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L .
BACKGROUND OF THE INVENTION

A, Field of the Invention

This invention relates. generally to motion compensation in imaging
systems. More particularly, it relates to improved techniques which
electronically compensate for the relative motion of an image of a scene

with respect to an electro-optical imaging array suitable for carriage by a
reconnaissance vehicle.

B.  Background Art

Most people who have attempted to photograph a rapidly moving
object at close range with a simple box camera have found that the film
image of the object is blurred or smeared due to the relative motion of the
image over the film. The same effect is observed if the camera is moved
during exposure of a stationary scene. If light conditions permit very short
exposure times, the image essentially can be "stopped” by increasing shutter
speed, and the smearing can be minimized.

Reconnaissance cameras frequently are required to record images in
light conditions that prevent sufficiently short exposure times to eliminate
image smearing by increases in shutter speed alone. Typically, such
cameras are carried by aircraft for recording terrain scemes. Imaging
systems used in such cameras comprise not only film, but also electro-
optical devices, including charge-coupled devices. In any such camera in
which relative motion exists between a scene to be imaged and the imaging
system, the recorded image of the scene will be smeared unless some
technique is used to compensate for the relative motion. Such techniques
commonly are known as "forward motion compensation” or "image motion

compensation.” Left uhcompensated, the smearing and image degradation
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5 same, and the motion can be compensated to avoid smear relatively easily.
For example, if the imaging system is film, smear is avoided by moving the
film emulsion at the same rate and in the same direction as the motion of
the scene image in the focal plane of the camera.
When the scene of interest is not directly below the aircraft, but is
10 perpendicular to the direction of flight and at an oblique angle, the solution -
to the problem of image motion compensation becomes difficult, principally
because objects at a closer distance to the aircraft appear to be moving
faster relative to the aircraft than objects farther away. Similarly, when the
scene of interest is forward of the aircraft, the solution to the problem of
15 image motion compensation becomes more difficult because terrain farther
ahead appears to be moving slower than terrain closer to the aircraft.
The specifics of the problem are modified when changes in the
aircraft velocity, height above ground, or camera depression angie occur.
These changes affect the rate of image motion in the focal plane of the
20 camera, and they must be taken into account by a forward motion
compensation system. The extent of image smear is most directly a
function of the aircraft velocity relative to the ground (V), the height above
ground (H), and the time period of exposure. The extent of the image
smear is also a function of the magnitude of the field of view and the
25 angle of depression below the horizontal where the field of view is located.
' Mechanically-based forward motion compensation schemes have been
devised and implemented in an attempt to eliminate image smear due to
forward motion, or to reduce such smear to acceptable levels. Such
schemes have been implemented by use of a translating film, a translating

30 lens, or a rotating mirror.
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(V) and the film velocity (Vf) are made eSsennally synchronous and
relative motion between them during the exposure time period essentially
is eliminated. The net result is that the image portion is essentially
stationary with respect to the film during the exposure time period. The
translating film technique is frequently used on short and medium focal
length framing type cameras.

In the translating lens technique, if a lens is translated in space, the
image of distant objects will translate with the lens in a one-to-one
relationship in the same direction. Therefore, if the lens in an aerial
camera is translated at the proper velocity opposite to the direction of
flight, the image velocity caused by the aircraft forward motion is cancelled
by the image velocity due to the moving lens. The net result is that the
image is essentially stationary relative to the film, and therefore no
essential motion smearing is occurring during the exposure. This type of
forward motion compensation is frequently used on short and medium focal
length panoramic type scanning cameras. See, e.g., Ruck, Design Versatility
of the Prism Panoramic Camera: The KS-116 and KA4-95 Cameras, SPIE
Proceedings, Vol. 309, paper 309-10, (Aug. 27-28, 1981).

In the rotating mirror technique, as the aircraft is flying in a given
flight path, the objects in the scene have an apparent angular velocity
relative to the camera. The apparent angular velocity is related to the
aircraft velocity and the range to the target. If a camera is looking into
a mirror at a nominal angle of 45° the camera line of sight is deviated by
a nominal 90° angle. If the mirror is rotated in the proper direction and
at the proper rate during the exposure, the scene appears to have no
motion relative to the camera. Therefore, at the film plane, the image is

essentially stationary and forward motion image smear is substantially
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to the problem of inmage notjon cqonpensation becgones difficult,
ly schemes are e ployed In various aerial reconnaissance cameras, including
5 film cameras and electro-optical line scanning cameras. A principal
disadvantage of these forward motion compensation schemes is that they
all involve mechanical devices and consequently add complexity, weight, and
expense to the imaging system.
Other methods and techniques of forward motion compensation also

10 have been developed. In the Prinz patent, U.S. Patent No. 4,505,559, a
mechanical image motion compensation technique is disciosed wherein a
slot on a focal plane shutter moves in a direction transverse to the
direction of film transport, while the direction of film transport is made
parallel to the direction of flight. In order to compensate for a component

15 of image motion, the slotted shutter is coupled to an encoder which, in the
course of making an exposure, reports to a computer for instantaneous field
position of the shutter slot. The computer determines the speed profile in
the interval between successive exposures and issues a control signal to
regulate the film drive.

20 The Gordon et al. patent, U.S. Patent No. 4,157,218, discloses a wide
angle scanning reconnaissance camera which uses a wide angle lens and a
curved exposure slit disposed adjacent an image receiving surface, typically
film. The exposure slit is crescent shaped to correspond to equal points of
equal range so that there is negligible differential image motion within the

25 slit, and the slit is of constant width in the direction of vehicle motion.
The image receiving surface (e.g., film) is driven in the direction of vehicle
movement at a speed corresponding to the altitude-velocity ratio of the
vehicle with respect to the object field.

The Wight patent, U.S. Patent No. 4,908,705, discloses an electro-

30 optical aerial reconnaissance system wherein a linear charge-coupled device
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] however, only is designed for imaging terrain at nadir, aft of nadir or ahead
of nadir, and does not provide forward motion compensation in a side-
oblique reconnaissance application.

For aerial reconnaissance, electrb-optical cameras, particularly those

of the charge-coupled device variety, are perceived as superior to film

10 cameras to an increasing extent. In an electro-optical camera, radiation
from an image of interest impinges on a solid state device typically having

several thousand (at least) picture elements or pixels. The incident
radiation is converted into charge packets (pixel information) at the
photosites (pixels) and is collected in potential wells. The charge packets

15 contain scene information, and upon being transferred out of the device,
are converted into electrical signals. The primary advantage of an electro-

optical imaging camera is that the scene information can be aimost
instantaneously "downloaded” from a reconnaissance aircraft to an earth-

based station, or can be converted to a video image. Since charge-coupled

20 device imaging cameras have very small pixels closely spaced together, the
resolution of a resuiting image tends to be very high. Electro-optical
imaging cameras can be made sensitive to particular frequencies of incident
radiation. Background information on charge-coupled devices can be found

in standard texts such as D. Schroder, Modular Series On Solid State

25 Devices, Ch. 3, 4, Addison-Wesley (1987), and in C. Sequin and M.
Tompsett, Charge Transfer Devices, Bell Telephone Laboratories, Academic

Press (1975), and in S. M. Sze, Physics of Semiconductor Devices, Ch. 7,

John Wiley & Sons, Inc. (1981). |

In a linear electro-optical focal plane reconnaissance detector, such

30 as the linear detector of the Wight patent, a scene of interest is scanned
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motion, the aircraft must maintain a steady, weil defined flight path while
the scene is being recorded. Depending on the size of the scene, the
recording time for any one target may range between 10 and 20 seconds,
or even longer. In a military situation in which the reconnaissance aircraft
may be subject to enemy threats, the vulnerability during the recording time
may be excessive.

To reduce the time needed to image a scene of interest and thus
reduce the time of exposure to hostile threats, a preferred mode of the
present invention uses a two-dimensional electro-optical imaging area array,
rather than a linear (one-dimensional) array. An area array can image an
entire scene instantaneously, rather than a line at a time. Until recently,
only relatively small electro-optical imaging arrays have been commercially
available, and are typically used in television cameras. But large, high pixel
count area arrays suitable for aerial reconnaissance sensors are now
entering the realm of feasibility ~Two scientific images used in
astronomical applications, the Tektronix TK 1024 CCD and the Ford
Aerospace 4,096 x 4,096 pixel element array, can be adapted to the present
invention by subdividing the arrays in column groups and providing the
circuitry for faster frame rates. Information useful for designing high pixel
count area arrays also is found in J. Janesick, Multi-Pinned-Phase Charge-
Coupled Device, NASA Tech. Brief Vol. 14, No. 8, Item No. 115, p. 22, Jet
Propuision Laboratory, August, 1990.

An area type detector array can convert an entire image of a scene
into a complete frame of pixel information during a short exposure period,
typically on the order of a hundredth of a Second. After the exposure
period, a shutter can be used to prevent continued exposure while the pixel
information in the array is read-out to a signal processing unit. After the

read-out is completed, the array is ready for the next frame exposure. If
- s
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N a one-to- goMmpensation in an area detector having exposure time controlled by a

shutter, the present invention substantially reduces exposure of an aircraft,
a pilot and a detector array to enemy countermeasures.

The motion compensation techniques of the present invention also
enable effective use of a detector array having a large number of photosites
or pixels (e.g., four to six thousand or more in both the columns and rows -
of the array) that will image a large area of terrain in every frame. The
present invention makes such arrays practical by preserving image resolution
(ie., scene detail information) in every frame of imagery. The present
invention also enables high array exposure sensitivity. That is, motion
compensation is accomplished in a way that promotes long exposure time
without blurring the image. In a pushbroom system, exposure time is
limited by the line rate which is dictated by the aircraft velocity to height
ratio (V/H). For the present invention the exposure time is not limited by
the aircraft V/H. This permits operation at lower scene illumination levels
and extends the available time of day for light-sensitive sensor operation.

Additionally, the present invention provides for rapid read-out of
collected scene information. A rapid read-out of the electrical signals of
an array is necessary in order to achieve high frame rates. High frame
rates are desirable to allow multiple images to be recorded in a short time
such as required for stereo imagery.

The present invention offers additional advantages over linear
electro-optical sensors. For example, motion compensation is provided
irrespective of whether an electro-optical imaging array is deployed in a
side oblique, forward oblique, or down-looking application. The present
invention also provides lower scene distortion and true stereo imagery
capability. By using the present invention to replace a film camera

A
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Another feature of the invention is that it is suitable for use in a
wide variety of applications, such as tactical reconnaissance, drug
interdiction, low intensity conflict, low and medium altitude missions, and

reconnaissance at low light levels.
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representing an image of a scene which compensate for image motion in
5 a predetermined direction. An array of cells is used to store pixel
information representing the image. The cells (photosites or pixels) are
arranged in rows and columns and are suitable for carriage by a vehicle
capable of motion in the predetermined direction. The columns are
organized into one or more columns groups, and pixel information (charge
10 packets) located in the one or more groups is transferred at one or more
predetermined transfer rates depending on the rate of motion of portions
of the image relative to the array. The transfer rates preferably
correspond to the rate of image motion in the focal plane of the array.
One or more predetermined transfer rates can be adjusted depending on
15 changes in the rate of motion of the vehicle and other parameters. In
operation, the predetermined transfer rates for the. pixel information in the
column groups are adjusted to be as close as possible to the rates of imagé
motion in the column groups. By using the foregoing techniques, resolution
of the image created from the pixels is preserved, and image smear from

20 the forward motion of the vehicle is substantially reduced.
One embodiment of the invention uses a shutter and lens system.
The shutter opens durihg the time for exposure of the array, and the lens
focuses the image of the scene onto the array. Pixel information is
trénsferred by means of a master clock which issues signals at a master
25 clock frequency, and by means of a plurality of drive and control circuits
responsive to the signals from the master clock. Each of the drive and
control ciréuits transfers pixel information in one of the column groups. -
The drive and control circuits include a counter and a clock driver.
The clock driver transfers pixel information in all the columns in a column

30 group when the counter counts a predetermined number of counts. The
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of the lens, as well as the distance from the array to the points of the
§ scene to be imaged, and other factors to be discussed below.

According to one embodiment of the present invention, charge
transfer from pixel to adjacent pixel occurs in the direction of image
motion during the time of scene exposure. The rate of charge transfer in
the column groups across the array varies from group to group so that

10 charge transfer rate and the image motion velocity can be synchronized (in
discrete steps) across the entire array when the array is deployed in a side
oblique orientation. As a result, "graded” forward motion compensation can
be embodied in an advanced electro-optical sensor with no moving parts.

In a forward oblique mode of operation, image motion in the focal

1§ plane of the array does not vary across the columns of the array.
Nonetheless, image motion compensation in the forward oblique mode is
similar to that of the side oblique mode. However, instead of varying the
transfer rate of pixel information across the array from one column group
to another, the transfer rates are the same across the columns of the array.
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chematic drawing
reconnaissance system utilizing an electro-optical camera assembly made
according to a preferred form of the present invention and showing the
interrelationship between the system components;

FIG. 1B is an enlarged, fragmentary perspective drawing of the
camera assembly of FIG. 1A showing the relationship between various
components, including an electro-optical imaging array;

FIG. 2 is a schematic drawing of a reconnaissance aircraft operating
in a side oblique mode and illustrating the focal plane of the camera
assembly of FIG. 1B greatly enlarged and displaced in order to clearly
show the relationship between the focal plane and a scene of interest;

FIG. 3 is a schematic drawing of the imaging array of FIG. 1B
showing the arrangement of the array in rows and columns, the
organization of the columns into a plurality of column groups and the
transfer of pixel information in each group at different predetermined
transfer rates;

FIG. 4 is a block diagram of a preferred form of electronics and
control circuitry that operates the electro-optical imaging array of FIG. 1B
according to the teachings of the present invention;

FIG. 5 is a block diagram of the drive and control circuitry shown
in FIG. 4, illustrating the counter and clock drivers which transfer pixel
information in each of the column groups of the imaging array shown in
FIG. 3;

FIG. 6 is a schematic, block diagram of a counter and clock driver
for an arbitrary column group of the imaging array of FIG. 3;

FIG. 7 is a schematic drawing of one section of an arbitrary column
group shov{ing the metalization on top of the channel stop region between

- s
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cross-sectional view ofone section of the column group

of FIG. 7;

5 FIG. 9 is a schematic drawing of a reconnaissance aircraft operating
in a forward oblique mode and illustrating the focal plane of the camera
assembly of FIG. 1B greatly enlarged and displaced in order to clearly
show the relationship between the focal plane and a scene of interest;

FIG. 10 is a schematic diagram of a side oblique reconnaissance
10 application of the present invention, showing the time advantage of the
electro-optical camera assembly of FIG. 1B as compared to a prior art
linear assembly; and
FIG. 11 is a schematic diagram of a side oblique reconnaissance
application of the present invention illustrating how stereo scene coverage
15 can be obtained using the electro-optical camera assembly of FIG. 1B.
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according to the present invention comprises part of a reconnaissance

system 20 installed in an aircraft 22 that defines orthogonal roll, pitch and

yaw axes R, PI and Y, respectively, each passing through a center of gravity

CG. The roll and pitch axes define a bilateral plane BP that is horizontal

during level flight. System 20 includes a camera assembly 36 defining a

lens axis LA that can be directed toward a scene of interest.

10 Aircraft 22 has an avionics system 24 which provides to system 20

input signals indicating aircraft ground velocity (V), aircraft height above

ground (H), and aircraft roll, pitch and yaw angular position data. From
console 28, an operator 26 provides additional inputs into system 20, such
as the depression angle § between axis LA and plane BP. The inputs from

15 the avionics system 24 and console 28 are fed to a camera control

computer 34 which processes the inputs, together with pre-flight
programmed information, and generates control signals for camera assembly
36.

" Referring to FIG. 1B, camera assembly 36 includes an imaging array
32 defining a focal plane FP having a center point CE. Camera assembly
36 also includes a housing 38 and a lens 40 having a focal length F (not
shown in FIG. 1B) and defining axis LA that passes through point CE. A

shutter 41 is provided to selectively expose array 32 to radiation from the

20

scene. Typically, housing 38 is isolated from the aircraft 22 in order to

25 reduce vibration or other high frequency, low-amplitude motions. Printed

circuit cards 39 incorporate the electronics that support operation of array
32. ’

FIGs. 2 and 3 illustrate a preferred technique of "graded" forward
motion compensation that is a principal feature of the pfesent invention.

30 Fig. 2 shoxgs aircraft 22 c'an;ying the camera assembly 36 operating in a
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from an § nage of |nterest i npi nges on a solid state device typically having

several jt hou | east) picture elements or piXxels. The pQIyUSS1708649
era 3@3 PCWU

radi at i rted into charge packets (pi f‘gl i nformation) at the

phot osi t s (pi xel s) and is collected in potenftal wells. The charge packets

contain cene i nfor and transfe .out | y
are converted into Q‘:‘&Imgag Qﬂ% %M‘%ﬁ %\}g}ﬁggﬁﬂé‘wg’gqéogfze jed
optical Jmaging Ca”B&?hl!ef té faagné B@ﬂﬁgﬁe RectbP ! esihtidencwithirolledxioR! that defines

i nstant apeously "downl oaded” from areconkaissance aircgaft to a 3{1
based sthtion, or che Birection of matianoohaiyeratio23 @ﬂ’a&?ﬂceRE%de‘&S 1e dB

oS0l uti b of “a r esARbi nOFHWEe SaderiBtoE @aﬁé TR foe P AR S i £R
§ passes through center point CE and is perpendicular to plane FP and

vector FL. Focal plane FP also defines another plane PS that is collinear
with axis LA, passes thrm;gh center point CE and is perpendicular to
planes FP and PFL and parallel to vector FL. Aircraft 22 flies over the
terrain at velocity V and at height H. In order to image a scene 42, lens

10 axis LA and plane PS of array 32 (FIG. 1B) are oriented at depression
angle § with respect to plane BP (FIG. 2).

Lens 40 focuses scene 42 onto imaging array 32, which is placed at
the focal plane FP of the lens. The boundary of the scene is defined by
points A-D, and the corresponding points :n plane FP are shown with like

15 letters. The rate of image motion is not constant throughout the array, but
rather is dependent upon the range or distance R between lens 40 and the
points of the scene lying in plane PFL. The greater the range, the slower
the rate of image motion in focal plane FP of the lens. More specifically,
the rate of image motion in the array at an arbitrary point, V;, is equal to

20 (F/cos 8)(V/R,), where @ is the field of view half angle, and R; is the
range between the lens and the terrain point corresponding to the point V.
Since focal length F normally is very small compared to range R;, R; can
be approximated by using the distance between the terrain point and the
array or aircraft. As shown in FIG. 2, if point 44 on the terrain farthest

25 from aircraft 22 is chosen (ie., the midpoint of line segment CD), the

image velocity v1 is equal to (F/cos 8)(V/R,).

It can be shown that R; = H/sin (6 + @), 50

= F (V) sin (6 + )
(H) cose

- s
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| magi ng c§neras can be nmade sensitive to particular frequencies of incident
radi ati on} #OORHKOSNd i nf or mati on on char ge-coupl ed devi ces capCTAUSM/086409N
standard §exts such as D. Schroder, Mdular Series On Solid State Devices,
Ch. 3, 4, §Addi son-Wesley (1987), and in C. Sequin and M Tonpsett, Charge
Transf er vices, Bell Tel ephone Laboratories, -Krademi ¢ Press (1975), and
in S. M $ze, PhyS|cs of Sem conduct or Devices, Ch. 7, John Wley & Sons,
Inc. (198]). In a Ii NimManly,eist followst that| theodmiage | velecitye i ihsi ggaxc@r point V,

detector, fsuch as the.dtnsar et fotakal poit WP FRVRksin %5 S88°HE poimt V,

i nterest ifs scanned
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(corresponding to terrain point 48) is

F (V/H) (sin é + e).

. cos ©

To compensate for the fact that the image motion varies across the
array, the preferred form of the present invention implements a “graded”
forward motion compensation technique whereby array 32 is organized into
a plurality of column groups, and charge is transferred from pixel to
adjacent pixel in the direction of image motion during the time period of
scene exposure. The rate of charge transfer is made variable in the
direction transverse to the image motion, ie., across the column groups of
array 32. Thus, by synchronizing the charge transfer velocity and the image
motion velocity in discrete steps across the array, graded forward motion
compensation is achieved electronically with no moving parts. Ideally, each
column of pixels would have its own column transfer rate. However, for
many applications, it is sufficient to organize the array into a discrete
number of column groups and to transfer charge at a uniform rate in all
the columns of an individual column group.

Referring to FIG. 3, the boundary of the image of scene 42 on array
32 is indicated by points A-D which correspond to the like lettered points
of scene 42 (FIG. 2). Width W of array 32 preferably is 48 to 60 mm and
represents 4000 to 6000 pixels. Length L of array 32 preferably is 48 to
60 mm and represents 4000 to 6000 pixels. Only a few of the pixels 51 are
shown schematically in FIG. 3. The pixels of array 32 are divided into
rows and columns, and the columris, in turn, are organized into a plurality
of column groups 50. The number of column groups selected may vary
depending on the operafional parameters of the system, the degree of
resolution required, and the desired cost to performance ratio. It has been

found that 16 column groups provide a very high level of forward motion
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In a mlitary situation in which the reconnai ssance

y be subiempehsationefdy dridye32 andtdre a/lab&pRABIk i dunber b @rdups in an
time may be excessive. To reducesthe tinme needed to i mage a scene
t and t hudfray having approximately 5,000 individual colurns. till referring

to FIG. 3, each column group S0 has its own separate variable charge
transfer rate (generally measured in pixels/second) depending on the image
motion rate at the center of the column group. The variable charge
transfer rates are represente.d as arrows, and the longer arrows represent
faster rates. Referring to FIG. 3, and the example in FIG. 2, column C16,
which images the terrain closest to line AB (FIG. 2), has the fastest charge
transfer rate, since line AB is closest to aircraft 22, and the image motion
appears fastest in that portion of scene 42. The charge transfer rates vary
monotonically across the array. Column C1 which images terrain adjacent
line CD (FIG. 2) has the slowest charge transfer rate.

During the exposure time period when shutter 41 is open, charge
representing- scene information is collected in pixels in array 32 and is
transferred from one adjacent pixel to another according to the transfer
rates in the column groups. When the exposure time period ends (i.e.,
when shutter 41 is closed), the accumulated charge representing the scene
is sequentially read out of array 32 one row at a time into readout registers
52A-52D. From readout registers S2A-52D, the information is fed to signal
processing equipment for evaluation by a user. When the readout is
complete, array 32 is ready for the next scene exposure.

Referring to FIG. 4, camera assembly 36 and its associated control
circuitry are illustrated in block diagram form. Avionics system 24 provides
velocity and height information over a bus 25 as inputs to camera control
computer 34. From console 28, the operator inputs into computer 34 over
a bus 29 the depression angle & in degrees (FIG. 2). Stored in computer
34 are mission parameters that are previously determined, e.g., focal length
F of lens 40, the mode of operation (side oblique or forward oblique), the
size of array 32, number of column groups, pixel size, and a control circuit
master clock frequency (disculsed below).

This Sheet Has Been Replaced

R
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transmits command signals over a bus 64 to drive and control electronics
54. Drive and control electronics 54 transmits over a bus 68 signals that
organize the columns of array 32 into one or more groups and that transfer
pixel information located in the one or more groups at one or more
predetermined transfer rates. Computer 34 functions as a means for
adjusting the one or more predetermined transfer rates depending on the
velocity of the aircraft, the height above the terrain, the depression angle
and possibly other parameters. A master clock 58 issues pulses over a
conductor 59 at a predetermined master clock frequency to drive and
control electronics 54. Alternatively, the master clock pulses may be
supplied by computer 34.

Scene information in imaging array 32 is fed over a bus 53 to a
signal processing unit 56 which, in turn, sends the information over a bus
55 to a recording or viewing device 57, or to a data link for transmission
to a remote location. Signal processing unit 56 also provides exposure
control feedback to computer 34 over a bus 61 so that the frame exposure
time may be adjusted to optimize signal collection.

Referring to FIG. 5, drive and control electronics 54 is shown in
greater detail and illustrates the alternative embodiment in which master
clock pulses are provided by computer 34. For column groups C1-C16 of
array 32, counters CN1-CN16 and corresponding clock drivers CD1-CD16
are provided. The outputs of counters CN1-CN16 are connected to the
inputs of clock drivers CD1-CD16 by conductors CO1-CO16, respectively.
Representative counter CN1 for column group C1 receives inputs over
computer data bus 64, including pulses from a master clock located inside
computer 34, a frame start/stQp signal, and a pre-load signal representing
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circuitfy for faster frame rates. Information useful for designing high
pi xel ceunt ar arrays also is found in J. Janesick, |\/Ll|tl

Char ge- (Wﬁu?)ﬁeﬁgﬂevi ce, NASA Tech. Brief Vol. 14, No. 8, mﬁglw
22, Jet {Propul sion Laboratory, August, 1990. An area type det ector array

can confert an entire imge of a scene into ggonplete frame of pixel
i nformafion during a short exposure period, typically on the order of a

e Yoot | Ausq @ buntl Adlud \AHiEK N0 SHIded S B cFarpRkRfer® e o ol

prevent fconti nued exposure nf or e &S
read-outf to a si grgmouprGked¥hencourter CNI eourttbeo nhe donnter Ivalueoﬁpﬂrxggexdsxghﬂe

array 14 ready fort g 5 the 3ikes B°395E driver CD1 over conductor COL  Clock
driver CD1, in response to the trigger signal, transfers pixel information in
5 all the columns in column group C1 by one row in array 32 by issuing-
voltage pulses over 3-phase eutput bus 68. This process of counting to a
counter value and triggering a clock driver may repeat any number of times
during the scene exposure depending on the rate of image motion in plane
FP of array 32 (FIG. 1B). The faster the rate of image motion in the
10 plane of the array, the more times the counting and friggering cycle must
be repeated in order to synchronize the image motion with the array charge
motion.
Still referring to FIG. §, signals from camera control computer 34
travel via data bus 64 to each of the counters CN1-CN16 for each of
15 column groups C1-C16. Each of clock drivers CD1-CD16 provides one set
of 3-phase clocking output lines @,, @, and @, per column group. In FIG.
5, the subscript of a clocking output line identifies the corresponding
column group within column groups C1-C16.
FIG. 6 shows isolated an arbitrary column group Ci (50) and its
20 associated counter CNi and clock driver CDi. For purposes of illustration,
column group Ci is composed of 384 individual columns. In order to
ensure that all array rows in a column group are transferred simultaneously
when a related counter triggers a corresponding clock driver, the 3-phase
clocking must be provided to all rows of the column group. This is shown
25 symbolically by the 3-phase output lines 68 of clock driver CNi extending
the length of column group Ci so that each row of column group Ci
receives the 3-phase clocking pulses.

Assuming the clock drive circuits are not fabricated on the imaging
array, 3-phase output bus lines 68 must be bonded to separate package pins
- )
—_—
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-7- the frarre read-out tinme is short (nuch [ess than a second), then

conse utg:ﬁ dbgg'ES can be taken in sub-second intervals inpegfgsot/eseadt ai n
| ar ge sWRAé& coverage in short periods of tinme. By providing notion

conperfsati on in an area detector having exposure time controlled by a
shuttgr, the present invention substantiall)g-reduces exposure of an
aircrgft, a pilot and a detector array to eneny counterneasures. The notion
conpe ation tecfoni exterrabérivé eomrels €Thus, tive ntimder of yertivabbloek afrivecpiny éoru se

of a dptector arg aXyI.la Vxls nt reae ln?nrcsethg unr{xbetraerof)f cgl?.ltmnos ngt'fups

FIG. 7 shows in enlarged detail one portion of an arbitrary column

group Ci of imaging array 32. In particular, part of column group Ci is

5 shown adjacent part of a neighboring column group Ci-1. Column group
Ci is composed of 5,000 rows of photosites 85 and 384 columns designated
CL1-CL384. Each photosite (shaded region) is bounded by a p+ channel
stop 70, which separates each column from the next. Polysilicon horizontal
lines 72 subdivide the photosite and bus the 3-phase clocking signals across

10 the column group. The vertical clock drive pins 74, 76 and 78 are
connected to metallization lines 80, 82 and 84, which run the entire length
of the column group.

Metal to polysilicon contacts 86 on top of the channel stop regions
70 are provided periodically every third horizontal line throughout the

15 length of the column group for each metallization line to provide the
voltage pulses for each row of the array. The 3-phase clocking signals
(voltage pulses) may confine individual photosite charge vertically or may
provide for the vertical transfer of these charge packets. Column groups
Ci and Ci-1 are separated from each other by pfoviding a break 88 in the

20 polysilicon horizontal lines 72.

FIG. 8 is a simplified cross-sectional view of the array of FIG. 7
along the line AA’. The polysilicon horizontal lines 72 are pulsed by the
3-phase clocks @,, @, @, causing charge packets collected in potential
wells 75 in a p-type silicon substrate 71 to be shifted down the array. In

35 FIG. 8, the polysilicon horizontal lines 72 are isolated from each other by
a SiO, layer 73. Another SiO, layer 77 also separates the polysilicon
horizontal lines 72 from substrate 71.

The charge-coupled device architecture shown in FIG. 7 is essentially

a full frame imager configuration. The full frame configuration provides

3 a large area array which provides a high percentage of silicon wafer area
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xels (eg., four to six thousand or nore in both the colums and rows
e array) that will inmage a large area of terrain in_every f . The
WO 9240058 i on nakes such arrays practical by preservmw

ution (ie., scene detail information) in every frame of imagery. The

nt invention also enables high arrayygxposure sensitivity. That is,
n conpensation is acconplished in a way that pronotes | ong exposure

ed by t ho'T et of Tghf Apflecddh. % B SREAN o abR PR SRR,
t ratio (¥qdiresFarfrathe siorgentegion eifiéhooctupies approximatelyrshe ssamet

ed by the aircraft V/ H This perm{s operation at_.|ower scene
Cnats on | SRORET 6 FLISAICWALST 13788 FS-AE JNABINE RESor T, MReHine tanster

-Sensi ti Ve atfire °RC 1Bt | A" desirable since it does not provide the image

5 resolution and small pixel pitch of the full frame design. The interline
transfer architecture also requi;'es a vertical transport register which adds
non-sensitive spacing between adjacent pixels, reducing fill-factor and
resolution. An X-Y addressable charge injection device is another possible -
architecture for the present invention, but it, too, is considered not as

10 desirable. A discrete array of diode detector elements is also a possible |
architecture for the invention. Such an array or the above-mentioned
architectures could operate in the ultraviolet, visible, or infrared spectral
regions. Nevertheless, the teachings disclosed herein can be readily adapted
to these architectures should they be preferred for other reasons, and the

15 scope of the present invention is intended to cover these alternative
architectures.

System Operation

Referring to FIGS. 1A - §, the operation of the imaging array in a
side oblique mode to provide graded forward motion compensation will be

20 first discussed. Pre-mission programmed information is supplied to camera

control computer 34, and includes:

F = focal length of lens 40;

m = imaging array width perpendicular to the charge transfer
direction (ie., width W, FIG. 3);

25

N = number of array column groups;

P, = pixel size, in the charge transfer direction (ie., direction of the
vertical arrows in FIG. 3);

X = master clock frequency;

FOV = feld of view = 2Y%rctan (m/2F)
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At this time, avionics system 24 provides to computer 34 the velocity and
5 height data.
From these parametérs, computer 34 calculates the charge transfer
rate for the first column group (f;) and the charge transfer rate for the Nth
column group (f,) according to:

fy = ®M)Gin (6 £ 8))

10 (P, )H) Cos e,
(1)
f, = EM)(sin (6 + ©,))
(P(H) Cos o,
The "+" and "-" above will be opposite for f, and for f,, and the choice of
15 sign dependé on the array orientation. The above equations hold for

depression angles from 0° to 180°, where 0° to 90° would be arbitrarily
defined as left oblique and 90° to 180° would be right oblique.

To determine the charge transfer rates for the column groups
between 1 and N, a sinusoidal formula

20 f, = (FYV)sin (§ + ©))
(P, )(H) Cos ©

could be used, with the values of @ calculated to the center of each column
group. However, in the preferred embodiment, a linear approximation
formula is used which yields substantially the same results, with an error

25 factor of about 0.01%. This linear approximation formula for the charge
transfer rates for the i® column group is:

(2 £ =1 + (1 £ - H)/N-1).
. After calculating the charge transfer rates for each column group,

the computer then calculates the pre-load counter value for each counter
- s
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The present invention is reliable and robust because it
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ht i ons,
conflict,

the invention is that it is suitable for use in a wide variety
sudNdn drived aiboritesloglBarsrtiads4 (FIGLUS). | ThesededintomnvalbewCV,

| ow and medium altitud® nssions, and
for each counter (and for each column group) ate:

cV, =X
f

i
where X is the master clock frequency and f; is the charge transfer rate in
the i column group. The counters are then pre-loaded with the counter
values over bus 64 (FIG. 5).

When the operator triggers a frame to take a picture, the shutter is
simultaneously opened for an exposure time period calculated by computer
34. In this example, the exposure time period is 0.01 second. At the same
time, each counter in drive and control electronics 54 begins counting at
the frequency X to its pre-loaded counter value. The counting may be up
to the counter value or down to 0 from the counter value. When the
counter counts the predetermined number of counts, a trigger signal is sent
from the counter to the clock drive CD for that counter, and one cycle of
3-phase clocking as triggered in the corresponding column group. Pixel
information (electric charge packets) containing scene information is thereby
shifted down one row vertically in all the columns in that column group.

After issuing a trigger pulse to the clock driver, the counter then
automatically reloads and begihs counting to the counter value again.
When the counter vélue is reached again, the trigger pulse is sent, the
clock driver shifts the pixel information one row vertically in all the
columns in the column group, the counter reloads and the cycle is
performed again. Meanwhile, the cycles are also being performed in the
other column groups. Because each column group has a different charge
transfer rate and corresponding counter value in order to match the charge
transfer rate to the image motion rate, a principal object of the invention

(ie., electronic forward motion compensation without moving parts) is
realized.

L)

h
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Although in the preferred embodiment the imaging array is divided
into 16 column groups as a tradeoff between performance and cost, it may
be desirable to use a 32 or higher column group regime. The more
column groups there are, the less error (image smear) there is at the
boundaries between adjacent column groups. However, with 32 column
groups, there must be twice as many counters and clock drivers, as well as
control lines, in the array. With fewer column groups, e.g., 8, the control
circuitry is reduced proportionately, thus lowering cost, but image smear
near the edges of the column groups may be unacceptable. The size of the
array may be another factor when deciding how many column groups to
use. _

Referring to FIG. 2, as an example of system operation, let V = 480
knots, H = 3000 ft., F = 76.2 mm, N = 16, § = 30° side oblique, and &
= 22° (field of view = 44°). The integration time (exposure time period),
which depends on the light level, is chosen to be 0.01 seconds. The pixel
size is 0.01 mm.

First, the computer calculates f, and f,; according to equations (1).
Then, from equations (2), the linear approximation formula is used to
calculate the charge transfer rates for the remaining tolumn groups. The
charge transfer rates, f, are in units of pixels/integration time, or, in other

words, rows of charge transfer per exposure time period. The results can
be tabulated:

Column_Group Charge Transfer Rate
i £
C1 . 3.554 pixels/integration time (rows
per exposure time period)
2 4.452
C3 5.349
> v
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arrangdqd in rows and columms and are suitable for carriage by a vehicle
capabl 4 of | in the predeterm ned direction. The colu

or gani eéf"qg)’y“%ﬁe or nore columms groups, and pi xel infornﬁéﬁgﬁ!ﬂg?'ae
packetd) located in the one or nore groups i_§4_transfer'red at one or nore
predetqrm ned transfer rates depending on the rate of notion of portions of
the indge relative to the agay. The transfer, es preferably

t
corresgond to the rate of inmage notion in the f&z%? pl ane of the array. One
or norg predeterm ned transfgr rates cam be adj g;ltAgd dependi ng on changes

in the jrate of notion of th ehi cl e and ot her met'ers. | n operation,
t he pre%determ’ ned transfer rates for the pixel information in the colum
groups lare adjusted to be a&bcl ose as possibl e 884Bhe rates of image
Cc7 8.940
5 c8 ' 9.838
C9 10.736
C10 11.634
Ci11 12.531
C12 13.429
10 C13 14.327
Cl4 15.225
C15 16.122
C16 17.020
Using column group 9 for illustration, during the exposure time
15 period, the image moves 10.736 pixels down each of the columns in column

group C9. Therefore, during the exposure time period, the charge packets
in column group C9 representing scene -information must be shifted
vertically down the columns of the column group by 10.736 pixels. More
precisely, the charge packets must be moved by one pixel in the vertical

20 direction every 0.01/10.736 seconds.
To do this, counter CN9 for column group C9 is loaded with its
particular counter value. If the master clock frequency is 10 MHz, or 100
ns/count, then the integration time of 0.01 seconds results in 100,000
master clock counts in the exposure time period. Thus, the counter value
25 for column group Q9 is 100,000/10.736, or 9,314. At the moment of

. opening the shutter, the countgr, having been set to zero, begins to count
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notion ird the colum groups. By using the foregoing techni ques, resol ution
of the irfaggo9sAeesyd fromthe pixels is preserved, and image SPEMUS91/0864%¢
forward tion of the vehicle is substantially reduced. One enbodi nent of
the inverftion uses a shutter and | ens system The shutter opens during the
time for fexposure of the array, and the |lens f@suses the i mage of the scene
onto the farray. Pixel information is transferred by neans of a nmaster
clock whikh issues sitghalmadtér ot $equentyosy td 9314enAY codmcmimber2334 af match

pluralityf of drive and control circuits responsive_to the si_gnala from t he
master clpck. Each df Qbtaingd; gad 4he desk Apver CRUI(FIG Phis tuggerpdxcfhe charge

i nf or mat ia;”c'ohﬂt one qfa 4B HOMEE BURHRS of Wfudlh Y6uged HRA'4EIhIRILH) he row

a cloc
vertically. Counter CN9 is reset to zero and begins counting up to 9,314

5 again. Ten cycles of counting and triggering are obtained in 93,140 counts,
and during the remainder of the integration time, no more clock cycles are
triggered.

In the present example, note that if the exposure time period is
reduced to 0.005 second, the image motion becomes 10.736/2 or 5.368
10 pixels during the integration time, and the total of master clock counts
' during exposure is halved as well to 50,000. However, the counter value
remains the same. Thus, the exposure period is not critical to the
implementation of the invention, and can be varied by the operator without
affecting the forward motion compensation. The counter values CV, can
15 be calculated in units of clock cycles per line as X/f; where X is in units
of cycles per second and f; is in units of lines per second. The f; are

derived as in equations (1) and (2), as before.

F r li i
The imaging array of the present invention is suitable for providing
20 forward motion compensation in a forward oblique framing mode.
Referring to FIG. 9, the terrain of interest 42 is located directly forward
of aircraft 22. The depression angle ¢ represents the angle between plane
BP and lens axis LA that intersects the center of the terrain of interest 42.
In the forward oblique mode, the image velocity across array 32 (ie.,
25 transverse to the direction of flight) is approximately constant for narrow
fields of view. However, the image velocity at the top of the array is
different from that at the bottom of the array. To maximize image

resolution, the image velocity near the center of the array is chosen, and

the charge transfer rate down the columns of the array is selected to be
/
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" The cl ock
gr oup mhed
nunber of
transfer 1
par amet er 4
| engt h of
t he scene

driver transfers pixel information in all the colums in a colum

-&;&Eﬁli&#gter counts a predeterm ned nunber of counts. The - 10-
r each columm group is related to the pred&@’ﬁ’ﬁﬂng

ate for each colum group, which in turn is a function of various

that can include the velocity to hez@ht rati o and the focal

the |l ens, as,wel,l ‘gs the di stgnce fromthe array to the points of

to be i mayPFronigedahEs rater oF s psovidesinselestion whikkis correct at one

point and a "best fit" compromfse for other pointg in the array. Of course,
other points could be chosen and the charge transfer rate selected to be
synchronized at those points. The image velocity (V,), and thus the charge

5 transfer rate, is given by:
V,=F (V)sin’ (¢ + o)
(H) .

where F is the focal length of lens 40 and (¢ * o) is the forward

depression angle of the point chosen for synchronization for forward motion
10 correction.

The charge transfer rate in all the column groups is the same in the
forward oblique mode. Thus, array 32 is organized into one column group.
Computer 34 calculates the charge transfer rate, f, which is given by:

f = (E)H(.Y.) sin® (¢ £ ©)

X

15

The counter values for all the counters are the same, and are given by

X
f

where X is the master clock frequency. After the counter values are
20 loaded into the counters (FIG. 5) and shutter 41 opens, counters CN begin
counting, and clock drivers CD are triggered. When a match is obtained,
the counters reload, and the cycles are repeated as in the side oblique
mode.
In the forward oblique mode, only one counter and one clock driver
25 are necessary provided that the clock driver triggers all the columns in the
array. A prior art electro-optical area array that does not have the column
groups disclosed in this specification is readily adaptable to the foregoing
forward oblique motion compensation technique.
A practical advantage of the present invention can be seen in the
30 illustration of FIG. 10 which represents a hypothetical reconnaissance
scenario inawhich aircraft 22 ig assigned to record the image of an airstrip
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According to one enbodi mrent of the present invention, charge transfer from
pi xel t o} ) ezA0és9pi xel occurs in the direction of image notipCT/AS91/0864Ne

time of

across t
and the
across t
ori ent at

Ecene exposure. The rate of charge transfer in the colum groups
ne array varies fromgroup to group s@7that charge transfer rate
hnage notion velocity can be synchronized (in discrete steps)

e entire a00aynddichodiile BhirdY Ha&ufgeallex W1 3f smctmoowet,qyemdm of

on. As a result, "graded" forward notion compensation can

embodi edlin an advaheut 4408deeand defningwecenerliniet mmolmxdemgonaopsrly recoad

f or war d

notion c

array doigl hg?evgﬁﬁﬁgégﬁ {%%&gglmgﬁ?ew& rf{;yt £y cal §€4%P8ref§t8‘heat

npensat i ora iveldctty dfo8 MPRF&btPi¥cbAdCaf®AR 4 Standoff range SR of 6,500 feet
5 from centerline 102. At standoff range SR, the slant range from aircraft
22 to centerline 102 is 7,632 feet. The lens used in aircraft 22 has a focal
length of 60 mm and is oriented at a depression angle § of 31.6° The
field of view is 43.6° and @ therefore is 21.8°. Array 32 is 48 mm along

each side. '

10 For a prior art linear charge-coupled device with "push broom"
operation to image airstrip 100, it would have to fly the entire length of
the zone of interest at the standoff range of 6,500 feet along a flight path
90. The aircraft would be exposed to hostile fire for 13.6 seconds (ie.,
11,000 feet/810 feet per second) and during that time would have to fly

15 steadily along flight path 90.

In contrast, an aircraft 22 travelling at the same speed, but using the
imaging array of the present invention, could sweep in along a path 92 and
take two frame pictures 94 and 96 at points A and B, respectively, to cover
airstrip 100. When picture 94 is taken at location A, aircraft 22 is

20 operating in a side oblique mode at standoff range SR, but oriented at a
small angle with respect to the center axis of the airstrip. Picture 96 can
be taken at location B, while aircraft 22 is coming out of arc 92. Aircraft
22 travels only distance DFR of about 1,000 feet along path 92 between
points A and B. As a result, exposure to hostile threats is reduced to only

25 123 seconds (iLe., 1,000 feet/810 feet per second). Thus, by using the
present invention, the exposure of reconnaissance aircraft 22 to enemy
threats during imaging is reduc.ed by a factor of greater than 10.

FIG. 11 illustrates how the imaging array of the present invention

can be used to generate stereo scene coverage of a terrain of interest. The
same conditions and parameters described with respect to FIG. 10 also

[
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simlar o that of the side oblique node. However, instead of varying the
transfergrate of pixel information across the array from one col unm group

t o anot her nsfer rates are the sane across the col umscpiusonase49
array. %‘r’@%m PTTON OF THE DRAW NGS The preferred enbodi ment of the

present §nvention will be described in conj28tion with the acconpanyi ng
drawings] in which: FIG 1A is a sinplified schematic drawi ng of an

ai r bor nej r econnai appipae FKG! eI} exdept 2hag atrstriy) Reghtp -0tk GO0 fer insreadeof! y
made 11,000 feet. Aircraft 22 flies parallel to airstrip ¥0 along flight path 90
and takes four frames FR1-FR4 at locations A, B, C, and D, respectively.
Because the overlapping frames yield two views of terrain of interest, stereo
5 scene coverage is obtained in region 104.

The foregoing description of the preferred embodiment has assumed
that the imaging array is a single, monolithic detector. It is possible to
make a detector that is equivalen; to the imaging array disclosed herein by
piecing together in mosaic fashion smaller individual area arrays to make

10 one large array. The individual arrays (perhaps 4, 20 or even 100) are
electronically combined and include a means for organizing the columns in
all the individual arrays into one or more column groups and a means for
transferring pixel information located in the one or more column groups at
one or more predetermined transfer rates. One such array that could be

15 used as an element of the "mosaic” is the Thomson CSF THX 31157
charge-coupled device. In the mosaic, each charge-coupled device could be
separately controlled as an individual column group. In the appended
claims, the term "array" is accordingly intended to include either a single,
monolithic array or an array composed of individual arrays electronically,

20 optically or physically combined together, or individual discrete detectors
mounted in a hybrid mosaic array.

While the foregoing description of the preferred embodiment has set
forth an exemplary method and apparatus for achieving motion
compensation in an electro-optical imaging array, those of ordinary skill in

25 the art will appreciate that many alternatives can be used without departing
from the spirit and scope of the. invention as defined in the appended
claims. For example, digital electronic control circuits other than those
disclosed can be used to control the charge transfer rates in the column

groups of an imaging array. Moreover, analog circuits, delay circuits, or

% other types of control circuits mly be devised to control the charge transfer
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according to a preferred formof the present invention and show ng the
I nterrellati onshi p between the system conponents; FIG 1B is a ﬂfﬁﬂu :
f ragnent ar\}’opﬁ,z/yg‘é%tive drawi ng of the canera assenbly of FlI wag%ovm ng9

the rel &t ionship between various conponents, including an el ectro-opti cal
imaging parray; FIG 2 is a schematic drawi ng 629-a reconnai ssance aircraft
oper at i in a side obliqgue node and illustrating the focal plane of the

camera apsenbly of Fites toRadhievat forwaerd amagiah aompensapioaceln iaddisianermary of the
clearly ghow the rel.ationshi p. between it hq.focal pl.ane.and a scene.of _ .

interestf FIG 3is %@H&P&?ﬁwﬁw ﬁlbe &sc&q%é i‘ﬁﬁbarqrfd“%f?‘% < ?r%} &IOS can
showi ng the arrangegeimplmenRdih'sdftware byonipile 34 B anotHdiedata processor. As

previously noted, alternative architectures for an electro-optical imaging

5 array may be chosen. The present invention, as defined in the appended
claims, is intended to cover all such modifications and alternative
implementations. '
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organi zgtion of the colums into a plurality of colum groups and the
transfe i nformation in each group at different pr

transfe W@t’g)sﬁﬁ{ﬁe 4 is a block diagramof a preferred forﬁﬁlﬁg&mg

el ectrofics and control circuitry that operates the elec—t—pg_apl_l_gwgwg
array of FIG 1B according to the teachings %f the pres Fl G
5is a Bplock diagramof the drive and control  circuitry. ﬁﬂ,ﬁﬂﬂi'ruj!
illustrdgting the counter and cl ock drivers which transfer* picxel on

in eachjof the colum groups of the imaging array shown in FIG 3; FIG €
is a schematic, bl WHATIISICRRIMER Ispunter and cl ock dfiver

1. Apparatus for processing pixel information representing an
image of a scene which compensates for image motion in a predetermined
direction comprising:

5 an array of cells capable of storing the pixel information
corresponding to the scene, the array being arranged in rows and columns;
and

column transfer means for organizing the columns of the array
into one or more column groups and for transferring pixel information

10 located in the one or more column groups at one or more predetermined
transfer rates depending on the rate of motion of portions of the image
relative to the array, whereby resolution of an image created from the
pixels can be preserved.

2. Apparatus, as claimed in Claim 1, further comprising:

15 adjusting means for adjusting the one or more predetermined
transfer rates depending on the changes in rate of motion of the image
relative to the array.

3. Apparatus, as claimed in Claim 2, and further comprising
imaging means for placing the image on the array.

20 4. Apparatus, as claimed in Claim 3, and further comprising a
shutter for enabling the imaging means to place the image on the array
during a predetermined exposure time périod, and wherein the column
transfer means is operative during the predetermined exposure time period.

S. Apparatus, as claimed in Claim 1, wherein the array is a

28 charge-coupled device.

6. Apparatus, as claimed in Claim 2, wherein the column transfer
means comprises:
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for an arbi

schematic d avm

nmetal i zati
of the arr
FIG 8 is a
7,

rary col um of the imaging array of FIG 3; FIG 7|sa
oneﬂmﬁm ilbltrary col um group s
egi on bet ween -12- pho 05|

to prOV|de the f hree phase "drive clocking to the col um group,
cross-sectronal view of one sect|0r331c_)f t he col um group of FIG

10

1§

20

25

a master clock provxdmg clock signals at a master clock

-

frequency; and )

one or more transfer control circuits responsive 1o said clock
signals, each of said transfer control circuits transferring pixel information
in one of said one or more column groups.

7. Apparatus, as claimed in Claim 6, wherein each of said
transfer control circuits comprises a counter and a clock driver, said clock
driver transferring pixel information in one of said one or more column
groups when said counter counts a predetermined number of counts.

8. Apparatus, as claimed in Claim 7, wherein said adjusting
means provides said predetermined number of counts to each of said
counters.

9. Apparatus, as claimed in Claim 8, wherein the predetermined
number of counts provided to each counter of each column group is

proportional to

X
fi
where X is the master clock frequency and f, is the predetermined transfer
rate for each column group.

10.  Apparatus, as claimed in Claim 1, wherein said one or more
column groups comprise a plurality of column groups including a first
column group and a second column group, and wherein the one or more
predetermined transfer rates include a first predetermined transfer rate
proportional to a first rate of image motion relative to the first column
group and a second predetermined transfer rate proportional to a second
rate of image motion relative to the second column group.

11.  Apparatus, as claimed in Claim 10, wherein the predetermined
transfer rates vary monotonically from one column group to the next across

the array.
o ]
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FIG]9 is a schemati l@ﬂ “ H [‘“{ ‘ connai ssance aircraft operating in a

f or whr bﬂ#@ mod r“ E“ the focal plane of P&NW‘

assefb vfbgg{‘l G 1B 3 W em alsged and displaced in order to c ear?y show
the jel atlonshl p between the focal pl anggand a scene of interest; FIG 10
I's alschematic diagram of a side oblique reconnai ssance application of the

presgnt. T nvent | on, 1showaggatiife bl BRIALY HIEAE, B, ilEc] B6EAN bedle camer 2

assefgbly of FIG 1B as ¢ ared to a prior a ear asse G 11
is a scherrat i array ave angaized mtolcN cblwnuugrampammwmaham?rhdemmmdof t he
pres [ nven% i1l us at| how stereo scene coverage can be obtained
usin t he ele ehptte URE SIRUPy fiols Proportignal to
f + (-1) (£, - £)/(n-1)
5 where i is an integer between 1 and N, f, is the transfer rate for the first

column group, and f, is the transfer rate for the n® column group, f, and
f, being previously determined.
13.  Apparatus, as claimed in Claim 10, wherein a line connecting
a point in the array with a point in the scene is substantially perpendicular
10 to a vector intersecting said line and defining said predetermined direction
. of image motion, and wherein the transfer rates are inversely proportional (
to the distances between the array and different parts of the scene along
said line.

14.  Apparatus, as claimed in Claim 3, wherein the array, column

1§ transfer means, 'adjusting means and imaging means are installed in a
vehicle capable of motion in a predetermined direction.

15.  Apparatus, as claimed in Claim 14, wherein the imaging
means further comprises lens means for placing the scene on the array, said
lens means having a central axis perpendicular to a vector defining the

20 predetermined direction of vehicle motion, and wherein the predetermined

transfer rate for a first point of the scene is proportional to

EV
D

where F is the distance from the lens to the column containing the pixel

25 representing the first point, V is the rate of motion of the vehicle in the
predetermined direction and D is the distance from the vehicle to the first
point. .

16.  Apparatus, as claimed in Claim 14, wherein the vehicle is an

aircraft defining a reference plane that is horizontal during level-flight,

% wherein the imaging means comp{ises a lens having a focal leﬁgth and

I —
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-13- SCRI PTI ON I NEINI OF 'I;HE I NVEdNII ON Refﬂefrri ng to
: : .
FIG [, woe viioser ed um“l mlll mwmmnpt i cal system accor di RE/USIHOB@M%seN

i nvenfion conprises i ssance system 20 installed in an

aircr ?fp 22 that defi tes®ort hdgorfal *rol I, égl tch and yaw axes R, Pl and Y,

respeftively, each passing through a cent of gravity CG The roll and

pitchlaxes def 'l{]%mg g'cle%ttreéi ax1s, %Q?euli:’ Ft)hé rcl:"e.ittnrIalszuaf.s) rrrlxazkoergtz{i ldepfessxon angle ¢
with the reference plane and wierein the array columns define a column
direction. |

17.  Apparatus, as claimed in Claim 16, wherein said scene is

5 forward of the vehicle and said column transfer means organizes the
columns of the array into one column group in which pixel information is
transferred at one transfer rate that is proportional to

E V sin’(e o)
P, H
10 where F is the focal length of the lens,

P, is the pixel size in the column direction,

V is the velocity of the vehicle,

H is the height of the vehicle above the scene, and

(» = o) is the forward depression angle of the point chosen for

15 synchronization for forward motion correction.

18. In a system comprising an array of cells capable of storing
pixel information representing an image, said array being arranged in rows
and columns, a method of processing the pixel information in order to
compensate for image motion in a predetermined direction comprising the

20 steps of:
organizing the columns of the array into one or more column
groups; and
transferring pixel information located in the one or more
column groups at one or more predetermined transfer rates depending on

25 the rate of motion of portions of the image relative to the array, whereby
resolution of an image created from the pixels can be improved.

19.  The method, as claimed in Claim 18, and further comprising
the step of:

[P
>
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during
| ens a
has an
i ndi ca
and ai
oper at

depr es!

avi oni
whi ch
i nf or

| evel flight:

—System 20 Tnctudes
is LA that can ' d a scene of interes ' 22
(oo i, oor BRI 27ccne o o o e gfidbio
ing aircraft ground vélolity (V), aircraft height above ground (H),

craft roll, pitch and yaw angul ar 4ition data. From console 28, .an

a canera assenbly 36 defining a

¢r 26 provides additignal inputs into system 20, such as the

5

10

185

Lion angle [err] betadistingx tRe LonerRf gneree medetgrminedp fransierofatepe
t ' : 34
5151 TGRS 0R S S5, SRR B IHELCRP G e

tion,

ein ogether w

anarmgnmer ates control signals for canera assenbly 36.

20.  The method, as claimed in Claim 19, and further comprising
the step of placing the image on the array.
21.  The method, as claimed in Claim 20, and further comprising
the steps of:
placing an image on the array during a predetermined
exposure period; and
transferring pixel information within the columns during the
predetermined exposure period.
22. The method, as claimed in Claim 18, wherein the array is a
charge-coupled device.
23. The method, as claimed in Claim 19, wherein the step of
transferring pixel information comprises:
providing clock signals at a master clock frequency; and
transferring pixel information in one of said one or more
column groups in response to the clock signals.
24. The method, as claimed in Claim 23, wherein the 'step of
transferring pixel information in each column group is initiated in response

to the clock signals by counting a predetermined number of counts for that
column group.

25. The method, as claimed in Claim 24, wherein the

predetermined number of counts provided for each column group is
proportional to

X
£

where X is the master clock frequency and f; is the predetermined transfer
rate for each column group.

- s
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Referri r‘g to FIG 1B, ssenb 36 includes an inmaging array 32
def i ni ng g,(i] Iane mﬁ@:ﬂllﬁ r point CE. Canmera ayxeyypisy1/e86s so
i ncl udes ousl ng 38 ng a focal length F (not shown in
FIG 1B)} and defining axis LA t hat passes t hrough point CE. A shutter 41 is
provideq to selectively expose array 32 to rqadi ation fromthe scene.

Typi cal lly, housing 38 is isolated fromthe aircraft 22 in order to reduce

X;P&gt |32n or other hi ggﬁefrew %Xthold g%isdlédqu &&% 02§ SJrEH Be&lecgtregubf

i ncorporate t elec ronrcs’ t upport o arra
FIGs. 2fand 3 il|organizing eomprifar thedstep adfnbganizirig ilg acladinsf of viwr drragotmcm

compenstion t hata p?mfiah%f Io? %Ic> u?llm fg(l?gt}plér lenci)lfdll"[lgh g P lrs(tasc‘:g{]t}mxlx ng\égtrx]é Ia% a second
column group, and wherein the step of transferring comprises the step of
transferring pixel information at a first predetermined transfer rate
proportional to a first rate of image motion relative to the first column
group and at a second predetermined transfer rate proportional to a second
rate of image motion relative to the second column group.

27. The method, as claimed in Claim 26, wherein the
predetermined transfer rates are varied monotonically from one column
group to the next across the array.

28. The method, as claimed in Claim 26, wherein the columns of
the array are organized into N column groups, and wherein the
predetermined transfer rate for each column group, f, is proportional to

f, + (1) (£, - £)/(a-1) |
where i is an integer between 1 and N, f, is the transfer rate for the first
column group, and f, is the transfer rate for the n™ column group, f; and
f, being previously determined.

29. The method, as claimed in Claim 26, wherein a line
connecting a point in the array with a point in the scene is substantially
perpendicular to a wvector intersecting said line and defining said
predetermined direction of image motion, and wherein the transfer rates
are inversely proportional to the distances between the array and different
parts of the scene along said line.

30. The method, as claimed in Claim 20, wherein the array is
installed in a vehicle capable of rhotion in a predetermined direction and
the steps of organizing and transferring are performed aboard the vehicle.

31. The method, as claimed in Claim 30, wherein the system

further compnses lens means for placing the scene on the array, said lens

means havmg a central axis perpendu:ular to a vector defining the
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Fig. 2
-14- si

shows aircraft—22 carryngthe—<canera assenbly 36 operating in a

orient <>g&p?r§; ‘ng {ngjllmmjmumlﬂluﬂm 2'0?2? EE gf)' lngflglez? %&@? ??dégl s R

that défines the directiof of mbtion*of aircraft 22 and array 32. Referring
to FIGH. 1B and 2, focal plane FP defines 3¢plane PFL that is collinear

with a
FP and
col i ng

I's LA, passes through center point CE and is perpendicular to plane

vect or Flpredetemhinedairetior! 60 \i&iélé'eﬁm%ﬂﬂt h&id Rl'l?é}@uP Rk hglep' Df
par
transferring comprises the step of calculating the predeterrmned transfer

rate for a first point of the scene to be proportional to

EV
D

where F is the distance from the lens to the column containing the pixel
representing the first point, V is the rate of motion of the vehicle in the

predetermined direction and D is the distance from the vehicle to the first

i point.

32.  The method, as claimed in Claim 30, wherein the vehicle is
an aircraft defining a reference plane that is horizontal during level flight,
wherein the system comprises a lens having a focal length and having a
central axis, and wherein the central axis makes a depression angle ¢ with
the reference plane and wherein the array columns define a column
direction.

33. The method, as claimed in Claim 32, wherein said scene is
forward of the vehicle and wherein the step of organizing comprises the
step of organizing the columns of the array into one column group in which
pixel information is transferred at one transfer rate, f, that is proportional
to

? F V_ sinf (¢ te)
P H

where F is the focal length of the lens,

P, is the pixel size in the column direction,

V is the velocity of the vehicle,

H is the height of the vehicle above the scene, and

(¢ £ &) is the forward depression angle of the point chosen for

synchronization for forward motion compensation.
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respect tfo plane BP (FIG 2).

32, whic
scene i s
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to vector
and at hei ght H

Is placed at the focal
efi ned by point

with like Lettefs.
t hroughout the array/ but

LA, passes through center point CE and is perpendicular to planes
FL. Aircraft 22 flies over
In order to image a scene 42,
f array 32 (FIG 1B) are oriented at depression angle [err] mnth
Lens 40 focuses scene 42 onto inmaging array

pl ane Fib Af1the | ens.

D, and the corresponding points in plane FP
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the rate ¢f inmage notion in focal plane FP of the lens. Mre specifically,
the rate deQ?r%(aM?Dtion in the array at an arbitrary point, WCTASICAEE49
to (F/cos{e)(VVR ), where e is the field of view half angle, and R is the
range betyeen the lens and the terrain point corresponding to the point Vi.
Since focgl length F nornmally is very sngy%cnrpared to range R, R can be
appr oxi ma?ed by using the distance betwe&h e terrain point and the array
or aircrafft. As shown in FIG 2, if point 44 on the terrain farthest from
aircraft 32 is chosen (i.e., the mdpoint & |ine segnent. CD), the inmage
velocity Jy1 is equal to (F/cos e)(V/Rl). It can be shown'that R = H'sin
([err] e€e), so V=F (V) sin (6 e) :

cL \0\ 22 (/1 8)
) FYy) SIML28)
36 vy () S5
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i
(H cos e -15- Simlarly, it follows that the imge velocity in the
array f %P?)i/my.[err] (corresponding to terrain point 46) igc17Q85170864M
or

[err]) 4 poi nt V3 (corresponding to terrain point 48) is F (V/H) (sin

[err] +i[err]). cos [err] To conpensate for the fact that the inage notion
vari es gcross the
; 3/10
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array, the preferred formof the present invention inplenments a "graded”
forward- mp 9pnoesInpensati on techni que whereby array 32 is orgeysot/ossie 2
plurality of columm groups, and charge is transferred frompixel to

adj acent pixel in the direction of inage notion during the tinme period of
scene exposure. The rate of charge transfer is made variable in the
direction transverse to the image notion, i.e., across the colum groups of
array 32. Thus, by synchronizing the charge transfer velocity and the image
not i on veIOC|ty in discrete steps across ¥he array, graded forward notion
conpensation is achieved electronicallz wi th no noving parts. ldeally, each
colum of pixels would have its own co transfer rate. However, for many
applications, it is sufficient to organize the array into a di screte
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nunber of colum groups and to transfer charge at a uniformrate in all the
col ums of wam9tmaess dual col um group. Referring to FIG 3, tRCE/ASIHBHIDT
the i mage of scene 42 on array 32 is indicated by points A-D which
correspond to the like lettered points of scene 42 (FIG 2). Wdth W of
array 32 preferably is 48 to 60 nm and represents 4000 to 6000 pi xel s.
Length L of array 32 preferably is 48 to 60 nmand represents 4000 to 6000
pi xels. Only a few of the pixels 51 ar%é%;own schematically in FIG 3. The
pi xel s of array 32 are divided into ro wd colums, anrd the colums, in
turn, are organized into a plurality of colum groups 50. The nunber of

col um groups selected may vary dependi ng on the operational paraneters of

the system t clegrcejA?TERA /34
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resol ution required, and the desired cost to performance ratio. It has been
found tthavO98/1885%mm groups provide a very high | evel of forpETASHIVE8EH9
-16- cq@npensation for array 32 and are an acceptabl e nunber of groups in an

array Raving approxi mately 5,000 i ndividual colums. Still referring to
FIG 3} each colum group 50 has its egarate vari abl e charge transfer
d? ependi ng on the inage notion

rate (?enerally nmeasured i n pixels/sec
the center of the columm group. The variabl e charge
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transfler rates are represented as arrows, and the | onger arrows represent
faster r@bpepsidegserring to FIG 3, and the exanple in FIG PCIeUS917086496,
whi ch {i mages the terrain closest to line AB (FIG 2), has the fastest
chargg transfer rate, since line ABis closest to aircraft 22, and the

| mage |noti on appears fastest in that portion of scene 42. The charge
transfler rates vary nonotonically acqo?sljﬁe array. Colum C1 which images
terraijn adjacent line CD (FIG 2) has the slowest charge transfer rate.
During the exposure time period when shutter 41 is open, charge
representing scene information is collected in pixels in array 32 and is
transferred from one adj acent pixel to another according to the transfer
rates | n the colum groups. Wien the exposure tinme per™Nod ends (i.e
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when shutter 41 is closed), the accunul ated charge represent] e
is seqUewO ®/18050cad out of array 32 one row at a tine intopégyggf/mn
regi stqrs 52A-52D. From readout registers 52A-52D, the information is fed
to sigral processing equi pnent for evaluation by a user. \Wen the readout
is condlete, array 32 is ready for the Beftldkene exposure. Referring to
FIG 4,] canera assenbly 36 and its associated control circuitry are
illustrigated in block diagramform Avionics system 24 provides velocity and

hei ght § nformation over a bus 25 as inputs to canera cantrol conputer 34.
From cohsol e 28, the operator g I nto conputer 34 over a bus 29 the
depressjon angle [err] in degleese(E 2 Stored in conputer 34 are
nissionrparaneters that are p eV|1 pe rmned, e.g., focal length
2
2
V)4
@: : . ). /%72
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t he

and a cRPEIAUS91/08649

-17- After processing

fjhg desired orientation,

shutter 41, and

Y

pi xel si ze,

conputer 34 transmts signals over a bus 35 that enable
a9

ster clock frequency (discussed bel ow).

W 93/1008%unber of col umm groups,
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F of lend 40, the node of operation (side oblique or forward oblique),
t he data | nputs,

transmts} signals over a bus 37 that controls the frane exposure tine

| ens axi sf LA of canera 36 to be directed
peri od by} enabl i ng openi ng and cl osi ng of

si ze of
circuit
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transm §s command signals over a bus 64 to drive and control electronics
54. Dri §VR{10858: rol el ectronics 54 transnits over a bus 6PCH/YSHB64%t
organi z¢ the colums of array 32 into one or nore groups and that transfer
pi xel igformation |ocated in the one or nbre groups at one or nore
predet egmi ned transfer rates. Conputel B4 Qlu@ctions as a neans for

adj usti gg the one or nore predeterm ned transfer rates depending on the

velocity of th : ft, the height above the terrain, the depression
angl e agd possiply other pEianeters. A master clock 58.issues pul ses over a
| ap

conduct gr 59 at {g eflerpined master clock frequency 'to drive and control
el ectrogics 54." Alc tively, the master clock pul ses nmay be supplied by
conput e 34.

FRY
. 2 o0
2 s — A"
O 2%
00020 %% %t
S 0000 %% ‘
PR
0000\3&3@3 i Ac
CXXSHIRSIKK RS AL
[ RS 12|/
T KRR
| KRS
n!o!‘!oi?‘ft_?:@ _ A8
| ,:;0;31':!%,6;0.0;9 T2
| RERRKRRRILS FLIsHT
] RIS
i O AAY L AY
[/ oo -
| | FRED L'h”
| 33 -
e .~ SR o
\ 104
. ERE/ i > |
‘\/ This Sheet Has Been Replaced
— QR




Scene |
process
recordi
renot e

f eedbac

be adj ug

contr ol

al t er naf]
conput ef
correspg
CN1- CN16

formation ir—imaging array 32 is fed over a buspﬁm%k/g@agéhg
n a bus_3 0 a

g

FOSMEMAR -5 267" el TS s e BPR 1093

10

15

ted to optim ze signal collection. Referring to At
el ectronics 54 is shown in greater ded3&i| and illu
i ve enbodi nent in which master ctock pul ses are pr
34. For WHATIS)ELAMMED-Bt6 of array 32, counters CN1- CN16 and

nding clock dry vers, COGP¥r Brodedlind pieinforhfaiBhrBHeSentihg G Hdzeof

to conmputer 34 over a bus 61 so that the frane exgigﬁur

20

gmMal sprbdcessing unit 56 al so provide

Ll

a scene comprising at least a first image portion and a second image portion
occurring simultaneously, said apparatus compensating for image motion in a
predetermined direction and cémprising: | .

an array of cells arranged in rows and columns capable of storing at least
said pixel information corresponding to said first image portion in a first column’
of said columns and for storing said pixel information.corresponding to said
second image portion in a second column of said columns; and

column transfer means for transferring pixel information corresponding to
said first image portion in said first column at a first predetermined transfer rate
and for transferring pixel information corresponding to said second image por;ion
in said second column at a second predetermined transfer rate different from said
first predetermined transfer rate, whereby resolution of an image created from the
pixels can be preserved.

2, Apparatus, as claimed in claim 1, and further comprising,

adjusting means for adjusting said predetermined transfer rate depending on
the changes in rates of motion of said at least first and second image portions
relative to said array. .

3. Apparatus, as claimed in claim 2, and further compﬁsing irfxaging
means for placing said image on said array. '

4, Apparatus, as claimed in claim 3, and further comprising a shutter
for enabling said imaging means to place said image on said array during a
predetermined exposure time period, and wherein said column transfer means is
operative during said predetérmined exposure time period.

5.  Apparatus, as claimed in claim 1, wherein said array comprises a
charge-coupled device.

6. Apparatus, as claimed in claim 2, wherein said column transfer
means com;rises: o

, means for organizing said columns of said array into at least a first column

group storing pixel information corresponding to said first image portion and a

cesem QUEEY



I nputs off cl ock drivers CDl-CD16 by conductors COL- C016 ip |L94Q86’+9
Repr esentgti ve count er.. CNt—f-or—¢ol uimm group Cl receives J‘r]p

conput er ata busﬁi@m [\m‘ \m\ pul ses froma master cl oAl &Sfﬁ%ﬁd@%

conput er signal, and a pre-|oad S|gnal representing
-18- ac nter eh Fs telated to the charge transfer rate for
colum grpup Cl. When counter CNl1 counts to the counter value, a trigger
signal isisent by the counter to cl ock drlver e il over conductor C01. C ock

second column group storing plxel information corresponding to said second i image
portion; and

two or more transfer control circuits, each of said transfer control circuits
transferring pixel information in one of said at least first and second column

5 groups. '

7. Apparatus, as claimed in claim 1, wherein said column transfer
means organizes the columns of said array into a plurality of column groups
including a first column group and a second column group and wherein said first
predetermined transfer rate is proportional to a first rate of image motion relative

10 to the said first column group and said second predetermined transfer rate is
proportional to a second rate of image motion relative to said second column
group. '

8. Apparatus, as claimed in claim 7, wherein a line connecting a point
in the array with a point in said scene is substantially perpendicular to a vector
15 intersecting said line and defining said predetermined direction of image motion,
and wherein said transfer rates are inversely proportional to the distances between
said array and different parts of said scene along said line.
9. . Apparatus, as claimed in claim 3, wherein said array, column
transfer means, adjusting means and imaging means are installed in a vehicle
20 capable of motion in a predetermined direction.

10.  Apparatus, as claimed in claim 9, 'wherein said iméging means

_ further comprises lens means for placing said scene on said array, said lens means
having a central axis perpendicular to a vector defining - said predetermined
direction of vehicle motion, and wherein said predetermined transfer rate for a first
point of said scene is proportional-to _

FV. .

D :
where F is the distance from said lens means to the column containing the pixel
representing ;said first point, ¥ is the rate of motion of the vehicle in said

predetermmed direction and D is the distance from said vehicle to said first point.
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driver CDl" in response to the trigger signal, transfers plxel tighy 1 o
in all "the cofumms Tmcotum group Cl by one row in array &z%l ?@@6’49
;6

countor fiﬂlﬂﬂﬂﬂﬂlmulﬁlﬂﬂlfﬁg‘)zt Elock driver may Fepeat anyEMIS 103 APRJ993
during the séenk e%posur'e depending on the rate of inage notion in plane FP

of array 32 (FIG 1B). The faster the rate of i e notion in the plane of
the array, 'the nore times the counting and trig i ng cycle nust be

repeated in order to sync ron| e the images notjon wth t afray charge
motion. Still referring t pparatus, a%‘"? B aéﬁ%&a aé&?fl’ éﬁ?ﬂﬂﬁ‘& agliscrete
travel via data bus éﬁytgf 3&% &{ecgdgeel&ﬂ%'ers CN1- CN16 for each of

12.  Apparatus, as claimed in claim 1, wherein said array comprises a

charge injection device.

5 13. Apparatus for i:vrocessing pixel information representing an image of
a scene comprising at least a first image portion and a second image portion, said
apparatus compensating for image motion in a predetermined direction and
comprising:

an array of cells capable of storing said pixel information corresponding to
10 said at least first image portion and second image portion of said scene, said array
being arranged in rows and columns, and
column transfer means for transferring pixel information correspondiné to
said first image portion at a first predetermined transfer rate and for transferring
~ pixel information corresponding to said second image portion at a second
15 predetermined transfer rate different from said first predetermined transfer rate,
said column transfer means comprising: -
means for organizing.said columns of said énéy into at least a first column
group storing pixel -information corresponding' to said first image portio:i and a
_ second column group sioring pixel information corresponding to said second image
20 portion; ' )
' - two or more transfer control circuits, each of said transfer control circuits
transferring pixel information in one of said at least first and second column
groups and comprising a master clock providing clock signals at a master clock
frequency and a counter and a clock driver, said clock driver transferring pixel
information in one of said at least first and second column groups when said

counter counts a predetermined number of counts in Tesponse to said clock signals;
and '

adjusting means for adjusting said predetermined transfer rates depending
on the changes in rates of mdtion of said at least first and second image portions

* relative to said array. _—
This Sheet Has Been Replaced
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cmﬂmpra—&& Each of cI 16 provigles; one-set of , QL}h
él %hﬂlgegh&méglg‘,&g{ ?utfl | nels [E m“ iﬁl Im ljﬁrr] 3f per‘-cql tjI
pt of a cl ocki entifi
Pﬁ group within colum groups Cil-Cl16. ?%SLMPR 1993

corre
isola y colum group G (50) and its associated counter CNi

and cl ock drlver CDi . For purposes of illustration, colum group G is
conposed of 384 indi vidual colums. In order 83 ensure that all array rows
in a colum group are transferred sinultgneously when a related counter
triggers a correspondi b cl ApRaratisy der Ptmsmbm ipfostrtion, represeniag an image

provi ded (o 1TSS ook e MR HIRHP ol e PR e Y TRRIARlA Wbl
comprising:

an array of cells capable of storing said pixel information corresponding to

5 said scene, said array being a;rariged in rows and columns; '
column transfer means for organizing said columns of the array into one

or more column groups and for transferring pixel information located in said one

or more column groups at one or more predetermined transfer rates depending on

the rate of motion of portions of said image relative to said array, said column

10 transfer means comprising a master clock providing clock signals at a master clock
frequency and one or more transfer control circuits responsive to said clock
signals, each of said column transfer control circuits transferring pixel informaiion

in one of said one or more column groups, each of said transfer control circuit

comprising a counter and a clock driver, said clock driver transferring pixel
15 information in one of said one or more column groups when said counter counts
a predetermined number of counts; and
adjusting means for adjusting said one or more predetermined transfer rates
depending on the changes in rate of motion of said image relative to said array
and for ;imviding said predetermined number of counts to each of said counters.
20 15. Apparatus, as claimed in claim 14, wherein said predetermined
number of counts provided to each of counter of each ‘column group is
proportional to |
X

f

where X is said master clock frequency and f; is'said predetermined transfer rate

for each column group.
16.  Apparatus for processing pixel information representing an image of
a scene which compensates for image motion in a predetermined direction
comprising:; ¥
an array of cells capable of storing said pixel information corresponding to

said scene, said array being arranged in rows and columns; and

S UgSTUTE SHEET




the |l ength of colum group G so that each row of colum r S

t he 3-phase ctocking—pul ses. Assuming the clock drive ci mglf§@§ﬁ9
fabri ing array, 3-phase output bus |lines. 68 nust be bonde
to se’mmmgmuﬂu#w -19- for external drive coE‘t‘mqy T];nBsA l{%ga
nunber of vértfcat c’100k drive pins for array 32 is three tlrres the nu

of colum groups. FIG 7 shows in enlarged detail one portion of an
arbitrary col umm 34

. -
column transfer means for organizing said columns of the array into one

or more column groups and for transferring pixel information located in said one
or more column groups at one or more predetermined transfer rates depending on
the rate of motion of portions of said image relative to said array, said one or
5 more column groups comprising a first column group and a second column group,
said one or more predetermined transfer rates including a first predetermined
transfer rate proportional to a first rate of image motion relative to said first
column group and a second predetermined transfer rate proportional to a second
rate of image motion relative to said second column group, said predetermined
10 fransfer rates varying monotonically from one column group to the next across said
array.
17.  Apparatus for processing pixel information representing an image of
a scene which compensates for image' motion in a predetermined direction
comprising: '
15 an array of cells capable of storing said pixel information corresponding to
said scene, said array being arranged in rows and columns; and
column transfer means for organizing said columns of the array into N
column groups, including a first column group, and for transferring pixel
information at a predetermined transfer rate for each column group, f,, proportional
20 to the image motion relative to said array by being propbniona.l to
' f, + (-1) (, - £)/(n-1)
» where i is an integer between 1 and N, f, is the transfer rate for the first column
group, and f, is the transfer rate for the n® column group, f; and f, being
previously determined.

18.  Apparatus carried . by an aircraft _capable of motion in a
predetermined direction and defining a reference plane that is horizontal during
level-flight, said apparatus being capable of processing pixel information
representing.an image of a scene forward of said aircraft and of compensating for

image motion in said predetermined direction comprising:

is Sheet Has Been Replaced
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group G of inmagi ng array 32. In particular, part of coI 8.131 60861}9
shown adj acent—par a ner hboring col umm group G - §‘P*\GI993
conposed of Elmummu tosr tes 85 and 384 col urms

CL1-CL384. E aded region) is bounded by a p+ channel stop
70, which sepdrates each colum fromthe next. Polysilicon horizontal |ines

72 subdi vide the photosite and bus the 3- phassaclocking signal s across the
colum group. The vertical clock drive pins 76 and 78 are connected to

retall zati on 1115 S0 $had sk B YRR W7 cHRM BphARSHL sk Sy g
[ﬁg' ons 70 are prigfdrAafloR Lorreshondingy 1o Y480 Yscehe," shid Qrtay Obéifg ak-ranged i QoW Qs
columns, said columns of said array defining a column direction;
imaging means installed in said aircraft for placing said image on said
5 array, said imaging means con.iprising a lens having a focal length and having a
central axis making a forward depression angle ¢ with said reference plane;

_ column transfer means installed in said aircraft for organizing said columns
of said array into at least one column group and for transferring pixel information
located in said at least one column group at least one predetermined transfer rate

10 depending on the rate of motion of portions of said image relative to said array,
said at least one column group having pixel information which is transferred at one
transfer rate that is proportional to '

E NV sin’(p + ©)
P, H

15 where
F is the focal length of said lens,
P, is the pixel size in said column direction,
V is the velocity of said aircraft,

H is the height of said aircraft above said scene, and

(¢ + ©), is the forward depression angle of the point chosen for synchronization
for forward motion correction; and

adjusting means installed in said aircraft for adjusting said at least one
ﬁredetenained transfer rate depending on the change in rate of motion of said
image relative to said array.

19. In a system comprising an array of cells arranged in rows and
columns for ;stqring pixel information representing at least first and second

si_x_jnulta'naously ‘occurring _ir_nage portions of a scene, said array storing pixel

This Sheet Has Been Replaced
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| ength off the colum group for each netallization line to | d h PN
vol t age éul ses—for—each—rowof the array. The 3-phase cl 0@}%‘}39@11;08649
(vol t age:pul se | l“El vidual photosite chargg;verticgldyn /
provi de for thimmmlﬁlmnmm r of these charge packe?gtw&irégqgaoggé3
and G -1iare separéated f¥om edch other by providing a break 88 in the

pol ysili¢on horizontal lines 72. FIG 8 is a sinplified cross-sectional

view of the array of FIG 7 along the line AA36 The pol ysilicon horizontal
lines 72iare pul sed by the 3-phase clockss Jerr]l, [err]2, [err]3. causing,
charge packets coinfenmaipni eompesperding|tovsaid Jirstsimageg pidt &; first ¢plumn of said
substraté 71 to be shifted down the array. In FIG 8, the polysilicon
horizontdl |ines ¢alumng dndobtoting saido pixehdifopniion Rprresponding to said second image

portion in a second column of said columns, a method of processing said pixel
information in order to compensate for image motion in a predetermined direction

5 comprising the steps of:

ST LR PO e M S N e

transferring in said array said pixel information representing said first image
portion in said first column at a first predetermined transfer rate; and
txanSferring in said array said pixel information representing said second

image portion in said second column at a second transfer rate different from said

10 first transfer rate, whereby resolution of an image created from said pixel

information can be improved. -

20.  The method, as claimed in claim 19 and further comprising the steps

of:
‘ adjusting said first and second predetermined transfer rates depending on
15 the changes in rate of motion of said first and second ir-nage port_ions'relative to
] . said array.
i . 21.  The method, as claimed in claim 20, and further comprising the.

steps of placing said image on said array.

22. The method, as claimed in claim 21, and further combrising the

steps of:

placing said image on said array during a predetermined exposure period;

rd

and A

. transferring pixel information within said array during said predetermined

e

éf Has Been Re;;laced
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a SiOfl ayer _ZHﬁm—her‘STGT’TE—;/er 77 al so separates-t he’.p‘&d isfl&&b 11-9

hori zojptal 1ine “\ mm;“mn “te 71. The charge-co.tfp_'_l'?ﬁ-‘aev.i ce__. =
architgcture shawm ‘\ essentially a full fh@}FgQ‘rﬂ_ggrAh\' ]99y3
configfration. The fult fYarfe configuration provides a | &g area arra

whi ch Pprovides a high percentage of silicon wafer area -20- avail able

for light collection. By contrast, a frane 5ansfer architecture requires a
frame ¥torage regi on which occupies approxihately the sane

23.  The method, as claimed in claim 19, whergin said array is a charge-
coupled device.

24.  The method, as claimed in claim 20, wherein the step of transferring
pixel information comprises:

5 - organizing said columns of said array into at least a first column group
storing pixel information corresponding to said first image portion and a second
column group storing pixel information corresponding to said second image
portion; and

transferring pixel information in said at least first and second column groups

10 at different transfer rates.

25. The method, as claimed in claim 19, and further comprising the step
of organizing said columns of said array into a plurality of column groups
including a ﬁfst column group and a second column group, wherein said first
predetermined transfer rate is proportional to ;1 first rate of motion of said first

15 image portion relative to said first column group and wherein said second

1 . predetermined transfer rate is proportional to a second rate of image motion of

said second image portion relative to said second column group.

26. The methoﬁ, .as claimed in claim 25, wherein a line connecting a
point in said array with a point in said scene is substantially perpendicular to a
20 vector intersecting saxd line and defining said pred.gtermined direction of image
motion, and wherein said transfer rates are inversely proportional to the distances

between said array and different purts of said scene along said line.

$UBSTIT UESF‘:L‘ This Sheet Has Been Replaced
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amount of silicon wafer area as the |q.§9 B8 ol e‘é‘{/ k@tw%gzﬁ‘g6hg
i i

_archi-teeture—+s not as desirabl e since
é J S|gn.,_he_|nterll
ort i

Egﬂ“( “W“‘H I“E urepef(glo Ple;ﬁuhrgfs ;h \31%‘\ 1993

S-lkontsensiti Ve spacing between adjacent pixels, reducing qul -factor
and resolution. An X-Y addressabl e charge injection device is another
possible architecture for the present invention, 38ut it, too, is consi dered
not as desirable. A discrete array of diode detect r. el rrents s .al so
possi bl e architecture for2{he IThGdathes as clgimedin claimyglowherein sai army is installed
above-nentioned architectures could operate in the ultraviolet, visible, or

infrared spectral rein ansehitleveapabiel ef Inotidne int aapﬁdegsmﬁiedcdireﬁibnheméithe csteps of
be readily adapted

transferring are performed aboard said vehicle.
28. The method, as claimed in claim 27, wherein the system further
S comprises lens means for placing said scene on said array, said lens means having
. a central axis perpendicular to a8 vector defining said predetermined direction of
vehicle motion, and wherein the step of transferring comprises the step of
; calculating said predetermined transfer rate for a first point of said scene 1o be
: proportional to
10 EvV_
' D
where F is the distance from the lens means to the column containing the pixel
representing the first point, V is the rate of motion of the vehicle in said
predetermined direction and D is the distance from said vehicle to said first point.
29. The method, as claimed in claim 23, and further comprising a
discrete array of diode detector elements.

30. In a system comprising an array of cells capable of storing lpixel
information representing at least first and second image portions of a scene, said
array being arranged in rows and columns, a method of processing said pixel

~ information in order to compensate for image motion in a predetermined direction
comprising the steps of: |
transferring in said array said ptxel information representing said first image
portion at a first predetermined transfer rate: )

transferring in said array said pixel information representing said second
image portion at a second transfer rate different from said first transfer rate, said
step of tra;nsferring pixel infotmation comprising the steps of

organizing said- columns of said array into at least a first column group
storing- pixel information corresponding to said first image portion and a second
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ctur on Referring to FIGS. 1A - 5, the operation of

totheIEa{%hi—t-ecu,LLes_sLhouldthey be preferred for Eﬁ he

scope f th mﬂﬂwmlﬁgmgnln is-intended to covermqefjﬁa é
ging array in bl'i que node to provi ddl@gﬂ

ation will be first discussed. Pre-m ssion prog mﬁwmgn S

conpen

suppl i to canera control conputer 34, andaqgncl udes: = focal length of

lens 4& m = imaging array w dth perpendicular to the charge transfer

directigon (i.e. coltrif grolip Fetdfing>)pixel inforhation corresponding to said second image
portion;

transferring pixel information in said at least first and second column groups
at different transfer rates:
5 providing clock signals at 'a master clock frequency; and
initiating transfer of pixel information in each of said at least first and
second column groups in response to said clock signals by counting a
predetermined number of counts for that column group and
adjusting said first and second predetermined transfer rates depending on
10 the changes in rate of motion of said first and second image portions relative to

said array, whereby resolution of an image created from said pixel information can

be improved.

31.  The method, as claimed in claim 30, wherein said predetermined
number of counts provided for each of said at least first and second columns
groups is proportional to

X

f;
where X is said master clock frequency and f, is said predetermined transfer rate
for each of said at least first and second column groups.

32. In a system comprising an array of cells capable of storing pixel
1nformanon representing an image, said array being arranged in rows and columns,
a method of processing said pixel information in order to compensate for image
motion in a predetermined direction comprising the steps of: |

organizing said columns of said array into at least a first column group and
a second column group; and '

transferring pixel information located in said first column group at .a first
predetermined transfer rate proportional to a first rate of image motion relative to
said first column group and transferring pixel information in said second column
group at a~second predetermjned transfer rate different from said first
predetermined transfer rate proportional to a second rate of image motion relative
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to said second column group, said predetermined ‘transfer rates varying
monotonically from one column group to the next across the array.

33. In a system comprising an array of cells capable of storing pixel

information representing an image, said array being arranged in rows and columns

a method of processing said pixel information in order to compensate for image
motion in a predetermined direction comprising the steps of:

organizing said columns of said array into N column groups, including a
first column group, and

transferring pixel information at a predetermined transfer rate for each
column group, f,, proportional to the image motion relative to said array by being
proportional to '

f + @-1) (& - £)/(n-1)
where i is an integer between 1 and N, f; is the transfer rate for said first column
group, and f, is the transfer rate for said n® column group, f, and f, being
previously determined.

34. In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columns, .
said columns defining a column direction, said array being installed in an aircraft
defining a reference plane that is horizontal during level flight, said system further
comprising a lens having a focal length and a central axis, said central axis
makin.g a depression angle ¢ with said reference plane, a method of processing
pixel information representing a scene in order to compensate for image motion
in a predetermined direction comprising the steps of: |

organizing said columns of said array into at least one column group;

transferring pixel information lotate in said at last one column group at
least one predetermined transfer rate depending on the rate of motion of portions
of said image relative to said array, said at least one column group having pixel
information which‘is transferred at one transfer rate, f, that is proportional to

- B vV st x6)
P, H
where

F is the focal length of said lens, Sheet Has Been Replaced
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P, is the pixel size in said column direction,
V is the velocity of said aircraft,
H is the height of said aircraft above said scene, and (¢ + ©)) is the forward
depression angle of the point chosen for synchronization for forward motion
compensation: ‘

adjusting said at least one predetermined transfer rate depending on the
change in rate of motion of said image relative to said array; and

placing said image on said array;

wherein said scene is forward of said aircraft and said steps of organizing
and transferring are performed aboard said aircraft.

is Sheet Has Been Replaced

TR

SUBSTITUTE SHEET



The "+" and "-" 11l be opposite for f, and for f., and the choice of
si gn depends SH Hn M, IH’t ation. The above equations hold for
depressi on angl priito 180[err], where O to 90 woul d be

arbitrarily defined as left oblique and 90[efg] to 180 would be right
oblique. To determ ne the charge transfer rates for the colum groups
between 1 and N, W HAMISQUEIMED ISt a fi = (F) (V) (sin ([err] +[err]))
(Px) (H) Cos [err] could be used, with the values of [err] calculated to
the center of each columm &pparptusHenprasessingnpixpleinforatation fepresansng Aarimage of

[ near approxi maj i g0 QS Su UG WP ik ForeiPSAE'Y bl ke B0Fion

results, with an
occurring simultaneously, said apparatus compensating for image motion in a

predetermined direction and comprising:

5 an array of cells arranged in rows and columns capable of storing at least
said pixel information corresponding to said first image portion in a first column
of said columns and for storing said pixel information corresponding to said
second image portion in a second column of said columns; and .

column transfer means for transferring pixel information corresponding to
10 said first image portion in said first column at a first predetermined transfer rate
and for transferring pixel information corresponding to said second image portion
in said second column at a second predetermined transfer rate different from said
first predetermined transfer rate, whereby resolution of an image created from the
_' pixels can be preserved. '
15 2. Apparatus, as claimed in claim 1, and further comprising,
adjusting means for adjusting said predetermined transfer rate depending on
L the changes in rates of motion of said at least first and second image portions
% relative to said array.
i 3. Apparatus, as claimed in claim 2, and further comprising imaging
; 20 means for placing said image on said array.
% 4, Apparatus, as claimed in claim 3, and further comprising a shutter
g for enabling said imaging means to place said image on said array during a
predetermined exposure time period, and wherein said column transfer means is
operative during said predetermined exposure time period.
S. Apparatus, as claimed in claim 1, wherein said .array comprises a
charge-coupled device. ] ' )
6. - Apparatus, as claimed in claim 2, wherein said column transfer
means comprises:
means for organizing said columns of said array into at least a first column

s
group storing pixel information corresponding to said first image portion and a
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portion; and \ -

two or more transfer control circuits, each of ;aid transfer control circuits
transferring pixel informaﬁon in one of said at least first and second column
groups.

7. Apparatus, as claimed in claim 1, wherein said column transfer
means organizes the columns of said array into a plurality of column groups
including a first column group and a second column group and wherein said first |
predetermined transfer rate is proportional to a first rate of image motion relativ.e
to the said first column group and said second predetermined transfer rate is
proportional to a second rate of image motion relative to said second column
group.

8. Apparatus, as claimed in claim 7, wherein a line connecting a point
in the array with a point in said scene is substantially perpendicular to a vector
intersecting said line and defining said predetermined direction of image motion,
and wherein said transfer rates are inversely proportional to the diﬁtances between
said array and different parts of said scene along said line.

9. Apparatus, as claimed in claim 3, wherein said array, column
transfer means, adjusting means and imaging means are installed in a vehicle
capable of motion in a predetermined direction.

10.  Apparatus, as claimed in claim 9, wherein said imaging means
further comprises lens means for placing said scene on said array, said lens means
having a central axis perpendicular to a vector defining said predetermined
direction of vehicle motion, and wherein said predetermined transfer rate for a first
point of said scene is proportional to

FV_
- D
where F is the distance from said lens means to the.column containing the pixel
representing said first point, V is the rate of motion of the vehicle in said
predetermined direction and D‘is the distance from said vehicle to said first point.
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Ccvi =X fli whe”mmw' r-clock frequency and f, is the charge
transfer irate " mmm group. The counters are then pre-| oaded
with the!countef val Ues Pover Bus 64 (FIG 5). Wien the operator triggers a

frame toitake a picture, the shutter is sinu%%aneously opened for an
exposure:time period cal cul ated by conputer In this exanple, the

exposure:time period jg§ O. égé.g n : t .08, ﬁggpc@ﬁg’ i
drive and control el ectron??k ﬁgbgsgfrr%m%dgﬁln |ng5é1t hﬁé requ Cy@(atdgsclr?tg
pre-loaded countamway af diodeTdatectaruelementsndy be up to the counter value or

down to O fromthe coypnter .value. Wiep.th
; F? Apparatus, as cpaimef in claim 1, wherein said array comprises a

charge injection device.
5 13.  Apparatus for processing pixel information representing an image of
: a scene comprising at least a first image portion and a second image portion, said
o apparatus compensating for image motion in a predetermined direction and
: comprising:
an array of cells capable of storing said pixel information corresponding tc;
i 10 said at least first image portion and second image portion'of said scene, said array
being arranged in rows and columns, and
column transfer means for transferring pixel information corresponding to
said first image portion at a first predetermined transfer rate and for transferring
pixel information corresponding to said second image portion at a second
15 predetermined transfer rate different from said first predetermined transfer rate,
said column transfer means comprising: '
means for organizing said columns of said array into at least a first column
i group storing pixel information corresponding to said first image portion and a
second column group storing pixel information corresponding to said second image
20 portion;

two or more transfer control circuits, each of said transfer control circuits
transferring pixel information in one of said at least first and second column
groups and comprising a master clock providing clock signals at a master clock
frequency and a counter and a clock driver, said clock driver transferring pixel
information in one of said at least first and second column groups when said
counter counts a predetermined number of counts in response to said clock signals;
and . )

adjusting means for adjusting said predetermined transfer rates depending
on the changes in rates of motion of said at least first and second image portions

relative to said .array. .
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fromthe fkounter t &Im‘ﬂ” CD for that counter, and one cycle of
3- phase ocki ng asw e correspondi ng col utm group. PiXxel

informatijon (electric charge packéts) cont ai :#3ng scene information is

t her eby slhlfted down one row vertically in al¥?the colums in that col um
gr oup. it er ISSUIng rlg uIs to t he, cl ack driver. the co ter t.hen
aut onat i éal ly rel oads gﬁ?ﬁg ¥0 tp%esgggtwéklcwﬂ%ﬁqya{eggesg an \jRage
the countier val uefi g mwcﬁ%mbenid& W ORfje RidtoR iasasﬁdéﬁetehﬁ&ﬂe@difdéuon
driver shifts the pixel information one row vertically in all the colums

in the col um gr @mprising:count er rel oads and the cycl e is perforned again.

Meanwhi | e; the cycles &N &rrd 2 S?c&? Qa%agl% o {;o”;%{jg wd plxel information corresponding to
5 said scene, said array being arranged in rows and columns;
column transfer means for organizing said columns of the array into one
‘ or more column groups and for transferring pixel information located in said one
E or more column groups at one or more predetermined transfer rates depending on
the rate of motion of portions of said image relative to said array, said column
10 transfer means comprisjng a master clock providing clock signals at a master clock
frequency and one or more transfer control circuits responsive to said clock
signals, each of said column transfer control circuits transferring pixel information
in one of said one or more column groups, each of said transfer control circuit
comprising a counter and a clock driver, said clock driver transferring pixel
15 information in one of said one or more column groups when said counter counts
a predetermined number of counts; and

adjusting means for adjusting said one or more predetermined transfer rates
depending on the changes in rate of motion of said image relative to said array
and for providing said predetermined number of counts to each of said counters.
20 15.  Apparatus, as claimed in claim 14, wherein said predetermined

number of counts provided to each of counter of each column group is

proportional to
X
-
25 where X is said master clock frequency and f, is said predetermined transfer rate
for each column group. ) ‘
16.  Apparatus for processing pixel information representing an image of
a §cene which compensates for image motion in a predetermined direction
comprising:
30 an arry of cells capable, of storing said pixel information corresponding to

said scene, said array being arranged in rows and columns; and
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or more column groups and forMransferring pixel information located in said one

or more column groups at one or more predetermined transfer rates depending on

the rate of motion of portions of said image relative to said array, said one or

S more column groups comprising a first column group and a second column group,

said one or more predetermined transfer rates including a first predetermined

transfer rate proportional to a first rate of image motion relative to said first

column group and a second predetermined transfer rate proportional to a second

rate of image motion relative to said second column group, said predetermined

10 transfer rates varying monotonically from one column group to the next across said
array.

17.  Apparatus for processing pixel information representing an image of

a scene which compensates for image motion in a predetermined direction

comprising:
15 an array of cells capable of storing said pixel information corresponding to
said scene, said array being arranged in rows and columns; and
, column transfer means for organizing said columns of the array into N
column groups, including a first column group, and for transferring pixel
information at a predetermined transfer rate for each column group, f, proportional
20 to the image motion relative to said array by being proportional to
| i + (- (& - £)/(a-1)

where i is an integer between 1 and N, f; is the transfer rate for the first column
group, and f, is the transfer rate for the n* column group, f; and f, being
previously determined.

25 18. Apparatus carried by an aircraft capable of motion in ‘a
predetermined direction and defining a reference plane that is horizontal duriné
Tevel-flight, said apparatus bei;'lg capable of processing pixel information
representing an image of a scene forward of said aircraft and of compensating for
image motion in said predetermined direction comprising:

)
-

)]

\
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IMgs, ¢alumps of saidoasray, defining@ eolumn direction;
imaging means installed in said aircraft for placing said image on said

'ré»g,a:

array, said imaging means comprising a lens having a focal length and having a
central axis making a forward ‘depression angie ¢ with said reference plane;
column transfer means installed in said aircraft for organizing said columns
of said array into at least one column group and for transferring pixel information
located in said at least one column group at least one predetermined transfer rat.,e
depending on the rate of motion of portions of said image relative to said array,
said at least one column group having pixel information which is transferred at one
transfer rate that is proportional to
F

P,

v
H

sin? (¢ + ©)

where
F is the focal length of said lens,
P, is the pixel size in said column direction,
V is the velocity of said aircraft,
H is the height of said aircraft above said scene, and
(¢ + O), is the forward depression angle of the point chosen for synchronization
for forward motion correction; and -
adjustmg means installed in saxd aircraft for adjusting said at least one
predetermined transfer rate depending on the change in rate of motion of said
image relative to said array.
19. - In a system comprising an array of-cells arranged in rows and
columns for storing pixel information representing at least first and second
simulmneou;ly occurring imag‘e portions of a scene, said array storing pixel

—_—
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portion in a second column of said columns, a method of processing said pixel
information in order to compensate for image motion in a predetermined direction
5 compris_ing the steps of:

_ transferring in said array said pixel information representing said first image

portion in said first column at a first predetermined transfer rate; and
transferring in said array said pixel information representing said second
image portion in said second column at a second transfer rate different from said
10 first transfer rate, whereby resolution of an image created from said pixel

information can be improved.

20. The method, as claimed in claim 19 and further comprising the steps

of:
adjusting said first and second predetermined transfer rates depending on
15 the changes in rate of motion of said first and second image portions relative to
said array.
21. The method, as claimed in claim 20, and further comprising the
steps of placing said image on said array.
22. The method, as claimed in claim 21, and further comprising the
20 steps of: '
placing said image on said array during a predetermined exposure period;”
and
transferring pixel informatiog within said array during said predetermined

e

exposure period.
heet Has Been Replaced
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23.  The method, as claimed in claim 19, wherein said array is a charge-

coupled device. * <

24.  The method, as claimed in claim 20, wherein the step of transferring
pixel information comprises:

organizing said columns of said array into at least a first column group
storing pixel information corresponding to said first image portion and a second
column group storing plxel information corresponding to said second image
portion; and

transferring pixel information in said at least first and second column groups
at different transfer rates.

25.  The method, as claimed in claim 19, and further comprising the step
of organizing said columns of said array into a plurality of column groups
including a first column group and a second column group, wherein said first
i:redetennined transfer rate is proportional to a first rate of motion of said first
image portion relative to said first column group and wherein said second
predetermined transfer rate is proportional to a second rate of image motion of
said second image portion relative to said second column group.

26. The method, as claimed in claim 25, wherein a line connecting a
point in said array with a point in said scene is substantially perpendicular to a
vector intersecting said line and .defining said predetermined direction of image
motion, and wherein said transfer rates are inversely proportional to the distances
between said array and different parts of said scene along said line.

*
-

)
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27.  The method, as claimed in claim 21, wherein said array is iﬁstalled
in a vehicle capable of motion‘in a predetermineﬁ direction and the steps of
transferring are performed aboard said vehicle.

28. The method, as claimed in claim 27, wherein the system further
comprises lens means for placi;xg said scene on said array, said lens means having
a central axis perpendicular to a vector defining said predetermined direction of
vehicle motion, and wherein the step of transferring comprises the step o;'

calculating said predetermined transfer rate for a first point of said scene to be

proportional to

EV_
D

where F is the distance from the lens means to the column containing the pixel
representing the first point, V is the rate of motion of the vehicle in said

predetermined direction and D is the distance from said vehicle to said first point.

29. The method, as claimed in claim 23, and further comprising a
discrete array of diode detector elements.

30. In a system comprising an array of cells capable of storing pixel
information representing at least first and second image portions of a scene, said
array being arranged in rows and columns, a method of processing said pixel
information in order to compensate for image motion in a predetermined direction
comprising the steps of:

transferring in said array said pixel information representing said first image
portion at a first predetermined transfer rate: '

' transferring in said array said pixel information representing said second
image portion at a second transfer rate different from said first transfer rate, said
step of transferring pixel information comprising the steps of

'organizing said columgs of said array into at least a first column group
storing pixel information corresponding to said first image portion and a second
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at different transfer rates:

providing clock signals at a master clock frequency; and

initiating transfer of pixel information in each of said at least first and
second column groups in response to said clock signals by counting a
predetermined number of counts for that column group and

adjusting said first and second predetermined transfer rates depending 0;1
the changes in rate of motion of said first and second image portions relative to
said array, whereby resolution of an image created from said pixel information can
be improved.

31. The method, as claimed in claim 30, wherein said predetermined
number of counts provided for each of said at least first and second columns
groups is proportional to

X_
f;

‘where X is said master clock frequency and f, is said predetermined transfer rate

for each of said at least first and second column groups.

- 32. | In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columns,
a method of processing said pixel information in order to compensate for image
motion in a predetermined direction comprising the steps of:

organizing said columns of said array into at least a first column group and
a second column group; and

transferring pixel information located in said first column group at a first
predetermined transfer rate propoi'tional to a first rate of image motion relative to.
said first column group and transferring pixel information in said second column
group at a second predetermined transfer rate different from said first
predetermined transfer rate pro‘portional to a second rate of image motion relative
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monotonically from one column group to the next across the array.

33. In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columns
a method of processing said pixel information in order to compensate for image
motion in a predetermined dir.ection comprising the steps of:

organizing said columns of said array into N column groups, including a
first column group, and '

transferring pixel information at a predetermined transfer rate for each
column group, f;, proportional to the image motion relative to said array by being
proportional to

f; + (1) (f, - £)/(n-1)
where i is an integer between 1 and N, f; is the transfer rate for said first column
group, and f, is the transfer rate for said n® column group, f; and f, being
previously determined. |

34. In a system comprising an array of cells capable of storing pixel

_information representing an image, said array being arranged in rows and columns,

said columns defining a column direction, said array bemg installed in an aircraft
defining a reference plane that is horizontal during level flight, said system further
comprising a lens having a focal length and a central axis, said central axis
making a depression angle ¢ with said reference plane, a method of processing
pixel information representing a scene in order to compensate for image motion
in a predetermined direction comprising the steps of:

organizing said columns of said array into at least one column group;

transferring pixel information locate in said at last one column group at
least one predetermined transfer rate depending on the rate of motion of portions
of said image relative to said array, said at least one column group having pixel
information which is transferred at one transfer rate, f, that is proportional to

E vV sinP(¢ £ 9O)
> s B H
where

F is the focal length of said lens,
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depression angle of the point chosen for synchronization for forward motion
5 compensation: '
adjusting said at least one predetermined transfer rate depending on the
change in rate of motion of said image relative to said array; and
placing said image on said array;
wherein said scene is forward of said aircraft and said steps of organizing

10 and transferring are performed aboard said aircraft.
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Forward Oblique Operation The imaging array |of REB%CE&ENT SHEERS | 018G s
suitable for providing forward noti on conpe s&/ Deseriptiom: pagedat.dtoopdgeduis.
- franmi'ng node. Referring to FIG 9, the terrg Bfﬁfalmmerepaged&olm pagedt. ad
directly forward of aircraft 22. The depreSIgﬂ)ﬂm@hg(sI epagded'. HPIoCHAIRUS' N
~angl e between plane BP and |ens axis LA thay PhABsteRE! S: pApRdCENMoCpagali . Ehe

terrain of interest 42. In the forward oblique node, the |magé velocity
across array 32 (i.e., transverse to tfhe di y:

D

approxi mately constant for narrow fields of L Skl
velocity at the top ELEOCETRO-OPTICALIIMACING ARlett Wl’l‘ﬂt the bottom of .

the array. To maxim ze i MgV HONICOMPENSATIONE Vel ocity near the center
of the array is chosen, and

BACKGROUND OF THE INVE

A, Field of the Invention

This invention relates generally to motion compensation in imaging
sy;téms. More particularly, it relates to improved techniques which
electronically compensate for the relative motion of an image of a scene
with respect to an electro-optical imaging array suitable for carriage by a
reconnaissance vehicle.

B. Background Art
Most people who have attempted to photograph a rapidly moving
. object at close range with a simple box camera have found that the filn
‘image of the object is blurred or smeared due to the relative motion of the .
image over the film. The same effect is observed if the camera is moved
during exposure of a stationary scene. If light conditions permit very short
- exposure times, the image essentially can be "stopped" by increasing shutter
speed, and the smearing can be minimized.

Reconnaissance cameras frequently are required to record images in
light conditions that prevent sufficiently short exposure times_to eliminate
image smearing by increases in shutter speed alome. Typically, such
cameras are carried by aircraft for recording terrain scenes. Imaging
systems used in such caméras comprise not only film, but also electro-
optical devices, including charge-coupled devices. In any such camera in
which relative motion exists between a scene to be imaged and the imaging
system, the recorded image of the scene will be smeared unless some
technique is used to compensate for the relative motion. Such techniques
commonly are known as "forward motion compensation” or"'image motion

compensation.” Left uncompensated, the smearing and image degradation
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the charge transfer rate down the colums of the array is selected to be
-26- synchronized at this rate. This provides a selection which is correct
at one point and a "best fit" conprom se for other points in the array. O
tourse, other points could be chosen and the charge transfer rate sel ected
.to be synchronized at those points. The inmage velocity (V;), and thus the
charge transfer rate, is given by: Vi fzf (V) sin[ferr] ([err] [err] )

resulting from the relative motion reduces the information content of the
recorded image.

When a scene of interest is directly below an aircraft, the rates of

motion of all points of the scene image in the field of view are nearly the
same, and the motion can be compensated to avoid smear relatively easily.
For example, if the imaging system is film, smear is avoided by moving the
filfn emulsion at the same rate and in the same direction as the motion of
t.he scene image in the focal plane of the camera.
- When the scene of interest is not directly below the aircraft, but is
perpendicular to the direction of flight and at an oblique angle, the solution
to the problem of image motion compensation becomes difficult, principally
because objects at a closer distance to the aircraft appear to be moving
faster relative to the aircraft than objects farther away. Similarly, when the
scene of interest is forward of the aircraft, the solution to the problem of
image motion compensation becomes more difficult because terrain farther
ahead appears to be moving slower than terrain closer to the aircraft.

The specifics of the problem are modified when changes in the
aircraft velocity, height above ground, or camera depression angle occur.
These changes affect the rate of image motion in the focal plane of the
camera, and they must be taken into account by a forward motion
compensation system. The extent of image smear is most directly a
function of the aircraft velocity relative to the ground (V), the height above
ground (H), and the time period of exposure. The extent of the image
smear is also a function of the magnitude of the field of view and the
angle of depression below the horizontal where the field of view is located.

Mechanically-based forward motion compensation schemes have been
devised and implemented in an attempt to eliminate image smear due to
forward motion, or to reduce such smear to acceptable levels. Such
schemes have been implemented by use of a translating film, a translating
lens, or-a rotating mirror. '
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(H where Fis the focal length of Iens 40 and ([err] [err]) is the
forward depression angle of the point chosen for synchronization for
forward notion correction. The charge transfer rate in all the col um
groups is the sane in the forward oblique node. Thus, array 32 is organized
i nto one columm group. Conputer 34 cal cul ates the charge transfer rate, f,
which is given by: f = (E)(V) sin2 ([e.r] [err]) Px H The counter
values for all the counters are the same, and are given by f

In the translating film technique, the film is moved in the same
direction and velocity as a portion of an image. The image motion velocity
(V)) and the film velocity (V,) are made essentially synchronous and
relative motion between them during the exposure time period essentially
is eliminated. The net result is that the imagé portion is essentially
stationary with respect to the film during the exposure time period. The
translating film technique is frequently used on short and medium focal
leggth framing type cameras.

. In the translating lens technique, if a lens is translated in space, the
image of distant objects will translate with the lens in a one-to-one
relationship in the same direction. Therefore, if the lens in an aerial
camera is translated at the proper velocity opposite to the direction of
flight, the image velocity caused by the aircraft forward motion is cancelled
by the image velocity due to the moving lens. The net result is that the
image is essentially stationary relative to the film, and therefore no
essential motion smearing is occurring during the exposure. This type of

' forward motion compensation is frequently used on short and medium focal
length panoramic type scanning cameras. See, e.g., Ruck, Design Versatility
of the Prism Panoramic Camera: The KS-116 and KA-95 Cameras, SPIE
Proceedings, Vol. 309, paper 309-10, (Aug. 27-28, 1981).

In the rotating mirror technique, as the aircraft is flying in a given
flight path, the objects in the scene have an apparent angular velocity .
relative to the camera. The apparent angular velocity is related to the
aircraft velocity and the range to the target. If a camera is looking into
a mirror at a nominal angle of 45°, the camera line of sight is deviated by
a nominal 90° angle. If the mirror is rotated in the proper direction and
at the proper rate during the exposure, the scene appears to have no
motion relativé to the camera. Therefore, at the film plane, the image is

essentially stationary and forward motion image smear is substantially
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where X is the master clock frequency. After the counter values are | oaded
into the counters (FIG 5) and shutter 41 opens, counters CN begin
counting, and clock drivers CD are triggered. Wen a nmatch is obtained, the
tounters reload, and the cycles are repeated as in the side oblique node.
In the forward oblique node, only one counter and one clock driver are
MNecessary provided that the clock drivgr triggers all the colums in the
array. A prior art electro-optical area array that does not have the col um
groups di sc [ [ cificati i I | e '
f or egoi ng f%érb\?g% ggf‘?q@é ti@#@oﬁ%&ﬁggtégﬁg#e%%ﬂﬁ%%agk B‘?%&E’P?%
advant age offtemased eneclungi foeehidngth ¢ramdandeére searnieg type cameras.

All three of the foregoing mechanical forward motion compensation

schemes are employed in various aerial reconnaissance cameras, including
film cameras and electro-optical line scanning cameras. A principal
disadvantage of these forward motion compensation schemes is that they
all involve mechanical devices and consequently add complexity, weight, and
expense to the imaging system.

. Other methods and techniques of forward motion compensation also
have been developed. In the Prinz patent, U.S. Patent No. 4,505,559, a
mechanical image motion compensation technique is disclosed wherein a
slot on a focal plane shutter moves in a direction transverse to the
direction of film transport, while the direction of film transport is made
parallel to the direction of flight. In order to compensate for a component
of image motion, the slotted shutter is coupled to an encoder which, in the
course of making an exposure, reports to a computer for instantaneous field
position of the shutter slot. The computer determines the speed profile in
the interval between successive exposures and issues a control signal to
regulate the film drive.

The Gordon et al. patent, U.S. Patent No. 4,157,218, discloses a wide
angle scanning reconnaissance camera which uses a wide angle lens and a
curved exposure slit disposed adjacent an image receiving surface, typically
film. The exposure slit is crescent shaped to correspond to equal points of
equal range so that there is negligible differential image motion within the
slit, and the slit is of constant width in the direction of vehicle motion.
The image receiving surface (e.g., film) is driven in the direction of vehicle
movement at a speed corresponding to the altitude-velocity ratio of the
vehicle with respect to the object field.

The Wight patent, U.S. Patent No. 4,908,705, discloses an electro-

opee aeri-ﬁl-' _{’eCOnnaissance system wherein a linear charge-coupled device
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il lustration of FIG 10 which represents a hypothetical reconnai ssance
scenario in which aircraft 22 is assigned to record the image of an
airstrip -27- 100 under hostile control having a length AL of 11, 000
feet, a width of about 4,000 feet and defining a centerline 102. In order
to properly record the airstrip, aircraft 22 is scheduled to fly at an

@l titude of 4,000 feet, at a velocity Q¢ 810 feet/second, and at a standoff
range SR of 6,500 feet fromcenterline 102. At standoff range SR, the sl ant

range from @hheddistmovably positioned in the focal plane of a fixedly mounted wide
angle lens system. The linear imager is moved in the fore and aft
direction in the same direction as the apparent motion of the image to
reduce the apparent image motion and consequent smear. This system,
however, only is designed for imaging terrain at nadir, aft of nadir or ahead
of nadir, and does not provide forward motion compensation in a side-
oblique reconnaissance application.

For aerial reconnaissance, electro-optical cameras, particularly those
of the charge-coupled device variety, are perceived as superior to film
cameras to an increasing extent. In an electro-optical camera, radiation
from an image of interest impinges on a solid state device typically having
several thousand (at least) picture elements or pixels. The incident
radiation is converted into charge packets (pixel information) at the
photosites (pixels) and is collected in potential wells. The charge packets
contain scene information, and upon being transferred out of the device,
are converted into electrical signals. The primary advantage of an electro-
optical imaging camera is that the scene information can be almost"
instantaneously "downloaded" from a reconnaissance aircraft to an earth-
based station, or can be converted to a video image. Since charge-coupled
device imaging cameras have very small pixels closely spaced together, the
resolution of a resulting image tends to be very high. Electro-optical
imaging cameras can be made sensitive to particular frequencies of incident
radiation. Background information on charge-coupled devices can be found
in standard texts such as D. Schroder, Modular Series On Solid State
Devices, Ch. 3, 4, Addison-Wesley (1987), and in C. Sequin and M.
Tompsett, Charge Transfer Devices, Bell Telephone Laboratories, Academic
Press (1975), and in S. M. Sze, Physics of Semiconductor Devices, Ch. 7,
John Wiley & Sons, Inc. (1981).

In a linear electro-optical focal plane reconnaissance detector, such

as the linear detector of the Wight patent, a scene of interest is scanned
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22 to centerline 102 is 7,632 feet. The lens used in aircraft 22 has a
focal length of 60 mMmmand is oriented at a depression angle [err] of
31.6[err]. The field of viewis 43.6[err] and [err] therefore is 21.8[err].
Array 32 is 48 mm al ong each side. For a prior art linear charge-coupled
device with "push broom' operation to image airstrip 100, it would have to
fly the entire length of the zone of interest at the standoff range of
6,500 feet along a flight path 90. Th&® aircraft woul d be exposed to hostile
fire for secongds (ie., 11,000 feet/ 810 feet per. second) and during

13..6
that tinme fdiedahaemeRAFPss a7 @5y i & drRstion; REPSREHag 5O ‘)hr? R rast, an
aircraft 2fangtv gebhidd fle hBSnsS8fMEcatBifflis providéd B thd Rircraft forward :

motion, the aircraft must maintain a steady, well defined flight path while
the scene is being recorded. Depending on the size of the scene, the
recording time for any one target may range between 10 and 20 seconds,
or even longer. In a military situation in which the reconnaissance aircraft
may be subject to enemy threats, the vulnerability during the recording time
may be excessive.

To reduce the time needed to image a scene of interest and thus
reduce the time of exposure to hostile threats, a preferred mode of the
present invention uses a two-dimensional electro-optical imaging area array,
rather than a linear (one-dimensional) array. An area array can image an
entire scene instantaneously, rather than a line at a time. Until recently,
only relatively small electro-optical imaging arrays have been commercially
available, and are typically used in television cameras. But large, high pixel
count area arrays suitable for aerial reconnaissance sensors are now
entering the realm of feasibility. ~Two scientific images used in
astronomical applications, the Tektronix- TK 1024 CCD and the Ford
Aerospace 4,096 x 4,096 pixel element array, can be adapted to the present
invention by subdividing the arrays in column groups and providing the
circuitry for.faster frame rates. Information useful for designing high pixel
count area arrays also is found in J. Janesick, Multi-Pinned-Phase Charge-
Coupled Device, NASA Tech. Brief Vol. 14, No. 8, Item No. 115, p. 22, Jet

* Propulsion Laboratory, August, 1990.

An area type detector array can convert an entire image of a scene
into a complete frame of pixel information during a short exposure period,
typically on the order of a hundredth of a second. After the exposure
period, a shutter can be used to prevent continued exposure while the pixel
information in the array is read-out to a signal processing unit. After the

read-out is completed, the array is ready for the next frame exposure. If
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I magi ng array of the present invention, could sweep in along a path 92 and
take two frame pictures 94 and 96 at points A and B, respectively, to cover
airstrip 100. Wen picture 94 is taken at location A aircraft 22 is
operating in a side oblique node at standoff range SR, but oriented at a
smal | angle with respect to the center axis of the airstrip. Picture 96 can
be taken at location B, while aircraft222 is comng out of arc 92. Aircraft
22 travels only distance DFR of about 1,000 feet along path 92 between

points A ang.B sult .. sure t ti reaf s d to only
1.23 seconZSe(lfr.ag&, arf?gg)glltfgg%ec;(ggoﬁ%%t ?rﬁlg?ﬁsgégnwn %usée,cﬁgéfu .‘ﬁ‘g t he
present i nwenséoutive tfhanesx pars be aakén (e eabRateRpimenaly iir afder2d éagneny '

threats during imaging is reduced by a factor, of greater than 10,
large scené cdverage in short periods of time. ~ By providing motion
compensation in an area detector having exposure time controlled by a
shutter, the present invention substantially reduces exposure of an aircraft,
a pilot and a detector array to enemy countermeasures.

The motion compensation techniques of the present invention also
enable effective use of a detector array having a large number of photosites
or pixels (e.g., four to six thousand or more in both the columns and rows
of the array) that will image a large area of terrain in every frame. The
present invention makes such arrays practical by preserving image resolution
(i.e., scene detail information) in every frame of imagery. The present
invention also enables high array exposure sensitivity. That is, motion
compensation is accomplished in a way that promotes long exposure time
without blurring the image. In a pushbroom system, exposure time is
limited by the line rate which is dictated by the aircraft velocity to height
ratio (V/H). For the present invention the exposure time is not limited by
the aircraft V/H. This permits operation at lower scene illumination levels
and extends the available time of day for light-sensitive sensor operation.

Additionally, the present invention provides for fapid read-out of
collected scene information. A rapid read-out of the electrical signals of
an array is necessary in order to achieve high frame rates. High frame
rates are desirable to allow multiple images to be recorded in a short time
such as required for stereo imagery.

The present invention offers additional advantages over linear
electro-optical sensors. For example, motion compensation is provided
irrespective of whether an electro-optical imaging array is deployed in a
side oblique, forward oblique, or down-looking application. The present
invention also provides lower scene distortion and true stereo imagery

capability. By using the present invention to replace a film camera
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FIG 11 illustrates how the imging array of the present invention can be
used to generate stereo scene coverage of a terrain of interest. The sane
condi-tions and paraneters described with respect to FIG 10 al so - 28-
apply to FIG 11, except that airstrip length AL is 8,000 feet instead of
11,000 feet. Aircraft 22 flies parallel "'to airstrip 100 along flight path
90 and takes four frames FRI-FR4 at |ogations A, B, C, and D, respectively.
‘Because the overlapping franes yield t views of terrain of interest,

stereo mounted in an aircraft, motion compensation can be accomplished while
retaining similar exposure times and aircraft maneuverability characteristics.
The present invention is reliable and robust because it requires no
mechanical scanning mechanism, no rotating mirrors and no translating
lenses in order to achieve forward motion compensation.
Another feature of the invention is that it is suitable for use in a
wide variety of applications, such as tactical reconnaissance, drug
interdiction, low intensity conflict, low and medium altitude missions, and

reconnaissance at low light levels.
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scene coverage is obtained in region 104. The foregoing description of the
preferred enbodi nent has assuned that the inmaging array is a single,
nonolithic detector. It is possible to make a detector that is equival ent
to the imaging array disclosed herein by piecing together in nposaic fashion
smal l er individual area arrays to nake one | arge array. The individual
.arrays (perhaps 4, 20 or even 100) are9el ectronically conbined and include
a neans for organizing the colums in all the individual arrays into one or

nore colum groups and a SAIMARY OFaTHE INVENTION! information | ocated

in the one or more col um ﬁ;rou S at qne or nore {)redete ned transfer
rates. One such HR9s§yand,Stheroabigcise adeaniages. Andcicd theiaveRiQIL;

the ThomsonairSFe Udkiedtd ™y providing techniques for processing pixel information

representing an image of a scene which compensate for image motion in
a predetermined direction. An array of cells is used to store pixel
information representing the image. The cells (photosites or pixels) are
arranged in rows and columns and are suitable for carriage by a vehicle
capable of motion in the predetermined direction. The columns are
o}garﬁzed into one or more columns groups, and pixel information (charge
packets) located in the one or more groups is transferred at one or more
predetermined transfer rates depending on the rate of motion of portions
of the image relative to the array. The transfer rates preferably
correspond to the rate of image motion in the fbcal plane of the array.
One or more predetermined transfer rates can be adjusted depending on
changes in the rate of motion of the vehicle and other parameters. In
operation, the predetermined transfer rates for the pixel information in the
column groups are adjusted to be as close as possible to the rates of image
motion in the column groups. By using the foregoing techniques, resolution
of the image created from the pixels is preserved, and image smear from
the forward motion of the vehicle is substantially reduced.

One embodiment of the invention uses a shutter and lens system.
The shutter opens during the time for exposure of the array, and the lens '
focuses the image of the scene onto the array. Pixel information is
transferred by means of a master clock which issues signals at a master
clock frequency, and by means of a plufality of drive and control circuits
responsive to the signals from the master clock. Each of the drive and
control circuits transfers pixel information in one of the column groups.

The drive and control circuits include a counter and a clock driver.
The clock driver transfers pixel information in all the columns in a column

group when the counter counts a predetermined number of counts. The
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charge-coupl ed device. In the nosaic, each charge-coupl ed device could be
separately controlled as an individual colum group. In the appended
clainms, the term"array"” is accordingly intended to include either a
single, nonolithic array or an array conposed of individual arrays

el ectronically, optically or physically conmbi ned together, or individual
:di screte detectors nmounted in a hybridigmosaic array. Wile the foregoing
description of the preferred enbodinen% has set forth an exenplary nethod

and appar at chi evi [ at.i ' Nyl : Lgal

| magi ng ar r%@?gg{ﬁg&%gso&gi%%ﬁ'y‘%g%%ﬁm%t elggart%" valt'%l ilﬁagf)etrd%%lrg?éé?hat many

al t er nat i vegansfer bfte Poe kach tcbhisiin ?gw,t\ivh@hfincmtrm hie asfuinciion afidasioupe of the
e

i nvention as defined in the appen . . .
parameters that can include the velocity to height ratio and the focal length
of the lens, as well as the distance from the array to the points of the
scene to be imaged, and other factors to be discussed below.

According to one embodiment of the present invention, charge
transfer from pixel to adjacent pixel occurs in the direction of image
motion during the time of scene exposure. The rate of charge transfer in
the column groups across the array varies from group to group so that
charge transfer rate and the image motion velocity can be synchronized (in
discrete steps) across the entire array when the array is deployed in a side
oblique orientation. As a result, "graded" forward motion compensation can.
be embodied in an advanced electro-optical sensor with no moving parts.

In a forward oblique mode of operation, image motion in the focal
plane of the array does not vary across the columns of the array.
Nonetheless, image motion compensation in the forward oblique mode is
similar to that of the side oblique mode. However, instead of varying the
transfer rate of pixel information across the array from one column group

to another, the transfer rates are the same across the columns of the array.
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clainms. For exanple, digital electronic control circuits other than those
di scl osed can be used to control the charge transfer rates in the colum
groups of an imaging array. Moreover, analog circuits, delay circuits, or
ot her types of control circuits may be devised to control the charge
transfer -29- rates to achieve forward notion conpensation. In addition,
many of the functions performed by thqldlsclosed digital electronic control
circuits can be inplenented in software by conputer 34 or another data

processor. As BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiment of the present invention will be described
in conjunction with the accompanying drawings, in which:

FIG. 1A is a simplified schematic drawing of an airborne
reconnaissance system utilizing an electro-optical camera assembly made
according to a preferred form of the present invention and showing the
interrelationship between the system components;

_ FIG. 1B is an enlarged, fragmentary perspective drawing of the
ca..mera assembly of FIG. 1A showing the relationship between various
components, including an electro-optical imaging array;

FIG. 2 is a schematic drawing of a reconnaissance aircraft operating
in a side oblique mode and illustrating the focal plane of the camera
assembly of FIG. 1B greatly enlarged and displaced in order to clearly
show the relationship between the focal plane and a scene of interest;

FIG. 3 is a schematic drawing of the imaging array of FIG. 1B
showing the arrangement of the array in rows and columns, the

~organization of the columns into a plurality of column groups and the
transfer of pixel information in each group at different predetermined
transfer rates;

FIG. 4 is a block diagram of a preferred form of electronics and
control circuitry that operates the electro-optical imaging array of FIG. 1B
according to the teachings of the present invention;

FIG. 5 is a block diagram of the drive and control circuitry shown
in FIG. 4, illustrating the counter and clock drivers which transfer pixel
information in each of the column groups of the imaging array shown in
FIG. 3;

FIG. 6 is a schematic, block diagram of a counter and clock driver
for an arbitrary column group of the imaging array of FIG. 3;

FIG.7is a schematic drawing of one section of an arbitrary column

group showing the metalization on top of the channel stop region between
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previously noted, alternative architectures for an el ectro-optical
array may be chosen. The present invention, as defined in the appended

cl ai nB,

is’intended to cover all such nodifications and alternative

I magi ng

i mpl enentations. . 30 WHAT IS CLAIMED I S: 1. Appar atus for processing

pi xel information representing an image of a scene conpri sing at

first image portion and a second i mage portion

photosites of the array to provide the three-phase drive clocking to the
column group;

FIG. 8 is a cross-sectional view of one section of the column group
of FIG. 7;

FIG. 9 is a schematic drawing of a reconnaissance aircraft operating
in a forward oblique mode and illustrating the focal plane of the camera
assembly of FIG. 1B greatly enlarged and displaced in order to clearly
show the relationship between the focal plane and a scene of interest;

FIG. 10 is ‘a schematic diagram of a side oblique reconnaissance
application of the present invention, showing the time advantage of the
electro-optical camera assembly of FIG. 1B as compared to a prior art
linear assembly; and

FIG. 11 is a schematic diagram of a side oblique reconnaissance
application of the present invention illusirating how stereo scene coverage

can be obtained using the electro-optical camera assembly of FIG. 1B.

T
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occurring sinultaneously, said apparatus conpensating for inmage notion in a
predeterm ned direction and conprising: an array of cells arranged in rows
and col umms capabl e of storing at |east said pixel information
corresponding to said first image portion in a first colum of said colums
and for storing said pixel information corresponding to said second image
cportion in a second colum of said colﬂpn ; and colum transfer neans for
transferring pixel information corresponding to said first image portion in

said first colum at a flb ILRRWPGNEE? tPr mte and for
transferring pixel inf or@* g [ econd i mage portion
in said second colum at ] er rate different .

fromsaid first fede:term ned transfer. rate, whereby resol utllon of an inage
creat ed fromthe&e erring to . 1, a preferred form of electro-optical system

according to the present invention comprises part of a reconnaissance
system 20 installed in an aircraft 22 that defines orthogonal roll, pitch and
yaw axes R, PI and Y, respectively, each passing through a center of gravity
CG. The roll and pitch axes define a bilateral plane BP that is horizontal
dg-ring level flight. System 20 includes a camera assembly 36 defining a
lens axis LA that can be directed toward a scene of interest.

Aircraft 22 has an avionics system 24 which provides to system 20
input signals indicating aircraft ground velocity (V), aircraft height above
ground (H), and aircraft roll, pitch and yaw angular position data. From
console 28, an operator 26 provides additional inputs into system 20, such
as the depression angle & between axis LA and plane BP. The inputs from
the avionics system 24 and console 28 are fed to a camera control
computer 34 which processes the inputs, together with pre-flight
programmed information, and generates control signals for camera assembly
36.

Referring to FIG. 1B, camera assembly 36 includes an imaging array
32 defining a focal plane FP having a center point CE. Camera assembly
36 also includes a housing 38 and a lens 40 having a focal length F (not
shown in FIG. 1B) and defining axis LA that passes through point CE. A
shutter 41 is provided to selectively expose array 32 to radiation from the
scene. Typically, housing 38 is isolated from the aircraft 22 in order to
reduce vibration or other high frequency, low-amplitude motions. Printed
circuit cards 39 incorporate the electronics that support operation of array
32.

FIGs. 2 and 3 illustrate a preferred technique of "graded" forward
motion compensation that is a principal feature of the present invention.
Fig. 2 shows aircraft 22 carrying the camera assembly 36 operating in a

e
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pi xel s can be preserved. 2. Apparatus, as claimed in claim1, and
further conprising, adjusting neans for adjusting said predeterm ned
transfer rate depending on the changes in rates of notion of said at

first and second i mage portions relative to said array. 3.

| east

Appar at us, as

claimed in claim2, and further conprising inmgi ng neans for placing said
image on said array. 4. Apparatus, gg.claimed in claim3, and further
conprising a shutter for enabling said inmaging neans to place said i mage on

said array

columm trans

peri od.

r nmeans i s opera sai _ )
parallel to a line of flight vector FL coincident with roll axis R that defines

the direction of motion of aircraft 22 and array 32. Referring to FIGS. 1B
and 2, focal plane FP defines a plane PFL that is collinear with axis LA,
passes through center point CE and is perpendicular to plane FP and
vector FL. Focal plane FP also defines another plane PS that is collinear
with axis LA, passes through center point CE and is perpendicular to
planes FP and PFL and parallel to vector FL. Aircraft 22 flies over the
terrain at velocity V and at height H. In order to image a scene 42, lens
axis LA and plane PS of array 32 (FIG. 1B) are oriented at depression
angle & with respect to plane BP (FIG. 2).

Lens 40 focuses scene 42 onto imaging array 32, which is placed at
the focal plane FP of the lens. The boundary of the scene is defined by
points A-D, and the corresponding points in plane FP are shown with like
letters. The rate of image motion is not constant throughout the array, but
rather is dependent upon the range or distance R between lens 40 and the
points of the scene lying in plane PFL. The greater the range, the siower
the rate of image motion in focal plane FP of the lens. More specifically,
the rate of image motion in the array at an arbitrary point, V,, is equal to
(F/cos ©)(V/R,), where o is the field of view half angle, and R, is the

range between the lens and the terrain point corresponding to the point V,.

Since focal length F normally is very small compared to range R;, R; can

be approximated by using the distance between the terrain point and the
array or aircraft. As shown in FIG. 2, if point 44 on the terrain farthest
from aircraft 22 is chosen (ie, the midpoint of line segment CD), the

image velocity v1 is equal to (F/cos @)(V/R)).

It can be shown that Ri' = H/sin (§ * 8), so

V, = F (V) sin (5§ + 8)
(H) cos &

¢ DY OLRIR B WRA0rRAP BB bl oftuiBligOstrar ad jyasieRiea sai d

ned exposure tine
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5. Apparatus, as clainmed in claim 1, wherein said array conprises a
char ge- coupl ed devi ce. 6. Apparatus, as clainmed in claim 2, wherein
said colum transfer nmeans conprises: neans for organi zing said colums of
said array into at least a first columm group storing pixel information
corresponding to said first inmage portion and a 31 second col unm group
-storing pixel information corresponding to said second inmage

-15-

Similarly, it follows that the image velocity in the array for point V,
(corresponding to terrain point 46) is F(V/H)(sin &) and for point V,
(corresponding to terrain point 48) is

F (V/H) (sin § + ©).

cos 8
To compensate for the fact that the image motion varies across the
array, the preferred form of the present invention implements a “graded”
forward motion compensation technique whereby array 32 is organized into
.a plurality of column groups, and charge is transferred from pixel to
" adjacent pixel in the direction of image motion during the time period of
scene exposure. The rate of charge transfer is made variable in the
direction transverse to the image motion, ie., across the column groups of
array 32. Thus, by synchronizing the charge transfer velocity and the image
motion velocity in discrete steps across the array, graded forward motion
compensation is achieved electronically with no moving parts. Ideally, each
column of pixels would have its own column transfer rate. prever, for
many applications, it is sufficient to organize the array into a discrete
number of column groups and to transfer charge at a uniform rate in all
the columns of an individual column group.
Referring to FIG. 3, the boundary of the image of scene 42 on array
32 is indicated by points A-D which correspond to the like lettered points
of scene 42 (FIG. 2). Width W of array 32 preferably is 48 to 60 mm and
represents 4000 to 6000 pixels. Length L of array 32 preferably is 48 to
60 mm and represents 4000 to 6000 pixels. Only a few of the pixels 51 are
shown schematically in FIG. 3. The pixels of array 32 are divided into
rows and columns, and the columns, in turn, are organized into a plurality .
of column groups 50. The number of column groups selected may vary
depending on the operafional parameters of the system, the degree of
resolution required, and the desired cost to performance ratio. It has been

found that 16 column groups provide a very high level of forward motion
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portion; and two or nore transfer control circuits, each of said transfer

control circuits transferring pixel information in one of said at |east

first and second col um groups. 7. Apparatus, as claimed in claim 1,
means organi zes the colums of said array into
a plurality of colum groups including a first colum group and a second

wherein said colum transfer

.col um group and wherein said first predetermned transfer rate is

proporti onal

colum group and said second predeterm ned transfer

to a first rate of inmage notdjgn relative to the said first
rate i s proportional

a second rate obmpengeionlidr dtriyB2ldndCatedah dicdeHABRNHuMBEH DI gFOOHPin an

array having approximately 5,000 individual columns. Still referring
to FIG. 3, each column group SO has its own separate variable charge
transfer rate (generally measured in pixels/second) depending on the image
motion rate at the center of the column group. The variable charge

transfer rates are represented as arrows, and the longer arrows represent

. faster rates. Referring to FIG. 3, and the example in FIG. 2, column C16,

which images the terrain closest to line AB (FIG. 2), has the fastest charge
transfer rate, since line AB is closest to aircraft 22, and the image motion
appears fastest in that portion of scene 42. The charge transfer rates vary
monotonically across the array. Column C1 which images terrain adjacent
line CD (FIG. 2) has the slowest charge transfer rate.

During the exposure time period when shutter 41 is open, charge
representing- scene information is collected in pixels in array 32 and is
transferred from one adjacent pixel to another according to the transfer
rates in the column groups. When the exposure time period ends (ie.,
when shutter 41 is closed), the accumulated charge representing the scene
is sequentially read out of array 32 one row at a time into readout registers
52A-52D. From readout registers 52A-52D, the information is fed to signal
processing equipment for evaluation by a user. When the readout is
complete, array 32 is ready for the next scene exposure.

Referring to FIG. 4, camera assembly 36 and its associated control
circuitry are illustrated in block diagram form. Avionics system 24 provides
velocity and height information over a bus 25 as inputs to camera control
computer 34. From console 28, the operator inputs into computer 34 over
a bus 29 the depression angle § in degrees (FIG. 2). Stored in computer
34 are mission parameters that are previously determined, e.g., focal length
F of lens 40, the mode of operation (side oblique or forward oblique), the
size of array 32, number of column groups, pixel size, and a control circuit
master clock frequency (discussed below).
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8. Apparatus, as clainmed in claim7, wherein a |line connecting a point
in the array with a point in said scene is substantially perpendicular to a
vector intersecting said |line and defining said predeterm ned direction of

i mage notion, and wherein said transfer rates are inversely proportional to
t he di stances between said array and different parts of said scene al ong

.said line. 9. Apparatus, as clainmed in claim 3, wherein said array,
colum transfer neans, adjusting means amd7i magi ng neans are installed in a
vehi cl e capable of notion in a predeterm ned direction. 10. Appar at us, as

claimed in claim 9f°_*fmepm'cnss§ng' daq dalgi inguﬁeg@@pﬂmrtiﬁ’efragmﬁp isijggglq Qvyer
Contral axts plr anarc el taytd 158 Bt LY ot Mltea TP (PTG ne
: desired orientation, transmits signals over a bus 37 that controls the frame
exposure time period by enabling opening and closing of shutter 41, and
transmits command signals over a bus 64 to drive and control electronics
54. Drive and control electronics 54 transmits over a bus 68 signals that
organize the columns of array 32 into one or more groups and that transfer
' pixel information located in the one or more groups at one or more
predetermined transfer rates. Computer 34 functions as a means for
adjusting the one or more predetermined transfer rates depending on the
velocity of the aircraft, the height above the terrain, the depression angle
and possibly other parameters. A master clock 58 issues pulses over a
conductor 59 at a predetermined master clock frequency to drive and
control electronics 54. Alternatively, the master clock pulses may be
supplied by computer 34.

Scene information in imaging array 32 is fed over a bus 53 to a
signal processing unit 56 which, in turn, sends the information over a bus
55 to a _recording or viewing device 57, or to a data link for transmission
to a remote location. Signal processing unit 56 also provides exposure
control feedback to computer 34 over a bus 61 so that the frame exposure

time may be adjusted to optimize signal collection. |
Referring to FIG. 5, drive and control electronics 54 is shown in
greater detail and illustrates the alternative embodiment in which master
clock pulses are provided by computer 34. For column groups C1-C16 of
array 32, counters CN1-CN16 and corresponding clock drivers CD1-CD16
are provided. The outputs of counters CN1-CN16 are connected to the
inputs of clock drivers CD1-CD16 by conductors CO1-CO16, respectively.
Representative counter CN1 for column group Cl1 receives inputs over
computer data bus 64, including pulses from a master clock located inside

computer 34, a frame start/stop signal, and a pre-load signal representing
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direction of vehicle notion, and wherein said predeterm ned transfer rate
for a first point of said scene is proportional to FV D where F is the
distance fromsaid |l ens neans to the colum containing the pixel
representing said first point, Vis the rate of notion of the vehicle in
said predeterm ned direction and Dis the distance fromsaid vehicle to
.said first point. 32

-18-
~ a counter value which is related to tﬁe charge transfer rate for column
group C1. When counter CN1 counts to the counter value, a trigger signal
is sent by the counter to clock driver CD1 over conductor COl. Clock
driver CD1, in response to the trigger signal, transfers pixel information in
all the columns in column group C1 by one row in array 32 by issuing
voltage pulses over 3-phase output bus 68. This process of counting to a
_counter value and triggering a clock driver may repeat any number of times
* during the scene exposure depending on the rate of image motion in plane
FP of array 32 (FIG. 1B). The faster the rate of image motion in the
plane of the array, the more times the counting and triggering cycle must
be repeated in order to synchronize the image motion with the array charge
motion.

Still referring to FIG. 5, signals from camera control computer 34
travel via data bus 64 to each of the counters CN1-CN16 for each of
column groups C1-C16. Each of clock drivers CD1-CD16 provides one set
of 3-phase clocking output lines @,, ¢z and @, per column group. In FIG.
5, the subscript of a clocking output line identifies the corresponding
column group within column groups- C1-C16.

FIG. 6 shows isolated an arbitrary column group Ci (50) and its
associated counter CNi and clock driver CDi. For purposes of illustration,
column group Ci is composed of 384 individual columns. In order to
ensure that all array rows in a column group are transferred simultaneously
when a related counter triggers a corresponding clock driver, the 3-phase
clocking must be provided to all rows of the column group. This is shown
symbolically by the 3-phase output lines 68 of clock driver CNi extending
the length of column group Ci so that each row of column group Ci
receives the 3-phase clocking pulses.

Assuming the clock drive circuits. are not fabricated on the imaging

array, 3-phase output bus lines 68 must be bonded to separate package pins
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11. Apparatus, as clainmed in claim5, and further conprising a discrete
array of diode detector elenents. 12. Apparatus, as clainmed in claiml,
Wherein said array conprises a charge injection device. 13. Appar atus for
processing pixel information representing an i mage of a scene conpri sing at
| east a first inmage portion and a second i nage portion, said apparatus
.conpensating for image notion in a predeterm ned direction and conpri sing:
an array of cells capable of storing said-1¥xel information correspondi ng
to said at least first inage portion and second inage,portign of sai

scene, said ar fefexemay driveasogerli Thusywtheanamber afiierticahglock drive pins for

array 32 is three times the number of column groups.

FIG. 7 shows in enlarged detail one portion of an arbitrary column
group Ci of imaging array 32. In particular, part of column group Ci is
shown adjacent part of a neighboring column group Ci-1. Column group
Ci is composed of 5,000 rows of photosites 85 and 384 columns designated

- CL1-CL384. Each photosite (shaded region) is bounded by a p+ channel
stop 70, which separates each column from the next. Polysilicon horizontal
lines 72 subdivide the photosite and bus the 3-phase clocking signals across
the column group. The vertical clock drive pins 74, 76 and 78 are
connected to metallization lines 80, 82 and 84, which run the entire length
of the column group.

Metal to polysilicon contacts 86 on top of the channel stop regions
70 are provided periodically every third horizontal line throughout the
length of the column group for each metallization line to provide the
voltage pulses for each row of the array. The 3-phase clocking signals
(voltage pulses) may confine individual photosite charge vertically or may
provide for the vertical transfer of these charge packets. Column groups
Ci and Ci-1 are separated from each other by providing a break 88 in the
polysilicon horizontal lines 72.

FIG. 8 is a simplified cross-sectional view of the array of FIG. 7
along the line AA’. The polysilicon horizontal lines 72 are pulsed by the
3-phase clocks @,, @,, @, causing charge packets collected in potential
wells 75 in a p-type silicon substrate 71 to be shifted down the array. In
FIG. 8, the polysilicon horizontal lines 72 are isolated from each other by
a SiO, layer 73. Another SiO, layer 77 also separates the polysilicon
horizontal lines 72 from substrate 71.

The charge-coupled device architecture shown in FIG. 7 is essentially
a full frame imager configuration. The full frame configuration provides

a large area array which provides a high percentage of silicon wafer area
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colum transfer nmeans for transferring pixel information corresponding to
said first image portion at a first predeterm ned transfer rate and for
transferring pixel information corresponding to said second inmage portion
at a second predetermned transfer rate different, fromsaid first
predeterm ned transfer rate, said colum transfer neans conprising: mnmeans
.for organizing said colums of said array into at least a first colum
group storing pixel information corresponr2l-ng to said first image portion
and a second colum group storing pixel information corresponding to said
second i mage pavailable fomdight cotle@idd. arBy eonwasy rofframe ardrsfer amhheafirsai d

transfer contrgl circuits transferrinpg pi xehl i nfqrmation.in gne,of said at
| east first andUES R frane storage region which occupies approximately the same

amount of silicon wafer area as the imaging area. The interline transfer
architecture is not as desirable since it does not provide the image
resolution and small pixel pitch of the full frame design. The interline
transfer architecture also requires a vertical transport register which adds
_non-sensitive spacing between adjacent pixels, reducing fill-factor and
resolution. An X-Y addressable charge injection device is another possible
architecture for the present invention, but it, too, is considered not as
desirable. A discrete array of diode detector elements is also a possible
architecture for the invention. Such an array or the above-mentioned
architectures could operate in the ultraviolet, visible, or infrared spectral
regions. Nevertheless, the teachings disclosed herein can be readily adapted
to these architectures should they be preferred for other reasons, and the

scope of the present invention is intended to cover these alternative
architectures.

tem_Qperati
‘Referring to FIGS. 1A - 5, the operation of the imaging array in a
side eblique mode to provide graded forward motion compensation will be

first discussed. Pre-mission programmed information is supplied to camera
control computer 34, and includes:

F = focal length of lens 40;

m = imaging array width perpendicular to the charge transfer
direction (ie., width W, FIG. 3); |

N = number of array column groups;

P, = pixel size, in the charge transfer direction (ie., direction of the
vertical arrows in FIG. 3);

X = master clock frequency;
FOV = field of view = 2 arctan (m/2F)




groups and conprising a master clock providing clock signals at a naster

cl ock frequency and a counter and a clock driver, said clock driver
transferring pixel information in one of said at least first and second

col um groups when said counter counts a predeterm ned nunber of counts in
response to said clock signals; and adjusting neans for adjusting said
spredeterm ned transfer rates depending on the changes in rates of notion of
said at least first and second inage portixins relative to said array.

8, = o, = (FOV/2) (N-1/N)

When the operator is ready to begin taking pictures, he or she
selects a depression angle § (FIG. 2) to image the terrain scene of interest.
At this time, avionics system 24 provides to computer 34 the velocity and
height data.

From these parameters, computer 34 calculates the charge transfer

~ rate for the first column group (f,) and the charge transfer rate for the Nth

column group (f,) according to:

f, = E)M)(sin (5 * 8,))
o (P, XH)  Cos 8,

f, = BE)YM)sin (5 + 8,)
(PI(H) Cos &, :
The "+" and "-" above will be opposite for f, and for f,, and the choice of
sign dependﬁ on the array orientation. The above equations hold for
depression angles from 0° to 180°, where 0° to 90° would be arbitrarily
defined as left oblique and 90° to 180° would be right oblique.
To determine the charge transfer rates for the column groups
between 1 and N, a sinusoidal formula

) f = (E)V)(sin (§ + 8))
(P)(H) Cos ©

could be used, with the values of © calculated to the center of each column
group. However, in the preferred embodiment, a linear approximation
formula is used which yields substantially the same results, with an error
factor of about 0.01%. This linear approximation formula for the charge
transfer rates for the i column group is:

@  f=1f+ @D (- /N - 1),
After calculating the charge transfer rates for each column group,

the computer then calculates the pre-load counter value for each counter
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33 14. Apparatus, for processing pixel information representing an inmage
of a scene which conpensates for inmage notion in a predeterm ned direction
conprising: an array of cells capable of storing said pixel information
corresponding to said scene, said array being arranged in rows and col ums;
colum transfer nmeans for organizing said colums of the array into one or
- more colum groups and for transferring pixel information |ocated in said
one or nore colum groups at one or norgszpredeternined transfer rates
depending on the rate of notion of portions of said inmage relative to said

array, said QN iMarive 303 RnuBE Wcf IR’ 54 (PIG25 R Thede E8RftEr RARKL @9 cf ock
signals at a_master clock
for each counter (and for each column group) are:

cv, = X
£

i
where X is the master clock frequency and f; is the charge transfer rate in
the i" column group. The counters are then pre-loaded with the counter
values over bus 64 (FIG. 5).

| When the operator triggers a frame to take a picture, the shutter is
simultaneously opened for an exposure time period calculated by computer
34. In this example, the exposure time period is 0.01 second. At the same
time, each counter in drive and control electronics 54 begins counting at
the frequency X to its pre-loaded counter value. The counting may be up
to the counter value or down to 0 from the counter value. When the
counter counts the predetermined number of counts, a trigger signal is sent
from the counter to the clock drive CD for that counter, and one cycle of
3-phase clocking as triggered in the corresponding column group. Pixel
information (electric charge packets) containing scene information is thereby
shifted down one row vertically in all the columns in that column group.

After issuing a trigger pulse to the clock driver, the counter then

aptomatically reloads and begins counting to the counter value again.
When the counter value is reached again, the trigger pulse is sent, the-
clock driver shifts the pixel information one row vertically in all the -
columns in the column group, the counter reloads and the cycle is
performed again. Meanwhile, the cycles are also being performed in the
other column groups. Because each column group has a different charge
transfer rate and corresponding counter value in order to match the charge
transfer rate to the image motion rate, a principal object of the invention

(ie, electronic forward motion compensation without moving parts) is
realized.




frequency and one or nore transfer control circuits responsive to said

cl ock signals, each of said colum transfer control circuits transferring
pixel information in one of said one or nore colum groups, each of said
transfer control circuit conprising a counter and a clock driver, said
clock driver transferring pixel information in one of said one or nore
rcol um groups when said counter counts a predeterm ned nunber of counts;
and adjusting nmeans for adjusting said ang.or nore predeterm ned transfer
rates depending on the changes in rate of notion of said inage relative to

sai d array and for ANHOWEH iRGthEapfétred Qhfidlimen: MuThRigiag d@eanissdividedach .of
said counters, 15. Apparatus, as clainmed in claim 14, wherein said

pr edet er mi nedini@niferolumncgnoups asraviadeaffthetwaem peffosmanee andcoslh dh may| urm

group is be desirable to use a 32 or higher column group regime. The more
column groups there are, the less error (image smear) there is at the
boundaries between adjacent column groups. However, with 32 column
groups, there must be twice as many counters and clock drivers, as well as
control lines, in the array. With fewer column groups, e.g., 8, the control

3 circuitry is reduced proportionately, thus lowering cost, but image smear
near the edges of the column groups may be unacceptable. The size of the
array may be another factor when deciding how many column groups to
use. _

Referring to FIG. 2, as an example of system operation, let V = 480

knots, H = 3000 ft., F = 76.2 mm, N = 16, § = 30° side oblique, and &
= 22° (field of view = 44°). The integration time (exposure time period),
which depends on the light level, is chosen to be 0.01 seconds. The pixel
size is 0.01 mm.
_ First, the computer calculates f; and f,; according to equations (1).
Then, from eqﬁations (2), the linear approximation formula is used to
calculate the charge transfer rates for the remaining column groups. The
charge transfer rates, f, are in units of pixels/inteération time, or, in other
words, rows of charge transfer per exposure time period. The results can
be tabulated:

Column_Group Charge Transfer Rate
i 3
C1 3.554 pixels/integration time (rows

per exposure time period)
C2 4.452

C3 5.349
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proportional to X f, where X is said master clock frequency and f, is said
predeterm ned transfer rate for each colum group. 16. Appar atus for
processi ng pixel information representing an i mage of a scene which
“conpensates for inmage notion in a predetermned direction conprising: an
array of cells capable of storing said pixel information corresponding to
:sai d scene, said array being arranged i 4. ows and colums; and

C4 6.247
Cs | 7.145
C6 8.043
C7 8940
C8 9.838
C9 10.736
C10 11.634
Ci1 12.531
C12 13.429
C13 14.327
Cl14 - 15.225
C15 16.122
C16 17.020

Using column group 9 for illustration, during the exposure time
period, the image moves 10.736 pixels down each of the columns in column
group C9. Therefore, during the' exposure time period, the charge packets
in column group C9 representing scene information must be shifted
vertically down the columns of the column group by 10.736 pixels. More
precisely, the charge packets must be moved by one pixel in the vertical
direction every 0.01/10.736 seconds.

To do this, counter CN9 for column group C9 is loaded with its
particular counter value. If the master élock frequency is 10 MHz, or 100 .
ns/count, then the integration time of 0.01 Seconds results in 100,000
master clock counts in the exposure time period. Thus, the counter value
for column group C9 is 100,000/10.736, or 9,314. At the moment of

opening the shutter, the counter, having been set to zero, begins to count
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34 columm transfer neans for organi zing said colums of the array into one
or nore colum groups and for transferring pixel information |ocated in
_said one or nore columm groups at one or nore predeterm ned transfer rates
depending on the rate of notion of portions of said inmage relative to said
array, said one or nore columm groups conprising a first colum group and a
:second col um group, said one or nore predeterm ned transfer rates
including a first predeterm ned transfer.3sate proportional to a first rate
of image notion relative to said first colum group and a second

pr edet er mi ned at theshster bk Beqpenéy @pab 9,34a Aecondt number 9,314 a match

is obtained, and the clock driver CD9 (FIG. 5) is triggered. The charge
packets in all the columns of column group C9 then are shifted by one row
vertically. Counter CN9 is reset to zero and begins counting up to 9,314
again. Ten cycles of counting and triggering are obtained in 93,140 counts,
and during the remainder of the integration time, no more clock cycles are

_triggered.

- In the present example, note that if the exposure time period is
reduced to 0.005 second, the image motion becomes 10.736/2 or 5.368
pixels during the integration time, and the total of master clock counts
during exposure is halved as well to 50,000. However, the counter value
remains the same. Thus, the exposure period is not critical to the
implementation of the invention, and can be varied by the operator without
affecting the forward motion compensation. The counter values CV; can
be calculated in units of clock cycles per line as X/f; where X is in units
of cycles per second and f, is in units of lines per second. The f; are

derived as in equations (1) and (2), as before.

Forward Oblique Operation

The imaging array of the present invention is suitable for providing
forward motion compensation in a forward oblique framing mode.
Referring to FIG. 9, the terrain of interest 42 is located directly forward
of aircraft 22. The depression angle ¢ represents the angle between plane
BP and lens axis LA that intersects the center of the terrain of interest 42.

In the forward oblique mode, the image velocity across array 32 (i.e.,
transverse to the direction of flight) is approximately constant for narrow
fields of view. However, the image velocity at the top of the array is
different from that at the bottom of the array. To maximize image
resolution, the image velocity near the center of the array is chosen, and

the charge transfer rate down the columns of the array is selected to be
REPLACEMENT SHEET
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rate of image notion relative to said second col um group, said
predeterm ned transfer rates varying nonotonically fromone columm group to
_the next across said array. 17. Appar atus for processing pixel

i nformati on representing an i mage of a scene which conpensates for inage
notion in a predeterm ned direction conprising: an array of cells capable
:0f storing said pixel information corresponding to said scene, said array
bei ng arranged in rows and col unms; an ol um transfer nmeans for

{1 Tat. col amiBPBGRIaAE P T4t e proVigenR ceiechAR TG Fpfoupt At 6iE 2

predet er m negoiht 818 2CheSALiP ddthproitite T bfHar PoB infthe apfaypoOkicoutse,
other points could be chosen and the charge transfer rate selected to be
synchronized at those points. The image velocity (V;), and thus the charge
transfer rate, is given by:

V, = F (V) sin® (¢ £ &)
(H)

where F is the focal length of lens 40 and (¢ * ;) is the forward
depression angle of the point chosen for synchronization for forward motion
correction.

The charge transfer rate in all the column groups is the same in the
forward oblique mode. Thus, array 32 is organized into one column group.

Computer 34 calculates the charge transfer rate, f, which is given by:

f = (EXV) sin® (¢ * 8)

P, H _

The counter values for all the counters are the same, and are given by
X
f

where X is the master clock frequency. After the counter values are
loaded into the counters (FIG. S) and shutter 41 opens, counters CN begin
counting, and clock drivers CD are triggered. When a match is obtained,
the counters reload, and the cycles are repeated as in the side oblique
mode. '

In the forward oblique mode, only one counter and one clock driver
are necessary provided that the clock driver triggers all the columns in the
array. A prior art electro-optical area array that does not have the column
groups disclosed in this specification is readily adaptable to the foregoing
forward oblique motion compensation technique.

A practical advantage of the present invention can be seen in the
illustration of FIG. 10 which represents a hypothetical reconnaissance

scenario in which aircraft 22 is assigned to record the image of an airstrip
2 1FEB 997 |




to the inmage notion relative to said array by being proportional
(i-1) (f - f1)/(n-1) where i is an integer between 1 and N, f, is the
transfer rate for the first columm group, and fn is the transfer rate for

“the n[err]
Appar at us

-predeterm ned direction and defining a_j+ference plane that is horizontal

colum group, f1 and fn being previously determ ned. 18.
carried by an aircraft capable of notion in a

during level -flight, said apparatus being capabl e of processing pixel

| nfor mat i on foRPLERE"hbdile Ao} Ity & Feghe ARl fogs rear & dhderof t and

of conpensating for Inmag

redeterm ned direction

conpri si ng: .about 4,000 feet and defining a centerline 102. In order to properly record

the airstrip, aircraft 22 is scheduled to fly at an altitude of 4,000 feet, at
a velocity of 810 feet/second, and at a standoff range SR of 6,500 feet
from centerline 102. At standoff range SR, the slant range from aircraft
22 to centerline 102 is 7,632 feet. The lens used in aircraft 22 has a focal
length of 60 mm and is oriented at a depression angle § of 31.6°. The
field of view is 43.6° and © therefore is 21.8°. Array 32 is 48 mm along
;:ach side.

For a prior art linear charge-coupled device with "push broom”
operation to image airstrip 100, it would have to fly the entire length of
the zone of interest at the standoff range of 6,500 feet along a flight path
90. The aircraft would be exposed to hostile fire for 13.6 seconds (ie.,
11,000 feet/810 feet per second) and during that time would have to fly
steadily along flight path 90.

In contrast, an aircraft 22 travelling at the same speed, but using the
imaging array of the present invention, could sweep in along a path 92 and
take two frame pictures 94 and 96 at points A and B, respectively, to cover

airstrip 100. When picture 94 is taken at location A, aircraft 22 is

‘operating in a side oblique mode at standoff range SR, but oriented at a

small angle with respect to the center axis of the airstrip. Picture 96 can

be taken at location B, while aircraft 22 is coming out of arc 92. Aircraft
22 travels only distance bFR of about 1,000 feet along path 92 between
points A and B. As a result, exposure to hostile threats is reduced to ohly
1.23 seconds (ie., 1,000 feet/810 feet per second). Thus, by using the
present invention, the exposure of reconnaissance aircraft 22 to enemy
threats during imaging is reduced by a factor of greater than 10.

FIG. 11 illustrates how the imaging array of the present invention
can be used to generate stereo scene coverage of a terrain of interest. The

same conditions and parameters described with respect to FIG. 10 also

[
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35 an array of cells installed in said aircraft capable of storing said

pi xel information corresponding to said scene, said array being arranged in
.rows and colums, said columms of said array defining a colunm direction;

i magi ng nmeans installed in said aircraft for placing said i mage on said
array, said inmaging nmeans conprising a |l ens having a focal |ength and
<having a central axis making a forward Qﬁgression angle [err] with said

ref erence plane; colum transfer neans irfStalled in said aircraft for

or gani 21 ng_SalhPObUS, 91 o Belece ALYk 18lgth SRR is %8606 Yot B AN
11,000 feet. Aircraft 22 flies parallel to airstrip 100 along flight path 90
and takes four frames FR1-FR4 at locations A, B, C, and D, respectively.
Because the overlapping frames yield two views of terrain of interest, stereo
scene coverage is obtained in region 104.
The foregoing description of the preferred embodiment has assumed
that the imaging array is a single, monolithic detector. It is possible to
. make a detector that is equivalent to the imaging array disclosed herein by
piecing together in mosaic fashion smaller individual area arrays to make
one large array. The individual arrays (perhaps 4, 20 or even 100) are
electronically combined and include a means for organizing the columns in
all the individual arrays into one or more column groups and a means for
transferring pixel information located in the one or more column groups at
one or more predetermined transfer rates. One such array that could be
used as an element of the "mosaic" is the Thomson CSF THX 31157
charge-coupled device. In the mosaic, each charge-coupled device could be
separately controlled as an individual column group. In the appended
claims, the term "array" is accordingly intended to include either a single,
monolithic array or an array composed of individual arrays electronically,
optically or physically combined together, or individual discrete detectors
mounted in a hybrid mosaic array. )
While the foregoing descriptioh of the preferred embodiment has set
forth an exemplary method and apparatus for achieving motion
compensation in an electro-optical irriaging array, those of ordinary skill in
the art will appreciate that many alternatives can be used without departing
from the spirit and scope of the invention as defined in the appended
claims. For example, digital electronic control circuits other than those
disclosed can be used to control the charge transfer rates in the coiumn
groups of an imaging array. Moreover, analog circuits, delay circuits, or

other types of control circuits may be devised to control the charge transfer

——




| ocated in said at | east one columm group at |east one predeterm ned
transfer rate depending on the rate of notion of portions of said inmage
relative to said array, said at |east one colum group having pixel
information which is transferred at one transfer rate that is proportional
to F Vv sin2 ([err] [err]) P. H where F is the focal |ength of
:said lens, P[err] is the pixel size in,gaid colum direction, Vis the
velocity of said aircraft, His the hégght of said aircraft above said

n n ; : : .
scene, and rates to achieve forward motion compensation. In addition, many of the

functions performed by the disclosed digital electronic control circuits can
be implemented in software by computer 34 or another data processor. As
previously noted, alternative architectures for an electro-optical imaging
array may be chosen. The present invention, as defined in the appended
claims, is intended to cover all such modifications and alternative
implementations.
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'd depression angle of the poi nt chosen for

tion correction; stl n mean%
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e change in rate of

([err] [er?‘}?‘i
synchr oni zgt iio
installed ijn J

“transfer rdt
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depending o

relative tgq salrd array. 19. In a system conprising an array of ceIIs
carranged i nLLows.and-col-tHrs—f or storlng pi xel information representing at
| east first and second simultaneously o8Burring i mage portions of a scene,

sai d arraywtﬂorlnrgglﬁgel IS:

1. Apparatus for processing pixel information representing an image of
a scene comprising at least a first image portion and a second image portion
occurring simultaneously, said apparatus compensating for image motion in a
predetermined direction and comprising:

an array of cells arranged in rows and columns capable of storing at least
said pixel information corresponding to said first image portion in a first column
of said columns and for storing said pixel information'corresponding to said
second image portion in a second column of said columns; and

column transfer means for transferring pixel information corresponding to
said first image portion in said first column at a first predetermined transfer rate
and for transferring pixel information corresponding to said second image por'tion
in said second column at a second predetermined transfer rate different from said
first predetermined transfer rate, whereby resolution of an image created from the
pixels can be preserved.

2. Apparatus, as claimed in claim 1, and further comprising,

adjusting means for adjusting said predetermined transfer rate depending on
the changes in rates of motion of said at least first and second image portions
relative to said array.

3. Apparatus, as claimed in claim 2, and further compnsmg 1magmg
means for placing said image on said array.

4, Apparatus, as claimed in claim 3, and further comprising a shutter
for enabling said imaging means to place said image on said array during a
predetermined exposure time period, and wherein said column transfer means is
operative during said predefermined exposure time period.

5.  Apparatus, as claimed in claim 1, wherein said array comprises a
charge-coupled ‘device.

6. Apparatus, as claimed in claim 2, wherein said column transfer
means comprises: |

, means for organizing said columns of said array into at least a first column

group storing pixel information corresponding to said first image portion and a



36 information corresponding to said first image portionina first c
of said columms and storing said pixel mformaﬂmmlfﬂmumlmmu to s
_second image portion in a second colum of sai d of

ol um
ai d

processing said pixel information in order to conpénshte"fot ifrage notion

in a predetermined direction conprising the steps of: transferring in
array said pixel information representiag said first inmage portion in
first colum at a first predeterm ned 13 ansfer rate; and transferring

a1 d sccorteops el el PRel R th RN E M SERA8 PRt

transfer rpirioniafd eby resol ution of an image created fromsaid pixel

two or more transfer control circuits, each of said transfer control circuits
transferring pixel information in one of said at least first and second column

groups.

sai d
sai d
in
ion in
t

7. Apparatus, as claimed in claim 1, wherein said column transfer .

means organizes the columns of said array into a plurality of column groups
including a first column group and a.second column group and wherein said first
predetermined transfer rate is proportional to a first rate of image motion relative
to the said first column group and said second predetermined transfer rate is
proportional to a second rate of image motion relative to said second column
group. ’

8. Apparatus, as claimed in claim 7, wherein a line connecting a point
in the array with a point in said scene is substantially perpendicular to a vector
intersecting said line and defining said predetermined direction of image motion,
and wherein said transfer rates are inversely proportional to the distances between
said array and different parts of said scene along said line.

9. Apparatus, as claimed in claim 3, wherein said array, column
transfer means, adjusting means and imaging means are installed in a vehicle
capable of motion in a predetermined direction.

10.  Apparatus, as claimed in claim 9, wherein said imaging means

_ further comprises lens means for placing said scene on said array, said lens means
having a central axis perpendicular to a vector defining-said predetermined
direction of vehicle motion, and wherein said predetermined transfer rate for a first
point of said scene is proportional to

_EV_
D
where F is the distance from said lens means to the column containing the pixel
representing said first point, V is the fate of motion of the vehicle in said

predetermined direction and D is the distance from said vehicle to said first point.

H
!

i ACEMENT SHEET
| 21FEB 1997




i nformati on can be inproved. 20. The met hod, as clainmed in claim19 and
further conprising the steps of: adjusting said first

predeterm ned transfer rates depending on the c ' not i on of
“said first and second i nage portions relative tq E“Hlﬂ“ﬂmuﬂ“ The _

met hod, as clainmed in claim?20, and further conprisiang u he ssep$ of placing
:said inage on said array. 22. The nmethod, as clainmed in claim?21, and
further conprising the steps of: placingpsaid inmage on said array during a
pr edet er mi ned exposure peri od;

11.  Apparatus, as claimed in claim 5, and further comprising a discrete

array of diode detector elements.

12.  Apparatus, as claimed in claim 1, wherein said array comprises a
charge injection device.

13.  Apparatus for processing pixel information representing an image of
a scene comprising at least a first image portion and a second image portion, said
apparatus compensating for image motion in a predetermined direction and
oéﬁxprising: '

an array of cells capable of storing said pixel information corresponding to
said at least first image portion and second image portion of said scene, said array
being arranged in rows and columns, and

column transfer means for transferring pixel information correspondiné to
said first image portion at a first predetermined transfer rate and for transferring
pixel information corresponding to said second image portion at a second
predetermined transfer rate different from said first predetermined transfer rate,
said column transfer means comprising:

means for organizing said columns of said array into at least a first column
group storing pixel -information corresponding to said first image portior; and a
second column group 5toring pixel information corresponding to said second image
portion; ' .

- two or more transfer control circuits, each of said transfer control circuits
msferﬂng pixel information in one of said at least first .and second column
groups and comprising a master clock providing clock signals at a master clock
frequency and a counter and a clock driver, said clock driver transferring pixel
information in one of said at least first and second column groups when said .
counter counts a predetermined number of counts in Tesponse to said clock signals;
and '

adjusting means for adjusting said predetermined transfer rates depending

on the changes in rates of motion of said at least first and second image portions
REPLACEMENT SHEET
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and transferring pixel information wthin said arra?s-——el_wi

pr edet er m

19, vvherel

“claimed in
conpri ses:

37 23.  The net hqREPhACEMA
ﬂW@”H@Lﬂ m charge- coupl ed devi ce. '241“' € met o
n the step of transferring pléqli:gglmm

33

14.  Apparatus, for processing pixel information representing an image
of a scene which compensates for image motion in a predetermined direction
comprising: '

an array of cells capable of storing said pixel information corresponding to

said scene, said array being arranged in rows and columns;

tlai m

as

column transfer means for organizing said columns of the array into one:

or more column groups and for transferring pixel information located in said one
or more column groups at one or more predetermined transfer rates depending on
the rate of motion of portions of said image relative to said array, said column
transfer means comprising a master clock providing clock signals at a master clock
frequency and one or more transfer control circuits responsive to said clock
signals, each of said column transfer control circuits transferring pixel information
in one of said one or more column groups, each of said transfer control circuit
comprising é counter and a clock driver, said clock driver transferring pixel
information in one of said one or more column groups when said counter counts
a predetermined number of counts; and

adjusting means for adjusting said one or more predetermined transfer rates
depending on the chénges in rate of motion of said image reiative to said array
and for p;roviding said predetermined number of counts to each of said counters.

15. Apparatus, as claimed in claim 14, wherein said predetermined
number of counts provided to each of counter of each ‘column group is
proportional to '

X

f;

where X is said master clock frequency and f is said predetermined transfer rate

for each column group.
16.  Apparatus for processing pixel information representing an image of
a scene which compensates for image motion in a predetermined direction
comprising:
an array of cells capable of storing said pixel information corresponding to

said scene, said array being arranged in rows and columns; and



or gani zi id array into at least a first columm group
storing pi xﬁ“l m rresponding to said first image portion and a
,second colu m numnlm "ﬂpl xel information corresponding to said second
i mage portioh; and trMangfefring pixel information in said at |east first
and second coI um groups at different transfer rates. 25. The nethod, as
.claimed in claim19, and further conprising the step of organizing said
colums of said array into a plurality ¥ colum groups including a first

colum group and a second col um grou wherejn said fi edeterm ned
transfer rate i SolyMEpERRSIEN Meany far r %zm&tsé‘dof‘glﬁﬂ’t“iscﬂ{!@f‘ 5’5 Yo IHP (e mage

portion repatie dbfuniftgPodps il for! duRiféHiRE Hidd dntifafibh 188&k S8 bne

or more column groups at one or more predetermined transfer rates depending on
the rate of motion of portions of said image relative to said array, said one or
more column groups comprising a first column group and a second column group,
said one or more predetermined transfer rates including a first predetermined
transfer rate proportional to a first rate of image motion relative to said first
column group and a second predetermined transfer rate proportional to a second
rate of image motion relative to said second column group, said predetermined
&msfer rates varying monotonically from one column group to the next across said
array. -

17.  Apparatus for processing pixel information representing an image of
a scene which compensates for image motion in a predetermined direction
comprising: ‘

an array of cells capable of storing said pixel information corresponding to
said scene, said array being arranged in rows and columns; and

column transfer means for organizing said columns of the array into N
column groups, inciudiii'g a first column group, and for transferring pixel
information at a predetermined transfer rate for each column group, f;, proportional
to the image motion relative to said array by being proportional to

f; + (i-1) (f, - f)/(n-1)
where i is an integer between 1 and N, f, is the transfer rate for the first column
group, é.nd f, is the transfer rate for the n® column group, f, and f, being
previously determined.

18.  Apparatus carried by an aircraft _capable of motion in a
predetermined direction and defining a reference plane that is horizontal during
level-flight, said apparatus being capable of processing pixel information
representing an image of a scene forward of said aircraft and of compensating for

image motion in said predetermined direction comprising:

REPLACEMENT SHEET
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predeterm ned transfer rate is proportional to a sec
noti on of said second inmage portion relative to said s

of
1
26. The method, as clainmed in claim?25, wherein a’l |ﬁﬂmﬂﬂ§!n
pen

in said array with a point in said scene is substantially
a vector intersecting said |ine and defining said predeternined direction

-of image notion, and wherein said transggr rates are inversely proportional
to the distances between said array and“different parts of said scene al ong

said line. 3%n array of cells installed in said aircraft capable of storing said pixel

information corresponding to said scene, said array being arranged in rows and
columns, said columns of said array defining a column direction;

ihxaging means installed in said aircraft for placing said image on said
array, said imaging means comprising a lens having a focal length and having a
central axis making a forward depression angle ¢ with said reference plane;

- column transfer means installed in said aircraft for organizing said columns
of: said array into at least one column group and for transferring pixel information
located in said at least one column group at least one predetermined transfer rate
depending on the rate of motion of portions of said image relative to said array,
said at least one column group having pixel information which is transferred at one

transfer rate that is proportional to .
E. NV sinf(p £ ©)

P, H
where _ |
F is the focal length of said lens, ] REPLCEMENT SHRET
P, is the pixel size in said column direction, - 5 D 1EES WY
V is the velocity of said aircraft, | i

H is the 'height of said aircraft above said scené, and
(6 £ ©),is t'he forward depression angle of the point chosen for synchronization
for forward motion correction; and

adjusting means installed in said aircraft for adjusting said at least one
ﬁredetenhined transfer rate depending on the change in rate of .motion of said
image relative to said array.

13.  In a system comprising an array of cells arranged in rows and
columns for storing pixel information representing at least first and second

simultaneously occurring image portions of a scene, said array storing pixel



27. The nmethod, as clainmed in claim2l, wherein sai dAEEAARSED SHEETE
in a vehicl e capabte—ef—motion in a predetermni ned diregiiesitafitlhe-s ens

_of transfimrmmlﬂm";n H ed aboard said vehicle. 28.;
clai med i nYjSmELwIE m m,'ﬂra] the system further conprig .
pl aci ng sai d Scehe bn Sai*d array, said | ens means havi hgia central axi
. perpendicular to a vector defining said predeterm ned {i settt0n of vehicle

notion, and wherein the step of transfe%i ng conprisesithe step_ of
calculating said predetermined transfer “rate for a fir poi nt of said

scene to be,RIANAGH | Aflspitiifig’ & said first image portion in a first column of said

i

columns and storing said pixel informa_tion corresponding to said second image
portion in a second column of said columns, a method of processing said pixel
information in order to compensate for image motion in a predetermined direction
comprising the steps of:
| transferring in said array said pixel information representing said first image
portion in said first column at a first predetermined '_tmhs'fer rate; and
tranSferring in said array. said pixel information representing said second
image portion in said second column at a second transfer rate different from said
first transfer rate, whereby resolution of an image created from said pixel
information can be improved. *
20. The method, as claimed in claim 19 and further comprising the steps
of:
adjusting said first and second predetermihed transfer rates depending on |
the changes in rate of motion of said first and second irﬁage portions relative to
said array.
- 21. The method, as claimed in claim 20, and further corﬁprising the .
steps of placing said imgge on said array.
22.  The method, as claimed in claim 21, and further comprising the
steps of: )
placing said image on said array during a.predetermined exposure period;
and
, transferring pixel information within said array during said predetenniﬁed

exposure period.



where F is the distance fromthe | ens neans to the columm containing the
pi xel representing the first point, Vis the rate of notion—oef—the-vehicle

in said predetermined direction and D is the dist Hmﬂmm,)mﬁm mhicle to
“said first point. 29. The met hod, as clained in N "ﬁurther
conprising a discrete array of diode detector el enents. '30." SIn*a system
- conprising an array of cells capable of storing pixel information

representing at |east first and second 44mge portions of a scene, said
array being arranged in rows and colums, a nethod of processing said pixel

information in egder amg@nﬁa# 1 in Wherein Said teszrned .
direction corrpr?g'l nglgﬁerﬁst eps o @lé%lr?s err ilgg I n éai d array said gpk";axel .

i nformat i OQon?g{ %2%%] ng sai d first imge

24.  The method, as claimed in claim 20, wherein the step of transferring
pixel information comprises:

organizing said .columns of ;aid array into at l&si a first column group
storing pixel information corresponding to said first image portion and a second
column group storing pixel information corresponding to said second image
portion; and

transferring pixel information in said at least first and second column groups
at different transfer rates.

25. The method, as claimed in claim 19, and further comprising the step
of organizing said columns of said array into a plurality of column groups
including a ﬁst column. group and a second column group, wherein said first
predetermined transfer rate is proportional to .a first rate of motion of said first
image portion relative to said first column group and wherein said second
predetermined transfer rate is proportionai to a second rate of image motion of
said second image portion relative to said second column group.

26. The methoa, as claimed in claim 25, wherein a line connecting a
point in said array with a point in sa1d scene is substantially perpendicular to a
vector intersecting saxd line and defining said pred-_etermined direction of image
motion, and wherein said transfer rates are inversely proportional to the distances

between said array and different parts of said scene along said line.

T e ]
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poriiton and a segond 39

col um group storing pixel information38orresk

nding to said sdcond i mage

27. The method, as claimed in claim 21, wherein said array is installed
in a vehicle capable of motion in a predetermined direction and the steps of
transferring are performed aboard said vehicle.

28. The method, as claimed in claim 27, wherein the system further
comprises lens means for placing said scene on said array, said lens means having
a central axis perpendicular to a vector defining said predetermined direction of
vehicle motion, and wherein the step of transferring comprises the step of
calculating said predetermined transfer rate for a first point of said scene to be
proportional to

'
D
where F is the distance from the lens means to the column containing the pixel
representing the first point, V is the rate of motion of the vehicle in said
predetermined direction and D is the distance from said vehicle to said first point.
29. The ;néthod, as claimed in claim 23, and further comprising a
discrete array of diode detector elements.
30. In a system comprising an array of cells capable of storing .pixel

information representing at least first and second image portions of a scene, said

- array being arranged in rows and columns, a method of processing said pixel

. information in order to compensate for image motion in a predetermined direction

comprising the steps of:

transferring in said array said pixel information representing said first image

- portion at a first predetermined transfer rate:

transferring in said array said pixel infomaﬁon representing said second
image portion at a second transfer rate different from said first transfer rate, said
step of transferring pixel information comprising the steps of

Jorganizing said columns of said array into at least a first column group

storing pixel information corresponding to said first image portion and a second



portion; transferring pixel information in said at |least first and second
col umm groups at—dt ! rates: providing clock signals at a
.master clock fre ing transfer of pixel information in
each of said at (ﬁmn Ilmlﬂlmlcl”mcond colum groups in response to said
clock signals by cburfting 4 pfedtterm ned nunber of counts for that colum
- group and adjusti-ng said first and: second predet er m ned transfer rates
depending on the changes in rate of noti3n of said first and second i nage
portions relative to said array, whereby resolution of an inmage created
from sai d prelamni rgrouprestoring gpixelbénformatione dorresponding to said second image

portion;

transferring pixel information in said at least first and second column groups
at different transfer rates: _

providing clock signals at a master clock frequency; and

initiating transfer of pixel information in each of said at least first and
second column groups in response to said clock signals by counting a
pfedetermined number of counts for that column group and

adjusting said first and second predetermined transfer rates depending on
the changes in rate of motion of said first and second image portions relative to
said array, whereby resolution of an image created from said pixel information can
be improved. '

31.  The method, as claimed in claim 30, wherein said predetermined
number of counts -provided for each of said at leést first and second columns
groups is proportional to

X

f;

- where X is said master clock frequency and f; is said predetermined transfer rate
for each of said at least first and second column groups.

_ 32, In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columis,
a method of processing said pixel information in order to compensate for image
motion in a predetermined direction comprising the steps of: |

organizing said columns of said array into at least a first column group and
a second column group; and

transferring pixel information located in said first column group at a first
predetermined transfer rate proportional to a first rate of image motion relative to
said first column group and transferring pixel information in said second column
group at a second predetermined transfer rate different from said first

predetermined transfer rate proportional to a second rate of image motion relative

REPLACEMENT SHEET
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31. The nethod, as clained in claim30, wherein said predeterm ned nunber
of counts provided for each of said at |east fim
.groups is proportional to X fi where X is said n’jﬁ,ﬂ‘“ﬂl ﬂ ncy and
fl1is said predetermned transfer rate for each ” ﬁMII’St and
second col um groups. 32. In a system conpri sing arf atray o

. capable of storing pixel information repggesenting an inmage, said array

bei ng arranged in rows and col umms, a nethod of processing said pixel

i nformati onol Rafdr dREodd ESIERANSELEp,| Ofaid Mpeadetpinined | trarafayr erdtes e varyireg

di rection conpr|5|n? the steps of:
monotonically from one column group to the next across the array.

33. In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columns

a method of processing said pixel information in order to compensate for image

motion in a predetermined direction compnsmg the steps of: S PRI

organizing said columns of said array into N column groups, mchrdmg a_;:_-";_ .

ﬁrst column group, and _
transferring pixel information at a predetermined transfer rate “for each
column group, f, proportional to the image motion relative to said array by being
proportional to ' .
f, + (-1 (f. - f)/(n-1)
~ where i is an integer between 1 and N, f, is the transfer rate for said first column
group, and f, is the transfer rate for said n® column group, f, and f, being
previously determined.

34. In a system comprising an array of cells capable of storing pixel
information representing an image, said array being arranged in rows and columns,
said columns defining a colur’nn_directiéﬁ, said array being installed in an aircraft
defining a reference plane that is horizontal dﬁring level flight, said system further
comprising a lens having a focal leriéth and a central axis, said central axis
makin'g a depression angle ¢ with said reference plane, a method of processing
-pixel information representing a scene in order to compensate for image motion
in a predetermined direction comprising the steps of:

organizing said columns of _said array into at least one column group;

transferring pixel information locate in said at last one column group at
least one predetermined transfer rate depending on the rate of motion of portions’
of said image relative to said array, said at least one column group having pixel
information which is transferred at one transfer rate, f, that is proportional to

E. V.  sin’(p £ O
' P, H .
Where - | ~ [REPLACEMENT SHEET]

F is the focal length of said lens,
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organi zing said colums of said array into at least a first colum group
and a second columm group; and transferring pixel information |ocated in
_said first colum group at a first predeterm ned transfer rate proportional

to afirst rate of image notion relative to sai ' up and
transferring pixel information in said second cdl ‘I! EEJI%'%econd
predeterm ned transfer rate different from said

transfer rate proportional to a second rate of inmage notion relative
| 41

P, is the pixel size in said column direction,
V is the velocity of said aircraft,
H is the height of said aircraft above said scene, and (¢ £ ©)) is the forward
depression angle of the point chosen for synchronization for forward motion
compensaﬁon

adjusting said at least one predetermined transfer rate depending on the

~ change in rate of motion of said image relative to said array; and

placing said image on said array;

wherein said scene is forward of said aircraft and said steps of organizing
and transferring are performed aboard said aircraft.

-
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to said second columm group, said predetermned transfer rates varying
nonotonically fromone columm group to the next across the array. 33. I n
_a systemconprising an array of cells capable of storing pixel information
representing an i mage, said array being arranged in rows and colums a
met hod of processing said pixel information in order to conpensate for
. image notion in a predeterm ned direction conprising the steps of:
organi zing said colums of said array jfto N colum groups, including a
first colum group, and transferring pixel information at a predetermni ned
transfer rate for each colum group, f,, proportional to the inmage notion

rel ative to gSEkETRGLGYTHYARCIMAGPNGPARRAY WL TH OMOTION COMPENSATION

ABSTRACT

An electro-optical area array reconnaissance detector is
disclosed which accomplishes forward motion compensation
electronically and without moving parts. The array is made
,of photo-sensitive cells arranged in rows and columns, the
columns being organized into one or more column groups.
Charge packets collected in the cells representing scene
information are transferred down the columns at the same
rate as the image motion in the plane of the array. In a
side oblique reconnaissance scenario, the columns may be
organized into 16 column groups, each column group having-
its own charge transfer rate corresponding to the image

motion rate in that column group.

FIGURE 1A.
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for + (i-1) (fn - f1)/(n-1) where i is an integer between 1 and N, f1 is
the transfer rate for said first colum group, and fn is the transfer rate
_for said n[err] colum group, f1 and fn being previously deterni ned. 34.
In a systemconprising an array of cells capable of storing pixe
I nformation representing an imge, said array being arranged in rows and
- colums, said columms defining a colum direction, said array being
installed in an aircraft defining a referegce pl ane that is horizontal
during level ‘flight, said gystem further cOnprising a | ens having a focal
| ength and a central axis,/ sad central axis maki ng a depression angle
[err] with said .reference; ije, a net hod of cessing pixel information

representing a scene q/yr e t? conpensat e _§bk#i nage notion
"“1\\\
_ ~fi:
/ N
N
N
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X
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in a predeterm ned direction conprising the steps of: organizing said
colums of said array into at |east one colum group; transferring pixel
information locate in said at |ast one colum group at | east one
"predetermined transfer rate depending on the rate of notion of portions of
said image relative to said array, said at |east one colum group having
- pixel information which is transferred at one transfer rate, f, that is
proportional to F Vv si n2 ([errh+rerr]) Px H where F is the focal
| ength of said Iens, :
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41 Px is the pixel size in said colum direction, Vis the velocity of said
aircraft, His the height of said aircraft above said scene, and ([err]
[err]) is the forward depression angle of the point chosen for

synchroni zation for forward notion conpensation: adjusting said at |east
one predeterm ned transfer rate depending on the change in rate of notion
of said image relative to said array; and placing said i nage on said array;
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wherein said scene is forward of said aircraft and said steps of organizing

and transferring are perfornmed aboard said aircraft.
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