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ELECTRO-OPTICAL IMAGING DET.ECTOR ARRAY WITH 
TWO AXIS IMAGE MOTION COMPENSATION 

BACKGROUNQ OF m JHYENTION 

A. flckl ot t1at Imation 

PCT/US97/0S751 

This invention relates aenerally to optical systems which generate an image of scene and 

which compensate for relllive motion of the image with respect to the system, such u found in 

imaain& systems used in aerial reconnaissance photography. More particularly, the invention 

teJares ro a system which electronically compensaw for the reJalive motion of the image of a 

scene in any aibitrary direction with respect to an electro-optical imaging anay. 

The array is suitable for carriage in a reconnaissance vehicle. In such an embodiment, 

the invention electronically compensates for image motion that has components due to the 

10 forward velocity of the vehicle carrying the imaging array, u well as image motion components 

due to rotation or distw:bances of lhe vehicle about roll. pitch and/or yaw axes during the 

exposure of the array to the scene, thus yielding crisp, clt.ar images from r.he array. 

B. Backmugd Ad 

Most people who have attempted to photognph a rapidly moving object at close range 

15 with a simple box camera have found that the film image of the object is blumd or smeared due 

to the relalive motion of the image over the mm. The same effect is obseIVed if the camcn is 

moved during exposure of a stationazy scene. If light conditions permit very short exposure 

times9 the imaie essentially can be •stopped" by increasing shutter speed, and the smearing can 

be minimized. 

20 Reconnaissance cameras frequently are required to record images in light conditions that 

prevent suffic:iendy short exposure rimes to eliminate image smearing by increases in shutter 
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speed alone. Typically, such cameras are carried by aircraft for recording terrain scenes. 

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 imqing system, the recorded image of the scene will be smeared 

S unJess 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 resulting ftom rhe relative motion reduces 

the infonnation content of the recorded image. 

When a camera is aimed vertically at a scene of in1erest directly below an aircraft, the 

10 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 film emulsion at the same tale and in the same direction 

as the motion of the scene image in the focal plane of the camera. However. if, during the time 

in which the camera is exposed to the scene. the aircraft is undergoing rotation (e.g., in roll, 

15 pitch and/or yaw) or is subject to .rotational disturbances. the image motion no longer is simply 

in the line of flight, but rather is in a direction at an angle having components in both the line 

of flight and cross-line of flight directions. The image motion rate and direction is also not 

constant for the may, i.e., it varies from location to location over the array. 

When the scene of interest is not directly below the aircraft, but rather is perpendicular 

20 to the direction of flight and at a side oblique angle, the solution to the problem of image motion 

compensation when aircraft rotadon occurs becomes exttemeJy complex and difficult. Objects 

at a closer distance to the aircraft appear to be moving faster relative to the aircraft than objects 

fanher away. Rotation of the aircraft introduces image motion having vector components in the 
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cross· and in-line of flight directions. Moieover. the image motion rates vary from location to 

location across the may. The image motion vectors depend on the magnirude of the rotations. 

and their components in roll, pitch and yaw, and still other parameters, such as the velocity of 

the aircraft and the height above ground. 

The specifics of the problem are also complex because changes in the aircraft velocity, 

ai.rctaft rotation, height above ground. and camera depression angle below horizontal occur 

during a reconnaissance mission. These changes affect the rate of imqe motion in the focal 

plane of the camera, and they must be taken into account by a forward motion compensation 

system. 

A solution to the image motion compensation problem that compensates for image motion 

due to forward velocity of the aircraft, and rotation of the aircraft, is believed to be unknown 

in the art. In the put, the aircraft typically maintains a steady course (with roll, pitch and yaw 

motion reduced as much as possible) in order to preserve image resolution. Installing the 

camera on a stabilized platform is one mechanical solution, but leaves something to be desired. 

IS An electronic solution to image motion compensation, suitable for an electro-optical imaging 

array, which provides for image motion compensation when the image motion has vector 

components in the line of flight and cross-line of flight direction has heretofore completely 

eluded the art. 

For aaial reconnaissance, electnH>ptic:al earner.as, particularly those of the charge-

20 coupled device variety, are perceived as superior to film cameras to an increasing extent. In an 

electn'H>ptical camera, radiation from an image of interest impinges on a solid state device 

typically having (at least) several thousand picture elements or pixels. The incident radiation 

is converted into charge packets (pixel information) at the photosites (pixel elements) and 
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collected in potential wells. The charge Pickets contain scene information, and upon being 

transferred out of the device, are converted into electrical signals. One primary advantage of 

an electro-optical imagina camera is that the scene information can be almost instantaneously 

iecovered ftom a reconnaissance aircraft to an earth-based stalion, or can be converted to a 

S video image. Since cbarge-a>upled device imaging cameras have very small pixels closely 

spaced together, the resolution of a resulting image tends to be very high. Elec~ptical 

imqing cameras can also 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 Seriu On Solid Stall !Hvices, Ch. 3, 4, Addison-Wesley (1987), and in C. 

10 Sequin and M. Tompsett, Charge Tranefer Devices, Bell Telephone Laboratories, Academic 

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

Inc. (1981). 

To reduce the time needed to image a scene of interest and thus reduce the time of 

exposure to hostile threats, a prefened mode of the present invention uses a two-dimensional 

15 electro-optical imaging area anay, 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 

relalively small electro-optical imaging arrays have been commercially available, such as those 

typically used in tdevision cameras. However, larger, high pixel count area arrays suir.able for 

aerial reconnaissance senson are now feasible. Infonnation useful for designing high pixel 

20 count area anays also is found in 1. Janesick, Multi-Pinned-Phase Charge-Coupled Device, 

NASA Tech. Brief Vol. 14, No. 8, Item No. 115, p. 22, Jet Propulsion Laboratory, August, 

1990. 

A two-dimensional area array type detector array can convert an entire image of a scene 
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into a complete frame of pixel information during a short exposure period. After the exposure 

period, a shutter can be used to prevent continued exposure while the pixel information in the 

array is read~ut to a signal procesSing unit. After the read-out is completed, the am.y is ready 

for the next frame exposure. If the frame read~ut time is short (say, less than a second), then 

S consecutive frames can be taken in sub-second intervals in order to obtain large scene coverage 

in shon periods of time. By providing motion c:ompensadon in an area detector having exposure 

time· controlled by a shut.ta', the present invention substantially reduces exposure of an aircraft, 

a pilot and a detector array to enemy countenneasures. 

In a linear electro-oplical focal plane reconnaissance detector, such as the linear detector 

10 of the Wight patent, U.S. Patent No. 4,908,705, a scene of interest is scanned a line at a time 

across an array in a direction perpendicular to the array length. Because the means of scanning 

is provided by the aircraft forward molion, the aircraft must maintain a steady, well defined 

ffight path while the scene is being recorded. Depending on the si7.e of the scene, the recording 

time for any one target may range between 10 and 20 sr.conds, or even longer. In a military 

1S situation in which the ra:e>Maissance aircraft may be subject to enemy threats, the vulnerability 

during the recording time may be excessive. Moreover, the linear detector of the Wight patent 

has no capability of compensating for image motion having a cross-line of flight component, 

such as is pnsent when the aircraft undergoes rotational disturbances. 

Medwaically·bued forward motion compensation schemes have been devised and 

20 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. Such systems are generally incapable of the complex 

movements that would be required to compensate for image motion resulting from forward 
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velocity of 1he vehicle and rotations experienced by the aircraft during exposure of the array to 

the scene. 

In the aanslating film technique, the film is moved in the same direction and velocity as 

a portion of an image. The image motion velocity and the film velocity are made essentially 

S 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 

mm during the exposure d.me period. The translating ftlm technique is mquently used on shon 

and medium focal length framing type camcru. 

In the translating lens technique, if a lens is translated in space, the image of distant 

10 objects will translate with the lens in a one-to-one relationship in the same direction. Therefore, 

if the lens in an aerial reconnaissance camera is tnnslated at the proper velocity opposite to the 

direction of flight. the image velocity caused by the aircraft forward motion is canceled 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. 

IS This type of forward motion compensation is frequently used on short and medium focal length 

panoramic type scanning cameras. Ste, e.g., Ruck, Daign Venalil/ty of the Prism Panoramic 

Camera: The KS-116 tJlld Kd-95 CalnBras, SPIB Proceedings. Vol. JOI). paper 309-10, (Aug. 

27-28, 1981). 

In the rotating mirror technique, as the aircraft is flying in a given flight path, the objects 

20 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 mirtor 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 
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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 subswitially negated. The rotating 

mirror forward motion compensation concept is often wed on long focal length frame and line 

scanning type cameras. 

All three of the foregoing mechanical forward motion compensation schemes ue 

employed in various aerial reconnaissance cameras, including film cameras and electro-optical 

line scanning cameru. 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. As note above, such systems are generally incapable of the 

10 complex movements that would be required to compensate for image motion resulting from 

forward velocity of the vehicle and rotations experienced by the aircraft during exposure of the 

array to the scene, and would produce blurry images under these circumstances. Other methods 

and techniques of forward motion compensation also have been developed and are discussed in 

the Prinz patent. U.S. Patent No. 4,SOS,SS9, the Gordon et al. patent, U.S. Patent No. 

15 4,157,218, and the Wight pa.tent, U.S. Patent No. 4,908,705. 

The Lareau et aL parent, U.S. Patent No. 5,lS5,S91, assigned to the assignee of the 

present invention, discloses an electro-optical imaging array which accomplishes forward motion 

compensation electronically, and without moving parts. Jn the Lareau et al. patent. the imaging 

array is composed of photosensitive cells arranged in rows and columns. The columns are 

20 organi7.ed in column groups. Each column group is given its own pixel information transfer 

rate. Pixel information in each of lhe column groups is transferred through the array at a rate 

in synchronism with lhe image motion rate in each column group. In the Lareau et al patent, 

the pixel information is transferred through the array in the column groups al a rate which 
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closely approximates che actual image vclocides. 
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1be present invention representl a subslantial advance fmm the imaae morion 

compensation techniques dacribed in the above patents, and provides an electro-optical imaging 

may which specifically compensates for ahaaft rotations and angular ditturbuces durin1 the 

S exposum period. an electtonically and with no moving pans. Preferably, the anay is subdivided 

into a number of cells of pixel elements, with pixel information transferred at the same rates in 

the mw and column directions for all the pixels in the cell. In the invention, the image molion 

due to toll, pitch and/or yaw rotadons and disturbances is determined, and resolved into two 

orthogonal components aligned with the row and column directions of the anay. The combined 

10 image motion components due to the forward motion of the aircraft and aircraft rotations are 

RSO.lved into pixel information transfer mtes in the row and column directions for each of the 

cells in tho may. Pixel information is transferred in the row and column directions in 

substantial synchronism with the image motion, thereby preserving resolution of an image 

produced by the array. Moreover, the present invention provides for control circuitry for the 

IS array that continually updates the pixel information transfer rates along in the row and column 

directions as aircraft disturbance and rotation, velocity, height and camera depression angle all 

change in real time, piaerving image iaoludon during successive exposures of the array. 

11le motion compensation techniques of the present invention enables effective use of a 

det.ector may having a large number of photosites or pixel elements (t.g .• four to six thousand 

20 or more in both the column and row di~cions of the array) that will image a large area of 

terrain in every frame. The present invention makes such mays practical by preserving image 

re.solution (J. e. , scene detail information) in every frame of imagery, even where aircraft rotation 

~d disturbances aie present during the exposure period. The present invention also enables high 
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anay 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 lhe aircraft V/H ratio. This permits 

S 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 anay is necessary in order to 

achieve high frame rates. High frame rates are desirable to allow multiple images to be 

10 recorded in a short time such as required for stereo imagery. 

The present invention is reliable and robust because it requires no mechanical scanning 

mechanismt no rotating mirrors and no translating lenses in order to achieve forward motion 

compensation, and image motion compensation even when aircraft disturbance and rotation 

effects are present. The image motion compensation is achieved electronically, with no moving 

15 parts. 

Another feature of the invention is that it is suit.able 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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SUMMARY OF mE INVENTION 

'These and other objects, advantages, and features of the invention can be achieved in an 

imaging amy with two axis image motion compensation. comprising an array of pixel elements 

arranged in mws and columns, with the rows defining a row direction and the columns defining 

5 a C'4lumn direction. The pixel clements store pixel information representing an image of a 

scene. When the array is exposed to the scene, the image has a motion with respect to the amy 

of pixel elements. The imaging array has associated with it a means for ttansferring the pixel 

information in the array in two axes, that is, in the row direction and in the column direction, 

in substantial synchronism with the motio~ of the image, whereby the resolution of an image 

10 generated by the array may be preserved. 

Preferably. the array of cells is organized into a grid comprising a plurality of cells of 

pixel elements. The pixel information in the cells is transferred uniformly in the row direction 

and in the column direction for each of the pixel elements in the cell. The number of cells in 

the array will vary depending on cosM~performance tradeoffs and the size of the may, but will 

15 typically be between 30 and perhaps several hundred. 

The imaging array in a preferred embodiment comprises a charge-coupled device, in 

whi~h the pixel elements are a photosensitive material that converts incident radiation into 

electrical charge. This type of device can be fabricated with gate and control lines that permit 

charge representing scene information to be transferred in the row and column directions from 

20 one pixel to the next. Other types of electro-optic imagers could be used as well. 

In a reconnaissance application for the invention, the array is installed in an airborne 

vehicle, .with the vehicle having an inertial navigation system or equivalent system generating 

information as to roll, pitch and yaw of the vehicle, and possibly roll, pitch and yaw rates. In 
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order co determine the proper charge ttansfer rates for the array t the means for transferring 

comprism a computer having a caJculating means responsive to the inertial navigation system 

for calculating a rotation matrix for the rotation of the vehicle and for calculating an image 

disparity vector for the pixels from the rotation matrix. and a line rate calculation means 

S responsive to the calculating means for determining pixel information transfer rates for the cells 

in the ar:ray in the row direCtio1l and in the column dilection. The pixel information in me array 

is transfemd in the row direction and the column direction according co the pixel information 

transfer rates to theieby compensate for the image motion. In this manner. image motion due 

to forward motion of the aircraft and image motion due to rotational motion of the aircraft is 

10 electronically compensated, yielding crisp images from die array. 
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BRIEF DFSCIUPJ10N OF mE OBA WINGS 

The pretemd embodiment of the present invention will be described in conjunction with 

the accompanying drawings, in which: 

Figure 1 is a perspective view of an aircraft carrying the imaging array of the present 

invention, showing the image motion in the array having components in the in-line of flight 

dhectiOll and the cross-line of flight direction due to aircraft forward motion and aircraft 

disturbances or rotation about the roll, pitch and/or yaw axes; 

Figure 2 is a schematic diagram of the array of Figure 1. showing the array subdivided 

into a plurality of cells, with the image motion in each cell having components in the in-Jine of 

10 flight (column) and cross-line of flight (row) directions; 

ts 

20 

Figure 3 is detailed illustration of one of the cells of Figure 2t showing the image motion 

vector having components in the row and column directions, with the pixel information in each 

of the pixels in the cell transferred in the row and column directions in a manner to substantially 

match the image motion, thereby pieventing smearing of the image; 

Figure 4 is a schemacic drawing of the imaging anay of Figure 2 showing the 

anangement of the array in a plurality of cells, each cell comprising pix.els arranged in rows and 

columns, with the transfer of pixel infonnation in each cell at different predetermined and 

adjustable transfer rates to compensate for the in·line of flight and cross-line of flight 

components of image motion; 

Figura SA-SC are illusttations of the relationship between the physical image plane of 

the array and the vinual (reference or electronic) image plane, due to roll, pitch and yaw 

rotations that may be experienced by the array in the aircraft; 

Figure 6A is an illustration of an example image motion in an array due to roll motion 
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only, with the array organized into 81 cells; 

PCTIUS97/05751 

Figure 6B is an illustration of an example of the image motion in the cells of an array 

due to pitch motion only; 

Figure 6C is an illustration of an example of the image motion in the cells of an array 

S due to yaw motion only; 

Figure 6D is an illustration of the image motion in the cells of the array due to the 

combined effects of roll, pitch and yaw motion from Figures 6A-6C; 

Figure 6E is an illustration of the image motion in the cells of the array with image 

motion due to the forward motion of the aircraft and the roll, pitch and yaw image motion from 

10 Figure 60; 

Figure 6F shows the error in image motion compensation if approximate disparity 

according to equation (6). instead of actual disparity according to equation (4), in the example 

of Figure 6E; 

figure 6G shows the error in image motion compensation if graded image motion 

15 compensation is performed without compensation in the cross-line of flight direction, given the 

conditions for Figures 6A-6C; 

Figure 6H shows a representative example of image motion in the anay given a second 

set of conditions; 

F'ipm 61 shows the error in image motion compensation if approximate disparity 

20 according to equation (6). instead of actual disparity according to equation (4), in the example 

of Figure 6B; 

Figure 61 shows the error in image motion compensation if graded image motion 

compensation is performed without compensation in the cross-line of flight direction, given the 
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Figure 7 A 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 die interrelationship between the system components; 

S Figure 7B is an enlarged, fragmentary perspective drawing of the camera assembly of 

10 

15 

Figure 7 A showing the relalionship between various components, including an electro-optical 

imaging array; 

Figure 8 is a block diagram o( the system electronics that control the operation of the 

array of Figuies 1-7; 

Figure 9 is a detailed block diagram of die drive and control circuitry shown in Figure 

8, illusttadng the counrer and clock drivers which transfer pixel information in each of the cells 

of the imaging array; 

Figure 10 is a block diagmm of the camera control computer showing functions for 

determining the charge transfer rates for each of tbe cells in the array; and 

Figure 11 is a schematic drawing of one section of an arbittary cell showing the 

metaliz.ation on top of lhe channel stop region between photosites of the array to provide the 

drive clocking to the cell and to transfer charge from one pixel to another in the row and column 

directions. 
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DETAILED DISCRIPl'ION OF 11IE PREFERRED 
EMBQDJMENT OF mE INVENTION 

PCTIUS97/0S7Sl 

Referring now to Figure 1, a reconnaissance aircraft 22 canying an imaging array 32 in 

S accordance widl the present invention is shown flying past a scene bounded by the points A, B. 

C and D. The array is composed of a plurality of pixel elements amnged in row and columns 

that store scene information in the form of electric charge, which is ttansferrable from one pixd 

element to another. The may 32 is shown displaced from the aircraft and greatly enlarged in 

order to illustrate an example of the image motion that occurs in the plane of the anay 32. 

10 Points A, B, C and D forming the boundary of the scene are imaged at the four comers of-the 

array at points A', B', c· and D'. The aircraft. has a forward velocity V and a height above 

ground H. The reconnaissance system in the aircraft includes a Jens with a lens axis LA 

oriented at a camera depression angle a below horizontal. 

During the exposure peiiod, image motion occurs in the anay that is due to forward 

lS motion of the aircraft, and due to rotations or disturbances about the roll, pitch and/or yaw axes 

R, PI, Y respectively. 'Ibe combined effects of this image motion at various locations in the 

array is illustrated by the vectors or arrow in the array. The length of the vector is indicative 

of the magnitude of the image motion, and the direction of rhe arrow is indicative of the 

direction of the image motion. Note that magnitude and direction are different for different 

20 portions of the may. As shown in the enlargement of one of the arrows, the image motion 

vector 18 can be resolved into two components: one in the line of flight direction {the direction 

between A'B' in the array) and a component in the cross-line of flight direction (in the direction 

B'C'). The in-line of flight direction is in the same direction as the columns of the pixel 
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elements of the arrayt and the cros~line of flight direction is the same diRICtion as the rows of 

the pixel elements of the array. 

Referring to Figure 2. the array of Figure l is shown schematically. The may 32 is 

organi7.ed into a plurality of cells C in order to tailor the charge motion in the anay to the image 

motion occurring in different regions of the may. Each cell comprises a portion of the array 

32 comprising a large number of individual pixel elements, which arc arranged in rows and 

columns. l1te image motion vectors typically vary from location to location over the entire 

array due the effects of rotation about roll, pitch andfor yaw. Ideally, to compensate for the 

image motion, the array should have image motion compensation that matches the image motion 

10 in every location in the array. As a tradeoff of cost to perfonnance, it is preferred to subdivide 

the anay into a manageable number of cells C, for example 32, 64 or 256, and transfer pixel 

information in the pD.els of each cell in unison at a rate that corresponds to the particular image 

motion for that cell. Preferably there are at least 20 cells, and a number between 30 and around 

SOO a shouJd be a suitable number of cells for most implementations. The particular image 

lS motion for the cell can be either an average imaee motion for several locations in the cell, or 

the image motion calculated at the center of the cell. 

Refening to Figure 3, one arbitrary cell Ci of Figure 2 is shown isolated, showing a 

representative image motion vector 18. The image motion is resolved into lWo components, an 

in-line of ffight direction corresponding to the "column• direction and a cross-line of flight 

20 direction corresponding to the "row" direction. For example, a particular point in the image 

may move from pixel Pl to pixel P2 during the exposure period. Since the cell Ci is composed 

of perhaps several hundred pixel elements in the row direction. and several hundred pixel 

elements in the column direction, to compensate for image motion the charge {representing scene 
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information) may be transfem:d stepwise upwanis by a total of 30 pixels and over by a total 40 

pixels durin1 the exposure period. The same net pixel information transfer occurs for the other 

pixels in the cell. e.g. pixels Pl and P4. Some edge effects will be observed for some pixels 

at the boundaries of the cells, but these effects will typically be minor. 

The pixel information transfer illustrated in Figure 3 occurs. al a transfer rate that matches 

the image motion rate during the exposure period. Rather than transfer the pixel infonnation 

in the column direction all at once and then in the row direction, which would result in blurringt 

the pixel information is transferred during the exposure period in the row and column directions 

in a stepwise manner. for example I pixel up, 1 pixel over; 1 pixel up, 2 pixels over~ l pixel 

10 up, 1 pixel over; 1 pixel up, 2 pixels over, etc., as generally shown in Figure 3 by reference 

numenl 17, so as to substantially match the direction and rare of image motion to charge motion 

to minimize blurring. 

Figure 4 shows a preferred embodiment of the array 32 that accomplishes the two axis 

image motion compensation as described above. The array contains n x m cells, here n = 4 and 

lS m = 8. The array has S,040 pixels in the column direction and 10,080 pixels in the row 

direction, thus the cells are square cells having 1,260 pixel elements on each side, some of 

which are illustrated in cell C,.1• The designation fx n,m indicates the pixel information transfer 

rate for pixels in the row diR:ction for cell n,m. The designation fy n,m indicates the pixel 

information transfer rate for pixels in the column direction for the cell n,m. A readout register 

20 S2 is placed below the may 32 and receives the pixel information from all of the pixels in the 

array and passes the information to signal processing equipment, as described in detail below. 

The array 32 is preferably an electro-optic imager, such as a charge-coupled device or 

photodiode array. These devices have a photosensitive substrate that, depending on the choice 
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of materials, can be sens&tive to incident" nldiation at particular wavelengths, including those in 

the visible and near infra·raf portions of the spectrum. The particutar architecture for the array 
1 

the number of cells in the amy, and choice of substrate will depend somewhat on the types of 

reconnaissance missions that aic contemplated for the device, and the cost to performance ratio 

S that is desiied. Preferably, the array is chosen such that each pixel element can store charge 

representing pixd information and suitable conttal lines for each cell to permit the charge to be 

transferred along two axes in substantial synchronism with the scene image, as illustrated in 

Pi.Jure. 3. 

Still referring to Figure 4, each cell CtJ has its own separate variable and adjustable 

JO charge transfer rate (generally determined in units of pixels or millimeters of charge motion per 

second or per exposure period) which is adjusted between successive frames to the estimated 

image motion rates for the pixels in the cell. The portion of the cell that is used by the signal 

processing circuitry to calculate the image velocity and direction and hence charge transfer rate 

could be chosen as the center of the column, or at one of the comers of the cell, or as an 

15 ave.rage. It will be readily understood mat the charge transfer rates shown in the example of 

Figure 2 ~unique to the celJ, and will typically vary from cell to ceU, and from one exposure 

of the may to the next. As discussed in detail beJow, a camera control computer and associated 

drive and electronics circuit are used to adjust the charge transfer rates between successive 

exposures for each of the cells to ensure that, during the exposure period, the charge transfer 

20 rates for each of the c.ells are continually updated to closely match the image motion rates. 

ll. Determinlag Ima1e Disparity (Motion) Information From System Inputs 

The calculation of the proper pixel information transfer rates for each of the cells in the 
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array 32 will be more fully understood with reference to Figure SA·C and 6A-J, and the 

following discussion of the effects of roll, pitch and yaw on image motion in the plane of an 

array. 

The purpose of this section is to: 1) introduce the concept of image disparity, 2) relate 

S image disparity to image motion rates, and 3) show how arbitrary, dynamic pointing geometries 

are integrated into the calculation of disparity. 

Let 

(1) = Xr·X 

10 p 

be the image disparity (in pixels of size P) between an initial image point x and its final position 

x,. after a time T has elapsed (see Figures SA-C and the section Vector Notation below). 

Further. let"~· u,.11r be the unit vectors in the cross-, in- and normal-flight directions. We seek 

the cross· and in-flight average images rares, 

lS (2) 

T 

(in.pi:ulsls) at each image pointx; it will be shown that nonnal rates (as defined) always vanish. 

V;ctQt Notation 

20 In this document, we use the following notation conventions: 

1. Scalars (e.g. P. T,.F) are written in upper case. Vectors (e.g. x.dr. v.y) are written 

in low.er·ca.se and are of the form [cross-track in-track nomra/)1
'. Matrices (e.g. R, Mt) are 

bolded. 
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The transpose Of Xis_?; the dot product of X Andy is the scalar ry. 
3. In this notationt x0 = x so that d0(X) = 0 for all x. 

4. Image points x always lie in a .. virtual" image plane facing Nadir (see Figure SB) 

regardless of the actual orientation of the physical image plane. Each vinual pixel is assigned 

S a vector x = [M~ M,P -F]T where Fis focal length, Mc,• = -Yz.Hc,j ••• + Yz.N, .. , are rd.alive pixel 

addresses in the area array 32, and N,)I, are the am.y's pixel dimensions. 

To proceed further, we need the map which carries an image point x through an arbitrary 

rotation R and then to its corresponding object pointy (see Figures SB and SC and the Rotation 

HQ1m section below). Regardless of Rt object points must always lie in the IE~ = H ground 

10 plane; likewise, image points invariably rests in the rl ~ = -F virtual image plane. This map 

15 

and its inverse is given by: 

(3a) y = Intersection of Rx with object plane = 

(3b) x = i111erseclion o/R.Ty with image plaM = 

By direct substitution, one can verify that maps (Ja}. (3b) are (despite being non-linear) 

•goocf• imaging equations: they invert each other, they leave image and object points on their 

20 respective planes, and they carry parallel lines into parallel lines. 

Let the lens 40 (i.e. the imaging platform) move with velocity Y. To ea.ch x in the image 

plane there corresponds. by equation (3a), an object at y as defined by the current pointing 
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matrix R. After a time T has elapsed, the same object, now at Yr ~ y + vT, is sent to xT 

through the cumot rocation R,1 where 4R ~ Rr • R defines the pointing drift. 

Alternatively, one may define the drift such that Jl.r = 4R R. In so doing, AR (like lt.T 

and R) is a unitary rotation. For small drifts, the two approaches are nearly identical. In any 

S case, it is Kr and R that is provided by the inertial navigation system. for a completely 

differenl description of image motion, see Donald L. Light, Fllm 0Jmto1'GI or Digital Stnson? 

11M Chalkngt Ahead For krial Imaging, Photogrammetric Engineering and Remote Sensing, 

Vol. 62, No. 3 March 1996, pp. 28S-291). 

Therefore, usina (3ab) and (1), we arrive at the following general results for image 

10 disparity at any pixel with addresses M~,M,: 

(4a) 

4(b) 

4{c) 

y = _jf_lb: 
uTJU 
' 
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For rNtry pixel address (M" MJ, we compute first x using 4(c), then map x into they 

or object space using 4(b)t and then use4{a) to compute how much the pixel will move (a vector 

with lhree compents with the z component equal to zero) during the exposure time interVal T. 

Note that the nonnal disparity u~d,(x) = 0 as motion on the vimuJI plane has, by definition, 

S no normal component. 

Rgtation Notq 

l. The roration matrix (see Figure SC) 

(Sa) R • R(pitch. roll, yaw) • R(roll)R(pitch)R(yaw) 

is defined by pitch-, roll- and yaw-- angles about cross-, in-track and normal directions, the order 

10 being set IJy the navigarion sy1rem (e.g., by the order of mechanical gimbals in the navigation 

system). 

2. Each primitive rotation in S(a) is given by 

(Sb) R(9) = [[cos(6) O ~sin(9)f 

[0 1 

15 [sin (9) 0 cos(S))T) 

where: e • roU. yaw. pitch, the sign convention keeps positive rotations right-, forward-oblique 

and counter-clockwise relative to the platform, and where entries are placed relative to rotation 

axis (9= roll shown). 

3. Note that R., being a product of three unitary matrices, is itself unitary and, thus 

20 (Sc) R·1 = Rr = R(-yaw) R{pilch) R(-roll) = R(-pitch, -yaw, -roll) 
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4. Jn terms of an1ular mtes, the drift term 

(.5d) 4R. = R(roll", pitclf, yawr) - lt(roll. pitch, yaw). 

It is helpful (but not essenMI here) to isolate the disparities' dependency on platform 

velocity, drift rotation and image coordinate by decomposing the image disparity general results 

S (4) as follows: 

, vf H - decompo.silion 

(6) -Pdr(.x) = [ u:;x ]ar(vT) + AR1( Rx+ [ ur:~ ]<vn) t 4R.-decomposr"tion 

{ART R + ( (R + .1R} T ( vT)) ( ur:) }x . x - decomposilion 

These decompositions are valid ~ for suitably short time intervals, i.e •• when the 

denominators in (4a) are nearly equal. Note that the [] -tenn in (6) acts as a space-variant 

magnification (or effective focal length) which reduces to -FIB when Nadir pointing. Though 

10 helpful, (6) will usually depart from (4): in gcneml, calculating image disparity cannot be 

decomposed into separate additive problems. 

With respect to the general result (4), we do not deny funher "systematic" disparity (e.g. 

lens pincushion) that can be •ca1ibrated out• independent of the imaging geometry. 

Solution to two u;is imaae motion problem 

15 We compute image transfer rates in the cross-line of flight and in-line of flight directions 

for each cell in array 32 by calculating, in order, (4c), (4b), (4a) and finally (2). This 

calculation, illustrated in the block diagram of the camera control computer in Figure 9, is done 

SUBSTITUTE SHEET (RULE 26) 



W097/426S9 PCT/US97/05751 

24 
for each cell in the arra.y. For example,· where the array is a grid of 16 X 16 cell~, the 

calculation is done for 256 cells, and results in charge transfer rates in the row and column 

directions for each cell in the may. These 512-256 x 2 transfer rates are then rounded to the 

nearest clock rate permitted and latched to each of the 256 cell~ntrol counters. During the 

S exposure interval, the image (photodeteek>r charge) is electronically transferred (in both 

directions) at the predicted mes for each cell in the manner described above in conjunction with 

Figure 3. This process is also described in further detail below. 

The actual cell size chosen for the arny depends on the particular application, the 

maximum acceptable image smear, and on array fabrication limitations. Typical cell dimensions 

10 are weighed in the next section. 

Examples 

Two examples, typical of aerial reconnaissance, will demonstrate the utility of two-axes 

motion compensation: the first (see Figures 6A-6F) at a "high" frame rate (vJH = 600 knot.s/500 

ft) and a •wide• FOV (F = 1.5 in), the second (see Figures 6G-6I) at a •tow• frame rate 

lS (v/H=fl.X) knots/IS kft) and a •narrow• FOV (F = 16 in). 

20 

In these examples, the angular rates of rotation for the aircraft (roll, pitch and yaw) are 

30, 10, and 10 deg/s, iespectively; the am.y dimensions [cross in]-track are N = (10080 5040Ji 

the pixel mes are P = 12 µm; and the exposure time interval is T = 16 ms. Other conditions 

are u follows: 

initial pointing = K = R(O,O.O) = nadir 

drift pointing= 4R = R(4pitch, Aroll. Ayaw) - R(OtO,O) 

array dimensions (cross in) = N = [10080 5040) 
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grid size (cross in] = (9 9J 

Figures 6A-6F depict the image disparity for the system parameters as given above in 

the first example. As always, disparities can be directly scaled to image transfer rates using (2). 

The image is transfemd at these rates so as to cancel the corresponding image smear (that is, 

5 disparity). The legends at the tops of the Figures give the number of individual pixels in the 

cross-track (row) and in-track (column) directions that the image moves for the far. center and 

near edges of the array. Note further that the array 32 in Figures 6A-6J is rotated 90 degrees 

from the orientation in Figure 4. 

Figures 6A-6C demonstrate how disparity from equation (4) varies in both in- and cross-

10 line of flight axes given a stationary platform and three typical drift processes, i.e.. roll. pitch 

and yaw. Here. pointing drift is solely responsible for image motion. Figure 6D shows the net 

disparity with all three drifts combined, as per equation (S). 

Figure 6E gives the total disparity (4) when the platform velocity is included. Note that 

this drift process cause the cross-track disparity (normally zero under constant pointing) to 

IS actually exceed the in-track disparity (except at the center-most field position). 

Fig~ 6F shows the exact disparity (4) compared with the linearized disparity (6). The 

error in lhe linearized disparity (up to 79 cross- and 40 in-track pixels) is substantial and 

illustrares why exact disparity according to equation (4) is used. 

Exact disparity (4) compared with the graded image motion compensation in one axis 

20 only is shown in Figure 60. Again, the disparity error is quite substantial (up to 111 pixels in 

cross-line of flight and 61 pixels in-tine of flight). 

Figure 6H shows the image motion for the conditions in the second example given above, 
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combining the effects or roll. pitch and yaw, and platform velocity. Figure 61 shows the error 

in the approximate disparity (6), which is eliminated if actual disparity according to (4) is 

calculated. Figure 6J shows the enor that occurs if the prior an one-axis graded image motion 

compensation in one axis used with the second example conditions. 

The principal results of both examples is summarized in Table 1. The Table gives the 

maximum residual image smear in tcms of pixels in the cross- and in-line of flight direction for 

different cell sizes. Note that, for the second example, a graded FMC actually cause mm 

residual smear than had no compensation been attempted (113 vs. 77 in-line of flight pixels in 

Pigs. 60-61). Thus, the exact image transfer equations (2), (4) are usefUI even when the 

10 imaging array supports only single-axis transfers. 

TABLE 1 

Summary of two-axis motion compensation for the examples in Section ll at three possible 

seccorization (i.e .• cell partition arrangement) for an array having 10080 X S040 photosites 

Maximum Residual Image Smear (Cross I In Track) 

Cell Size: l / l '3f /~"' 315/315 
Sectorization: 10 080 I 5040 (ideal) !{, 18 32/ 16 

Ex. Fig. 
None Graded Approx. Two-Axes Two-Axes Two-Axes 

1 '"'"" 111194 111/ 61 79 /40 010 .28/J"' 'I /a' 
2 , .. _,J' 298/77 298/113 8/4 0/0 ,2/4 1/~ 
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m. Preferred Jmplementatloa 

W'Uh the above discussion, examples and overview in mind, and with reference to Figure 

7 A, a preferred form of the invention is implemented in a reconnaissance system 20 installed 

in an aircraft 21 that defines onhogonal roll, pitch and yaw axes R, Pl and Y, respectively, each 

S passing through a center of gn.vity CG. The roll and pitch axes define a bilateral plane BP that 

is horimntal during level flight. Tite reconnaissance system 20 includes a camera assembly 36 

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

The aircraft 22 has an avionics system 24 which provides to Ebe system 20 input signals 

indicating aircl3ft ground velocity (V), aircJaft height above ground (H), and aircraft roll, pitch 

10 and yaw angular position and rate data. From console 28, an operator 26 provides additional 

inputs into the system 20, such as the depression angle a between axis LA and a horizontal 

plane. 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 the camera assembly 36. 

IS Referring to Figure 7B, the camera assembly 36 includes the imaging array 32 defining 

a focal plane FP having a center point CE. The camera assembly 36 also includes a housing 38 

and a lens 40 having a focal length F (not shown in Figure 7B) and defining axis LA that passes 

through point CE. Aperture plane AP passes through the aperture of lens 40 perpendicular to 

axis LA. A shutter 41 is provided to selectively expose the array 32 to radiation from the scene. 

20 Typically, the camera housing 38 is passively isolated from the aircraft 22 in order to reduce 

vibration or other high frequency, low-amplitude motions. The array 32 does not need to be 

moun~ to a stabili.u:d platform, but rather compensates for roll, pitch and yaw motion by 

controlling the charge motion in the array. Printed circuit cards 39 incorporate the electronics 
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that support the operation of the array 32. Suitable coo1ing devices may be then placed within 

the camera housing to cool the array 32 to reduce dark current. 

Refening to Figures 7A·7B and 4, During the exposure time period when the shutter 41 

is open, charge representin& scene information is collected in the pixels in the array 32 and is 

s· transferred from one adjacent pixel to another accordin1 to the particular charge transfer rates 

for the cell. When the exposure time period ends (i.e. , when shutter 41 closes). the accumulated 

charge representing the scene is sequentially read out of array 32 one row at a time into the 

readout register S2. Prom the readout register S2, the information is fed to the signal processing 

circuitry. When the readout is complete, the array 32 is ready for the next scene exposure. At 

10 this point, and as discussed in detail below, the charge transfer rates for each of the cell~_ are 

updated depending on new inputs, such as aircraft velocity, height, camera depression angle, and 

new inputs as to roll, pitch and/or yaw. In this manner, the charge transfer rates are 

continually adjusted between sua:essive frames to match the charge transfer rates in the several 

cells with the image motion rates in the cells. It will be understood that the shutter 41 can be 

IS implemented either mechanically, or electronically within the anay 32 by dumping accumulated 

charge just prior to the exposure period. 

Referring to Figure 8, the camera assembly 36 and its associated control circuiuy are 

illustrated in block diagram form. The aircraft avionics system 24 provides velocity, height and 

roll, pitch and yaw angle and rate information over a bus 25 as inputs to the camera control 

20 computer 34. From the console 28. the operator inputs into the computer 34 over a bus 29 the 

depression angle o in degrees (Figure 2). Stored in the computer 34 are mission para.meters that 

arc previously determined. e.g •• focal length F of the lens 40, the size of the array 32, the 

number of cells and the partitioning of the array, the pixel size, a control circuit master clock 
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frequency (discussed below), and any other constants, such as whether the array is used in a side 

oblique or forward oblique mode. 

The computer 34 determines the charge transfer rates from equations (2) and (4) above. 

and the system inputs. After processing the data inputs, the computer 34 transmits signals over 

S a bus 3S that enable lens axis LA of camcn 36 to be directed to the desired orientation 1 

uansmits 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 the drive and conuol 

electronics S4. The drive and control electronics S4 transmits signals over a bus 68 that controls 

the charge motion in the cells of the array 32 to transfer pixel information located in the cells 

10 at the proper two.axis transfer rates. A master clock 58 issues pulses over a conductors.~ at 

a predetermined master clock frequency to the drive and control electronics S4. Alternatively, 

the master clock pulses may be supplied by the computer 34. 

The output video containing scene infonnation from the imaging array 32 is fed over a 

bus S3 to a signal processing unit S6 which, in tum, sends the information over a bus SS to a 

lS recording or viewing media 57 such as a tape, or to a data link for transmission to. a remot.c 

location. The signal processing unit S6 also provides exposure conttol feedback to computer 34 

over a bus 61 so that the frame exposure time may be adjusted to optimize signal collection. 

Refc.rring to Figure 9, the camera control computer 34 is shown in great.er detail in block 

diagram form, in order to illustrate the elements in software and hardware that determine the 

20 charge transfer rates from equations (2), (4) and (S). The avionics or inertial navigation system 

34 supplies roll, pitch and yaw angle and rate data via a bus 25 to an image disparity calculator 

72. Camera depression angle 8 information is supplied by the operator console 28 via bus 29. 

A memory 70 stores system parameters, including the focal length for the lens 40, the exposure 
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time T, the partitioning of the cells and pixel size, ecc. The disparity calculator calculates the 

rotation matrix R. from equation ($), and the image disparity vector dr from equation (4) from 

these inputs and the focal leqth F. 

The image disparity calculator 72 passes the rotation matrix Rand image disparity vector 

data to a line rate calculator 74. which calculates line rates for the cells according to equations 

(2). The line rates are pas.fed to a cell addressor 76, which Wee! the line mes and array 

partition infonnation N..Nh and pixel addreu from a pixel address generator 78, to generate 

counter values for the row and column directions for each of the counters in the drive 

electronics. 

10 It will be appreciated that a memory (not shown) is provided in the camera control 

computer 34 which stores a software program for calculating the line rates for the array in the 

manner described in detail above. A person of ordinary skill in the art will readily be able to 

write such a program given the explanations and algorithms set forth herein. 

Referring to Figure 10, the drive and control elecuonics 54 is shown in areater detail, 

ts and lllusuaies an embodiment in which master clock pulses are provided by the camera control 

computer 34, insRad of from an external clock. The camera control computer 34 calculates lhe 

transfer rates for the cells in the row direction Fx ;J, and the transfer rates for the cells in the 

c.olumn direction, Fy iJ• where i = 1 . . . n and j :; l . . . . m for an array with n X m cells. 

A set of counters CNu ... CN.,. and associated clock drivers CD1.1·CD11•111 are provided. The 

20 outputs of counters CNiJ are c0nnected to x +/·and y +/·trigger inputs of clock drivers CD;.;· 

Representative counter CN1,1 for cell C1,1 receives inputs over data bus 64, including pulses from 

a master clock located inside computer 34, a frame stan/stop signal, and two preload signals for 

the X (row) and Y (column) directions. The pre-load signals represent counter values CXiJ and 
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CY iJ which are related tO the char&e uansfer rate for cells. The pre-load signal for the Y 

dinction is slaved to the preloid for the X direction. 

When counter CN,,1 counts IO the count« value associaced with the X and Y pre-load 

values, trigger signals are sent by the counter to the trigger inputs for the clock driver co .... 

.S The clock driver CD1,1 in response issues clocking pulses over a four phase output bus 68 to the 

pixels in the cell CI,l to transfer pixel informadon uniformly by one row (when the X terminal 

count is reached), and one column (when the Y terminal count is teaehed). 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 (Figure 7B). 

10 The fast.er 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 charge 

motion in the array 32. 

ts 

Note funher that the counter preload values may be either positive or negative, depending 

on whether the charge is to be transferred up or down or right or left in the array. 

Still referring to Figure 10, input signals from the camera control computer 34 travel via 

data bus 64 to each of the counters CN,,1-CN- for each of cells Cl.l - c .... These signals 

include master clock signals, a frame start and stop signal, and the pre-load values for the X and 

y directions. 

Fipre 11 shows several cells in the array 32 with the four phase clocking. The clock 

20 drive signals are provide!! from the top of the array 32 and pass through metalization regions 

102 above the channel stop region (N.C.) between photosites. Note that a given row need not 

be contacted at every column position in a cell, as the contacted signal is conducted horizoncally 

down the polysilicon layer in the surface of the array. Thus, some metal lines 100 (vertical) can 
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be floated or grounded for noise suppression isolation. Additional metal lines 100 are available 

to route the clock drive signals to the inner celb, i.e., C i.1 and C 1,1 in the figure. 

Grat.er than three clock drive signals ue required for each cell to allow bidirectional 

charge transfer in both the X uid Y directions. The channel stops will also have aligned 

discontinuities to allow horizonral char&e tnnsfcr as ~uired. This physical alignment and the 

vertical to horit.ontal chaqe transfer must be synchronized, hence the requirement for dle •x· 

counter to be slaved to the •r counter in Fisure 10. 

It will be appreciated that the particular details in the construction of the array gates for 

transfer of charge in the horizontal and vertical directions are mattcn that ~ well within 

10 abilities of persons of skill in the art of charge-coupled device design and fabrication. These 

details will depend somewhat on the type of imager is chosen to implement the invention. 

The charge-coupled device archiu:aure shown in Figure 11 is essentially a full frame 

imager configuration. The full frame configuration provides a large area array with a high 

percentage of silicon wafer area available for light collection. By contrast. a &ame transfer 

lS architecture requires a frame storage region which occupies approximately dle 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 pit.ch of the full ftame 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 

20 addressable charge injection device is another possible architecture for the present invention. 

A discrete arny 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 
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to these architectures should they be preferred for other reasons, and the scope of the present 

invention is intended to cover these alternative architectures. 

IV. Syst• Opentlon 

Refemna to Figures 7-11, the operation of the imaging anay in a side oblique mode to 

S provide two axis image motion compensation will be discussed. When the operator is ready to 

begin taking pictures, he or she selects a depression angle 3 (Figure 1) to image the terrain scene 

of interest. At this time, the avionics system 24 provides to the computer 34 the velocity and 

height data, as well u roll. pitch and yaw angles and rates of rotation for the aircraft. The 

camera control computer 34 calculates the rotation matrix R and the charge tmsfer rates for 

10 the row and column dilections for each cell according to equations (4) and (2) for the curr~t 

aircraft data just prior to the scene exposure. The computer 34 then calculates the pre-load 

counter value for each counter CN in the drive and control electronics 54, and issues the pro­

load values to the counters over lhe bus 64. 

When the operator triggers a frame ro take a picturet the shutccr is simultaneously opened 

IS for an exposure time period calculated by or stored in the 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 master clock frequency 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 predetennined number of counts. a trigger signal is sent from the counter CN 

20 to the clock drive CD for that counter. and one cycle of clocking is triggered in the cell. Pixel 

information {electric charge packets) containing scene information js thereby shifted down (or 
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up} one row vertically in the column direction in all the columns in that cell. The same ptoc:ess 

of countina and triggering occurs for the row direction for all the rows in the cell. 

After Issuing a triuer pulse to the clock driver CD, the counter CN then automatically 

reloads and begins counting to the counter value again. When the counter value is reached 

again, the triaer pulse is sent, the clock driver CD shifts the pixel information one row 

vertically in all the columns in the cellt the counter CN reloads and the cycle is performed 

again. The process is the same for the row direction. Meanwhile, the cycles of counting and 

triggering for the row and column directions are also being performed in the counters and clock 

driven for the other cells. Because each cell hu a different charge tnnsfer rate and 

10 conesponding counter values, as necessary in order to match the charge transfer rate to the 

image motion rate, electronic image motion compensation in two axes without moving pans is 

realized throughout the array 32. 

Although in the illusttatrd embodiment of Figure 4 the irna:ing array 32 is divided into 

thirty two cells as a tradeoff between performance and cost. it may be desirable to use a higher 

IS number of cells. The more cells there are, the less enor (image smear) there is at the 

boundaries between adjacenl cells. However, with 64 cells, there must be twice as many 

counters and clock drivers, which introduces some additional cost and computational complexity. 

With fewer cells, ~.g., 12, the control circuitry and processing time is reduced proportionately, 

thus lowering cost, but image smear near the edges of the cells may be unacceptable. The siz.e 

20 of the array may be another factor when deciding how many cells to use. A sectorization 

arrangement having between 8 and 600 individual cells should be suitable for most purposes. 

The above image motion compensation process will be described with funher specificity 

using cell C1.• for illusuation. During the exposure time period, the image moves at a rate and 
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a direction which is resolved into two components, on in the cross-line of flight (row) direction 

and the other in the in-line of night (column) direction. Assume in lhc present example that the 

image moves in the column din=ction at a rate of 39.92 mmls, or down 33.26 rows (0.012 mm 

pixels) in 10 ms, as derived ftom equations (4) and (2). Assume that the image moves over at 

s a rate of 13.S mm/s, or over 11.2.5 columns in 10 ms, again from equations (4) and (2). Thus, 

pixel infonnadon or charge packets rcpresentin1 scene infonnation muse be shifted vertically 

down the columns of the column poup by 33 .26 pixels during a 10 ms exposure and over 1 l.2S 

pixds. More precisely. the charge packets must be moved by one pixel in the column din=ction 

every 0.01133.26 seconds, and over by one pixel every O.Ol/l l.2S seconds. 

10 To do this. counter CNu for cell Ci.• is loaded with its particular pre-load count.er values 

for the X and Y directions. If the master clock frequency is 10 MHz, or 100 nslcount, 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 cell c1 ... is lOOtOOO/JJ.26. or 3,006 in the column or Y 

direction and 100,000l11.2S, or 8,889 in the row or X direction. Using the column direction 

IS for illustration, at the moment of opening the shutter, the counter, having been set to zero, 

begins to count at the master clock frequency up to 3006. At count number 3006 a match is 

obtained, and the clock driver CD1.• is triggered for a shift in the column direction. The charge 

packets in all the columns of cell are then are shifted by one row vertically in the column 

direction. Counter CNu is reset to zero and begins counting up to 3006 again. Thirty-three 

20 full cycles of counting and triggering are obtained in the exposure period, and during the 

remainder of the integration time, no more clock cycles are triggered. The same process occurs 

for shifting in the row direction, wi~ the counter counting up to 8889, triggering a cycle of 

clocking in the row directiont resetting the counter to ?.erO. counting again. etc. Thus. the pixel 
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information is transferred in a scepwise manner in unison for all the pixels in the c:ell Cu. 

In the preant example., note that if the exposure time period is reduced to 0.005 second, 

the image motion in lhe column direction becomes 33.2612 or 16.33 pixels during lhe integration 

time, and the total of master clock counu during exposure is halved as well to S0,000. 

However, the count.er value remains the same. Thus, the exposure period is not critical to the 

implementation of the invention, and can be varied by the operator wilhoul affecting che image 

motion compensation. 

The process dcscn'bed above for arbittary cell Cu is petfonned in parallel for the other 

counters and clock drivers of the array 32. At the end of the scene exposure. the shutter is 

10 closed and the pixel information is read out of the amy 32 into the readout registers S2. When 

the operator is ready to take another picture, the camera control computer determines the new 

rotation matrix R and image motion rates in lhe two axes for each of the cells based on new 

inputs, and the process repeats. 

lS 

CONCLUSION 

The foregoing description of the preferred and alternative embodiments has assumed that 

the imaging array 32 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 ma arrays to make one large may. The individual arrays (perhaps 4, 20 or even 

100) are electronically combined into cells and include a means for transfening pixel information 

20 located in the cells in the row and column direction at transfer rates to match the image motion 

rates. One such array that could be used as an element of the "mosaic" is the Thomson CSF 

THX 311S7 charge-coupled device, with rhe gate structure modified as necessary to accomplish 
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charge transfer in the mw and column directions. In the mosaic, each charge-coupled device 

could be separately controlled as an individual cell. In the appended claims, the term •amy• 

is accordingly intended to include eidler a sin1le, monolithic anay or an anay composed of 

individual mays electronically, optically or physically combined together, or individual discrete 

S det.ec:ton mounted in a hybrid mosaic may. 

While the foregoing description of the preferred embodiment has set forth an exemplary 

method and apparatus for achieving two axis image motion compensation in an electro-optical 

imqing 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 

l 0 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 may. Moreover, analog 

circuits, delay circuita, or other types of control circuits may be devised to control the charge 

transfer rates to achieve image motion compensation. In addition, many of the functions 

performed by the disclosed digital electronic control circuits can be implement.ed in software by 

15 the computer 34 or another data processor. As previously noted, alternative architectures for 

an elcctro-cptical 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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1. An imagin1 array with two axis image motion compensation, comprising: 

an anay of pixel elements manged in rows and columns. said rows defining a row 

diJection and said columns defining a column direction; 

said pixel elements sroring pixel information representing an image of a scene. said image 

S having a motion with respect to said array of pixel elements; and 

means ror transferring said pixel information in said array in said row direction and in 

said column direction in substantial synchronism with said motion of said image, whereby the 

resolution of an image generated by said array may be preserved. 

2. The array of claim t. wherein said anay of cells are organized in a plurality of 

cells of said pixel clements, wherein said pixel information in at least one of said cells is 

transferred uniformly in said ~ direction and in said column direction for each of said pixel 

elements in said cell. 

3. The anay of claim 1. wherein said may comprises a charg~oupled device. 

4. The array of claim 1, 2, or 3, wherein said array is installed in an airborne 

vehicle. 

S. The array of claim 1, wherein said array is installed in an airborne vehicle, said 

airl>ome vehicle having a system generating information as to roll, pitch and yaw of said 
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airborne vehicle. and wherein said means for transfenin1 comprises: 

calculating means responsive to said generating system for calculating a rotalion matrix 

5 for the rotation. of said airborne vehicle and for caiculating an image disparity vector for said 

pixels from said rotation matrix~ and 

a line rate means responsive to said calculating means for determining pixel infonnation 

transfer rates for said anay in said row direction and in said column direction. 

said pixel information in said array transferred in said row direction and said eolumn 

1 O direction acc:orclin1 to said pixel information transfer rates to thereby compensare for said image 

motion. 

6. The anay of claim S1 wherein said means for transferring funher comprises: 

a first set of counters and clock drives for transferring said pixel information in said array 

in said row direction; and 

a second set of counters and clock drives for transferring said pixel information in said 

array in said column direction. 

7. An aerial reconnaissance camera system for installation in an airborne vehicle and 

for generating an image of a scene which compensates for aircraft motion in a flight direction 

and compensates for roll, pitch, or yaw disturbances of said airborne vehicle, said airborne 

vehicle having a means installed in said aircraft for generating aircraft disturbance information, 

S the camera system comprising: 

· an array of pixel elements arranged in rows and rolumns storing pixel information 

representing said scene, said rows defining a row direction and said columns defining a column 

SUBSTITUTE SHEET (RULE 26) 
This Sheet Has Been Replaced 

1•111m1u1 



--------------- . -

1111111/ lllltl 11111111111 f 111 
* C L H s * 

W097/42659 PCTIUS97/05751 

40 

direction; 

means responsive to said aircraft distu!bance information generating mtans for generating 

10 an image disparity vec:rar for said pixel elements in said row direction and in said column 

dinction and for generating a row pixel information transfer rate and a column pixel information 

transfer rate; 

a pixel transfer means for moving pixel information from one of said pixel elements to 

another of said pixels in said row direcdon and in said column direction, said pixel transfer 

15 mans transferring said pixel information at said row and column pixel information transfer 

rates; 

said row and column pixel information uansfer rates comprising the sum of an in·line-of 

flight transfer rate compensating for forward motion of said airborne vehicle and an image 

disparity transfer rate derived from said image disparity vector compensating for at least one of 

20 said roll, pitch and yaw disturbances of said airborne vehicle. 

8. The aerial reconnaissance camera system of claim 7, wherein said array comprises 

a charge-coupled device. 

9. The aerial reconnaissance camera system of claim 7, wherein said anay comprises 

a charge injection device. 

10. The aerial reconnaissance camera of claim 7, wherein said array comprises an 

infrared may. 
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11. The aai.a1 reconnaissance camera of claim 71 wherein said pixels of said may are 

organized in a plurality of cells, each cell comprising a group of pixels forming a rectangle of 

at least one pixel in said column direction and al least one pixel in said row direction, wherein 

said pixel information in at least one of said cells is transferred uniformly in said row direction 

and said column direction for ~h of said pixel elemenu in said cell; 

and wherein said row and column pixel information tnnsfer races are calculated 

independently for each of said cells in said array. 

12. The aerial reconnaissance camera system of claim 11, wherein said plunllty of 

cells comprises at least eight cells. 

13. The aerial reconnaissance camera of claim 12, wherein said plurality of cells 

comprises between 30 and 600 cells. 

14. The aerial recoanaissance camera system of claim 7. wherein said row and column 

pixel infonnation transfer rates correct for roll. pitch and yaw rotation of said airborne vehicle 

during a time period in which said anay is exposed to said scene. 

15. A machine-readable storage medium storing a computer program. said computer 

program comprising: 

a routine for computing a rotation matrix R and a drift matrix 4 R from inputs 

comprising aerial reconnaissance vehicle roll. pitch. and yaw information; 

a routine for computing an image disparity vector d,(x), where dr(x) comprises an image 
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disparity for point (x) of an imaaing may comprised of pixels amnsed in rows and columns 

deftnina a rvw dinction and a column direcdon; 

whaein dr(x) = d. ( Ffj.±ARf [y±yD ± x) 
p u,T [R+4RJT (y+vT] 

and F • focal len1th of a lens for said array 
P • siJ.e of said pixels in said arny 
y • object points 
v • foiward velocity of said aerial mx>nnaJssance vehicle 
x = imqe points in said array 
T ""' exposure time of said anay; and 

a routine for calculating a pixel information transfer rate for said anay from said image 

disparity vector in said row direction and in said column direction. 

16. A method for electronically compensating for relative motion of an image of a 

scene with respect to an elecb'O-Optical imaging array, said ar:ray having a plurality of pixel 

clements storin& pixel information arranged in rows and columns, said rows deftni.n& a row 

di!ecuon and said columns defining a column direction, said anay installed in a moving vehicle, 

comprising the steps of: 

determining the image motion rates in the plane of said imaging array in said row 

direction and in said column direction resulting fmm forward motion of said vehicle and anguJar 

rotations of said vehicle; 

transferring pixel information in said array in said row direction and said column 

10 direction at row direction transfer rates and column direction transfer rates substantially equal 

to said image motion rates to thereby compensate for said forward motion and angular rota.ti.on 

of said vehicle and preserve resolution of an image generated from said array. 
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17. 'The method of claim 16, wherein said array is organized in a plurality of cells cf 

pixel elements. and wherein said steps of determining and transferring are perfonned for each 

of said cells independently. 

18. The method of claim 16, wherein said row direction transfer rate 

is proportional ro UeT I dr .111 
T 

and said column direction transfer rate is proportional to U; T x d-r(&} 
T 

wherein u. T is a transpose of a unit vector in said row direction and u,T is a unit vector 

10 in said column direction, and dr...00. is an image disparity vector. 
T 

19. The method of claim 16, wherein said array comprises a charge-coupled device. 

20. The method of claim 16, wherein said array comprises a charge injection device. 

21. The method of claim 16, wherein said array comprises an infrared anay. 

22. The method of claim 16, wherein said pixels of said array are organized in a 

plurality of cells, each cell comprising a group of pixels fonning a rectangle of at least one pixel 

in said column direction and at least one pixel in said row direction, wherein said pixel 

infonnation in at least one of said cells is transferred uniformly in said row direction and in said 

column direction for each of said pixel elements in said cell; 
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and wheft:in said row and column transfer rates are calculated independenUy for each 

of said celb in taid array. 

23. The method of claim 22, wherein said plurality of cells comprises at least twenty 

cells. 

24. The method of claim 23, wherein said plurality of cell comprises between 30 and 

600 cells. 

2S. The method of claim 17, wherein said row and column transfer rates compensate 

for roll, pitch and yaw rotation of said airborne vehicle during a time period in which said array 

is exposed to said scene. 
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