wo 2015/169875 A1 | I 0N OO O 0 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/169875 Al

12 November 2015 (12.11.2015) WIPO | PCT
(51) International Patent Classification: (72) Inventor; and
HO4N 5/232 (2006.01) GO3B 15/00 (2006.01) (71) Applicant (for LC only): KARGIEMAN, Emiliano
G01C 11/02 (2006.01) [IT/AR]; Berlin 3929, Buenos Aires, 1431 (AR).
(21) International Application Number: (72) Inventors: RICHARTE, Gerado Gabriel; Scalabrini Ort-
PCT/EP2015/059996 iz 3333, 2°, Buenos Aires, 1425 (AR). VULETICH, Juan
(22) International Filing Date: ll\g?)lzlu(fi,R )Ayacucho 566, Vicente Lopez, Buenos Aires,
6 May 2015 (06.05.2015) ’
e ) . (74) Agents: WHILEY, Ian et al.; Swindell & Pearson Ltd, 48
(25) Filing Language: English Friar Gate, Derby Derbyshire DE1 1GY (GB).
(26) Publication Language: English (81) Designated States (uniess otherwise indicated, for every
(30) Priority Data: kind of national protection available). AE, AG, AL, AM,
61/989,165 6 May 2014 (06.05.2014) Us AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
14/704,859 5 May 2015 (05.05.2015) US BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

Morgan & Morgan Building, Pasea Estate, Road Town,
Tortola (VG).

KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,

PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

[Continued on next page]

(54) Title: IMAGING DEVICE FOR SCENES IN APPARENT MOTION

100

hY

FIG. 1

(57) Abstract: Imaging systems and methods for imaging of scenes
in apparent motion are described. A multi-axis positioning mechan-
ism is operable to move an area imaging device along a tracking
axis. A control module directs the multi-axis positioning mechanism
to set the tracking axis to be substantially parallel with the apparent
motion, and directs the multi-axis positioning mechanism to move
the area imaging device in one or more cycles such that the area
imaging device moves, in each of the one or more cycles, forward
along the tracking axis at a tracking speed that compensates for the
apparent motion. The control module directs the area imaging
device to take at least one exposure during each of the one or more
cycles to generate one or more exposures. An imaging module forms
an image of the scene based on the one or more exposures.



WO 2015/169875 A1 AT 00N VAT 0O

84)

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every

kind of regional protection available): ARTIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2015/169875 PCT/EP2015/059996

IMAGING DEVICE FOR SCENES IN APPARENT MOTION

RELATED APPLICATIONS

[0001] 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

[0002] 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.

[0003] 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 1maging 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.

[0004] In general, these systems are large and heavy, computationally intensive,
complex, or all of the above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0001] 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.

[0002] FIG. 1 illustrates an isometric view of an example imaging device having a
multi-axis positioning mechanism for imaging scenes in apparent motion.

[0003] FIG. 2 illustrates a top view of the example imaging device for imaging scenes
in apparent motion.

[0004] FIG. 3 illustrates a front view of the example imaging device for scenes in
apparent motion.

[0005] FIG. 4 illustrates a side view of an example imaging device for scenes in

apparent motion.
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[0006] FIG. 5 illustrates an exploded view of an area imaging device and a mult-band
optical filter including a plurality of filter bands for use with an imaging device for
scenes in apparent motion.

[0007] FIG. 6 illustrates an isometric view of an example imaging device having an
area imaging device and a multi-band optical filter provided thereon.

[0008] FIG. 7 is a flow diagram showing an example overview process for image
capture using an imaging device for scenes in apparent motion.

[0009] FIG. 8 is a flow diagram showing an example process for aligning a tracking
axis with direction of apparent motion.

[0010] FIGS. 9A and 9B illustrate successive images and gray projections used to
align an 1maging device with a direction of apparent motion.

[0011] FIG. 10 is a flow diagram showing an example process for determining a
tracking speed and run length of an imaging device.

[0012] FIGS. 11A-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.

[0013] FIG. 12 is a flow diagram showing an example process for imaging a scene that
1s in apparent motion according to embodiments.

[0014] FIG. 13 is a graph of exposures taken, plotted against time and space during the
operation of the device during an image capture phase.

[0015] FIG. 14 is a block diagram of an example imaging system usable to image

scene having apparent motion.
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[0016] 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

[0017] 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.

[0018] 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 multraxis
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 1s exposed through all bands of the multi-optical filter during successive
cycles.

[0019] 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.

[0020] 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 difterent 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.

[0021] 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. Insatellite 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 multiaxis positioning
mechanism.

[0022] 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 multispectral 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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[0023] 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

[0024] FIG. 1 illustrates an isometric view 100 of an example imagng device 102
having a multi-axis positioning mechanism 104 for imaging scenes in apparent
motion. In the illustrative embodiment depicted in FIG. 1, the multraxis 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 embodiments 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.

[0025] 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.

[0026] 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 piezoekctric or
stepper motor, or other suitable actuator or positioning mechanism.

[0027] 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. lJitter (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.

[0028] 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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[0029] In 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.

[0030] 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.

[0031] 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.

[0032] 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.

[0033] 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 wvariations in focus due to thermal dilation, mechanical effects,
wavelength differences, etc.

[0034] 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.

[0035] 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.

11



WO 2015/169875 PCT/EP2015/059996

[0036] In 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.

[0037] 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.

[0038] 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

[0039] FIGS. 7, &, 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.

[0040] 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 y) .In embodiments, this is accomplished using
gray projections as is described in more detail elsewhere in this Detailed Description.
[0041] 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.
[0042] 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.

[0043] 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 witha
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.

[0044] FIG. 8 1s 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 1s 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.

[0045] 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.

[0046] 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” 1s the direction in which the imaging system is headed, defined for example
by three angles with respect to some reference.

[0047] At 808, the control module determines whether the horizontal (')
displacements of the horizontal gray projections between successive images is less

than a threshold level of displacement, and whether the vertical (') displacements of
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the wvertical 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.

[0048] 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 1is 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.

[0049] 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
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point for determining the tracking speed of the AID, as described below with respect
to F1G. 10.

[0050] 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.

[0051] 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).

[0052] 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.

[0053] 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.

[0054] 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.
[0055] 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.

[0056] If the horizontal displacements are not within the threshold (the “NO” arow),
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. §, 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.

[0057] 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.

[0058] At 1016, the control module returns the AID to its start 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 measunng,
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.

[0059]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).

[0060] 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.

[0061] 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 1s described with respect to FIG. 12.

[0062] FIGS. 11A-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 1s 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 overhying
vertical gray projections 1110, and horizontal gray projections 1108 overlaying
horizontal gray projections 1112. In the example illustrated in FIGS. 11A-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).

[0063] In the example illustrated in FIGS. 11A-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).

[0064] In the example illustrated in FIG. 11C, 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).

[0065] 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.

[0066] 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 multrband
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.

[0067] 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 multraxis
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.

[0068] 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.

[0071] 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.

[0072] 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.

[0073] 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.

[0074] 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.

[0075] 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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[0076] 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 multraxis 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 postprocessing to reduce blur
may be used without departing from the scope of embodiments).

[0077] 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.

[0078] 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).

[0079] 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 exposure (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.

[0080] 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

[0081] 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 3.6um 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 Sum 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 10ms 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.

[0082] In 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 S0cm is needed.

[0083] 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

[0084] 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 multraxis 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.

[0085] 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 multraxis
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.

[0086] 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.

[0087] 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.

[0088] 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.

[0089] The imaging module 1408 performs various image processing functions of the

imaging system 1400, including tone mapping to generate HDR 1mages, 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.

[0090] 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

[0091] 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 nomn-volatile storage of computer-
readable instructions, data structures, program modules, and other data for imaging
system 1400.

[0092] 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 randonraccess 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

[0093] 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 1s itself situated on a sliding platform 1506, which is situated on arail
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.

[0094] 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.

[0095] 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 10° 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.

[0096] 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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[0097] 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 F1G. 15C.

Conclusion

[0098] 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 cxposurces.
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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.

S. 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

cxposurces.

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.

0. 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 contfigured 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 1imaging 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 pProcessors
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

cxposurces.

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 mult
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 1maging 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.

47



WO 2015/169875 PCT/EP2015/059996

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 1s 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 1maging 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 1maging 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.
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