly coupling
electronics between a rotating head and rotating sensor or
optical emitter.

1t is a still further object of this invention to provide a
complete and uniform imaging of the sphere of view, with
a minimum of annular distortion.

According to one aspect of the invention, a panoramic
digital video camera for recording incident light from three-
dimensional images comprises a scanning head comprising
a rotating wide-angle lens which collects the incident light,
azimuthal means of rotating the scanning head, a linear array
sensor axis, optical means for projecting the light from the
lens onto the sensor; and means for maintaining the light
projected from the lens stationarily on the sensor during
scanning. When the scanning head is rotated a vertical slice
of incident light collected by the lens is constantly projected
onto the sensor array, which produces an electrical signal
from which the image can be reproduced.

According to another aspect of the invention the optical
means for projecting the light from the lens stationarily on
the sensor during scanning further comprises a 45 degree
front surface mirmror, a dove prism counter-rotated to the
scanning head, a first achromatic relay lens, a second
achromatic relay lens, and a front-surface mirror.

The incident light from the lens is reflected along the axis
of rotation by the 45 degree front surface mirror, which then
is relayed by the achromatic relay lens to the dove prism
which derotates the image and passes it to the second relay
lens which converges the image onto the front-surface
mirror which then projects the image stationarily onto the
Sensor array.

According to still another aspect of the invention the
front-surface mirror is replaced by a beam-splitter which
passes incident light from an emitter array back through the
optical system for projection onto a spherical surface, while
the incoming image is imaged onto the linear sensor array.

According to yet another aspect of the invention the linear
array is of the type which allows images to be captured,
stored and projected at rates of 30 or more images per
second.

According to still another aspect of the invention the
camera further comprises means for recording the images
sensed by the linear arrays.

According to a final aspect of the invention two identical
cameras are fixed in location with respect to each other at a
stereographic separation, whereby the two cameras together
may be used to produce stereoscopic images and recordings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a side cross-section view of the optical
system for optical or infrared recording.

FIG. 2 depicts a side cross section of the optical system
for simultaneous recording and projection.

FIG. 3A depicts a top view of the stereoscopic panoramic
record system,

FIG. 3B depicts a side cross-section view of the stereo-
scopic panoramic record system.
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