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IMAGING DEVICE FOR SCENES IN APPARENT MOTION 

RELATED APPLICATIONS 

[00011 This application claims priority to U.S. Provisional Application No. 61/989,165 

filed May 6, 2014, entitled "Device for Multi-spectral Imaging and Video when 

observed scene is in apparent motion," the entire contents of which are incorporated 

by reference in their entirety.  

BACKGROUND 

[00021 When a scene is in apparent motion relative to an imaging device, collecting 

sufficient light to achieve a suitable dynamic range while preventing motion blur and 

artifacts can be difficult. In the case of satellite or airborne-based observation 

systems, this is a particular concern. A shorter exposure time may result in 

insufficient light exposure. Increasing the exposure time results in blurring. In a 

conventional satellite imaging system, this problem may be solved by increasing the 

effective aperture of the optics in order to collect more light during a given exposure 

time. But doing so increases both the size and weight of the optics, which greatly 

increases costs associated with satellite systems in particular.  

[00031 Various conventional imaging systems address these concerns in various ways 

and with varying degrees of success. Some systems utilize linear sensors having 

elongated pixels or, alternatively, Time Domain Integration (TDI) sensors to 

compensate for apparent motion. These solutions require the imaging device to be 

aligned with the direction of apparent motion, and often require that the satellite 
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system compensate for payload torques. In other imaging systems, mirrors, lenses, or 

the imaging sensors themselves are moved in the direction of travel in order to 

compensate for the direction of travel. Still other systems utilize computationally 

intensive solutions to compute motion and to direct the recording medium to move in 

order to compensate for motion.  

[00041 In general, these systems are large and heavy, computationally intensive, 

complex, or all of the above.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[00011 The Detailed Description is set forth with reference to the accompanying 

figures. In the figures, the left-most digit(s) of a reference number identifies the figure 

in which the reference number first appears. The use of the same reference numbers 

in different figures indicates similar or identical items.  

[00021 FIG. 1 illustrates an isometric view of an example imaging device having a 

multi-axis positioning mechanism for imaging scenes in apparent motion.  

[00031 FIG. 2 illustrates a top view of the example imaging device for imaging scenes 

in apparent motion.  

[00041 FIG. 3 illustrates a front view of the example imaging device for scenes in 

apparent motion.  

[00051 FIG. 4 illustrates a side view of an example imaging device for scenes in 

apparent motion.  
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[00061 FIG. 5 illustrates an exploded view of an area imaging device and a multi-band 

optical filter including a plurality of filter bands for use with an imaging device for 

scenes in apparent motion.  

[00071 FIG. 6 illustrates an isometric view of an example imaging device having an 

area imaging device and a multi-band optical filter provided thereon.  

[00081 FIG. 7 is a flow diagram showing an example overview process for image 

capture using an imaging device for scenes in apparent motion.  

[00091 FIG. 8 is a flow diagram showing an example process for aligning a tracking 

axis with direction of apparent motion.  

[00101 FIGS. 9A and 9B illustrate successive images and gray projections used to 

align an imaging device with a direction of apparent motion.  

[00111FIG. 10 is a flow diagram showing an example process for determining a 

tracking speed and run length of an imaging device.  

[00121 FIGS. llA-C illustrate successive images and associated gray projections that 

are used to determine a speed of travel and a run length of the imaging device.  

[00131 FIG. 12 is a flow diagram showing an example process for imaging a scene that 

is in apparent motion according to embodiments.  

[00141 FIG. 13 is a graph of exposures taken, plotted against time and space during the 

operation of the device during an image capture phase.  

[00151 FIG. 14 is a block diagram of an example imaging system usable to image 

scene having apparent motion.  
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[00161 FIGS. 15A-D illustrate isometric views and side views of an example imaging 

device having a multi-axis positioning mechanism with multiple linear axes rather 

than a linear axis a rotational axis.  

DETAILED DESCRIPTION 

Overview 

[00171 Embodiments include an imaging system, such as an aerial or satellite-based 

imaging system, having a multi-axis positioning mechanism, a multi-band optical 

filter, and employing various computational algorithms in a processing unit (e.g., a 

processor or other logic circuit) to capture and process images of a scene in apparent 

motion with a suitable dynamic range while preventing motion blur and other visual 

artifacts.  

[00181 Embodiments control the multi-axis positioning mechanism to align a tracking 

axis of an area imaging device (AID) (e.g., a type of image capture device) in the 

direction of apparent motion. A tracking speed of the AID is determined to 

compensate for the speed of apparent motion. A run length is determined to enable 

sufficient time for one or more exposures while the AID is moved through its run 

length. Multiple partially overlapping exposures are captured by causing the AID to 

cycle through multiple runs along the tracking axis. In a single cycle, the multi-axis 

positioning mechanism causes the AID to move along the tracking axis in the 

direction of apparent motion according to the determined run length and the tracking 

speed before returning to the starting position to begin the next cycle. The exposures 

in each successive cycle have a determined amount of overlap, which enables the 
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exposures to be stitched together to form an image of arbitrary length. Each segment 

of the image is exposed through all bands of the multi-optical filter during successive 

cycles.  

[00191 By aligning the tracking axis and setting a tracking speed to compensate for the 

apparent motion, blur is eliminated or reduced while capturing the image itself, 

thereby reducing computational complexity of the system. In short, the image capture 

device is temporarily moved at a speed and in a direction that is the same as that of the 

apparent motion, for a sufficient amount of exposure time, to result in a suitable 

dynamic range image that is free from motion blur. Each segment of the image is 

exposed through different bands of the multi-band optical filter to allow for multi

spectral images.  

[00201 A stitching algorithm is utilized in some embodiments to generate a final image 

(or video frame) from the multiple partially overlapping exposures. Multiple 

exposures may be captured during each cycle. Each intra-cycle exposure may have a 

different exposure time, in order to provide advantageous or optimal exposure times 

for each filter band, in order to generate a high dynamic range image. Multiple 

exposures during each cycle may be captured at slightly different horizontal or vertical 

positions (perpendicular to the tracking axis), which may be less than a pixel's 

distance apart, in order to generate slightly horizontally or vertically offset exposures 

that are used to generate an increased resolution image. Horizontally offset exposures 

may be obtained by using a horizontal linear actuator, which moves the imaging 

device perpendicular to the direction of apparent motion (i.e., perpendicular to the 
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tracking axis of the imaging device). Vertically offset exposures may be obtained by 

the tracking actuator being repositioned to a slightly offset position, such as length 

equal to 1/2 of a pixel, from the original position of the previous exposure. In 

embodiments, images that are both horizontally and vertically offset can be obtained 

for even further improved resolution.  

[00211 Some embodiments of the imaging systems and apparatus described herein 

may be employed to take images of Earth from satellites, such as satellites in Low 

Earth Orbit (LEO). LEO satellites orbit at speeds relative to a stationary point on the 

Earth that make motion blur an important issue. In satellite embodiments, the imaging 

system includes a telescope and the AID is placed at the focal plane of the telescope.  

The aperture and focal distance of the telescope is selected so that the exposure times 

of typical ground scenes are below the cycle time of the multi-axis positioning 

mechanism.  

[00221 Embodiments do not require the imaging device to be aligned with the 

direction of apparent motion, which is especially useful in satellite-based systems that 

are prone to rotation independent of their motion. Systems according to embodiments 

are simple, compact, and lightweight while also enabling multi-spectral imaging and 

live video while the observed scene is in apparent motion relative to the imaging 

apparatus while minimizing image artifacts such as blur, skew, wobble, and defocus 

aberrations. Embodiments also enable high dynamic range (HDR) imaging and 

spatial resolution enhancement.  
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[00231 The processes, systems, and devices described herein may be implemented in a 

number of ways. Example implementations are provided below with reference to the 

following figures.  

Example Imaging Device 

[00241 FIG. 1 illustrates an isometric view 100 of an example imaging device 102 

having a multi-axis positioning mechanism 104 for imaging scenes in apparent 

motion. In the illustrative embodiment depicted in FIG. 1, the multi-axis positioning 

mechanism 104 includes a focus rail 106 aligned with the z axis. The focus rail 106 

includes a linear actuator, such as an electric motor, and is used to focus the imaging 

device 102. The length of the focus rail 106 is, in embodiments, at least as long as 

any variations in the focus position of the imaging device 102. In embodinents for 

which the distance between the imaging device 102 and the focus position is expected 

to remain constant or to have a sufficiently small variation (such as in a satellite 

imaging system), the run length of focus rail 106 may be set to a length slightly longer 

than the confocal length of the imaging device 102, such as between a few microns 

and a few millimeters. Where the variation in focus position is expected to be 

sufficiently small, the focus may be adjusted in post-processing, e.g., algorithmically, 

thereby enabling the manufacturing tolerances in the linear actuator to be relatively 

relaxed. The linear actuator need not be particularly fast, although it may be.  

[00251 Stand 108 may be somewhat L-shaped, and includes a platform 110 that is 

moved by the linear actuator along the z axis of the focus rail 106. The stand 108 

includes a vertical member 112, which includes a circular rail 114. Circular plate 116 
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rotates within circular rail 114, controlled by a rotary actuator beneath or otherwise 

coupled to the circular plate 116. A platform 118 is situated on tracking rail 120 of 

the circular plate 116. A linear actuator causes the platform 118 to move along the 

tracking rail 120, along a tracking axis y'. In some embodiments, a transverse actuator 

that moves the platform 118 along a transverse axis that is perpendicular to the 

tracking axis is also included.  

[00261 The rotary actuator causes the circular plate 116 to rotate, thereby orienting the 

tracking axis y' of the tracking rail 120. In embodiments, the tracking axis y' is 

oriented to be substantially parallel with the direction of apparent motion of the scene 

being imaged, as will be described in more detail elsewhere within this Detailed 

Description. The possible degree of rotation of the circular plate 116 is, in some 

embodiments, at least 180 degrees to enable orienting of the tracking rail 120 to be at 

any angle, in order to account for any possible direction of apparent motion. The 

degree of rotation may be greater than 180 degrees in order to avoid potential 

problems where the direction of apparent motion happens to be near the rotational 

limit of the circular plate 116. The rotary actuator is sufficiently precise to maintain 

any misalignment between the tracking axis y' and the direction of apparent motion to 

be less than a single pixel of an area imaging device (which is positioned on the 

platform 118 as shown in FIG. 6). The rotational actuator may be a piezoelectric or 

stepper motor, or other suitable actuator or positioning mechanism.  

[00271 The tracking rail 120 includes a linear actuator underneath or otherwise 

coupled to the platform 118. The linear actuator is operable to move the platform 118 
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along the tracking rail 120 to compensate for the apparent motion of the scene being 

imaged. The linear actuator for tracking is sufficiently fast to displace the platform 

118 at the speed of apparent motion, and to return to a start position sufficiently 

quickly such that another image exposure cycle can be accomplished with sufficient 

overlap between successively captured exposures and to increase the exposure time 

available to capture images. Jitter (variability in movement speed) of the linear 

actuator for tracking is less than a pixel of the area imaging device to avoid blurring of 

the resulting images. The linear actuator for tracking may be a piezoelectric motor, a 

stepper motor, or other suitable actuator or device.  

[00281 Improved resolution images may be obtained using vertically offset exposures 

between successive images within a cycle, horizontally offset exposures between 

successive images within a cycle, or both horizontally and vertically offset exposures 

(which may include one or more additional exposures that are both horizontally and 

vertically offset from an original exposure, or two additional exposures one of which 

is horizontally offset and the other of which is vertically offset from an original 

exposure). Vertically offset images, such as images with 1/2 of a pixel displacement 

in a direction or other displacement that is not an integer multiple of a whole pixel, 

enable additional resolution in the vertical direction. In these embodiments, the linear 

actuator for tracking repositions of the imaging device to within an offset distance, 

such as 1/2 a pixel, from the original position of a previously captured exposure. The 

two vertically offset images are processed as described elsewhere within this Detailed 

Description to produce a higher resolution image.  
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[00291In some embodiments, to produce horizontally offset exposures, a transverse 

actuator that moves the platform 118 along a transverse axis that is perpendicular to 

the tracking axis y' is also included. The run length of the transverse actuator is used 

for generating higher resolution images. The transverse actuator is a piezo 

displacement actuator or other suitable high-resolution actuator.  

[00301 In the example illustrated in FIG. 1, the multi-axis positioning mechanism 104 

includes a rotational actuator, which rotates the tracking rail 120 to be substantially 

parallel with the tracking axis y', and a linear actuator to move the tracking rail in the 

direction of the tracking axis y'. In alternative embodiments, such as are illustrated in 

FIGS. 15A-D (although other examples are possible without departing from the scope 

of embodiments), two actuators, an x actuator and a y actuator are simultaneously 

moved such that the imaging device tracks the direction of apparent motion (e.g., the 

tracking axis y). Determining the speeds of tracking of the x and y actuators is 

determined in a substantially similar way.  

[00311 In the example illustrated in FIG. 1, the imaging device is included in a satellite 

122. The satellite 122 may be a Low Earth Orbit (LEO) satellite or some other type of 

satellite without departing from the scope of embodiments. In other embodiments, the 

imaging device 122 may be on-board an aircraft (manned or unmanned), another type 

of spacecraft (manned or unmanned), and so forth.  

[00321 FIG. 2 illustrates a top view 200 of the example imaging device 102 for 

imaging scenes in apparent motion. FIG. 3 illustrates a front view 300 of the example 
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imaging device 102 for scenes in apparent motion. FIG. 4 illustrates a side view 400 

of an example imaging device 102 for scenes in apparent motion.  

[00331 In some embodiments of the imaging device 102 for use in satellites, such as in 

LEO satellites, the actuators are piezoelectric motors (in a variant, ultrasonic 

piezoelectric motors may be used instead). The rotary actuator may be a rotational 

motor around the z axis, used to orient the device with respect to the direction of 

travel. A linear motor with mechanical stabilization along the z axis may be used for 

focusing. The total run for the linear actuator for focusing may be enough to correct 

for possible variations in focus due to thermal dilation, mechanical effects, 

wavelength differences, etc.  

[00341 FIG. 5 illustrates an exploded view 500 of an area imaging device 502 and a 

multi-band optical filter 504 including a plurality of filter bands 506, 508, 510, and 

512 for use with an imaging device for scenes in apparent motion. Embodiments may 

have more or fewer filter bands than are shown in FIG. 5. A frame 514 holds the filter 

bands 506-512 in place, and is positioned over the AID 502.  

[00351 Filter bands are selected to cover desired fractions of the electromagnetic 

spectrum, and embodiments are not limited to any particular band or bands. The filter 

bands 506-512 may include, for example, blue, infrared, green and red bands, with 

another band of unfiltered coverage (i.e., a panchromatic band). The number of filter 

bands, and the spectral transmission of each filter bands 506-512 are chosen to acquire 

any combination of wavelengths of interest. The filter bands 506-512 may be 

absorption filters, interference filters, or other kind of filters.  
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[00361In some embodiments of the multi-band optical filter 504 for use in satellites, 

such as in LEO satellites, the filter bands 506-512 comprise five aligned bandpass 

filters for a set of desired sections of the electromagnetic spectrum. In one particular 

example, three of the filters correspond to Red, Green, and Blue (RGB) components 

of the visible spectrum, in order to easily compose conventional color images, with 

one of the remaining two bands corresponding to the whole spectrum of visible light, 

to get intensity information, and another of the remaining bands corresponding to near 

infrared. Other number and combinations of filters can be useful to gather different 

kinds of information whether used in satellites or other types of systems.  

[00371 An active surface 516 of the AID 502 includes a plurality of pixel sensors, such 

as light-absorbing diodes, arranged in a two-dimensional or a three-dimensional space.  

The AID may be of various types, such as for example a charge coupled device 

(CCD), complementary metal oxide semiconductor (CMOS) sensor, or other suitable 

architecture.  

[00381 FIG. 6 illustrates an isometric view 600 of an example imaging device 102 

having an area imaging device 502 and a multi-band optical filter 504 provided 

thereon.  

Example Operations for Imaging a Scene in Apparent Motion 

[00391 FIGS. 7, 8, 10, and 12 depict flow graphs that show example processes in 

accordance with various embodiments. The operations of these processes are 

illustrated in individual blocks and summarized with reference to those blocks. These 

processes are illustrated as logical flow graphs, each operation of which may represent 
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a set of operations that can be implemented in hardware, software, or a combination 

thereof. In the context of software, the operations represent computer-executable 

instructions stored on one or more computer storage media that, when executed by one 

or more processors, enable the one or more processors to perform the recited 

operations. Generally, computer-executable instructions include routines, programs, 

objects, modules, components, data structures, and the like that perform particular 

functions or implement particular abstract data types. In the context of hardware, the 

operations may be carried out in an integrated circuit, such as in an application 

specific integrated circuit (ASIC), in a programmable logic device, such as a field 

programmable gate array (FPGA), or other device. The order in which the operations 

are described is not intended to be construed as a limitation, and any number of the 

described operations can be combined in any order, separated into sub-operations, 

and/or performed in parallel to implement the process. Processes according to various 

embodiments of the present disclosure may include only some or all of the operations 

depicted in the logical flow graph.  

[00401 FIG. 7 is a flow diagram showing an example overview process 700 for image 

capture using an imaging device for scenes in apparent motion. At 702, a control 

module of an imaging device directs a multi-axis positioning mechanism of an 

imaging system or apparatus to set its tracking axis to be substantially parallel with the 

apparent motion of a scene being imaged. In embodiments (such as in FIGS. 15A-D) 

where two linear actuators, an x actuator and a y actuator are simultaneously moved 

such that the imaging device tracks the direction of apparent motion (e.g., the tracking 
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axis y'), the tracking axis that is set is a "virtual" tracking axis, and is implemented 

using the two linear actuators (x and v) .In embodiments, this is accomplished using 

gray projections as is described in more detail elsewhere in this Detailed Description.  

[00411 At 704, the control module directs the multi-axis positioning mechanism to set 

its tracking speed and run length based at least on the gray projections. This is 

accomplished such that the tracking speed causes the vertical gray projections to be 

less than a threshold level of displacement between at least two of the successive 

images as is described in more detail elsewhere within this Detailed Description.  

[00421 At 706, the control system directs the imaging device to capture images, such 

as by directing the multi-axis positioning mechanism to move the AID along the 

tracking axis in one or more cycles and to direct the area imaging device to take at 

least one exposure during each of the one or more cycles to generate a plurality of 

partially overlapping exposures. This is described in more detail elsewhere within this 

Detailed Description.  

[00431 At 708, an imaging module processes the exposures to generate an image, such 

as by stitching together the plurality of overlapping exposures to form an image of the 

scene. The processing may include utilizing multiple exposures from each cycle at 

different exposure times to generate high dynamic range images. The processing may 

include higher resolution images from multiple exposures per cycle each taken with a 

displacement that is not an integer multiple of a single pixel, such as sub-pixel 

horizontal displacements and/or sub-pixel vertical displacements as described 

elsewhere within this Detailed Description. Images from consecutive and partially 
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overlapping images are stitched together. A sufficient number of exposures can be 

obtained to generate an image of any length.  

[00441 FIG. 8 is a flow diagram showing an example process 800 for aligning a 

tracking axis (y') with the direction of apparent motion. At 802, a control module 

directs the imaging device to capture two or more successive images. A "region of 

interest" (a partial image), and not a full-sized image of the imaging device, may be 

imaged at this stage, although a full-sized image may also be used. At the beginning 

of this process, in embodiments that utilize a rotary actuator, the rotary actuator of the 

multi-axis positioning mechanism is at the center of its run, and the linear actuator for 

tracking is also at the center of its run (e.g., a "home position") so that the center of 

the AID's active area is closest to the rotary actuator's rotation center. The images are 

taken using a short exposure time to reduce motion blur. The AID is not moved 

during the capture of these images that are taken during an alignment process. The 

frame rate is sufficiently short to reduce the portion of the scene that leaves and enters 

the successive frames, but long enough for there to be a suitable displacement of the 

scene between frames.  

[00451 At 804, a control module obtains gray projections from the successive images 

(which at this stage may be partial images showing regions of interest rather than full 

images of the scene). In gray projections, pixel values for each column are added up 

to generate a vertical projection, and pixel values in each row are added up to generate 

a horizontal projection. These summed pixel values condense the two-dimensional 
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image into a single row or column, and can be used to find the displacement between 

two images. FIGS. 9A and 9B are used to illustrate this in more detail.  

[00461 At 806, the control module determines displacements between successive 

images. The control module calculates the displacements by correlating the gray 

projections of one image from the gray projections of the next successive image to 

compare, and then finding a peak in the correlation, as will be illustrated in more 

detail with respect to FIGS. 9A-B. This correlation is an expensive operation, 

computationally speaking. Correlation of this type could be done with the whole 

image rather than gray projections. Such whole-image correlation would include 

correlating a huge matrix of pixels, which would be especially computationally 

expensive. Some embodiments of the present disclosure therefore correlate using 

gray projections, which reduces the computational resources used to perform the 

function. In some embodiments, once the system is running, or based on having used 

some initial estimation of direction of apparent motion (e.g., from the known attitude 

of a aircraft or spacecraft), the system further reduces the correlation to a vicinity of 

the estimated displacement (instead of evaluating the full range of possible 

displacements). This further reduces the processing time. In the above description, 

"attitude" is the direction in which the imaging system is headed, defined for example 

by three angles with respect to some reference.  

[00471 At 808, the control module determines whether the horizontal (x') 

displacements of the horizontal gray projections between successive images is less 

than a threshold level of displacement, and whether the vertical (y') displacements of 
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the vertical gray projections between successive images is steady between the 

different images. Horizontal displacements being zero or within a threshold indicate 

that the tracking axis is substantially parallel with the direction of apparent motion of 

the scene.  

[00481 Where at 808 the horizontal (x') displacements are not within a threshold 

displacement and/or where the vertical (y') displacements are not steady between 

images, (the "NO" arrow), the control module at 810 directs the multi-axis positioning 

mechanism to change alter the tracking axis, such as by changing the orientation of 

the AID in embodiments that utilize a rotary actuator. To do this, the control module 

determines whether the gray projections indicate that the scenes in the successive 

images move toward the bottom and left of the image, to the top and right, to the top 

and left, or to the bottom and right of the image. Where the scenes move toward the 

bottom and the left or toward the top and right, the orientation of the AID is rotated 

clockwise; where the scenes move toward the bottom and right or toward the top and 

left, the orientation of the AID is rotated counter-clockwise. To change the 

orientation of the AID, the control module may direct a rotary actuator to rotate the 

AID, or take some other action.  

[00491 Where the horizontal (x') displacements are within a threshold displacement 

and where the vertical (y') displacements are steady between images, (the "YES" 

arrow), the control module at 812 determines the tracking speed of the images based 

on the amount of vertical displacement between the images, which is used as a starting 

17



WO 2015/169875 PCT/EP2015/059996 

point for determining the tracking speed of the AID, as described below with respect 

to FIG. 10.  

[00501 FIGS. 9A and 9B illustrate successive images and gray projections used to 

align an imaging device with a direction of apparent motion. FIG. 9A illustrates a 

first image 900, and FIG. 9B illustrates a second, successive image 902 during an 

alignment procedure. The vertical gray projections 904 and the horizontal gray 

projections 906 of image 900 are determined. The vertical gray projections 908 and 

the horizontal gray projections 910 of image 902 are also determined. FIG. 9B shows 

vertical gray projections 904 overlaid with vertical gray projections 908; and 

horizontal gray projections 906 are shown overlaid with horizontal gray projections 

910.  

[00511 A horizontal displacement 912 (x') between the two images is determined based 

on the horizontal gray projections. A vertical displacement 914 (y') between the two 

images is determined based on the vertical gray projections. The control module 

utilizes these displacements at 808 to determine whether to further adjust the 

orientation of the AID. For example, the direction and movement of the imaging 

system with respect to the scene being imaged is along vector 916, and its angle from 

the vertical is angle 918. In this example, the vector 916 is not sufficiently parallel 

with the direction of travel (y), so the control module directs the multi-axis positioning 

mechanism to orient the tracking axis such that it is rotated by an angle 918; this may 

be accomplished by either rotating the AID where a rotary actuator is used, or by 
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setting the speed and travel distance of two linear actuators in embodiments that 

utilize two linear actuators in this fashion (as in FIGS. 15A-D).  

[00521 FIG. 10 is a flow diagram showing an example process 1000 for determining a 

tracking speed and run length of an imaging system. At 1002, the control module of 

the imaging system directs the multi-axis positioning mechanism to move the AID at 

an estimated tracking speed and to return to a starting position over a plurality of 

cycles. The estimated tracking speed may be determined during an alignment 

procedure, such as at 812 of FIG. 8. The AID may be returned to the start position at 

a top speed of the linear actuator(s) used for tracking. The ending and starting points 

of the run length may be set to be at equal distances from a "home" or center position 

of the tracking axis (e.g., the center point along tracking rail 120) to have a suitably 

long usable run of the actuator during the speed adjustment procedure.  

[00531 At 1004, successive images are captured and the control module determines 

gray projections of the successive images. Since the movement of the AID is at this 

point adjusted to compensate for motion during an alignment procedure (such as is 

illustrated in FIG. 8), the frame rate of the image capture at 1004 may be set to be 

longer than in the alignment phase.  

[00541 At 1006, the control module determines vertical and horizontal gray projection 

displacements, in the same or similar way as is discussed above with respect to FIG. 8.  

[00551 At 1008, the control module determines based on the horizontal gray 

projections of successive images whether the horizontal displacements (x') (or speed 
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of horizontal displacements) are zero or within a threshold displacement between 

successive images.  

[00561 If the horizontal displacements are not within the threshold (the "NO" arrow), 

the control module at 1010 changes the orientation of the tracking axis, such as by 

directing the AID to change orientation where a rotary actuator is utilized, similar to 

the procedure described with respect to 810 of FIG. 8, such as by directing a rotary 

actuator to rotate. Where two linear actuators are utilized (such as in FIGS. 15A-D), 

the tracking axis is re-oriented by setting new speed and travel distances for the two 

linear actuators. This fine-tunes the orientation of the AID.  

[00571 At 1012, the control module determines based on the vertical gray projections 

of successive images, whether the vertical speed (or vertical displacements) of the 

successive images is zero or within a threshold speed between successive images. If 

the vertical speeds are not within the threshold (the "NO" arrow), then the control 

module at 1014 directs the AID to change the speed of the linear actuator(s) used for 

tracking to compensate for the apparent motion.  

[00581 At 1016, the control module returns the AID to its stait position for the next 

cycle. At 1018, the control module determines from the vertical gray projections 

whether the vertical displacement (Ay') is at a desired value between successive 

images. In embodiments, the control module determines this by measuring, 

calculating, or otherwise determining the cycle time (e.g., the time from the start of 

movement of the AID from the start position along the run length to a time when the 

AID is moved back to the start position), and the tracking speed is multiplied by the 
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cycle time to determine the vertical displacement between cycles. The vertical 

displacement is compared to a desired displacement. In embodiments, the desired 

displacement is based on the length of a single band of the multi-band optical filter 

minus a desired overlap between exposures taken in successive cycles.  

[00591 If the vertical displacements (Ay') are not at acceptable values between 

successive images (the "NO" arrow), then the control module at 1020 directs the 

imaging device to adjust the run length of the AID. The run length is adjusted such 

that the overlap between exposures taken in successive cycles is within a 

predetermined displacement range, such as a predetermined range of pixels (e.g., 300 

pixels or other number of pixels).  

[00601 At 1022, the control module determines whether the parameters are acceptable 

for imaging. The parameters include the vertical displacements (Ay'), the horizontal 

displacements (Ax'), and the vertical speed determined from exposures taken in 

successive cycles, as discussed above.  

[00611 If the parameters are not at acceptable values (the "NO" arrow), then the 

control module repeats the process until the parameters are acceptable (or until a 

threshold number of imaging cycles has been accomplished). If the parameters are at 

acceptable values (the "YES" arrow), then the control module at 1024 sets the 

parameters for imaging, which are subsequently used during an imaging phase, such 

as is described with respect to FIG. 12.  

[00621 FIGS. 1 A-C illustrate successive images 1100, 1102, and 1104, respectively, 

and associated gray projections that are used to determine a speed of travel and a run 
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length of the imaging device. The images 1100, 1102, and 1104 are taken while the 

AID is moved along its run length in successive cycles. The control module 

determines vertical gray projections 1106 and horizontal gray projections 1108 of 

image 1100, as well as vertical gray projections 1110 and horizontal gray projections 

1112 of image 1100. FIG. 11B shows vertical gray projections 1106 overlaying 

vertical gray projections 1110, and horizontal gray projections 1108 overlaying 

horizontal gray projections 1112. In the example illustrated in FIGS. 1 A-B, there is 

no horizontal displacement (Ax') as the orientation of the imaging device has been 

changed to compensate for the direction of apparent motion of the scene being 

imaged. (Referring back to FIG. 10, this determination is made at 1008).  

[00631 In the example illustrated in FIGS. 1 A-B, there is a small amount of vertical 

displacement 1114 between the successive images. The control module therefore 

adjusts the tracking speed to compensate for the speed of apparent motion. (Referring 

back to FIG. 10, this determination is made at 1012 and the adjustment is made at 

1014).  

[00641 In the example illustrated in FIG. I1C, a third successive image 1104 is shown 

with its vertical gray projections 1116 overlaid with vertical gray projections 1110 of 

image 1102, and with its horizontal gray projections 1118 overlaid with horizontal 

gray projections 1112 of image 1102. If it the vertical displacement 1120 is greater 

than or less than a desired range of pixels (300 pixels, for example), then the tracking 

run length is adjusted and further gray projections are obtained to test the 
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displacement. (Referring back to FIG. 10, this determination is made at 1018 and the 

adjustment is made at 1020).  

[00651 FIG. 12 is a flow diagram showing an example process 1200 for imaging a 

scene that is in apparent motion according to embodiments. At 1202, the control 

module of the imaging device controls the multi-axis positioning mechanism to set the 

distance from the optics to the imaging device (z) in order to focus the image. The 

control module may operate a linear actuator to set the focus length of the imaging 

device.  

[00661 At 1204, the control module sets one or more exposure times for each cycle, 

taking into account that different ones of the optical filter bands of the multi-band 

optical filter permit differing amounts of light to pass through. Taking images with 

different exposure times also allows the system to perform high dynamic range 

imaging (e.g., combining several images taking with different parameters into a single 

image). For example, if the scene being imaged is over-illuminated in one portion and 

under-illuminated in another portion, then the imaging system may combine two or 

more images taken at different exposure times to generate an image that appears to be 

properly illuminated, or more evenly illuminated, at all portions.  

[00671 At 1206, the control module determines whether the exposure time calculated 

at 1204 is less than a time of the run length of the imaging device (e.g., the cycle time 

minus the time it takes for the multi-axis positioning mechanism to return the AID to 

the start position). The cycle time is the amount of time that it takes for the multi-axis 

positioning mechanism to move the AID from a start position to an end position along 
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a run length, and then return the AID to the start position. Therefore, the cycle time 

depends on the tracking speed, the run length, and the speed that the multi-axis 

positioning mechanism is configured to return the AID to the start position. At least 

the tracking speed and the run length are determined previously, such as is described 

with respect to FIG. 10.  

[00681 Where the exposure time is not less than the time of the run length (the "NO" 

arrow), the control module at 1208 sets the exposure time to be less than or equal to 

the cycle time minus the time it takes for the multi-axis positioning mechanism to 

return the AID to the start position.  

[0069] At 1210, the control module directs the multi-axis positioning mechanism to 

move along the tracking axis at the tracking speed and run length, such as by 

controlling a linear actuator for tracking. This begins a cycle.  

[0070]At 1212, the control module directs the AID to take an exposure for an 

exposure time determined at 1204 or at 1208. The resulting image data from each 

filter band is saved. At 1214 the control module determines whether the cycle time 

permits, and/or whether the operational parameters for the imaging job specify, 

additional exposures to be taken during the current cycle.  

[00711 Where permitted and specified (the "YES" arrow), at 1216 the control module 

sets a new exposure time. Where the additional exposures are to be used to generate a 

high dynamic range (HDR) image, the exposure time set at 1216 may be different, 

either longer or shorter, than the exposure time determined at 1204. For example, the 

second exposure time may be twice as long as the exposure time determined at 1204.  
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The exposure time may be set to be the same as or different from the exposure time 

determined at 1204.  

[00721 At 1218, where the additional exposures are for generating a high-resolution 

image based on horizontal or vertical displacements between successive images that 

are not an integer multiple of a single pixel, the control module directs the multi-axis 

positioning mechanism to position the AID to be horizontally or vertically offset.  

Such horizontal or vertical displacements may be sub-pixel displacements, as well as 

displacements that are larger than single pixels, so long as such displacements are not 

exactly a multiple integer of a single pixel, such as a displacement of 7.5 pixels or 

other non-integer displacement. . Horizontally offset positions may be obtained by 

moving the AID along a transverse axis that is perpendicular to the tracking axis by a 

distance, such as less than the distance between two adjacent or neighboring pixels of 

the AID or some other non-integer multiple of the distance between two pixels.  

Vertically offset positions may be obtained by causing the AID to begin a successive 

exposure at a position that is offset by a sub-pixel distance or other non-integer length 

between two neighboring pixels from the initial position of a previous exposure.  

Either one or both of horizontally displaced exposures and vertically displaced 

exposures (or exposures that are both horizontally and vertically displaced) relative to 

an initial exposure may be obtained in order to provide relatively higher resolution 

images.  

[00731 Where additional exposures are not specified, or where additional exposures 

are not permitted by the remaining time during the current cycle (the "NO" arrow), at 
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1220 the control module of the imaging system determines whether there are 

additional cycles remaining in the current imaging job. The number of cycles is 

determined based on various factors, including the number of bands in the multi-band 

optical filter, the desired size of the image, and the amount of overlap specified 

between successive exposure cycles.  

[00741 Where more cycles are to be performed (the "YES" arrow), at 1224 the control 

module directs the multi-axis positioning mechanism to return the AID to the start 

position. The next cycle is performed, with one or more additional exposures 

captured during each subsequent cycle.  

[00751 At 1222, once all cycles are completed (the "NO" arrow), an imaging module 

of the imaging system processes one or more exposures to generate an image or video 

frame. To obtain HDR images, the imaging module applies a tone mapping algorithm 

to exposures, such as exposures taken during the same cycle with different exposure 

times. To generate a high-resolution image, the imaging module applies a resolution 

enhancement algorithm to exposures taken during the same cycle with vertical or 

horizontal displacements from one another of non-integer multiples of the distance 

between two pixels. Where more than one cycle is utilized, images from consecutive 

cycles are stitched together to obtain images with arbitrary length. Since all bands of 

the multi-band optical filter are used to image the same scene, but vertically displaced 

from one another, the stitching mechanism is used in some embodiments to align the 

pictures from each band to obtain a multi-spectral image.  
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[00761 A suitable stitching algorithm locates matching features in each image (from 

different cycles), determines the displacement and rotation of those features between 

successive images, applies the displacement and rotation to the full image, and blends 

both images where they overlap. In embodiments of the present disclosure, the 

displacement is known a priori, and is based on the length of the bands of the multi

band optical filter minus the desired overlap. Also, no rotation is expected due to 

having previously aligned the tracking direction of the multi-axis positioning 

mechanism with the direction of apparent motion. Some embodiments of the present 

disclosure may be based on an assumption that rotation is zero, and assume a constant 

overlap, which simplifies the computational complexity of the stitching algorithm, 

which may reduce the power consumption and computational requirements of the 

devices to be used to perform the stitching algorithm. Also, because the tracking 

direction and speed of the linear actuator for tracking are set to compensate for the 

apparent motion of the scene to be imaged, no or reduced post-processing is used in 

some embodiments to eliminate blur, further reducing the computational complexity 

and power consumed during processing, (although such post-processing to reduce blur 

may be used without departing from the scope of embodiments).  

[00771 For panchromatic video, two modes are available. In a first, if the desired 

duration of the video is shorter than the duration of a single tracking motion, the video 

can be obtained by taking multiple images while the tracking is active. The size of the 

resulting video will be that of the panchromatic strip. Where the tracking cycle is very 

short, multi-spectral images are taken as described above, and each multi-spectral 
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image is used as a single frame of the video. The imaging apparatus may need to be 

rotated to compensate for rotations of the scene being video recorded when the scene 

is longer than the run length(s) of the linear actuator(s) used for tracking.  

[00781 During the imaging process 1200, a fine-tuning of the tracking axis and the 

tracking speed is performed using gray projections, similar to or the same as elements 

1008, 1010, 1012, and 1014 in FIG. 10. This may help correct residual yaw motion 

of the satellite (in embodiments employing the imaging system in a satellite-based 

system).  

[00791 FIG. 13 is a graph 1300 of exposures taken, plotted against time and space 

during the operation of the device during an image capture phase. In the example 

illustrated in FIG. 13, a series of cycles 1302 result in multiple exposures. Within 

each cycle 1302, three exposures 1304, 1306, and 1308 are made. Because the AID is 

moved at a speed and direction that compensates for the direction and speed of 

apparent motion of the scene being imaged, each exposure 1304, 1306, and 1308 is of 

the same scene, with no displacements between them even though they occur at 

different times. At the end of each cycle, the AID is returned to the start position, 

during a time segment 1310, at which point the next cycle begins. The exposures 

taken in successive cycles are offset from one another by an amount previously 

determined. Each horizontal image band 1312 from each cycle 1302 represents the 

image bands corresponding to different ones of the optical filter bands of the nulti

optic filter positioned over the AID. Each successive cycle results in exposures for 

which a segment of the image is exposed through a different one of the filter bands.  
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In the example illustrated in FIG. 13, five bands are present for each exposuie (which 

may correspond to four filter bands on the multi-band optical filter plus one non

filtered band). In the example illustrated in FIG. 13, portions of image 1314 have 

been exposed through all five filter bands. Because there is a slight offset between 

successive exposures, it takes more than five cycles to fully image the single band 

image 1314 through all filter bands. After six cycles, a single band image 1314 equal 

to the size of a single band may be stitched together. After eleven cycles, a multi

band full image 1316 equal to the active area of the AID may be stitched together.  

Using more cycles, it is possible to compose an image stripe of arbitrary length.  

Longer image strips may utilize more storage, additional transmission time or 

bandwidth, higher compression rates, etc.  

[00801 Graph 1318 graphs the motion of the linear actuator for tracking, or the AID, 

over the multiple cycles. In a first portion 1320, the AID is moved forward along the 

tracking axis at the tracking speed, and in a second portion 1322 then is returned to the 

start position at a speed which may be higher than the tracking speed.  

Example for use in LEO Satellite Imaging 

[00811 The orbit of a LEO satellite may be, for example, 700km high in a typical 

situation. At this altitude, the orbital period is 98 minutes and 37 seconds and the 

projected velocity on the ground is 6764m/s. A telescope may be a Cassegrain with an 

aperture diameter of 30cm and a focal length of 2.5m. Thus, each meter on the ground 

will be projected as a 3.6tm image on the focal plane, and will be moving at 

24.2mm/s. The linear actuator for tracking is able to move at least at this velocity in 
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order to compensate for the movement of the image. The maximum speed of the 

linear actuator for tracking may be several times higher in order to reduce the time it 

takes to return the linear actuator for tracking to the start position. Finally, if the 

camera has five filter bands and 2000x2000 pixels, each 5tm in width, and the desired 

overlap between images is 100 pixels, then the run length of the linear actuator for 

tracking may be 1.2mm. Each cycle will take approximately 50ms. An approximate 

photometric analysis shows that exposure times would be around 1Oms in order for 

there to be sufficient time to take several exposures during each cycle. This can be 

used, as explained before, to obtain HDR and/or higher resolution images.  

[00821In this example, the cycle time can be calculated for two opposite extreme 

conditions. In a first extreme condition, a satellite is at the lowest LEO orbit (160km), 

and has a telescope with 4m of focal length. The cycle time will be approximately 

20ms. Providing a cycle time of 20ms is well within the capabilities of available 

hardware and software components, including electronics, motors, other mechanical 

parts, and software, that would be reasonably suitable for implementing imaging 

systems as described herein, such as imaging systems onboard aircraft and spacecraft.  

An aperture of no more than 50cm is needed.  

[00831 In a second extreme condition, a satellite is at the highest LEO orbit (2000km) 

and has a telescope with 1.5m focal length. Its cycle time will be approximately 

1 second. Even with an aperture as small as 10cm, the exposure times are several 

times smaller than the cycle time. This is also well within the capabilities of available 

components.  
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Example Imaging System 

[00841 FIG. 14 is a block diagram of an example imaging system 1400 usable to 

image scene having apparent motion. The imaging system 1400 may be all or 

partially on-board an aircraft or spacecraft, such as the satellite 122, such as a LEO 

satellite. In some embodiments, some of the components of the imaging system 1400 

may be ground-based or on-board a separate aircraft or spacecraft, with such ground

based or separate aircraft or spacecraft in communication with the system that 

includes the actual optics systems (the telescope, the multi-axis positioning 

mechanism 104 and the AID 502, among other things). The imaging system 1400 is 

configured as any suitable computing device or system. Memory 1402 may store 

program instructions and program modules that are loadable and executable on one or 

more processor(s) 1404, as well as data generated during execution of, and/or usable 

in conjunction with, these programs, such as image data, images, and so forth.  

[00851 Memory 1402 includes at least a control module 1406 and an imaging module 

1408. The control module may perform some or all of the control functions 

associated with capturing images in accordance with embodiments of the present 

disclosure. The control module 1406 is executable by the one or more processors to 

control, such as through one or more input/output interfaces, the multi-axis 

positioning mechanism 104, including controlling the actuators 1410 through one or 

more electronic controls 1412 (such as controllers, which may in turn operate 

actuators 1410 through one or more limit switches, checks, closed loop actuator 

controls, and so forth) to move, position, or otherwise manipulate various mechanical 
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aspects of the multi-axis positioning mechanism 104. The actuators 1410 include for 

example a linear actuator for focusing, a rotary actuator, a linear actuator for tracking, 

a sub-pixel transverse actuator, and other actuators and variations thereof according to 

various embodiments of the present disclosure.  

[00861 The control module 1406 is executable by the one or more processors 1404 to 

control, such as through one or more input/output interfaces, the AID 502. The AID 

502 may be controlled to capture one or more exposures, such as synchronized with 

the control of the multi-axis positioning mechanism 104 to capture exposures while 

the AID is moved to compensate for the apparent motion of a scene being imaged 

according to various embodiments of the present disclosure.  

[00871 The area imaging device 502 may include one or more processors 1414 and 

firmware 1416 (stored on a suitable, non-transitory computer-readable storage 

medium) to perform or otherwise control various functions of the AID 502. The 

firmware 1416 may be executable by the one or more processors 1414 to control 

exposure times, time the exposure capture, determine gray projections, store image 

data 1418 on the memory 1402, and so forth.  

[00881 The AID 502 also includes light-sensitive sensors 1420, such as for example 

semiconductor components suitable to implement a charge coupled device (CCD), a 

complementary metal oxide semiconductor (CMOS) sensor, or other suitable sensor 

architecture on the active surface 516 of the AID 502.  

[00891 The imaging module 1408 performs various image processing functions of the 

imaging system 1400, including tone mapping to generate HDR images, a resolution 
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enhancement algorithm to produce high-resolution images, and a stitching algorithm 

to generate images from multiple partially overlapping exposures, as well as other 

processing functions, such as blur removal, artifact removal, color enhancement, 

cropping, image conversion, image compression, data encryption, and so forth.  

[00901 In embodiments, the firmware 1416 of the AID 502 may be considered as an 

extension of one or both of the control module 1406 and the imaging module 1408, 

with some or all of the functions of the control module 1406 and/or the imaging 

module 1408 performed on or by the firmware 1416, executing on the one or more 

processors 1414. In some embodiments, some or all of the functions of the control 

module 1406, the imaging module 1408, and/or other functions of the firmware 1416 

may be implemented as logic functions on the one or more processors 1404. For 

example, in some embodiments, the one or more processors 1404 may include an 

application-specific integrated circuit (ASIC), a programmable logic device, such as a 

field programmable gate array (FPGA), or other logic circuit to perform various 

functions, including various control functions of the control module 1406 and/or the 

image processing functions of the imaging module 1408.  

Computer-Readable Media 

[00911 Depending on the configuration and type of computing device used, memory 

1402 of the imaging system 1400 in FIG. 14 as well as the media for storing firmware 

1416 in the AID 502, may include volatile memory (such as random access memory 

(RAM)) and/or non-volatile memory (such as read-only memory (ROM), flash 

memory, etc.). Memory 1402 as well as the media for storing firmware 1416 in the 
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AID 502, may also include additional removable storage and/or non-removable 

storage including, but not limited to, flash memory, magnetic storage and/or optical 

storage, and/or tape storage that may provide non-volatile storage of computer

readable instructions, data structures, program modules, and other data for imaging 

system 1400.  

[00921 Memory 1402, as well as the media for storing firmware 1416 in the AID 502, 

is an example of non-transitory computer-readable media. Non-transitory computer 

storage media includes volatile and non-volatile, removable and non-removable media 

implemented in any process or technology for storage of information such as 

computer-readable instructions, data structures, program modules, or other data.  

Computer storage media includes, but is not limited to, phase change memory 

(PRAM), static random-access memory (SRAM), dynamic random-access memory 

(DRAM), other types of random-access memory (RAM), read-only memory (ROM), 

electrically erasable programmable read-only memory (EEPROM), flash memory 

(such as NAND flash memory such as may be included in one or more nonvolatile 

memory cards, and including flash with both single-level and multi-level cell 

technologies) or other memory technology, compact disk read-only memory (CD

ROM), digital versatile disks (DVD) or other optical storage, magnetic cassettes, 

magnetic tape, magnetic disk storage or other magnetic storage devices, or any other 

non-transmission medium that can be used to store information for access by a 

computing device.  
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Further Examples 

[00931 FIGS. 15A-D illustrate isometric views and side views of an example multi

axis positioning mechanism 1500 having a multi-axis positioning mechanism with 

multiple linear axis for tracking the imaging device. The imaging device 1500 is 

shown with the AID 504 disposed thereon, although a different image capture device 

besides the AID 504 may be used without departing from the scope of embodiments.  

FIG. 15A illustrates an isometric view, and FIG. 15B illustrates a side view, of the 

imaging device 1500 in a first configuration. The AID 504 is disposed on a sliding 

platform 1502, and the sliding platform 1502 is situated upon a rail part 1504. The 

rail part 1504 is itself situated on a sliding platform 1506, which is situated on a rail 

part 1508. The rail part 1508 is situated on a wedge 1516, which is situated on a 

sliding platform 1510. The sliding platform 1510 is situated on a rail part 1512. The 

rail part 1512 is situated on a wedge 1514. Linear actuators control the sliding of the 

sliding platforms 1502, 1506, and 1510 along rail parts 1504, 1508, and 1512, 

respectively.  

[00941 In the position illustrated in FIG. 1, rail parts 1504 and 1512 are aligned on the 

same axis, and can be considered to be aligned along an x axis. The rail part 1508 is 

perpendicular to rail parts 1504 and 1512, and can be considered to be aligned along 

the y axis.  

[00951 The topmost rail part 1504 and its corresponding actuator is aligned with the 

direction of the apparent motion (such as by adjusting the orientation of the spacecraft 

or aircraft), with some relaxed tolerance (e.g., 5' to 100 or some other ranges of 
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degree of tolerance). The actuators attached to the topmost rail part 1504 and to the 

middle rail part 1508 both are controlled by a control module (such as the control 

module 1406) together to compose a movement (and speed) in the direction of the 

apparent movement of the target scene, e.g., along the tracking axis y'. The control 

module 1406 controls the movement of the AID 504 using the topmost actuator and 

the middle actuator coupled to the topmost rail part 1504 and the middle rail part 

1508, respectively, to move the platforms 1502 and 1506. The control module causes 

the AID 504 to move through one or more cycles as in previously discussed 

embodiments (such as those discussed in FIGS. 1-6). The same or similar procedures 

as discussed in FIGS. 7-12 are utilized with the imaging device 1500 to align the 

tracking axis, determine the speed of movement of each actuator, generate one or 

more exposures through one or more cycles, and generate images as discussed above.  

[00961 The bottom rail part 1512 and its corresponding actuator are controlled by the 

control module to focus the actuator. The bottom rail part 1512 is positioned on the 

wedge 1514 (with an angle), hence its movement will produce a displacement of the 

AID 504 in both the x and z directions, with the movement in the z direction for 

purpose of focusing, in some embodiments. The movement in the x direction may be 

compensated by moving the x stage (e.g., the topmost platform 1502 along the 

topmost rail part 1504). A second wedge 1516 is used to compensate the inclination, 

bringing the AID 504 back to a substantially horizontal position with respect to the 

bottom of the multi-axis positioning mechanism 1500.  
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[00971 FIG. 15C illustrates an isometric view of the multi-axis positioning mechanism 

1500 with each of the platforms 1502, 1506, and 1510 having been moved along their 

respective rail parts 1504, 1508, and 1512. FIG. 15D illustrates a side view of the 

same configuration as FIG. 15C.  

Conclusion 

[00981 Although the disclosure uses language that is specific to structural features 

and/or methodological acts, the invention is not limited to the specific features or acts 

described. Rather, the specific features and acts are disclosed as illustrative forms of 

implementing the invention.  
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What is claimed is: 

1. An apparatus for imaging a scene having apparent motion, the apparatus 

comprising: 

an area imaging device having a plurality of pixel sensors; 

a multi-axis positioning mechanism, the multi-axis positioning mechanism 

operable to move the area imaging device along a tracking axis; 

a control module configured to: 

direct the multi-axis positioning mechanism to set the tracking axis to be 

at least substantially parallel with the apparent motion; 

direct the multi-axis positioning mechanism to move the area imaging 

device in one or more cycles such that the area imaging device is moved, in 

each of the one or more cycles, forward along the tracking axis at a tracking 

speed that compensates for a speed of the apparent motion; and 

direct the area imaging device to take at least one exposure during each 

of the one or more cycles to generate one or more exposures; and 

an imaging module configured to form an image of the scene based at least one 

the one or more exposures.  
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2. The apparatus of claim 1, wherein: 

the control module is further configured to direct the area imaging device to 

take at least one exposure during each of a plurality of cycles to generate a plurality of 

partially overlapping exposures; and 

the imaging module is further configured to stitch together the plurality of 

overlapping exposures to form the image of the scene.  

3. The apparatus of claim 1, wherein the multi-axis positioning mechanism 

includes: 

a linear actuator operable to move the area imaging device along the tracking 

axis; and 

a rotational actuator operable to rotate the area imaging device.  

4. The apparatus of claim 3, wherein the control module is further configured to 

direct the rotational actuator to position the area imaging device to set the tracking 

axis to be substantially parallel with the apparent motion.  

5. The apparatus of claim 1, wherein the multi-axis positioning mechanism 

includes: 

a first linear actuator operable to move the area imaging device along a first 

axis at a first speed; and 
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a second linear actuator operable to move the area imaging device along a 

second axis at a second speed, the combination of movement along the first axis and 

the second axis, at the first speed and the second speed, resulting in movement along 

the tracking axis.  

6. The apparatus of claim 1, further comprising a multi-band optical filter 

including a plurality of filter bands, wherein a segment of the scene is exposed 

through a different one of the filter bands with successive ones of the plurality of 

exposures.  

7. The apparatus of claim 1, wherein the control module is further configured to 

direct the multi-axis positioning mechanism to align the tracking axis with a direction 

of the apparent motion.  

8. The apparatus of claim 1, wherein the control module is further configured to 

determine that the tracking axis is substantially parallel with the direction of apparent 

motion based at least on horizontal displacements of horizontal gray projections being 

less than a threshold level of displacement between at least two successive images.  

9. The apparatus of claim 1, wherein the control module is configured to direct 

the multi-axis positioning mechanism to set the tracking speed based at least on gray 

projections, such that the tracking speed causes displacements of vertical gray 
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projections to be less than a threshold level of displacement between at least two 

successive images.  

10. The apparatus of claim 1, wherein the control module is further configured to 

direct the multi-axis positioning mechanism to adjust at least a run length of the area 

imaging device along the tracking axis such that an overlap between successive ones 

of a plurality of exposures is within a predetermined range of displacements.  

11. The apparatus of claim 1, wherein: 

the control module is further configured to direct the area imaging device to 

take at least first exposures and second exposures during each of the one or more 

cycles, the first exposures having a first exposure time, and the second exposures 

having second exposure times different from the first exposure times; and 

the imaging module is further configured to apply tone mapping to ones of the 

first exposures and the second exposures taken during common cycles of the one or 

more cycles to generate the image.  

12. The apparatus of claim 1, wherein: 

the multi-axis positioning mechanism is further operable to move the area 

imaging device in a transverse axis that is perpendicular to the tracking axis; 

the control module is further configured to: 
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direct the multi-axis positioning mechanism to move the area imaging 

device from a first position along the transverse axis to a second position along 

the transverse axis during each of the one or more cycles, the first position and 

the second position having a relative displacement that is a non-integer 

multiple of a distance between two adjacent pixels of the plurality of pixels of 

the area imaging device; and 

direct the area imaging device to take at least first exposures and second 

exposures during each of the one or more cycles, the first exposures 

corresponding to the area imaging device being at the first position along the 

transverse axis and the second exposures corresponding to the area imaging 

device being at the second position along the transverse axis; and 

the imaging module is further configured to generate the image based at least 

on the first exposures and the second exposures from each of the one or more cycles, 

wherein the image is a relatively higher resolution image.  

13. The apparatus of claim 1, wherein: 

the control module is further configured to: 

direct the multi-axis positioning mechanism to position the area imaging 

device at a first position along the tracking axis at a beginning of first 

exposures and to position the area imaging device at a second position along 

the tracking axis at a beginning of second exposures so that first exposures are 

a non-integer pixel distance from the second exposures; and 
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direct the area imaging device to take at least the first exposures and the 

second exposures during each of the one or more cycles; and 

the imaging module is further configured to generate the image based at least 

on the first exposures and the second exposures from each of the one or more cycles, 

wherein the image is a relatively higher resolution image.  

14. A satellite comprising: 

an area imaging device having a plurality of pixel sensors; 

a multi-axis positioning mechanism, the multi-axis positioning mechanism 

operable to move the area imaging device along a tracking axis; 

one or more processors 

a memory; and 

a plurality of programming instructions stored on the memory and executable 

by the one or more processors to perform acts including: 

directing the multi-axis positioning mechanism to move the area 

imaging device in one or more cycles such that the area imaging device is moved, in 

each of the one or more cycles, forward along the tracking axis at a tracking speed that 

compensates for a speed of apparent motion of a scene being imaged, the tracking axis 

substantially parallel with a direction of apparent motion of the scene being imaged; 

and 

directing the area imaging device to take at least one exposure; and 

generating an image of the scene based on the at least one exposure.  
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15. The satellite of claim 14, wherein the acts further include: 

directing the area imaging device to take at least one exposure during each of a 

plurality of cycles to generate a plurality of partially overlapping exposures; and 

generating an image of the scene based on the plurality of partially overlapping 

exposures.  

16. The satellite of claim 15, further comprising a multi-band optical filter 

including a plurality of filter bands arranged such that a segment of the image is 

exposed through a different one of the filter bands with successive ones of the 

plurality of partially overlapping exposures.  

17. The satellite of claim 14, wherein the acts further comprise directing the multi

axis positioning mechanism to orient the tracking axis such that it is substantially 

parallel with the apparent motion.  

18. The satellite of claim 14, further comprising a multi-band optical filter 

including a plurality of filter bands.  

19. The satellite of claim 14, wherein the acts further comprise directing the multi

axis positioning mechanism to set the tracking axis such that the tracking axis is 

substantially parallel with the apparent motion of the scene.  
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20. The satellite of claim 14, wherein the acts further comprise directing the multi

axis positioning mechanism to set the tracking axis such that the tracking axis is 

substantially parallel with the apparent motion of the scene based at least on 

horizontal gray projections and vertical gray projections from successive images of 

the scene.  

21. The satellite of claim 14, wherein the acts further comprise determining that the 

tracking axis is substantially parallel with the apparent motion of the scene based on 

horizontal displacements of horizontal gray projections being less than a threshold 

level of displacement between at least two of the successive images.  

22. The satellite of claim 14, wherein the acts further comprise adjusting the 

tracking speed based at least on horizontal gray projections and vertical gray 

projections from successive images of the scene, such that the tracking speed causes 

the vertical gray projections to be less than a threshold level of displacement between 

at least two of the successive images.  

23. The satellite of claim 14, wherein the acts further comprise adjusting at least a 

run length of the area imaging device along the tracking axis such that an overlap 

between ones of a plurality of partially overlapping exposures is within a 

predetermined range of displacements.  
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24. The satellite of claim 14, wherein the acts further comprise: 

directing the area imaging device to take at least first exposures and second 

exposures during each of the one or more cycles, the first exposures having a first 

exposure time, and the second exposures having second exposure times different from 

the first exposure times; and 

applying tone mapping to ones of the first exposures and the second exposures 

taken during common cycles of the one or more cycles to generate the image.  

25. The satellite of claim 14, wherein: 

the multi-axis positioning mechanism is further operable to further move the 

area imaging device in a transverse axis that is perpendicular to the tracking axis; and 

the acts further comprise: 

directing the multi-axis positioning mechanism to move the area 

imaging device from a first position along the transverse axis to a second 

position along the transverse axis during each of the one or more cycles, the 

first position and the second position having a relative displacement that is 

smaller than a distance between two adjacent pixels of the plurality of pixels of 

the area imaging device; 

directing the area imaging device to take at least first exposures and 

second exposures during each of the one or more cycles, the first exposures 

corresponding to the area imaging device being at the first position along the 

transverse axis and the second exposures corresponding to the area imaging 
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device being at the second position along the transverse axis; and 

generating the image based at least on the first exposures and the second 

exposures from each of the one or more cycles.  

26. A method of operating an imaging system to image a scene having apparent 

motion, the method comprising: 

directing a multi-axis positioning mechanism of the imaging system to move an 

area imaging device of the imaging system in one or more cycles such that the area 

imaging device is moved, in each of the one or more cycles, forward along a tracking 

axis at a tracking speed that compensates for a speed of the apparent motion, the 

tracking axis substantially parallel to the apparent motion; 

directing the area imaging device to take at least one exposure during each of 

the one or more cycles to generate at least one exposure; and 

generating an image of the scene based on the at least one exposure.  

27. The method of claim 26, further comprising: 

directing the area imaging device to take at least one exposure during each of a 

plurality of cycles to generate a plurality of partially overlapping exposures; and 

generating the image of the scene by at least stitching together the plurality of 

partially overlapping exposures.  
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28. The method of claim 27, wherein the imaging system includes a multi-band 

optical filter having a plurality of filter bands arranged such that a segment of the 

scene is passed through a different one of the filter bands with successive ones of the 

plurality of partially overlapping exposures.  

29. The method of claim 26, further comprising: 

during an alignment phase, 

taking successive images of the scene; 

determining gray projections from each of the successive images of the 

scene; and 

setting the tracking axis, the tracking speed, and a run length of the area 

imaging device along the tracking axis based at least on the gray projections.  

30. The method of claim 26, further comprising: 

directing the area imaging device to take at least first exposures and second 

exposures during each of the one or more cycles, the first exposures having a first 

exposure time, and the second exposures having second exposure times different from 

the first exposure times; and 

applying tone mapping to ones of the first exposures and the second exposures 

taken during common cycles of the one or more cycles to generate the image.  
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31. The method of claim 26, further comprising 

directing the multi-axis positioning mechanism to move the area imaging 

device from a first position along a transverse axis to a second position along the 

transverse axis during each of the one or more cycles, the transverse axis being 

perpendicular to the tracking axis, the first position and the second position having a 

relative displacement that is smaller than a distance between two adjacent pixels of the 

plurality of pixels of the area imaging device; and 

directing the area imaging device to take at least first exposures and second 

exposures during each of the one or more cycles, the first exposures corresponding to 

the area imaging device being at the first position along the transverse axis and the 

second exposures corresponding to the area imaging device being at the second 

position along the transverse axis; and 

generating the image based at least on the first exposures and the second 

exposures from each of the one or more cycles.  

49


































	Abstract
	Description
	Claims
	Drawings

