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7) ABSTRACT

An aerial imaging system has an image storage medium
locatable in an aircraft, a controller that controls the collec-
tion of image data and stores it in the storage medium and
a digital camera assembly that collects image data from a
region to be imaged. The camera assembly is mounted to a
pre-existing external step mount on the aircraft. An inertial
measurement system (IMU) is fixed in position relative to

the camera assembly and detects rotational position of the
aircraft, and a GPS receiver detects absolute position of the
aircraft. The camera assembly includes multiple cameras
that are calibrated relative to one another to generate com-
pensation values that may be used during image processing
to minimize camera-to-camera aberrations. Calibration of
the cameras relative to the IMU provides compensation
values to minimize rotational misalignments between image
data and IMU data.
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DIGITAL IMAGING SYSTEM FOR AIRBORNE
APPLICATIONS

RELATED APPLICATIONS

[0001] This application takes priority from U.S. Provi-
sional Patent application Serial No. 60/315,799, filed Aug.
29, 2001.

FIELD OF THE INVENTION

[0002] This invention relates generally to the collection of
terrain images from high altitude and, more specifically, to
the collection of such images from overflying aircraft.

BACKGROUND OF THE INVENTION

[0003] The use of cameras on aircraft for collecting imag-
ery of the overflown terrain is in wide practice. Traditional
use of film-based cameras together with the scanning of the
film and the use of pre-surveyed visible ground markers
(ground control points) for “geo-registration” of the images
is a mature technology. Geo-registration is the location of
visible features in the imagery with respect to geodetic
earth-fixed coordinates. More recently, the field has moved
from film cameras to digital cameras, thereby eliminating
the requirements for film management, film post-processing,
and scanning steps. This, in turn, has reduced operational
costs and the likelihood of georegistration errors introduced
by the film-handling steps.

[0004] Additional operational costs of image collection
can result from the use of integrated navigation systems that
precisely determine the attitude and position of the camera
in a geodetic reference frame. By doing so, the requirements
for pre-surveying ground control points is removed. More-
over, the integrated systems allow for the automation of all
image frame mosaicking, thus reducing the time to produce
imagery and the cost of the overall imagery collection.

[0005] Today, global positional systems (GPS) and inertial
motion sensors (rate gyros and accelerometers) are used for
computation of position and attitude. Such motion sensors
are rigidly attached relative to the cameras so that inertial
sensor axes can be related to the camera axes with three
constant misalignment angles. The GPS/inertial integration
methods determine the attitude of the inertial sensor axes.
The fixed geometry between the motion sensing devices and
the camera axes thus allows for the determination of bore-
sight axes of the cameras.

[0006] Traditionally, the mounting of airborne cameras
has required special aircraft modifications, such as have
holes in the bottom of each aircraft fuselage or some
similarly permanent modification. This usually requires that
such a modified aircraft be dedicated to imaging operations.
One prior art method, described in detail in U.S. Pat. No.
5,894,323, uses an approach in which the camera is attached
to an aircraft cargo door. This method makes use of a
stabilizing platform in the aircraft on which the imaging
apparatus is mounted to prevent pitch and roll variations in
the camera positioning. The mounting of the system on the
cargo door is quite cumbersome, as it requires removal of the
cargo door and its replacement with a modified door to
which the camera is mounted.

SUMMARY OF THE INVENTION

[0007] In accordance with the present invention, an aerial
imaging system is provided that includes a digital storage
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medium locatable within an aircraft and a controller that
controls the collection of image data and stores it in the
storage medium. A digital camera assembly collects the
image data while the aircraft is in flight, imaging a region of
interest and inputting the image data to the controller.

[0008] The camera assembly is rigidly mountable to a
preexisting mounting point on an outer surface of the
aircraft. In one embodiment, the mounting point is a mount
for an external step on a high-wing aircraft such as a Cessna
152, 172, 182 or 206. In such a case, an electrical cable
connecting the camera assembly and the controller passes
through a gap between a door of the aircraft and the aircraft
fuselage. In another embodiment, the mounting point is an
external step on a low-wing aircraft, such as certain models
of Mooney, Piper and Beech aircraft. In those situations, the
cable may be passed through a pre-existing passage into the
interior of the cabin.

[0009] In one embodiment of the invention, the controller
is a digital computer that may have a removable hard drive.
An inertial measurement unit (IMU) may be provided that
detects acceleration and rotation rates of the camera assem-
bly and provides an input signal to the controller. This IMU
may be part of the camera assembly, being rigidly fixed in
position relative thereto. A global positioning system (GPS)
may also be provided, detecting the position of the imaging
system and providing a corresponding input to the control-
ler. In addition, a steering bar may be included that receives
position and orientation data from the controller and pro-
vides a visual output to a pilot of the aircraft that is indicative
of deviations of the aircraft from a predetermined flight plan.

[0010] In one embodiment, the camera assembly is made
up of multiple monochrome digital cameras. In order to
provide an adequate relative calibration between the mul-
tiple cameras, a calibration apparatus may be provided. This
apparatus makes use of a target having predetermined visual
characteristics. A first camera is used to image the target, and
the camera data is then used to establish compensation
values for that camera that may be applied to subsequent
images to minimize camera-to-camera aberrations. The tar-
get used may have a plurality of prominent visual compo-
nents with predetermined coordinates relative to the camera
assembly. A data processor running a software routine
compares predicted locations of the predetermined visual
characteristics of the target with the imaged locations of
those components to determine a set of prediction errors.
The prediction errors are then used to generate parameter
modifications that may be applied to collected image data.

[0011] During the calibration process, data may be col-
lected for a number of different rotational positions of the
camera assembly relative to a primary optical axis between
a camera being calibrated and the target. The predicted
locations of the predetermined visual characteristics of the
targets may be embodied in a set of image coordinates that
correspond to regions within an image at which images of
the predetermined visual characteristics are anticipated. By
comparison of these coordinates to the actual coordinates in
the image data corresponding to the target characteristics,
the prediction errors may be determined. Using these pre-
diction errors in combination with an optimization cost
function, such as in a Levenburg-Marquart routine, a set of
parameter adjustments may be found that minimizes the cost
function. In establishing the compensation values, unit vec-
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tors may be assigned to each pixel-generating imaging
element of a camera being calibrated. As mentioned above,
with multiple cameras, different cameras may be calibrated
one by one, with one camera in the camera assembly may be
selected as a master camera. The other cameras are then
calibrated to that master camera.

[0012] In addition to the calibration of the cameras relative
to each other, the camera assembly may be calibrated to the
IMU to minimize rotational misalignments between them. A
target with predetermined visual characteristics may again
be used, and may be located on a level plane with the camera
to which the IMU is calibrated (typically a master camera).
The target is then imaged, and the image data used to
precisely align the rotational axes of the camera with the
target. Data is collected from the IMU, the position of which
is fixed relative to the camera assembly. By comparing the
target image data and the IMU data, misalignments between
the two may be determined, and compensation values may
be generated that may be applied during subsequent image
collection to compensate for the misalignments.

[0013] The camera-to-IMU calibration may be performed
for a number of different rotational positions (e.g., 0°, 90°,
180° and 270°) about a primary optical axis of the camera
to which the IMU is calibrated. The calibration may deter-
mine misalignments in pitch, yaw and roll relative to the
primary optical axis. The calibration may also be performed
at two angular positions 180° relative to each other and the
IMU data collected at those two positions differenced to
remove the effects of IMU accelerometer bias.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The above and further advantages of the invention
may be better understood by referring to the following
description in conjunction with the accompanying drawings
in which:

[0015] FIG.1 is a perspective view of an aircraft using an
aerial imaging system according to the invention;

[0016] FIG. 2 is a perspective view of a mounted camera
assembly of an imaging system as shown in FIG. 1;

[0017] FIG. 3 is a perspective view of the components of
an imaging system according to the invention;

[0018] FIG. 4 is a flow diagram showing the steps for
determining camera-to-camera misalignments in an imaging
system according to the invention;

[0019] FIG. 5 is a flow diagram showing the steps for
determining camera-to-IMU misalignments in an imaging
system according to the invention;

[0020] FIG. 6 is a perspective view of an alternative
mounting of a camera assembly of an imaging system
according to the invention; and

[0021] FIG. 7 is a perspective view of a pass-through for
electrical cabling of the camera assembly shown in the
embodiment of FIG. 6.

DETAILED DESCRIPTION

[0022] Shown in FIG. 1 is a view of a small airplane 10
as it might be used for image collection with the present
invention. The plane shown in the figure may be any of a
number of different high-wing type aircraft, such as the
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Cessna 152, 172, 182 or 206. In an alternative embodiment,
discussed hereinafter, the invention may be used with low-
wing aircraft as well. With the present invention in use, the
aircraft may be flown over a region to be imaged, and collect
accurate, organized digital images of the ground below.

[0023] Attached to the fixed landing gear of the airplane
10 is a digital camera assembly 12 of an aerial imaging
system. The camera assembly 12 includes a set of (e.g., four)
monochrome digital cameras, each of which has a different
optical filter and images in a different desired imagery band.
Also contained within the camera assembly 12 is an inertial
measurement unit (IMU) that senses the precise acceleration
and rotation rates of the camera axes. The IMU sensor, in
conjunction with a global positioning system (GPS) antenna
(discussed hereinafter) provide a data set that enables the
determination of a precise geodetic attitude and position of
the camera axes. Control of the imaging system is main-
tained by a controller that is located within the aircraft and
to which the camera assembly 12 is electrically connected.

[0024] In an exemplary embodiment of the present inven-
tion, the camera assembly is conveniently connected to a
preexisting mounting point on the right landing gear strut of
the aircraft 10. This mounting point is part of the original
equipment of the airplane, and is used to support a mounting
step upon which a person entering the airplane could place
a foot to simplify entry. However, the plane may also be
entered without using the step, and the preexisting step
mounting location is used by the present invention for
supporting the camera assembly 12. This removes the need
for unusual modifications to the aircraft for installing a
camera, as has been common in the prior art.

[0025] In one exemplary embodiment, the camera assem-
bly 12 is connected to the landing strut by two bolts. This
attachment is shown in more detail in FIG. 2. The bolts 18
mate with bolt holes in a support 16 for the mounting step
(not shown) that extends from right landing gear strut 14.
This support plate is present in the original construction of
the plane. To fasten the camera assembly 12 to the plane 10,
the step is unbolted from the bolt holes in the support 16, and
the camera assembly is bolted to the vacated bolt holes. As
shown, the camera assembly 12 is oriented downward, so
that during flight it is imaging the ground below the plane.
An electrical cable 17 from the camera assembly 12 passes
to the controller inside the aircraft through a gap between the
aircraft door 19 and the aircraft body. No modification of the
door is required; it is simply closed on the cable.

[0026] In the present invention, the orientation of the
camera assembly is fixed relative to the orientation of the
plane. Rather than attempt to keep the camera assembly
oriented perpendicularly relative to the ground below, the
system uses various sensor data to track the orientation of
the camera assembly relative to the camera trigger times.
Using a model constructed from this data, each pixel of each
camera can be spatially corrected so as to ensure sub-pixel
band alignment. This allows each pixel of each camera to be
ray-traced onto a “digital elevation model” (DEM) of the
overflown terrain. The pixel ray “impacts™ are collected into
rectangular cells formed from a client-specified coordinate
projection. This provides both “georegistration” and “ortho-
registration” of each imagery frame. This, in turn, allows the
creation of a composite mosaic image formed from all
geo-registered frames. Notably, this is accomplished without
a requirement for ground control points.
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[0027] Shown in FIG. 3 are the components of a system
according to the present invention. This system would be
appropriate for installation on an unmodified Cessna 152/
172/182 aircraft with fixed landing gear. The camera assem-
bly is attached to the step mount as shown in FIG. 2. It is
electrically connected to a main controller 20, which may be
a customized personal computer. The electrical cable for the
camera assembly, as discussed in more detail below, may
pass through a space between the aircraft door and the
aircraft body, as shown in FIG. 2. Also connected to the
controller 20 are several other components used in the image
acquisition process.

[0028] Since the entire imaging unit is made to be easily
installed and removed from an airplane, there is no perma-
nent power connection. In the system shown in FIG. 3,
power is drawn from the airplane’s electrical system via a
cigarette lighter jack into which is inserted plug 22. Alter-
natively, a power connector may be installed on the plane
that allows easy connection and disconnection of the imag-
ing apparatus. The system also includes GPS antenna 24
which, together with a GPS receiver (typically internal to the
main controller) provides real time positioning information
to the controller, and heads-up steering bar 26, which
provides an output to the pilot indicative of how the plane is
moving relative to predetermined flight lines. Finally, a
video display 28 is provided with touchscreen control to
allow the pilot to control all the system components and to
select missions. The screen may be a “daylight visible” type
LCD display to ensure visibility in high ambient light
situations.

[0029] The main controller 20 includes a computer chassis
with a digital computer central processing unit, circuitry for
performing the camera signal processing, a GPS receiver,
timing circuitry and a removable hard drive for data storage
and off-loading. Of course, the specific components of the
controller 20 can vary without deviating from the core
features of the invention. However, the basic operation of
the system should remain the same.

[0030] The system of FIG. 3, once installed, is operated in
the following manner. A predetermined flight plan is input to
the system using a software interface that, for example, may
be controlled via a touchscreen input on display 28. In flight,
the controller 20 receives position data from GPS antenna
24, and processes it with its internal GPS receiver. An output
from the controller 20 to the heads-up steering bar 26 is
continuously updated, and indicates deviations of the flight
path of the plane from the predetermined flight plan, allow-
ing the pilot to make course corrections as necessary. The
controller 20 also receives a data input from the IMU located
in the camera assembly. The output from the IMU includes
accelerations and rotation rates for the axes of the cameras
in the camera assembly.

[0031] During the mission flight, the IMU data and the
GPS data are collected and processed by the controller 20.
The cameras of the camera assembly 12 are triggered by the
controller based on the elapsed range from the last image.
The field of view of the cameras overlap by a certain
amount, e.g., 30%, although different degrees of overlap
may be used as well. The maximum image collection rate is
dictated by the rate of image data storage to the controller
memory. The faster the data storage rate, the more overlap
there may be between downrange images for a given altitude
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and speed. The cameras are provided with simultaneous
image triggers, and are triggered based on an elapsed range
from the last image which, in turn, is computed from the
real-time GPS data to achieve a predetermined downrange
overlap.

[0032] The camera assembly of the invention is rigidly
fixed to the airplane in a predetermined position, typically
vertical relative to the airplane’s standard orientation during
flight. Thus, the cameras of the assembly roll with the roll of
the aircraft. However, the invention relies on the fact that the
predominant aircraft motion is “straight-and-level.” Thus,
the image data can be collected from a near-vertical aspect
provided the camera frames are triggered at the exact points
at which the IMU boresight axes are in a vertical plane. That
is, the camera triggering is synchronized with the aircraft
roll angle. Because the roll dynamics are typically high
bandwidth, plenty of opportunities exist for camera trigger-
ing at the vertical aspect.

[0033] In one embodiment of the invention, a “down-
range” threshold is set for triggering to ensure a good
imagery overlap. That is, following one camera trigger, the
aircraft is allowed to travel a certain distance further along
the flight path, at which point the threshold is reached and
the system begins looking for the next trigger point. The
threshold takes into account the intended imagery overlap
(e.g., thirty percent), and allows enough time, given the high
frequency roll dynamics of the aircraft, to ensure that the
next trigger will occur within the desired overlap range.
Once the threshold point is reached, the system waits for the
next appropriate trigger point (typically when the IMU
boresight axes are in a vertical plane) and triggers the
cameras.

[0034] By using IMU data and GPS data together, the
invention is able to achieve “georegistration” without
ground control. Georegistration in this context refers to the
proper alignment of the collected image data with actual
positional points on the earth’s surface. With the IMU and
GPS receiver and antenna, the precise attitude and position
of the camera assembly is known at the time the cameras are
triggered. This information may be correlated with the pixels
of the image to allow the absolute coordinates on the image
to be determined.

[0035] Although there is room for variation in some of the
specific parameters of the present invention, an exemplary
system may use a number of existing commercial compo-
nents. For example, the system may use four digital cameras
in the camera assembly, each of which has the specifications
shown below in Table 1.

TABLE 1
Manufacturer Sony SX900
Image Device 2" IT CCD

Effective Picture Elements
Bits per pixel
Video Format

1,450,000—1392 (H) x 1040 (V)
8

SVGA (1280 x 960)

Cell size 4.65 x 4.65 micron

Lens Mount C-Mount

Digital Interface Firewire IEEE 1394
Digital Transfer Rate 400 Mps

Electronic Shutter Digital control to 1/100000
Gain Control 0-18 dB

Power consumption 3w

Dimensions 44 x 33 x 116 mm
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TABLE 1-continued

Mar. 13, 2003

TABLE 3-continued

Weight 250 grams Altitude

Shock 'Resistance 70 G (AGL GSD Image Width ~ Image height Area

Operating Temperature -5t0 45° C. ft) (m/ft) (my/ft) (m/ft) (acre/mi?)
2000 0.238/0.782  305.1/1001.0 226.8/744.1 17.1/0.0267

[0036] Each of the four digital camera electronic shutters
is set specifically for the lighting conditions and terrain
reflectivity at each mission area. The shutters are set by
overflying the mission area and automatically adjusting the
shutters to achieve an 80-count average brightness for each
camera. The shutters are then held fixed during operational
imagery collection.

[0037] Each of the cameras is outfitted with a different
precision bandpass filter so that each operates in a different
wavelength range. In the exemplary embodiment, the filters
are produced by Andover Corporation, Salem, N.H. The
optical filters each have a 25-mm diameter and a 21-mm
aperture, and are each fitted into a filter ring and threaded
onto the front of the lens of a different one of the cameras,
completely covering the lens aperture. The nominal filter
specifications for this example are shown in Table 2,
although other filter center wavelengths and bandwidths
may be used.

TABLE 2
Color Center wavelength Bandwidth f-stop
Blue 450 microns 80 microns 4
Green 550 microns 80 microns 4
Red 650 microns 80 microns 4
Near-Infrared 850 microns 100 microns 2.8

[0038] The camera lenses in this example are compact
C-mount lenses with a 12-mm focal length. The lenses are
adjusted to infinity focus and locked down for each lens/
filter/camera combination. The f-stop (aperture) of each
camera may also be preset and locked down at the value
shown in Table 2.

[0039] In the current example, a camera lens 12-mm focal
length and Y2-in CCD array format results in a field-of-view
(FOV) of approximately 28.1 degrees in crossrange and 21.1
degrees in downrange. The “ground-sample-distance”
(GSD) of the center camera pixels is dictated by the camera
altitude “above ground level” (AGL), the FOV and number
of pixels. An example ground-sample-distance and image
size is shown below in Table 3 for selected altitudes AGL.
Notably, the actual achieved ground-sample-distance is
slightly higher than the ground-sample-distance at the center
pixel of the camera due to the geometry and because the
camera frames may not be triggered when the camera
boresight is exactly vertical. For example, with a pixel at 24
degrees off the vertical, the increase in the ground-sample-
distance is approximately 10%.

TABLE 3
Altitude
(AGL GSD Image Width ~ Image height Area
ft) (m/ft) (my/ft) (m/ft) (acre/mi’)
500  0.060/0.196 76.3/250.3 56.7/186.0 1.1/0.0017
1000  0.119/0.391  152.6/500.5 113.4/372.0 4.3/0.0067

3000  0.357/1.173  457.7/1501.5 340.2/1116.1 38.5/0.060
4000  0.477/1.564  610.2/2002.0 453.6/1488.1 68.4/0.107
6000  0.715/2.346  915.3/3003.1 680.4/2232.2 153.9/0.240
8000  0.953/3.128 1220.4/4004.1 907.2/2976.3 273.6/0.427
10000  1.192/3.910 1525.6/5005.1  1134.0/3720.3 427.5/0.668

[0040] In the example system, the cameras of the camera
assembly are given an initial calibration and, under opera-
tional conditions, the “band-alignment” of the single-frame
imagery is monitored to determine the need for periodic
re-calibrations. In this context, band-alignment refers to the
relative boresight alignment of the different cameras, each of
which covers a different optical band. Once the cameras are
mounted together, precisely fixed in position relative to one
another in the camera assembly, some misalignments will
still remain. Thus, the final band alignment is performed as
a post-processing technique. However, the adjustments
made to the relative images relies on an initial calibration.

[0041] Multi-camera calibration is used to achieve band
alignment in the present invention, both prior to flight and
during post-processing of the collected image data. The
pre-flight calibration includes minor adjustments of the
cameras relative positioning, as is known in the art, but more
precise calibration is also used that addresses the relative
optical aberrations of the cameras as well. In the invention,
calibration may involve mounting the multi-camera assem-
bly at a prescribed location relative to a precision-machined
target array. The target array is constructed so that a large
number of highly visible point features, such as white,
circular points, are viewed by each of the four cameras. The
point features are automatically detected in two dimensions
to sub-pixel accuracy within each image using image pro-
cessing methods. In an example calibration, a target might
have a 9x7 array of point features, with a total of 28 total
images being taken such that a total of 1764 total features are
collected during the calibration process. This allows any or
all of at least nine intrinsic parameters to be determined for
each of the four discrete cameras. In addition, camera
relative position and attitude are determined to allow band
alignment. The nine intrinsic parameters are: focal lengths
(2), radial aberration parameters (2), skew distortion (1),
trapezoidal distortion (2), and CCD center offset (2).

[0042] The camera intrinsic parameters and geometric
relationships are used to create a set of unit vectors repre-
senting the direction of each pixel within a master camera
coordinate system. In the current example, the “green”
camera is used as the master camera, that is, the camera to
which the other cameras are aligned, although another
camera might as easily serve as the master. The unit vectors
(1280%960*%4 vectors) are stored in an array in the memory
of controller 20, and are used during post-processing stages
to allow precision georegistration. The array allows the
precision projection of the camera pixels along a ray within
the camera axes. However, the GPS/IMU integration pro-
cess computes the attitude and position of the IMU axes, not
the camera axes. Thus the laboratory calibration also
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includes the measurement of the camera-to-IMU misalign-
ments in order to allow true pixel georegistration. The
laboratory calibration process determines these misalign-
ment angles to sub-pixel values.

[0043] In one example of camera-to-camera calibration, a
target is used that is eight feet wide by six feet tall. It is
constructed of two-inch wide aluminum bars welded at the
corners. The bars are positioned such that seven rows and six
columns of individual targets are secured to the bars. The
individual targets are made from precision, bright white,
fluoropolymer washers, each with a black fastener in the
center. The holes for the center fastener are precisely placed
on the bars so that the overall target array spacing is
controlled to within one millimeter. The bars are painted
black, a black background is placed behind the target, and
the lighting in the room is arranged to ensure a good contrast
between the target and the background. The target is located
in a room with a controlled thermal environment, and is
supported in such a way that it may be rotated about a
vertical axis or a horizontal axis (both perpendicular to the
camera viewing direction). The camera location remains
fixed, and the camera is positioned to allow it to view the
target at different angles of rotation. In this example, the
camera is triggered to collect images at seven different
rotational positions, five different vertical rotations and two
different horizontal rotations. The twenty-eight collected
images (four cameras at seven different positions) are stored
in a database.

[0044] The general steps for camera-to-camera calibration
according to this example are depicted in FIG. 4. The
cameras are prepared by shimming each of them (other than
the master camera) so that its pitch, roll and yaw alignment
is close to that of the master camera. After target setup (step
402), the cameras are used to collect image data at different
target orientations, as discussed above (step 404). The data
is then processed to locate the target centers in the collected
images (step 406). In this step, a mathematical template is
used to represent each target point, and is correlated across
each entire image to allow automatic location of each point.
The centroid of the sixty-three targets on each image is
located to approximately 0.1 pixel via the automated pro-
cess, and identified as the target center for that image. The
target coordinates are then all stored in a database.

[0045] At some time, typically prior to the image data
collection, a mathematical model is formulated that is appli-
cable for each camera of the multi-camera set. This model
represents (using unknown parameters) the physical anoma-
lies that may be present in each lens/camera. The parameters
include (but are not necessarily limited to), radial aberration
in the lens (two parameters), misalignment of the charge
coupled device (“CCD”) array within the camera with
respect to the optical boresight (two parameters), skew in the
CCD array (1 parameter), pierce-point of the optical bore-
sight onto the CCD array (two parameters), and the dimen-
sional scale factor of the CCD array (two parameters). These
parameters, along with the mathematics formulation, pro-
vide a model for the rays that emanate from the camera focal
point through each of the CCD cells that form a pixel in the
digital image. In addition to these intrinsic parameters, there
are additional parameters that come from the geometry of
the physical relationship among the cameras and the target.
These parameters include the position and attitude of three
of the cameras with respect to the master (e.g., green)
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camera. This physical relationship is known only approxi-
mately and the residual uncertainty is estimated by the
calibration process. Moreover, the geometry of the master
camera with respect to the target array is only approximately
known. Positions and attitudes of the master camera are also
required to be estimated during the calibration in order to
predict the locations of the individual targets. Using this
information regarding the position and attitude of the master
camera relative to the target array, the relative position and
orientation of each camera relative to the master camera, and
the intrinsic camera model, the location coordinates of the
individual targets is predicted (step 408).

[0046] Since the actual location of the targets is known,
the unknown parameters in the camera model may be
adjusted until the errors are minimized. The actual coordi-
nates are compared with the predicted coordinates (step 410)
to find the prediction errors. In the present example, an
optimization cost function is then computed from the pre-
diction errors (step 412). A least squares optimization pro-
cess is then used to individually adjust the unknown param-
eters until the cost function is minimized (step 414). In the
present example, a Levenburg-Marquart optimization rou-
tine is employed, and used to directly determine eighty-
seven parameters, including the intrinsic model parameters
for each camera and the relative geometry of each camera.
The optimization process is repeated until a satisfactory
level of “convergence” is reached (step 416). The final
model, including the optimized unknown parameters, is then
used to compute a unit vector for each pixel of each camera
(step 418). Since the cameras are all fixed relative to one
another (and the master camera), the mathematical model
determined in the manner described above may be used, and
reused, for subsequent imaging.

[0047] In addition to the calibration of the cameras relative
to one another, the present invention also provides for the
calibration of the cameras to the IMU. The orientation of the
IMU axes is determined from a merging of the IMU and
GPS data. This orientation may be rotated so that the
orientation represents the camera orthogonal axes. The
merging of the IMU and GPS data to determine the attitude
and the mathematics of the rotation of the axes set is known
in the art. However minor misalignments between the IMU
axes and the camera axes must still be considered.

[0048] The particular calibration method for calibrating
the IMU relative to the cameras may depend on the particu-
lar IMU used. An IMU used with the example system
describe herein is available commercially. This IMU is
produced by BAE Systems, Hampshire, UK, and performs
an internal integration of accelerations and rotations at
sample rates of approximately 1800 Hz. The integrated
accelerations and rotation rates are output at a rate of 110 Hz
and recorded by the controller 20. The IMU data are
processed by controller software to provide a data set
including position, velocity and attitude for the camera axes
at the 110 Hz rate. The result of this calculation would drift
from the correct value due to attitude initialization errors,
except that it is continuously “corrected” by the data output
by the GPS receiver. The IMU output is compared with
once-per-second position and velocity data from the GPS
receiver to provide the correction for IMU instrument errors
and attitude errors.

[0049] In general, the merged IMU and GPS data provide
an attitude measurement with an accuracy of less than 1
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mrad and smoothed positions of less than 1 m. The com-
putations of the smoothed attitude and position are per-
formed after each mission using companion data from a GPS
base station to provide a differential GPS solution. The
differential correction process improves GPS pseodorange
errors from approximately 3 m to approximately 0.5 m, and
improves integrated carrier phase errors from 2 mm to less
than 1 mm. The precision attitude and position are computed
within a World Geodetic System 1984 (WGS-84) reference
frame. Because the camera frames are precisely triggered at
IMU sample times, the position and attitude of each camera
frame is precisely determined. The specifications of the IMU
used with the current example are provided below in Table
4.

TABLE 4
Vendor BAE Systems
Technology Spinning mass multisensor
Gyro bias 2 deg/hr
Gyro g-sensitivity 2 deg/ht/G
Gyro scale factor error 1000 PPM

Gyro dynamic range
Gyro Random Walk

1000 deg/sec
0.07 deg/rt-hr

Accelerometer bias 0.60 milliG
Accelerometer scale factor error 1000 PPM
Accelerometer Random Walk 0.6 ft/s/rt-hr
Axes alignments 0.50 mrad

Power Requirements 13w
Temperature range -54 to +85 deg C.

[0050] The GPS receiver operates in conjunction with a
GPS antenna that is typically located on the upper surface of
the aircraft. In the current example, a commercially avail-
able GPS system is used, and is produced by BAE Systems,
Hampshire, UK. The specifications of the twelve-channel
GPS receiver are provided below in Table 5.

TABLE 5
Vendor Bae Superstar
Channels 12 parallel channels—all-in-view
frequency 11—1,575.42 MHz
Acceleration/jerk 4 Gs/2 m/sec,
Time-To-first-fix 15 sec w/current almanac
Re-acquisition time <1 sec
Power 12Wat5V

Backup power
Timing accuracy
Carrier phase stability

Supercap to maintain almanac
+/-200 ns typical
<3 mm (no differential corrections)

Physical 1.8" x 2.8" x 0.5"
Temperature -30 to +75 deg C. operational
Antenna 12 dB gain active (5 V power)

[0051] Within the IMU, the accelerometer axes are aligned
with the gyro axes by the IMU vendor. The accelerometer
axes can therefore be treated as the IMU axes. The IMU
accelerometers sense the upward force that opposes gravity,
and can therefore sense the orientation of the IMU axes
relative to a local gravity vector. Perhaps more importantly,
the accelerometer triad can be used to sense the IMU
orientation from the horizontal plane. Thus, if the acceler-
ometers sense IMU orientation from a level plane, and the
camera axes are positioned to be level, then the orientation
of the IMU relative to the camera axes can be determined.

[0052] For calibration of the IMU to the cameras, a target
array is used and is first made level. The particular target
array used in this example is equipped with water tubes that
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allow a precise leveling of the center row of visible targets.
In addition, a continuation of this water leveling process
allows the placement of the camera CCD array in a level
plane containing the center row of targets. The camera axes
are made level by imaging the target, and by placing a center
row of camera pixels exactly along a center row of targets.
If the camera pixel row and the target row are both in a level
plane, then the camera axes will be in a level orientation.
Constant zero-input biases in the accelerometers can be
canceled out by rotating the camera through 180°, repeat-
edly realigning the center pixel row with the center target
row, and differencing the respective accelerometer measure-
ments.

[0053] The general steps of IMU-to-camera calibration are
shown in FIG. 5. After the leveling of the target array and
the camera as described above (step 502), accelerometer
data is collected at different rotational positions (step 504).
In this example, data is collected at each of four different
relative rotations about an axis between the camera assem-
bly and the target array, namely, 0°, 90°, 180° and 270°. With
the data collection at the 0° and 180° rotations, two of the
angular misalignments, pitch and a first yaw measurement,
may be determined (step 508). The 90° and 270° rotations
also provide two misalignments, allowing determination of
roll and a second yaw measurement (step 510). With each
pair of measurements, the data from the two positions are
differenced to remove the effects of the accelerometer bias.
The two yaw measurements are averaged to obtain the final
value of yaw misalignment.

[0054] The current example makes use of an 18-1b com-
puter chassis that contains the controller 20. Included in the
controller are a single-board computer, a GPS/IMU interface
board, an IEEE 1394 serial bus, a fixed hard drive, a
removable hard drive and a power supply. The display 28
may be a 10.4" diagonal LCD panel with a touchscreen
interface. In the present example, the display provides 900
nits for daylight visibility. The display is used to present
mission options to the user along with the results of built-in
tests. Typically, during a mission, the display shows the
aircraft route as well as a detailed trajectory over the mission
area to assist the pilot in turning onto the next flight line.

[0055] Inthe example system, the steering bar 26 provides
a2.5"x0.5" analog meter that represents a lateral distance of
the aircraft relative to the intended flight line. The center
portion of the meter is scaled to +/-25 m to allow precision
flight line control. The outer portion of the meter is scaled to
+/-250 m to aid in turning onto the flight line. The meter is
accurate to approximately 3 m based upon the GPS receiver.
Pilot steering is typically within 5 m from the desired flight
line.

[0056] The collection of image data using the present
invention may also make use of a number of different tools.
Mission planning tools make use of a map-based presenta-
tion to allow an operator to describe a polygon containing a
region of interest. Other tools may also be included that
allow selection of more complex multi-segment image
regions and linear mission plans. These planning tools, using
user inputs, create data files having all the information
necessary to describe a mission. These data files may be
routed to the aviation operator via the Internet or any other
known means.

[0057] Setup software may also be used that allows setup
of a post-processing workstation and creation of a dataset
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that may be transferred to an aircraft computer for use during
a mission. This may include the preparation of a mission-
specific digital elevation model (DEM), which may be
accessed via the USGS 7.5 min DEM database or the USGS
1 deg database, for example. The user may be presented with
a choice of DEMs in a graphical display format. A mission-
specific data file architecture may be produced on the
post-processing workstation that receives the data from the
mission and orchestrates the various processing and client
delivery steps. This data may include the raw imagery, GPS
data, IMU data and camera timing information. The GPS
base station data is collected at the base site and transferred
to the workstation. Following the mission, the removable
hard drive of the system controller may be removed and
inserted into the post-processing workstation.

[0058] A set of software tools may also be provided that is
used during post-processing steps. Three key steps are in this
post-processing are: navigation processing, single-frame
georegistration, and mosaic preparation. The navigation
processing makes use of a Kalman filter smoothing algo-
rithm for merging the IMU data, airborne GPS data and base
station GPS data. The output of this processing is a “time-
position-attitude” (.tpa) file that contains the WGS-84 geom-
etry of each triggered frame. The “single-frame georegis-
tration” processing uses the camera mathematical model file
and frame geometry to perform the ray-tracing of each pixel
of each band onto the selected DEM. This results in a
database of georegistered three-color image frames with
separate images for RGB and Near-IR frames. The single-
frame georegistration step allows selection of client-specific
projections including geodetic (WGS-84), UTM, or State-
Plane. The final step, mosaic processing, merges the geo-
registered images into a single composite image. This stage
of the processing provides tools for performing a number of
operator-selected image-to-image color balance steps. Other
steps are used for sun-angle correction, Lambertian terrain
reflectivity correction, global image tonal balancing and
edge blending.

[0059] A viewer application may also be provided. The
viewer provides an operator with a simple tool to access both
the individual underlying georegistered frames as well as the
mosaicked image. Typically, the mosaic is provided at less
than full resolution to allow rapid loading of the image. With
the viewer, the client can use the coarse mosaic as a key to
access full-resolution underlying frames. This process also
allows the client access to all the overlap areas of the
imagery. The viewer provides limited capability to perform
linear measurement and point/area feature selection and
cataloging of these features to a disk file. It also provides a
flexible method for viewing the RGB and Near-IR color
imagery with rapid switching between the colors as an aid in
visual feature classification.

[0060] Additional tools may include a laboratory calibra-
tion manager, that manages the image capture during the
imaging of the test target, performs the image processing for
feature detection, and performs the optimization process for
determining the camera intrinsic parameters and alignments.
In addition, a base station data collection manager may be
provided that provides for base station self-survey and
assessment of a candidate base station location. Special
methods are used to detect and reject multi-path satellite
returns.
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[0061] An alternative embodiment of the invention
includes the same components as the system described
above, and functions in the same manner, but has a different
camera assembly mounting location for use with certain low
wing aircraft. Shown in FIG. 6 is the camera assembly 12
mounted to a “Mooney” foot step, the support 40 for which
is shown in the figure. In this embodiment, the cabling 42,
44 for the unit is routed through a pre-existing passage 46
into the interior of the cabin. This cabling is depicted in more
detail in FIG. 7. As shown, cable 44 and cable 46 are both
bound to the foot step support by cable ties 50, and passed
through opening 46 to the aircraft interior.

[0062] While the invention has been shown and described
with reference to a preferred embodiment thereof, it will be
recognized by those skilled in the art that various changes in
form and detail may be made herein without departing from
the spirit and scope of the invention as defined by the
appended claims.

What is claimed is:
1. An aerial imaging system comprising:

a digital image storage medium locatable within an air-
craft;

a controller that controls the collection of image data and
stores it in the storage medium; and

a digital camera assembly that collects image data from a
region to be imaged and inputs it to the controller, the
camera assembly being rigidly mountable to a preex-
isting step mount on an outer surface of the aircraft.

2. A system according to claim 1 wherein the controller
comprises a digital computer.

3. A system according to claim 1 further comprising an
inertial measurement unit that senses acceleration and rota-
tion rates of the camera assembly, and provides a signal
indicative thereof to the controller.

4. A system according to claim 1 further comprising a
global positioning system (GPS) receiver that collects GPS
data and provides a signal indicative thereof to the control-
ler.

5. A system according to claim 1 further comprising a
steering bar that receives positional data from the controller,
and provides a visual output to a pilot of the aircraft
indicative of deviations from a predetermined flight plan.

6. A system according to claim 1 wherein the storage
medium is removable from the controller and connectable to
a separate data processor.

7. A system according to claim 1 further comprising an
electrical cable connecting the controller to the camera
assembly.

8. Asystem according to claim 7 wherein the cable passes
through a gap between a door of the aircraft and the fuselage.

9. A system according to claim 7 wherein the cable passes
through a pre-existing passage in the aircraft fuselage.

10. A system according to claim 1 wherein the camera
assembly comprises a plurality of discrete monochrome
imaging components.

11. An aerial imaging system comprising:

a digital image storage medium locatable within an air-
craft;

a controller that controls collection of image data and
stores it in the storage medium;
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a digital camera assembly that includes a plurality of
discrete monochrome cameras, and that collects image
data from a region to be imaged and inputs it to the
controller; and

a camera-to-camera calibration apparatus that collects
image data from the cameras created by the cameras
imaging a target having predetermined visual charac-
teristics, compares the data from the separate cameras
and establishes compensation values for each camera
that may be applied to subsequent images collected by
the cameras to minimize relative camera-to-camera
aberrations.

12. A system according to claim 11 wherein the target has

a plurality of prominent visual components with predeter-
mined coordinates relative to the camera assembly.

13. A system according to claim 12 wherein the calibra-
tion apparatus comprises a data processor that compares
predicted locations of the prominent target components with
the imaged locations of those components as found in
collected image data.

14. A system according to claim 13 wherein the calibra-
tion apparatus further comprises a data processor that gen-
erates parameter modifications that, when applied to col-
lected image data, minimize differences between the
predicted locations and the imaged locations.

15. A system according to claim 12 wherein the calibra-
tion apparatus determines a unit vector for each pixel in the
collected image data.

16. An aerial imaging system comprising:

a digital image storage medium locatable within an air-
craft;

a controller that controls the collection of image data and
stores it in the storage medium,

a digital camera assembly that includes a plurality of
discrete monochrome cameras, and that collects image
data from a region to be imaged and inputs it to the
controller; and

an inertial measurement unit (IMU) that senses accelera-
tion and rotation rates of the camera assembly, and
provides a signal indicative thereof to the controller,
wherein a first one of the cameras and the IMU are
precisely aligned relative to one another by a calibra-
tion that includes a detection and minimization of
misalignments between the optical axes of the cameras
and the measurement axes of the IMU.

17. A system according to claim 16 further comprising a
global positioning system (GPS) receiver that collects GPS
data and provides a signal indicative thereof to the control-
ler.

18. A system according to claim 17 wherein the calibra-
tion includes merging of GPS data and IMU data collected
during calibration to determine an orientation of the mea-
surement axes of the IMU.

19. A system according to claim 16 wherein the calibra-
tion includes the determination and minimization of mis-
alignments between optical axes of the first camera and
measurement axes of the IMU at a plurality of different
rotational positions relative to a primary optical axis of the
first camera.

20. A system according to claim 16 wherein the calibra-
tion includes a gravitational leveling of the camera assem-
bly.
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21. A system according to claim 20 wherein the calibra-
tion includes a gravitational leveling of a target imaged by
the cameras during the calibration.

22. An aerial imaging system comprising:

a digital image storage medium locatable within an air-
craft;

a controller that controls the collection of image data and
stores it in the storage medium;

a digital camera assembly that collects image data from a
region to be imaged and inputs it to the controller; and

an inertial measurement unit (IMU) that senses accelera-
tion and rotation rates of the camera assembly, and
provides a signal indicative thereof to the controller, the
signal from the IMU being used by the controller to
trigger image collection by the camera assembly when
the signal indicates that the camera assembly is in a
predetermined orientation for collecting said image
data.

23. An aerial imaging system according to claim 22
wherein image collection occurs at intervals that provide a
predetermined data overlap between adjacent sets of image
data and wherein, following a first triggering of the camera
assembly, the controller waits a predetermined amount of
time appropriate to producing said data overlap before
triggering the camera again when the IMU signal indicates
that the camera assembly is in said predetermined orienta-
tion.

24. An aerial imaging system according to claim 22
wherein the predetermined orientation is approximately ver-
tical.

25. A method performing aerial imaging, the method
comprising:

providing a digital image storage medium locatable
within an aircraft;

controlling, with a controller, the collection of image data
and storage of the collected data in the storage medium;
and

imaging a region of interest with a digital camera assem-
bly that inputs the resulting image data to the controller,
the camera assembly being rigidly mounted to a pre-
existing step mount on an outer surface of the aircraft.

26. A method according to claim 25 wherein the controller
comprises a digital computer.

27. A method according to claim 25 further comprising
sensing acceleration and rotation rates of the camera assem-
bly with an inertial measurement unit and providing a signal
indicative thereof to the controller.

28. A method according to claim 25 further comprising
collecting global positioning system (GPS) data with a GPS
receiver and providing a signal indicative thereof to the
controller.

29. A method according to claim 25 further comprising
receiving positional data from the controller and providing
a visual output of the positional data to a pilot of the aircraft
with a steering bar, the visual output being indicative of
deviations from a predetermined flight plan.

30. A method according to claim 25 wherein the storage
medium is removable from the controller and connectable to
a separate data processor.

31. Amethod according to claim 25 wherein the controller
is connected to the camera assembly by an electrical cable.
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32. A method according to claim 31 wherein the cable
passes through a gap between a door of the aircraft and the
fuselage.

33. A method according to claim 32 wherein the cable
passes through a pre-existing passage in the aircraft fuse-
lage.

34. A method according to claim 25 wherein the camera
assembly comprises a plurality of discrete monochrome
imaging components.

35. A method of calibrating an aerial imaging system
having a digital image storage medium locatable within an
aircraft, a controller that controls the collection of image
data and stores it in the storage medium, and a digital camera
assembly that includes a plurality of discrete monochrome
cameras, and that collects image data from a region to be
imaged and inputs the data to the controller, the method
comprising:

providing an imaging target having predetermined visual
characteristics;

collecting image data from the cameras created by the
cameras imaging the target;

evaluating the image data from a first camera to determine
positional aberrations relative to the image data of a
second camera; and

generating compensation values for the first camera that
may be applied to subsequent images collected by the
first camera to compensate for said aberrations.

36. Amethod according to claim 35 wherein the target has
a plurality of prominent visual components with predeter-
mined coordinates relative to the camera assembly.

37. A method according to claim 35 wherein collecting
image data comprises collecting image data for a plurality of
different angular positions of the camera assembly relative
to a primary optical axis of the first camera.

38. Amethod according to claim 35 wherein the target has
a plurality of discrete visible components, and the method
further comprises determining a centroid of each target
image based on locations of the visible components within
that image.

39. A method according to claim 35 further comprising:

determining a model of anticipated relative aberrations of
the first camera, and forming a set of predicted image
coordinates for the first camera based on the model that
correspond to regions, within an image taken of the
target by the first camera, at which the predetermined
visual characteristics are anticipated; and

comparing the predicted coordinates to actual coordinates
of the predetermined visual characteristics within
image data collected by the first camera to form a set of
prediction errors.

40. A method according to claim 39 further comprising
applying an optimization cost function based on the predic-
tion errors and determining a set of parameter adjustments to
image data collected by the first camera that minimize the
cost function.

41. A method according to claim 40 wherein determining
the set of parameter adjustments comprises applying a
Levenburg-Marquart routine.

42. A method according to claim 35 wherein generating
compensation values for the first camera comprises assign-
ing a unit vector to each pixel-generating imaging element
of the first camera.
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43. A method of calibrating an aerial imaging system
having a digital image storage medium locatable within an
aircraft, a controller that controls collection of image data
and stores it in the storage medium, a digital camera
assembly that includes a plurality of discrete monochrome
cameras and that collects image data from a region to be
imaged and inputs it to the controller, an inertial measure-
ment unit (IMU) that is rigidly fixed in position relative to
the camera assembly and that senses acceleration and rota-
tion rates of the camera assembly and provides a signal
indicative thereof to the controller, the method comprising:

providing an imaging target having predetermined visual
characteristics;

locating the target and the camera assembly in a common
level plane;

imaging the target and using resulting target image data to
precisely align rotational axes of the camera assembly
relative to the target;

collecting IMU data indicative of camera assembly ori-
entation;

comparing the target image data to the IMU data to
determine misalignments therebetween; and

generating compensation values that may be applied
during subsequent image processing to compensate for
said misalignments.

44. A method according to claim 43 further comprising
rotating the camera assembly about an axis perpendicular to
the target array and repeating the method steps for a different
rotational orientation of the camera assembly.

45. A method according to claim 44 wherein the method
is performed at each of four angular positions of the camera
assembly relative to said perpendicular axis.

46. A method according to claim 45 wherein the method
determines misalignments in pitch, yaw and roll relative to
an optical axis of the camera assembly.

47. A method according to claim 44 wherein the method
is performed at two angular positions 180° relative to each
other and IMU data collected from the two positions is
differenced to remove effects of accelerometer bias in the
IMU.

48. A method of performing aerial imaging, the method
comprising:

providing a digital image storage medium locatable

within an aircraft;

controlling, with a controller, the collection of image data
and storage of the collected data in the storage medium;

imaging a region of interest with a digital camera assem-
bly that inputs the resulting image data to the control-
ler; and

sensing acceleration and rotation rates of the camera
assembly with an inertial measurement unit (IMU) and
providing a signal indicative thereof to the controller,
the signal from the IMU being used by the controller to
trigger image collection by the camera assembly when
the signal indicates that the camera assembly is in a
predetermined orientation for collecting said image
data.

49. A method according to claim 48 wherein image
collection occurs at intervals that provide a predetermined
data overlap between adjacent sets of image data and
wherein, following a first triggering of the camera assembly,
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the controller waits a predetermined amount of time appro- 50. A method according to claim 48 wherein the prede-
priate to producing said data overlap before triggering the termined orientation is approximately vertical.
camera again when the IMU signal indicates that the camera
assembly is in said predetermined orientation. ¥ ok % % %
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