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STABILIZATION AND DISPLAY OF REMOTE IMAGES
RELATED APPLICATIONS

[0001] The present application claims benefit under 35 U.S.C. §119(a)-(d) of Israeli Application
233684 filed July 17, 2014, the entire content of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] Embodiments of the invention relate to stabilizing and displaying images of a scene

acquired by a remote camera system.
BACKGROUND

[0003] Remote image acquisition by camera systems has become a ubiquitous and invasive
feature of modern life. To note a few of the applications to which remote image acquisition is
employed, remote camera systems are used to watch our streets, guard the entrances to our
buildings, monitor internal venues of our malls, survey global vegetation patterns, track global
weather, and guide remote and autonomous piloted ground and airborne vehicles. Remote
images of a region of interest (ROI) of an environment acquired by a remote camera system may
be processed by a computer system and/or monitored by a human to detect and/or respond to
“events of note” that transpire or are encountered in the ROI. An event of note may be any of
various events for which a computer system or human may advantageously be expected to
provide an active or passive response, such as respectively an overt action or a change of level of
attention. An event of note in an ROI imaged by a remote camera may, by way of example,
comprise a statistically aberrant event within the ROI, suspicious human or vehicular motion in
the ROI, entry of a migrating flock of geese into the ROI, or an encounter of an obstacle in the

ROI by a remote piloted or auto-piloted vehicle.

[0004] Efficiency of detection for events of note in an ROI responsive to remote images of the
ROI may be compromised by artifacts in the images that degrade quality of the images and mask
or draw attention away from events of note. Image artifacts in remote ROI images generally
increase processing time that computer algorithms require for processing the images to detect
images of events of note they may contain, and reduce reliability of results provided by the
algorithms. Image artifacts in ROI images displayed as a continuous video sequence on a
computer screen for visual monitoring by a human operator may generate not only distortions in

the images but also poor registration between consecutive images in the sequence. The
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distortions and degraded registration tend to accelerate operator fatigue and impair his or her

sensitivity for detecting events of note in the ROI that may appear in the images.

[0005] Image artifacts may be introduced into remote images of an ROI by features associated
with the remote camera system that acquires the images and how the remote camera system is
configured and used to image the ROI. Image artifacts may include image distortions generated

by camera angle, optical system aberrations, and defocus blur.

[0006] For camera systems mounted to a moving platform, such as a ground or an airborne
vehicle, to acquire surveillance images of an RO, image artifacts may be exacerbated and
additional image artifacts introduced into the remote images by motion of the camera system
during acquisition of the remote images. Motion artifacts can be generated by planned motion of
the platform and/or disturbances to plaﬁned motion of the platform that erratically shift the

remote camera system field of view (FOV) relative to the ROL

[0007] Planned motion of a ground vehicle comprises intended motion of the ground vehicle
along a planned ground route. Disturbances to the ground vehicle motion may be generated by
vibrations of its power train or by unanticipated lurching and bouncing of the ground vehicle as it
travels along the planned route. For the increasingly frequent situation in which a remote camera
system is mounted to an airborne vehicle, such as an unmanned aerial vehicle (UAV), an airship,
or an aerostat, for weather, environmental, or security surveillance monitoring, planned motion
of the airborne vehicle comprises motion along an intended flight path. For a heliostat, which is
tethered, an intended flight path is considered to include hovering in a region of sky to which
motion of the heliostat is limited by a tether. Disturbance to the planned motion may be
generated for example by vibrations of the airborne vehicle propulsion system, and/or air

turbulence.

[0008] To moderate motion artifacts generated in remote images of an ROI acquired by an
airborne remote camera system, the remote camera system is generally mounted to an airborne
vehicle by a two or three axis gimbaled mount. An inertial measurement unit (IMU) provides
measurements of displacement of the platform along optionally three orthogonal “displacement
axes”, and rotation of the platform about, optionally three orthogonal “rotation axes”. The
measurements are processed to determine “dead reckoning” position and orientation of the
platform. A controller controls the gimbaled mount responsive to the measurements of position
and orientation to counter motion of the platform and stabilize the location and orientation of the

ROI within the camera system FOV. Dead reckoning position and orientation are subject to
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substantial drift error over time and are typically calibrated to, or “fused with”, measurements
provided by GNSS (global navigation satellite system) equipment and magnetometers, which
may be included in the IMU.

[0009] High resolution airborne camera systems may have angular resolutions that are less than
or equal to about 20 or 30 microradians and may operate to acquire images of large terrestrial
areas equal to or greater than about 1 km square from altitudes of between 5 and 6 km. At an
altitude of about 5 km, a high resolution airborne camera system having angular resolution
between 20 and 30 microradians may acquire terrestrial images that resolve features on the
ground that are separated by as little as 10 and 15 cm. Whereas pedestrian airborne camera
systems may be sufficiently stabilized by two or three axes gimbaled mounts such high
resolution camera systems conventionally require that their cameras be mounted to particularly
robust and fast response gimbaled mounts for stabilizing camera orientation during remote
airborne imaging. The gimbaled camera mounts of these systems tend to be mechanically

complex, relatively large, massive, and expensive.

[0010] For example, a gimbaled camera mount for stabilizing orientation of a high resolution
airborne camera for imaging relatively large land areas at a resolution of about 20-30
microradians may weigh in excess of 100 kg — 200 kg (kilogram). The gimbaled camera mount
generally comprises an IMU sensor that provides measurements of platform translation and
rotation and a gimbal system comprising a fast response, high resolution gimbal nested in and
supported by a slower, course resolution gimbal. The high resolution gimbal typically provides

rapid, fine rotational correction of camera orientation about three orthogonal rotation axes for

relatively small angular dynamic ranges of up to about 20. The coarse gimbal provides slower

rotational corrections of camera orientation about the axes for dynamic ranges of tens of degrees.
SUMMARY

[0011] An aspect of an embodiment of the invention relates to providing a relatively lightweight,
high resolution remote camera system (HICAM) for imaging a relatively large terrestrial area
from a moving platform and providing a sequence of digitally stabilized, high resolution images
of at least one ROI in the terrestrial area. In an embodiment, HICAM acquires images of the
terrestrial area using an, optionally rolling shutter, airborne camera that is not stabilized by a
gimbal or that is stabilized by a two axis gimbal. HICAM provides images of the at least one ROI
that are stabilized to an accuracy generally provided by a relatively large and heavy airborne

imaging system comprising a camera stabilized by a six axes gimbal system.
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[0012] Digitally stabilizing a sequence of images, such as a sequence of ROI images, in
accordance with an embodiment of the invention comprises digitally registering the images so
that to within a translation, rotation, and/or magnification, stationary features in images of the
sequence of images are substantially congruent. Stabilizing an image refers to registering thé
image to another image so that to within a translation, rotation, and/or magnification, images of

stationary features in the terrestrial area are substantially congruent.

[0013] HICAM provides the high resolution stabilized images of the at least one ROI by
acquiring a sequence of high resolution images of the terrestrial area and data that provides three
dimensional (3D) spatial locations and orientations of HICAM for times at which HICAM
acquires the “terrestrial images”. In an embodiment, the location and orientation data is updated
at relatively high frequency to provide relatively accurate determinations of location and
orientation of HICAM at times at which HICAM acquires the terrestrial images.
Advantageously, terrestrial images acquired by HICAM are acquired during exposure periods
that are sufficiently short to moderate image smear so that location of an image of a landmark in
the terrestrial images may be determined with an accuracy less than or equal to about a pitch of
pixels in the images. For each ROI of the at least one ROI, HICAM crops each of the terrestrial
images in the sequence responsive to the location and orientation data to define a portion of the
terrestrial image, hereinafter an “ROI cropped image portion”, that images the ROL. HICAM
digitally stabilizes the ROI cropped image portions to provide the sequence of stabilized images
of the ROL

[0014] Digitally stabilizing the ROI cropped image portions in accordance with an embodiment
of the invention comprises warping the terrestrial images responsive to the location and
orientation data so that the terrestrial images image the terrestrial area from a substantially same
perspective. The warped terrestrial images may also be registered to an orthographic image of at
least a portion of the terrestrial area responsive to an associated digital terrain map of the at least
portion of the terrestrial area. The orthographic image of the at least a portion of the terrestrial
area provides geolocation coordinates, optionally longitude and latitude, for features of the
terrestrial area useable as landmarks. The associated terrain map provides elevation data for the
landmarks. The orthographic image and associated digital terrain map of a terrestrial area may be
referred to as a “reference image set”. The ROI cropped image portions in the terrestrial images
are registered to an orthographic image and associated terrain map of at least a portion of the

terrestrial area in the reference image set to provide the stabilized images of the ROL
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[0015] The terrain map optionally provides elevation data for a plurality of landmarks imaged in
the orthographic image characterized by accuracy sufficient to locate the landmarks in the
terrestrial images to within a distance less than or equal to about a pitch of pixels in a HICAM
photosensor that acquires the terrestrial images. By way of example, assume HICAM images a
landmark from an altitude “A” and oblique angle, “o”’, on a camera having pixel pitch “P” and
focal length “f”. If “Ae” represents accuracy with which the terrain map provides an elevation for

the landmark in accordance with an embodiment of the invention, Ae may satisfy the constraint
P > Ae-f'sina/A, or after rearranging Ae < A-P/f:sina. If A = 6000 m (meters), a = 300, f = 100
mm (millimeters) and P is 10 pm (micrometers) then Ae is may be less than or equal to about 1

m. If the pitch were 2 pm Ae would be less than about 20 cm.

[0016] By registering images of ROIs in a terrestrial area to a reference image set responsive to
frequently updated location and orientation data, HICAM may acquire images of the terrestrial
area using an un-stabilized, or a two-axis gimbal stabilized, airborne camera and provide images
of the ROIs that are accurately stabilized. In an embodiment of the invention HICAM produces
stabilized images of an ROI to an accuracy generally provided by a relatively large and heavy
airborne imaging system comprising a camera stabilized by a six axes gimbal system. Optionally
stabilization accuracy is equal to or less than a pitch of pixels in the HICAM camera that acquires

the images of the terrestrial area.

[0017] In the discussion, unless otherwise stated, adjectives such as “substantially” and “about”
modifying a condition or relationship characteristic of a feature or features of an embodiment of
the invention, are understood to mean that the condition or characteristic is defined to within
tolerances that are acceptable for operation of the embodiment for an application for which it is
intended. Unless otherwise indicated, the word “or” in the description and claims is considered
to be the inclusive “or” rather than the exclusive or, and indicates at least one of, or any

combination of items it conjoins.

[0018] This Summary is provided to introduce a selection of concepts in a simplified form that
are further described below in the Detailed Description. This Summary is not intended to identify
key features or essential features of the claimed subject matter, nor is it intended to be used to

limit the scope of the claimed subject matter.
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BRIEF DESCRIPTION OF FIGURES

[0019] Non-limiting examples of embodiments of the invention are described below with
reference to figures attached hereto that are listed following this paragraph. Identical features
that appear in more than one figure are generally labeled with a same label in all the figures in
which they appear. A label labeling an icon representing a given feature of an embodiment of the
invention in a figure may be used to reference the given feature. Dimensions of features shown in
the figures are chosen for convenience and clarity of presentation and are not necessarily shown

to scale.

[0020] Fig. 1A schematically shows a remote HICAM camera system mounted to an aircraft and
imaging a terrestrial area comprising a city for which ROIs and landmarks are indicated, in

accordance with an embodiment of the invention;

[0021] Fig. 1B schematically shows an enlarged image of the aircraft and a pod housing

HICAM, in accordance with an embodiment of the invention;

[0022] Fig. 1C schematically shows a block diagram of the HICAM shown in Fig. 1B, in

accordance with an embodiment of the invention;

[0023] Fig. 1D schematically shows an image of a region of the terrestrial area shown in Fig. 1A

and how images of ROIs may be distorted by motion artifacts;

[0024] Figs. 2A and 2B shows a flow diagram describing a procedure that HICAM implements
to acquire and stabilize terrestrial images in accordance with an embodiment of the invention;

and

[0025] Fig. 3 schematically illustrates imaging geometry relevant for determining a constraint
on accuracy of elevation data comprised in a reference image set, in accordance with an

embodiment of the invention.
DETAILED DESCRIPTION

[0026] Fig. 1A schematically shows a surveillance aircraft 60 using a HICAM 20 mounted to the
belly of the aircraft to image, by way of example, a terrestrial area 100 comprising a seaside
metropolis 102, in accordance with an embodiment of the invention. Aircraft 60 is indicated as
flying an optionally circular flight path schematically represented by a dashed circle 62 over
terrestrial area 100. (Circle 62 appears elliptical because of the perspective of Fig. 1A) HICAM
20 has a relatively large FOV schematically indicated by lines 22 extending from HICAM 20,
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and terrestrial area 100 imaged by HICAM 20 has a relatively large extent indicated by a dashed
circular boundary 102 and includes not only a metropolis 103 but also a portion of the coastline
104 and ocean 106 along which the metropolis is located. Hourglass shaped icons 108 indicate

relatively easily recognized and/or discernible landmarks in terrestrial area 100.

[0027] By way of numerical example, aircraft 60 may be flying at altitude of about 5,000 m

(meters) and flight path 62 may have a radius equal to about 1500 m. In an embodiment of the
invention FOV 22 is characterized by a view angle greater than or equal to about 50°,
Optionally, the FOV is characterized by a view angle greater than or about equal to 60°. For

view angles of 50© and 60° boundary 102 may have a diameter between about 5,000 m and about
6,000 m

[0028] HICAM 20 is assumed to be providing stabilized, high resolution images of a plurality of
selectable ROIs, ROI(u), 1<u < U optionally to operators (not shown) in a ground station tasked
with monitoring the ROIs. Optionally, as shown in Fig. 1A, U = 5 and HICAM 20 is providing
stabilized high resolution images for five selectable ROIs indicated by boundaries ROI(1),
ROI(2) ... ROI(5) in terrestrial area 100. Boundaries of ROI(1), ..., ROI(5) are shown as
rectangles for convenience of presentation and ROIs may of course have boundaries that are
other than rectangular and the boundaries may for example be circular, triangular or irregular.
Labels ROI(1), ..., ROI(5) used to designate particular ROIs may be used to refer to respective
boundaries delimiting the ROIs. HICAM 20 is assumed to be receiving navigation signals from a
satellite navigation system (GNSS) such as the global positioning system (GPS) represented by
satellites 110. Signals generated by GNSS 110 and received by HICAM 20 provide 3D spatial
coordinates, for example, geolocation plus altitude, for location of HICAM 20 relative to

features in terrestrial area 100.

[0029] Fig. 1B schematically shows an enlarged view of aircraft 60 and HICAM 20. HICAM 20
optionally comprises an aircraft mounting pod 24 housing a camera array 30 that acquires
images of terrestrial area 100 and an image data acquisition and processing unit (IDAPU) 40 that
processes the images to provide stabilized images of ROIs in the terrestrial area, in accordance

with an embodiment of the invention. Fig. 1C shows a schematic block diagram of HICAM 20.

[0030] Camera array 30 may comprise a plurality of photosensors 31 having pixels 32, and
imaging optics, schematically represented by a collecting lens 33, for each photosensor. Optics

33 associated with a given photosensor 31 collects light from a terrestrial area, such as terrestrial
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area 100, imaged by HICAM 20 and images the accumulated light on the given photosensor 31.
In an embodiment of the invention, camera array 30 is a relatively small lightweight camera
array comprising a relatively large number of small pixels 32 that provide the camera array with
relatively large FOV 22 (Fig. 1A). In an embodiment, FOV 22 is characterized by a view angle
greater than or equal to about 50°. Optionally, the FOV is characterized by a view angle greater
than or about equal to 60°. In an embodiment of the invention, a total number of photosensor
pixels 32 comprised in photosensors 31 of camera array 30 is greater than or equal to about 109.
Optionally, the number of photosensor pixels 32 is equal to or greater than about 5x109.
Optionally, photosensor pixels 32 are characterized by a pitch less than or equal to about 10 pm

(micrometers). In an embodiment, the pitch is less than or equal to about 3 pm.

[0031] Camera array 30 may operate in a rolling shutter imaging mode to acquire images of
terrestrial area 100. In the rolling shutter mode adjacent lines, optionally rows, of photosensor
pixels 32 in photosensor 31 are sequentially exposed to light from the terrestrial area and each
line of pixels 32 is substantially immediately read out after its exposure. Photosensor pixels 32 in
a given photosensor 31 are assumed to be located by row and column “photosensor pixel
coordinates”, Xp and Yp respectively, in the photosensor. Pixels 32 having a same Xp coordinate
are located in a same row of pixels and are exposed to light from terrestrial area 100 at
substantially a same time and are read out during a same readout period. An n-th image of

terrestrial area 100 acquired by camera array 30 may then be represented by I(xp,yp,tn(xp)),
where tn(xp) is a time at which image data used to generate the n-th image acquired by
photosensor pixels having a same photosensor pixel row coordinate Xp are exposed to light from

terrestrial area 100. Generating the n-th image may comprise processing the image data from the
different rows of pixels using any of various methods known in the art to compensate for image
shear generated by the rolling shutter imaging mode. An n-th image of a given ROI(u), imaged in
image I(xp,yp,tn(xp)) may be represented by ROI(u,xp*,yp*,tn(xp*)), where xp*,yp* are image

cdordinates of a subset of pixels from I(xp,yp,tn(xp)) that provide an image of the given ROI(u).

[0032] An n-th image of terrestrial area 100 may be represented by I(xp,yp,tn), where t,
represents a characteristic time, such as an average or suitably weighted average, of times ty(xp)

that may advantageously be used as a timestamp for the n-th image. Similarly, an n-th image
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ROI(u, xp*,yp*,tn(xp*)) of a given ROI(u), may be represented by, ROI(u, xp*,yp*,tn*), where

ty* represents an advantageous timestamp characteristic time of times ta(Xp*) -

[0033] In an embodiment, camera array 30 is mounted to a gimbal system schematically
represented by a Cartesian coordinate system 36, which operates to compensate for motion of
aircraft 60 and stabilize orientation of the FOV of camera array 30 in a desired direction.
Changes in orientation of aircraft 60 are conventionally determined by angles of rotation about
roll, pitch and yaw axes 137, 138, and 139 respectively. Optionally, gimbal system 36 is a two
axis gimbal system which rotates the camera system about x and z axes that operates to stabilize
camera array 30 by compensating for rotation of aircraft 60 respectively about roll axis 137,
pitch axis 138, and yaw axis 139 of aircraft 60. Two axis gimbal system 36 provides for rotation
of camera array 30 about the x and z axes in directions that are opposite to roll, and yaw angular
displacements of aircraft 60 about roll axis 137 and a yaw axis 139. Curled block arrows ®»137
and 139 schematically represent roll and yaw angular displacements of aircraft 60 about roll

and yaw axes 137 and 139 respectively. Curled block arrows wx and ; schematically represent

angular displacements of camera array 30 about x and z axes by which gimbal system 36
compensates for roll and yaw displacements represented by curled block arrows ®137 and 139

respectively.

[0034] Two axis gimbal system 36 operates to optionally maintain an optic axis (not shown) of
camera array 30 aimed at a central region of terrestrial area 100 during flight of aircraft 60 so that
the central region is maintained substantially in a center of FOV 22. and the FOV rotates
substantially about the central region with an angular velocity equal to that of aircraft 60 around
circular flight path 62.Whereas compensatory rotations provided by two axis gimbal system 36
about the x and z-axes are capable of holding FOV 102 of camera array 30 aimed at the center of
the terrestrial area, absence of compensatory rotation provided by gimbal system 36 about the '
y-axis causes yaw of aircraft 60 to disturb aim of FOV 102. In an embodiment, the stabilization
of an ROI(u) in accordance with an embodiment of the invention as described below

compensates for the disturbance.

[0035] IDAPU 40 optionally comprises a GPS receiver 41 and an IMU 42 that acquire data for
determining position and orientation of camera array 30 and a controller 44. Controller 44
receives position and orientation data from GPS receiver 41 and IMU 42 and associates the data

with images I(Xp,yp-tn(p)) acquired by camera array 30. Position and orientation data provided
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by GPS receiver 41 and IMU 42 are used, as discussed below, to stabilize images of ROIs,
ROI(u, xp*,yp*,tn(xp*)) in I(xp,yp,tn(xp)). Associating is optionally achieved by time stamping
the data and images with times at which they are respectively acquired. For example, voltage

readout values for photosensor pixels 32 may be time stamped with an acquisition time, tn(xp),

of the pixel row to which they belong. Data acquired by sampling signals generated by IMU42
may be time stamped with the sampling time. IDAPU 40 also comprises an image database 45
that stores images acquired by camera array 30 and position and orientation data associated with

the images.

[0036] In an embodiment of the invention, IDAPU 40 comprises a reference database 46 that
stores a reference image set R(a,, Yp> z) of terrestrial area 100. Reference image set R(a:p,yp,z)
may comprise an orthographic image Ol(«,,, yp) of at least a portion of the terrestrial area 100
and an associated terrain map TM(x,,, Yps 2). Variables xp and yp are image coordinates of
pixels in orthographic image Ol(x,,, yp). Image coordinates a, and yp are associated with
geolocation coordinates « and g respectively, optionally, latitude and longitude, that
geographically locate a feature, such as a landmark 108 imaged by an image pixel in Ol(x,,, yp)
at image coordinates ap and ¢, The associated terrain map TM(xp, yp, z) provides a geographic

elevation, z, for a feature imaged in orthographic image Ol(«,,, yp) at image coordinates «,, Yp-

[0037] IDAPU 40 optionally comprises a stabilization engine 47. In an embodiment of the
invention, stabilization engine 47 warps images I(xp,yp,tn(xp)) of terrestrial area 100 acquired
by camera array 30 that are stored in image database 45 to compensate for motion of aircraft 60

responsive to location and orientation data provided by GPS 41 and IMU 42.The stabilization

engine may register the warped I(xp,yp,tn(xp)) image to an orthographic image and associated
terrestrial image of at least a portion of terrestrial area 100 so that images of landmarks in
I(xp,Yp-tn(xp)) are substantially congruent to images of landmarks in the orthographic image.
Stabilization engine 47 crops images I(xp,yp,tn(xp)) of terrestrial area 100 acquired by camera
array 30 as described below that are stored in image database 45 to provide ROI images
ROI(I,xp*,yp*,tn(xp*)), ..., ROI(S, xp*,yp*,tn(xp*)), for ROI(1) ... ROI(5) respectively. It is
noted that whereas in Fig. 1C stabilization engine 47 is shown separate from controller 44, the

stabilization engine may be comprised in the controller, and may for example be an executable

instruction set comprised in the controller.
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[0038] In an embodiment of the invention, cropping may be performed responsive to position
and orientation data provided by GPS 41 and IMU 42, and data provided by orthographic image
Ol(x,, yp) and/or terrain map TM(a,,, Yp> 2), as well as data provided by a user of HICAM 20

defining ROI(1) ... ROI(5). By way of example, an ROI cropped image portion of a terrestrial
image I(xp,Yp:tn(xp)) may be defined using a projection function, optionally using 3D spatial
location coordinates - that is geolocation and elevation coordinates - for corners of the ROL

Each of the ROI corners is projected by a reverse ray tracing process onto image I(xp,yp,tn(xp))
to determine image coordinates (xp*,yp*) of image pixels in I(xp,yp,tn(xp)) on which the

corners are imaged. The coordinates of the image pixels are used to determine boundaries to

which the terrestrial image should be cropped to define an image ROI(u, xp*,yp*,tn(xp*)) of the
ROI. Projection is performed using location and orientation of HICAM 20 at times tn(Xp*)

determined responsive to location and orientation data acquired by GPS receiver 41 and an IMU

42 and data provided by orthographic image Ol(«,,, yp) and/or terrain map TM(x,,, 4ps 2).

[0039] Subsequent to cropping, stabilization engine 47 stabilizes images ROI(1,
xp*,yp*,tn(xp*)), ..., ROI(S, xp*,yp*,tn(xp*)) responsive to reference image set R(a,,, Yps z)
stored in reference data base 46 and position and orientation data stored in image data base 45 to
provide stabilized images of ROI(1), ..., ROI(5). As discussed below, stabilizing images ROI(u,
Xp*,yp*:tn(xp*)) for a given ROI(u) comprises registering the images to at least a portion of
Ol(a:p, yp). An n-th stabilized image of an ROI(u) at a time t,* provided by stabilization engine
47 may be represented by WROI(u,a:p #p-tn*), Where as noted above, tp* represents an

advantageous timestamp characteristic of times tn(xp*).

[0040] Fig. 1D schematically shows an image 120 of a portion of an image I(xp,yp,tl(xp)) of
terrestrial area 100 acquired by HICAM 20 camera array 30 at a timestamp t{ that includes
images of ROI(1), ROI(2), and ROI(3) shown in Fig. 1A. Image 120 is an image of a region of
terrestrial area 100 following processing of image data acquired at times tl(xp) by rows of pixels

32 to substantially compensate for image shear generated by delays between exposure periods of

adjacent rows of pixels 32.

[0041] Boundaries ROI(1)*, ROI(2)*, ROI(3)* in image 120 schematically indicate boundaries
of ROI(1), ROI(2), ROI(3) in a subsequent image of the portion of terrestrial area 100 shown in
image 120 acquired at a time tp by HICAM 20. Boundaries ROI(1)*, ROI(2)*, ROI(3)* may, as



WO 2016/009268 PCT/1IB2015/001199
12

indicated in Fig. 1D, be displaced, rotated, and/or distorted with respect to solid line boundaries

defining ROI(1), ROI(2), ROI(3). The displacements, rotations and/or distortions may be

generated by motion of aircraft 60, such as changes in aircraft location, changes in roll, pitch,

and/or yaw about axes 137, 138, and/or yaw 138 respectively, and/or structural and/or

operational features of camera array 30.

[0042] Were regions indicated by solid boundaries of ROIs ROI(1), ROI(2), ROI(3) in image

120 acquired at time t; and the same regions of the subsequent image acquired at time tp

transmitted to provide operators tasked with monitoring ROIs, ROI(1), ROI(2), ROI(3) with
images of the ROIs, the operators would experience time dependent displacements and
distortions in the images they were monitoring. Whereas gimbal system 36 operates to moderate
magnitude of the displacements and distortions to stabilize the images, stabilization engine 47
operates to improve stabilization beyond that provided by gimbal system 47, in accordance with

an embodiment of the invention.

[0043] In the above description, all components of HICAM 20 are shown and described as being
housed in a same aircraft mounting pod 24, however, practice of the invention is not limited to a
“centralized” HICAM in which all or substantially all of the HICAM components are in a same
mounting pod. A HICAM similar to HICAM 20, in accordance with an embodiment of the
invention, may have a distributed configuration with components at different locations. For
example, reference data base 46 may be located in a ground station or an airborne pod attached to
an aircraft different from aircraft 60. And Image data base 45 or stabilization engine 47 may be
located in a ground station or aircraft pod different from the ground station or aircraft pod in
which reference database 46 is located. Components of a HICAM according to an embodiment

of the invention similar to HICAM 20 may be at least partially cloud based.

[0044] Operation of HICAM 20 and IDAPU 40 in acquiring and stabilizing images of ROI(1),
..., ROI(5) during flight of aircraft 60 is discussed with reference to a flow diagram of an image
acquisition and stabilization algorithm 200 in accordance with an embodiment of the invention

shown in Figs. 2A and 2B.

[0045] In a block 201 frequencies, also referred to as “get rates”, are determined at which
HICAM 20 acquires images of terrestrial area 100 and data relevant for stabilizing images of

ROIs in the terrestrial area. Optionally, the get rates comprise an image get rate 1/T], an IMU get

rate 1/Tp\MU, and a GPS get rate 1/Tgps. Image get rate 1/T7 is a frequency at which images of
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terrestrial area 100 are acquired and T] is a period between acquisitions of the images. Similarly,
1/Tpmu and 1/Tgps are frequencies, and Typgy and TGps are corresponding periods at which

signals generated by IMU 42 and GPS receiver 41 are sampled to provide data used in stabilizing
images of ROIs, ROI(1), ..., ROI(5), in accordance with an embodiment of the invention. When
sampled, signals generated by IMU 42, optionally provide data for linear acceleration of HICAM
20 along three, optionally orthogonal, axes, angular acceleration about three optionally
orthogonal axes of rotation, and derived functions of the accelerations. The derived functions
may for example include integrals of the acceleration, that provide velocities and “dead

reckoning” position and orientation of camera array 30.

[0046] In an embodiment of the invention, image get rate 1/T7 is equal to or greater than about 3
Hz. In an embodiment of the invention, get rate 1/Tpy is greater than or equal to about twice a

frequency that characterizes motion of HICAM 20 due to vibration of aircraft 60 and/or

atmospheric turbulence. Get rate 1/T\y may, for example be a frequency between about 100

Hz and 200 Hz, which is generally greater by a factor of at least 2 than typical frequencies that
characterize vibrations encountered by HICAM 20 as a result of being mounted to an airborne

platform such as aircraft 60.

[0047] Optionally, HICAM 20 samples GPS ranging signals provided by GPS receiver 41 at a

get rate 1/TGps equal to about 1 Hz and an accuracy of about 100 nanoseconds (nsecs). Signals

generated by GPS receiver 41 may provide 3D spatial location, and velocity of HICAM 20. The
signals may as well comprise a reference 1 pulse per second (1-PPS) clock signal for use in
synchronizing operation of functionalities provided by components of HICAM 20 and signals

for referencing the functionalities to, optionally, Universal Coordinated Time (UTC).

[0048] Optionally, in a block 203, ROIs, ROI(u), 1< u < U, in terrestrial area 100, such as
exemplary ROIs, ROI(1) ... ROI(5) shown in Fig. 1A and 1D, for which stabilized images are to
be provided by HICAM 20 are defined. ROIs may be defined by any of various suitable methods.
For example, ROIs may be defined by reference to geolocation coordinates available from

orthographic image OI(a:p ,yp) comprised in reference image set R(a,,, Yps 2) stored in reference

database 46 (Fig. 1C). Optionally, an ROI(u) is rectangular and defined by geolocation
coordinates of four corners of ROL Optionally, an ROI(u) is defined by outlining the ROI(u) in
an image of terrestrial area 100 that HICAM generates on a computer video screen using a

mouse. Outlining may of course be performed on a touch screen using a finger or stylus.
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[0049] In a block 205, operating parameters for algorithm 200 may be initialized. The operating
parameters may comprise a clock time t synchronize with PPS and UTC signals provided by
GPS receiver 41, clock advance step At, and counting indices n, j, and k. Counting indices n, j,
and k are respectively used for enumerating images of terrestrial area 100 that HICAM 20
camera array 30 acquires, and sampling of signals generatéd by IMU 42 and GPS receiver 41.

Clock time t and indices n, j, and k are optionally initialized to 0.

[0050] Optionally, in a decision block 207, HICAM 20 determines whether it is time to sample
signal generated by IMU 42 (Fig. 1C) by determining if time t modulo the IMU get period TiMuU
is equal to zero. If t modulo T\ is not equal to zero HICAM 20 may proceed to a block 215
discussed below. If on the other hand t modulo Ty is equal to zero, HICAM 20 proceeds to a
block 209 to increase index j by 1, and in a block 211, at a time “tj” substantially equal to time t,

controller 44 samples signals generated by IMU 42 to acquire data for determining orientation
and 3D spatial location of HICAM 20. Optionally, as noted above, the sampled data comprises a
set of values IMU(tj) comprising angular accelerations @137, @138, and #139 about roll, pitch

and yaw axes 137, 138 and 139 (Fig. 1B) respectively and a vector acceleration Ti(tj) at time tj.

Optionally, in a block 213 data controller 44 (Fig. 1C) stores IMU(t;) in image database 45.

[0051] Optionally, subsequently, in a decision block 215, IDAPU controller 44 determines
whether it is time to sample signals generated by GPS receiver 41 (Fig. 1C) by determining if
time t modulo the GPS get period Tgps is equal to zero. If t modulo TGpg is not equal to zero
HICAM 20 may proceed to a block 223 discussed below. If on the other hand t modulo TGps is
equal to zero, HICAM 20 optionally increases counting index k by 1, and in a block 219
controller 44 at a time ty substantially equal to t samples signals generated by GPS receiver 41 to

acquire data for determining 3D spatial location and orientation of HICAM 20. Optionally, as

noted above, the sampled data may comprise a set of values GPS(ty) at time ty that includes a

1PPS synchronization signal, UTC time, and data that may be used to determine 3D location

coordinates X(ty), Y(tk), Z(tx) and vector velocity (derivatives of X(tg), Y(tg), Z(tg)) for
HICAM 20. In a block 221, controller 44 stores GPS(ty) in image database 45.

[0052] Optionally, following storage of GPS(ty), in an embodiment, in a block 223 controller 44

determines whether it is time to acquire an image of terrestrial area 100 by determining if time t

modulo the image get period Ty is equal to zero. If t modulo Ty is not equal to zero HICAM 20
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may proceed to a block 237 discussed below. If on the other hand t modulo TGps is equal to

'zero, HICAM 20 may, in a block 225, increase counting index n by 1, and at a time substantially
equal to t, in a block 227 shown in Fig. 2B, controller 44 operates camera array 30 in a rolling

shutter exposure mode to acquire an image I(xp,yp, tn(xp)) of terrestrial area 100. In a block 229

controller 44 optionally stores image I(xp,yp, tn(xp)) in image database 45.

[0053] In an embodiment of the invention, controller 44 repeatedly, intermittently or

periodically, generates and stores a first warping function W1 (t,) that corrects for drift in 3D
spatial location and/or orientation of HICAM 20 determined from IMU(tj) and GPS(ty) data
stored in image database 45. W{(t,) may be determined by registering an image I(xp,yp,tn), or
a portion of image I(xp,yp,tn), to orthographic image OI(mp,y,p) in reference image set
ﬁi(mp,yp,z) so that a selection of landmarks 108 imaged in I(xp,yp,tn) and OI(a:P,yP) are

substantially congruent. The selection of landmarks may be sparse and the registration relatively
coarse. By way of example the selection of landmarks and coarse registration may provide a
geolocation for a given landmark that is accurate to about fifteen meters. Optionally, registration

is performed after controller 44 warps the image to OI(xp,yP) using 3D spatial location and
orientation provided by IMU(t;) and GPS(ty) data. Parameters that define the W(t,) are

functions of magnitude and direction of linear and/or angular drift and may be used to correct the

IMU(tj) data, GPS(ty) data, and/or location and orientation of HICAM 20 determined responsive

to the IMU(tj) and GPS(ty) data.

[0054] Whereas the determination of the transform that corrects for drift is described as being
made by registering an image I(xp,yp,tn) to orthographic image OI(a;p,yp), in an embodiment of
the invention, registration to correct for drift may be made by registering an image I(xp,yp,tn) to
a previous image I(xp,yp,tn*) where n’ = (n-An) < n. An image I(xp,yp,tn) warped responsive to
IMU(tj) and GPS(ty) data and/or registered to OI(a:p,yp) or a previously acquired image
I(xp,yp,tn’) may be represented by I*(xp,yp,tn). It is noted that processing an image I(xp,yp,tn)
to determine a drift correction, in accordance with an embodiment of the invention, generates an

image I*(xp,yp,tn).

[0055] In an embodiment of the invention, controller 44 performs registration to determine

Wi(ty) that comrects for drift periodically following acquisition of every An images
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I(xp,yp,tn(xp)) and in a decision block 231 controller 44 determines whether to process image
I(xp,yp,tn(xp)) to determine drift correction by determining if n modulo An = 0. If n modulo An
is equal to 0, controller 44 optionally proceeds to a block 233 and registers image I(xp,yp, tn(xp))
or a portion thereof to Ol(«p 4,) optionally responsive to elevation data provided by terrain map
T™(x,,, $p> z) to determine drift correction and W1(ty) that warps I(xp,yp,tn(xp)) to generate
image I*(xp,yp,tn(xp)). W1(ty) is a function of I(xp, Yp» tn(xp)), IMU(tj), and GPS(ty) and may
be written W1(t,) = ‘wl(‘I(xp, Ypr tn(xp)), IMU(tj), GPS(tg)) as shown in biock 233. It is noted
that images I*(xp,yp,tn(xp)) are at least coarsely stabilized images. Following registration for
drift correction in block 233 and generation of W1 (ty), controller 44 may proceed to a block 235.
If n modulo An is not equal to 0, controller 44 skips block 233 and may proceed to block 235.
[0056] In block 235, controller 44 transforms geolocation coordinates that define an ROI(u) to
pixel coordinates in image I(xp,yp,tn(xp)) responsive to first warping function W1(ty), or a

previously determined W1 if controller 44 has skipped block 233.

[0057] In a block 237 controller 44 crops I(xp,yp,tn(xp)) for each ROj(u) to determine a cropped
image portion, ROI(u, xp*,yp*,tn(xp*)), of image I(xp,yp,tn(xp)) responsive to the pixel
coordinates define in block 235 that includes substantiaily all features of ROI(u). Optionally,

ROI(u, xp*,yp*,tn(xp*)) is determined using a projection function as discussed above,

responsive to Wi (ty).

[0058] In a block 239 stabilizing engine 47 optionally determines a warping transform W5 (u,t;,)
to transform and stabilize ROI(u,xp*,yp*,tn(xp*)).

[0059] Let the image of ROI(u) in orthographic image OI(a;P,yp) be represented by
ROI(u,acp,yP). Warping transform Wjy(u,t,) warps image ROI(u,xp*,yp*,tn(xp*)) to
ROI(u,a;P,yp) to map image coordinates xp*, yp* to image coordinates «,, Yp and thereby
provide a warped image WROI(u, Zps Yps ty) of ROI(u,xp*,yp*,tn(xp*)) registered, and as a
result, stabilized to image ROI(u,acP ,yp). Images of stationary features of ROI(u) in the warped
image WROI(u, Zp, Yp- fn) are substantially congruent with images of the stationary features in

ROI(u,ocp,yp). Warping transform Wj(u,t,) may provide a relatively fine registration of
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ROI(u,xp,yp) to OI(a:p,yp) so that a geolocation of a feature imaged WROI(u, Zp, Yp; ty) is
characterized by a stabilization level which is equal to or better than about one meter.

[0060] Wy (u,t,) may be written Wo(u,ty,) =‘lDz(u,I(xp,yp,tn(xp),IMU(tj),GPS(tk), R( azp,yp,z))
to explicitly show variables on which it is dependent. R( Xp4p,2) in the expression for W (u,ty)
provides both an orthographic reference image ROI( xp 4p) for ROI(u,xp*,yp*,tn(xp*)) in
terrestrial area 100 and a terrain map TM( «,,, Yps z) that provides elevation for features in image
ROI( TpYp)-

[0061] Stabilizing engine 47 may use any of various algorithms known in the art for determining

W;(u,ty). For example stabilizing engine 47 may determine Wy(u,t,) to minimize a least square

measure of distance between landmarks 108 (Fig. 1A and 1D) or minimize joint entropy in a

mutual information procedure. Optionally, W>(u,t,) is determined so that it registers
ROI(u,a:p,yP) of image OI(a;P,yP) to pixel or sub-pixel accuracy. In determining Wy(u,ty) it

may be assumed that pitch of camera pixels 32 in photosensor 31 of camera array 30 (Fig. 1B and

1C) and therefore of image pixels in image ROI(u, xp*,yp*,tn(xp*)) is the same as pitch of
image pixels in image ROI(u,a:p,yp). If the pitches are not the same, suitable binning may be
performed to equalize pitches.

[0062] Following determination of Wy(u,ty) in block 239, optionally in a block 241, controller
44 applies Wy (u,ty) to ROI(u,xp*,yp*,tn(xp*)) to generate a warped image WROI(u, xp ,yp,tn)
of image ROI(u,xp*,yp*,tn(xp*)) that is stabilized to ROI(u,mp,yp). Operation of Wy(u,ty) may

be expressed in symbols as shown in block 241:
WROI(u,x 4.2 ty) = Wa(u, tg)*ROI(u,Xp*,yp*.tn(xp*)), 1= u<U.

[0063] In a block 243, controller 44 optionally transmits stabilized images WROI(u, xp ,yp,tn)

1 < u < U for display on video consoles of operators tasked with monitoring ROIs ROI(u).

Because images ROI(u,xp*,yp*,tn(xp*)) of a given ROI(u) acquired by HICOM 20 are warped
to a same orthographic image ROI(u,a:p,yp), the sequence of images of the given ROI(u)
acquired by HICAM 20 at times t;, that are sequentially displayed on an operator’s console are

stabilized to each other.
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[0064] In a decision block 245, controller 44 determines if t,, is equal to a stop time “Tepq”. If it

is, HICAM 20 proceeds to a block 249 and ends surveilling and imaging terrestrial area 100. If

on the other hand ty, is less than stop time “Tepq”, in a block 247 controller 44 increases t by At

and returns to block 207 to determine if it’s time to sample signals generated by IMU 42 and

acquire a new set of values IMU(tj+1).

[0065] Determining a warping transform that registers a first image to a second image to a
satisfactory degree of accuracy can be a computationally and time-wise expensive task. The task
may be particularly expensive for large images comprising a large number of pixels such as
images I(u,xp,yp,tn(xp)) and ROI(u,xp*,yp*,tn(xp*)) provided by camera array 30. Terrain map
T™(x,,, Yp z) provides elevation data that may be advantageous in moderating complexity and
time of computation of warping transforms such as W1(u,t,) and Wo(u,ty).

[0066] For example, with respect to warping transform W»(u,ty;) that operates on ROI(u, xp*,
yp*, tn(xp*)), for a given position and orientation of camera array 30 the elevation data may be
used to determine displacement of an image of a feature in ROI(u, xp*, yp*, tn(xp*)) at image
pixel coordinates xp*,yp* from its image coordinates in ROI(u,wP ,yp). The elevation
displacement may be used as predetermined input to the calculation of Wy (u,ty) that simplifies
the calculation, and reduces itsl time of execution. Operating conditions and characteristics of
HICAM 20 and accuracy of registration of ROI(u, xp*,yp*.tn(xp*)) to ROI(u,xp.4p) that

Wy (u,ty) is desired to provide, may generate a constraint on accuracy of elevation data provided

by TM(«,,, Yp> z).

[0067] Fig. 3 schematically illustrates how a given uncertainty “Ae” in elevation of a feature 300
generates uncertainty in location of an image of the feature on photosensor 31 of camera array 30
in HICAM 20 (Fig. 1B and 1C). Camera array 30 has an optical center 35, optical axis 39, and
focal length “f”. HICAM 20 is assumed to be at an altitude, A, above ground 101, and optical
axis 39 intersects the ground at a plumb point 104. If feature 300 is located on ground 101 a
location 301 a distance D from plumb point 104 a central ray 302 from the feature passes through

optical center 35 at an oblique imaging angle o with optical axis 39. The central ray is incident on
photosensor 32 and feature 300 is imaged at an image coordinate xp1 = ftan(a) in photosensor

31. If on the other hand feature 300 is located at location 303 a distance D from optic axis 39 but

is elevated above ground by a distance Ae, a central ray 304 from the feature passes through
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optical center 35 at an angle (a+B) with optical axis 39. The central ray is incident on

photosensor 32 and feature 300 is imaged at an image coordinate xp2 = ftan(a+f). A difference

between the image coordinates Axp = xp2 - xpl ~Ae-f-sina/A. Therefore if pixels 32 have a pitch
“P” and it is desired to determine accuracy of location of an image of a feature to less than the

pixel pitch P it may be advantageous for Ae to satisfy a constraint P > Ae-f*sino/A.

[0068] By way of a numerical example if A = 5000 m (meters), ¢ = 309, f = 100 mm
(millimeters) and P is 10 pm (micrometers) then Ae is advantageously less than or equal to about

1 m. If the pitch P were 2 pm Ae would advantageously be less than about 20 cm.

[0069] It is noted that whereas in the above description a HICAM camera system was assumed
to be mounted to a moving platform that is an aircraft, embodiments of the invention are not
limited to use on aircraft or moving platforms. A HICAM may be mounted to and used for
example on a land vehicle. Or, a HICAM camera system may be mounted to a stationary support
that may for example be subject to vibrations generated by natural atmospheric or terrestrial
phenomena, or manmade sources of vibration. The HICAM may be mounted to the stationary

support so that HICAM has a fixed or changeable orientation.

[0070] In the description and claims of the present application, each of the verbs, “comprise”
“include” and “have”, and conjugates thereof, are used to indicate that the object or objects of the
verb are not necessarily a complete listing of components, elements or parts of the subject or

subjects of the verb.

[0071] Descriptions of embodiments of the invention in the present application are provided by
way of example and are not intended to limit the scope of the invention. The described
embodiments comprise different features, not all of which are required in all embodiments of the
invention. Some embodiments utilize only some of the features or possible combinations of the
features. Variations of embodiments of the invention that are described, and embodiments of the
invention comprising different combinations of features noted in the described embodiments,

will occur to persons of the art. The scope of the invention is limited only by the claims.
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CLAIMS

1. Apparatus for remote imaging of at least one region of interest (ROI) in a
terrestrial area, the apparatus comprising;:

a camera array having a focal length f and a photosensor comprising pixels
characterized by a pixel pitch P that acquires a sequence of images of the terrestrial area,
the images acquired from different 3D spatial locations and camera orientations;

an inertial measurement unit (IMU) and satellite navigation system (GNSS)
receiver that acquire data responsive to the 3D spatial locations and/or orientations of the
camera array during acquisition of the sequence of images;

a data base comprising a terrain map that provides elevation data having an

uncertainty Ae that satisfies a constraint P > Ae-f-sina/A, where A is a maximum distance
of the camera array from the terrestrial area and o is a maximum oblique angle at which
the camera array images the terrestrial area; and
a controller that:
registers at least one image of the sequence of images to an orthographic
image of the terrestrial area or another image of the sequence of images to
determine corrections to the IMU and/or GNSS data;
uses the corrected IMU and/or GNSS data to crop each image of the
sequence to an ROI cropped image portion of the image that images an ROI of the
at least one ROI; and
registers each ROI cropped image portion to an orthographic image of the
terrestrial area responsive to elevation data in the terrain image of the terrestrial
area to stabilize the ROI cropped image portion so that a same feature in each of
the ROI cropped image portions is located at a same location to within a distance

of pitch P in each of the registered ROI cropped image portions.

2. The apparatus according to claim 1 wherein P is less than or equal to 15 um
(micrometers).

3. The apparatus according to claim 2 wherein P is less than or equal to about 10 um.
4, The apparatus according to claim 3 wherein P is less than or equal to about 3 um.

20
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5. The apparatus according to any one of claims 1-4 wherein A is greater than or

equal to about 500 m (meters).

6. The apparatus according to claim 5 wherein A is greater than or equal to about

5,000 m.

7. The apparatus according to claim 6 wherein A is greater than or equal to about

10,000 m.

8. The apparatus according to any one of claims 1-7 wherein a number of the

photosensor pixels is equal to or greater than about 109.

9. The apparatus according to claim 8 wherein a number of the photosensor pixels is

equal to or greater than about 5x109.

10. The apparatus according to any one of the preceding claims wherein the controller
registers at least 1 of every 10 images of the terrestrial area acquired by the camera array

to the orthographic image to determine corrections to the IMU and/or GNSS data.

11.  The apparatus according to claim 10 wherein the controller registers at least 1 of
every 5 images of the terrestrial area acquired by the camera array to the orthographic

image to determine corrections to the IMU and/or GNSS data.

12. The apparatus according to claim 11 wherein the controller registers at least 1 of
every 3 images of the terrestrial area acquired by the camera array to the orthographic

image to determine corrections to the IMU and/or GNSS data.
13. The apparatus according to any one of the preceding claims wherein the camera

array acquires images of the terrestrial area at a frequency greater than or equal to about 3

Hz.
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14. The apparatus according to any one of the preceding claims wherein the controller

samples data provided by the IMU at a frequency greater than or equal to about 100 Hz.

15.  The apparatus according to claim 14 wherein the controller samples data provided

by the IMU at a frequency greater than or equal to about 200 Hz.

16.  The apparatus according to any one of the preceding claims wherein the controller
samples data provided by the GNSS receiver at a frequency greater than or equal to about
1 Hz.

17. The apparatus according to any one of the preceding claims wherein the camera

array comprises a camera that operates in a rolling shutter mode.

18. The apparatus according to any one of the preceding claims and comprising a

database comprising data that the IMU and/or GNSS acquires.

19.  The apparatus according to any one of the preceding claims wherein the camera

array is stabilized by a two axis gimbal system.

20. The apparatus according to any one of the preceding claims wherein the camera

array is not stabilized by a gimbal system.

21. Apparatus for remote imaging of at least one region of interest (ROI) in a
terrestrial area, the apparatus comprising:

a camera array having a focal length f and a photosensor comprising at least 10°
pixels characterized by a pixel pitch P, the camera array operable in a rolling shutter mode
without gimbal stabilization to acquire a sequence of images of the terrestrial area, the
images acquired from different 3D spatial locations and camera orientations;

an inertial measurement unit (IMU) and satellite navigation system (GNSS)
receiver operable to acquire data responsive to the 3D spatial locations and/or orientations
of the camera array during acquisition of the sequence of images; and

a controller configured to:
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register at least one image of the sequence of images to an orthographic
image of the terrestrial area or another image of the sequence of images to
determine corrections to the IMU and/or GNSS data;

use the corrected IMU and/or GNSS data to crop an image of the sequence
to an ROI cropped image portion of the image that images an ROI of the at least
one ROI; and

register the ROI cropped image portion to an orthographic image of the
terrestrial area responsive to elevation data in a terrain image of the terrestrial area

to stabilize the ROI cropped image portion.
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