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Methods for Analyzing and Compressing Multiple Images

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Pat.
Appl. No. 61/757,892, filed on January 29, 2013, the disclosure of which, including
the specification and figures, 1s incorporated herein by reference 1n its entirety.

[0002] The present application is related to the disclosures of: U.S.
Provisional Pat. Appl. No. 61/153,934; U.S. Pat. Appl. No. 12/708,482, now U.S. Pat.
No. 8,238,903; U.S. Pat. Appl. No. 13/544,141, now U.S. Pat. No. 8,480,036; and
U.S. Pat. Appl. No. 13/544,155, now U.S. Pat. No. 8,360,367. The disclosures of all
of these documents, including the specifications and figures, are incorporated herein

by reference 1n their entireties.

BACKGROUND

1. Field of the Disclosure

[0003] The present disclose generally relates to the field of orthorectification.
More particularly, the present disclosure relates to various systems, methods, and

media for performing sensor model refinement of satellite imagery, and for analyzing,

evaluating, and compressing satellite imagery.

2. Background Information

[0004] Geometric accuracies for space-borne commercial imaging sensors
have improved from 10 meters or more for a single stereo pair of images prior to 2008
to approximately 3.4 meters accuracy for GeoEye-1 images and 3.5 to 5 meters
accuracy for Worldview-2 images. GeoEye-1, Worldview-2 Skybox-1, and soon
Worldview-3 represent the current generation of United States commercial space
imaging satellites.

[0005] The absolute geolocation, georeference accuracy of GeoEye-1 was
measured, improved, and reported by GeoEye's Kohm and Mulawa 1n 2009, 2010,
and 2011. The GeoEye-1 accuracies were validated by Fraser from the University ot
Melbourne in 2011. Mulawa showed that GeoEye-1 intra-image geometric accuracy,
e.g., within an 1mage, is +/- 1 meter across the 15 kilometer swath. This accuracy was
achieved through geometric calibration while on-orbit using repeated measurements
at multiple sites in the United States and worldwide. The key finding was that tor 64

or so 1mages, the error of the means were ~1 meter 1n the vertical and horizontal.
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[0006] Absolute geolocation can be obtained from a large number of images
to better than 1 meter absolute, in X, y, and z directions, from the camera model
Rational Polynomial Coefficients (RPCs) in the image data without Ground Control
Points (GCPs), anywhere 1n the image. FPraser confirmed GeoEye-1 accuracy
measurements, and found that absolute Geolocation error, at 95% probability (2-
sigma) of 20 centimeters in x and y directions, and S0 centimeters in z direction 1S
possible with some effort using bias corrected RPCs and a single GCP.

[0007] There are multiple other methods for achieving, and slightly
exceeding, the accuracies described by Fraser, using error-weighted means,
triangulation from distant GCPs, or the implementation of co-registration using
bundle adjustment, with correlation and spatially-variable pointing adjustment, also
called FField Angle Mapping (FAM).

[0008] Leprince et al. provided a technique, and software, for co-registering
images to sub-pixel accuracy, and provide bundle adjustment to 1mprove 1mage co-
registration and geolocation accuracy. The capability allows co-registration of images
to better than 1/50 pixel accuracy, if images are taken from the same angle and if the
surface geometry for the scenes are perfectly known.

[0009] Mitchell showed in 2009 that GeoEye-1 Satellite stereo-image pairs
can be processed to extract Digital Surface Models (DSMs), “processing SOcm
GeoEye-1 stereo satellite photos to Im Digital Elevation Models (DSMs) with
vertical accuracies of better than S50cm RMSE, as determined by thousands of ground

22

survey points on mapping projects in Eritrea and Mexico.” Korb et al. demonstrated
in 2012 that point clouds and DSMs could be extracted in urban areas at 0.8 meter
resolution or better, and 0.1-0.2 meter precision from 16 GeoEye-1 images.

[0010] Super-resolution processing, a current topic in PhD dissertations in
applied math departments, can improve resolution and signal-to-noise (SNR) by
combining information from many lower-resolution images with rigorous geometric

co-registration. Vandewalle, Su, and Boreman et al. describe that spatial resolution

can be improved by three-fold or four-fold, an improvement of 1.58 to 2 National
Image Interpretability Rating Scale (NIIRS), where the improved NIIRS = 3.32

logio (resolution improvement).

[0011] Boreman's PhD thesis and survey article, under Stevenson at Notre

Dame, presented the state of the art of super-resolution processing using multiple
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images. A three-fold mmprovement in resolution i1s expected, but Su provides
examples of four-fold improvement in resolution from a small group 1mages.

[0012] Most imagery analysis systems work on single two-dimensional (2-D)
images. As a result of error in known surface attitude, the difference between true
orientation and horizontal, there are large uncertainties and errors 1n measured
bidirectional reflectance distribution function (BRDF) reflectivity and emissivity,
resulting from attitude-knowledge-error. Further, some remote sensing problems,
such as characterizing material identification and temperature/emissivity, are
fundamentally under-determined, e.g., have more unknowns than measurements,
which require additional constraints or a priori knowledge, which reduces or limits
accuracy obtained from a single 1mage or measurement.

[0013] Most change detection algorithms work on 2-D imagery or datasets.
As a result, change detection 1s limited by poor knowledge of surface orientations.
The work of Mundy et al. 1s fundamentally based on use of three-dimensional (3-D)
geometry, which can provide additional accuracy for both remote sensing and change
detection. Mundy et al. use a Gaussian mixture model that fundamentally limits the
accuracy of spectroradiometric exploitation, because the radiometry does not conform
to either a Lambertian model or a BRDF-formulation retlectivity model as proposed
by Hapke or others. In geometric change detection, the Mundy work 1s probabilistic,
rather than deterministic as proposed herein. Mundy et al. use voxel and/or octree

data models. Voxel and octree data models require more data storage space than 2-D

1mages.
3. References
[0014] The following references generally relate to improving geolocation

accuracy using multiple images: (1) Deilami, K. and Hashim, M. “Very High
Resolution Optical Satellites for DSM Generation: A Review,” European Journal of
Scientific Research, ISSN 1450-216X Vol. 4, No. 4, pp. 542-554 (2011). This paper
contains reference information for the geolocation accuracy and precision of most if
not all commercial imaging spacecratt, and provides references for geometric camera
models; (2) Kohm, K. and Mulawa, D., “On-Orbit Geolocation Accuracy and Image
Quality Performance of the GeoEye-1High Resolution Imaging Satellite,” Joint
Agency Commercial Imagery Evaluation (JACIE) Conference, Fairfax, VA (2008);

(3) Kohm, K., “On-Orbit Geolocation Accuracy and Image Quality Performance of
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the GeoEye-1 High Resolution Imaging Satellite”, Kohm, Joint Agency Commercial
Imagery Evaluation (JACIE) (2009); (4) Mulawa, D., “GeoEye-1 Geolocation
Assessment and Reporting Update™, Joint Agency Commercial Imagery Evaluation
(JACIE) (2011); (5) Fraser, C.S. & Ravanbakhsh, M., “Georeferencing From Geoeye-
I Imagery: Early Indications of Metric Performance”, University of Melbourne
(2009); and (6) Aguilar, Manuel A., et al, “Geometric Processing of GeoEye-1
Satellite Imagery for Coastal Mapping Applications,” Proceedings of the IMProVe
2011, International Conference on Innovative Methods in Product Design, June 15th —
1'7th, Venice, Italy (2011).

[0015] The following references generally relate to automatically extracting
high resolution digital surface model data from multiple images: (1) Deilami, K. and
Hashim, M. “Very High Resolution Optical Satellites for DSM Generation: A
Review” European Journal of Scientific Research, ISSN 1450-216X Vol. 49, No. 4,
pp. 542-554 (2011); (2) Mitchel G, “Photosat GeoEye-1 Stereo Satellite DSM
Comparison to a Lidar DSM over the Garlock Fault in Southeast California” Photosat
Corp. (2009); (3)Survey of DSM Extraction Technology ESRI 2011V2; and (4) E
Leberl, A. Irschara, T. Pock, P. Meixner, M. Gruber, S. Scholz, and A. Wiechert,
“Point Clouds: Lidar versus 3D Vision” PE&RS, (Oct. 2010).

[0016] The following references generally relate to co-registering images to
sub-pixel accuracy, and bundle adjustment to improve co-registration and geolocation
accuracy: (1) Sébastien Leprince, Student Member, IEEE, Sylvain Barbot, Student
Member, IEEE, Frangcois Ayoub, Jean-Philippe Avouac “Automatic and Precise
Orthorectification, Coregistration, and Subpixel Correlation of Satellite Images,
Application to Ground Deformation Measurements” IEEE Transactions on
Geoscience and Remote Sensing, Vol. 45, No. 6 (June 2007); and (2) “Co-
Registration of Optically Sensed Images and Correlation (COSI-Corr): an Operational
Methodology for Ground Deformation Measurements™ CalTech_LEPieeetgrs (2007).
[0017] The following references generally relate to the effect, or error, due to
image-to-image and band-to-band mis-registration: (1) J. Townsend, C. Justice, C.
Gurney, and J. McManus, ““The Impact of misregistration on change detection”, IEEE
Trans. Geosci. Remote Sens., Vol. 30, No. 5, pp.1054-1060 (Sept. 1992); and (2) X.
Da1 and S. Khorram, “Effects of image Misregistration on the accuracy of remotely
sensed change detection IEEE Trans. Geosci. Remote Sens., Vol. 36, No. 5, pp.1566-
1577 (Sept. 1998).
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[0018] The following references generally relate to geometric change
detection: (1) Pollard T. and Mundy J., “Change Detection in a 3-DWorld,” IEEE
(2007); (2) Crispell D., Mundy J., Taubin G. “A Variable-Resolution Probabilistic
Three-Dimensional Model for Change Detection,” IEEE Transactions on (Geoscience
and Remote Sensing (2011); and (3) Pollard T, Eden I, Mundy J, Cooper D “A
Volumetric Approach to Change Detection 1n Satellite Images” Photogrammetric
Engineering & Remote Sensing, Vol. 76, No. 7, pp. 817-831 (July 2010).

[0019] The following references generally relate to super-resolution
processing to improve resolution and signal-to-noise ratio from multiple images: (1)
Super-Resolution  from Image SequencesReview Boreman_NotreDame9s; (2)
Borman, “Topics In Multiframe Superresolution Restoration” Ph.D. Notre Dame
(2004); (3) Vandewalle, “Super-Resolution from Unregistered Aliased Images” Ph.D.,
Lusanne PolyTech (2006); and (4) Su “Introduction to Image Super-resolution™
(2004).

SUMMARY OF THE DISCLOSURE

[0020] The present disclosure, through one or more of its various aspects,
embodiments, and/or specific features or sub-components, provides, inter alia, various
systems, methods, media, and programs for optimizing and 1mproving image
processing, 1image analysis, image evaluation, and 1mage compression. The present
disclosure co-registers images to a georeferenced scene topography, then combines
the 1mages to improve accuracy, resolution, and signal-to-noise ratio. The present
disclosure rigorously compares the geometric and spectro-radiometric measurements
between 1mages at the pixel or sub-pixel level. Rigorous analysis of the differences
between 1mages, identifying each region with significant changes, and segmenting the
changed regions enables data compression in the processing, transmission, and
storage of 1mages and enables extraction of scene information from the entire library
of 1mages of the scene.

[0021] The multi-image processing techniques of the present disclosure
provide accurate information about the surface orientation for every facet within a
scene, three-dimensional information about adjacent surfaces, and a priori estimates
of background surface properties. ‘These pieces of nformation have not been
previously available and this new data will improve estimation of surface composition
by reducing uncertainties in extracted target surface properties and eliminating false

positive 1dentifications. The present disclosure provides novel techniques {for

>
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identifying surface materials from remote sensing measurements that are described to
perform supervised and unsupervised classification using empirical measurements of
the bi-directional scatter distribution function (BSDF) or BRDF functions, rather than
empirical measurements using LLambertian reflectance assumptions.

[0022] The present disclosure further describes image and data compression
techniques that can be applied to any data sets, independent of platform, reducing the
image and data volume by a compression ratio that 1s variable and 1s controlled with a
statistical criterion over a range from 1 to arbitrarily large values.

[0023] According to a non-limiting embodiment of the present disclosure, a
system for analyzing and improving accuracies of two-dimensional 1mages and for
forming three-dimensional images from two-dimensional 1mages is provided. 'The
system 1ncludes a processor and a memory. The memory includes a plurality of two-
dimensional 1mages and instructions. ‘The two-dimensional images each include a
same target area and are acquired at same or ditferent times and at ditferent collection
angles. 'The instructions are contigured to be executed by the processor and cause the
processor to execute operations. The operations include 1dentifying or correlating a
plurality of target features in the target area of each of the two-dimensional 1mages,
and determining, independently for each of the two-dimensional images and based on
image pointing parameters, a three-dimensional geolocation position of each of the
target features. The operations further include calculating a weighted average or a
least squares fitting of the three-dimensional geolocation position of each of the target
features using the two-dimensional 1images, and adjusting, variably across each of the
two-dimensional 1mages, the 1image pointing parameters by providing a least squares
adjustment of the 1mage pointing parameters to minimize a geolocation difference
between the three-dimensional geolocation position of each of the target features in
cach of the two-dimensional images and the weighted average or the least squares
fitting of the three-dimensional geolocation position of the target feature across the
two-dimensional images. The operations further include projecting each of the two-
dimensional 1mages onto a georeferenced three-dimensional surface model of the
target area based on results of the adjusting to form georeferenced three-dimensional
images from the plurality of two-dimensional images.

[0024] According to one aspect of the present disclosure, the image pointing
parameters of each of the two-dimensional images 1s adjusted independently over

different sections of the target area.
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[0025] According to another aspect of the present disclosure, the image
pointing parameters are further contigured to be adjusted, variably across each of the
two-dimensional 1mages, by providing a least squares adjustment of the 1mage
pointing parameters to minmmize a geolocation difference between a three-
dimensional geolocation position of one or more ground control points 1n each of the
two-dimensional mmages and a known or externally-measured three-dimensional
geolocation position for each of the ground control points.

[0026] According to yet another aspect of the present disclosure, the image
pointing parameters are further contigured to be adjusted, variably across each of the
two-dimensional 1mages, by extending predetermined ground control points which are
not located 1n the target area into the target area, or by using ground control points
which are not located in the target area for processing in the target area.

[0027] According to still another aspect of the present disclosure, the 1mage
pointing parameters are configured to be adjusted, variably across each of the two-
dimensional images, by extending the predetermined ground control points into the
target area and using triangulation methods, including triangulation with at least two
rays 1n a series of triangles as one non-limiting example.

[0028] According to an additional aspect of the present disclosure, the image
pointing parameters are configured to be adjusted, variably across each of the two-
dimensional 1mages, by collecting strips of 1imagery from the predetermined ground
control points to the target area, depending on further segregating errors into bias
errors and other errors, which can then be removed or reduced, by subtraction of the
bias errors from one or more ground control points, 1n one non-limiting example of
error reduction methods.

[0029] According to yet another aspect of the present disclosure, the image
pointing parameters comprise polynomial coetficients which may be defined as
rational polynomial coefficients of a rational polynomial coefficient model (RPC
model), rigorous projection model parameters for a rigorous projection model (RPM),
or replacement model parameters for a replacement sensor model (RSM), and other
types of pointing models not limited by this incomplete list.

[0030] According to still another aspect of the present disclosure, the three-
dimensional geolocation position of each of the target features in each of the two-
dimensional images comprises three mutually orthogonal coordinates, which may be a

latitude coordinate, a longitude coordinate, and a height coordinate. In this regard, in

7
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the calculating of the weighted average, a weight factor of each of the two-
dimensional 1mages contribution to each of the three mutually orthogonal coordinates,
e.g., the latitude coordinate, the longitude coordinate, and the height coordinate, is the
1mage error, in each coordinate, squared and divided by a sum of squared errors for all
of the two-dimensional images, in each coordinate.

[0031] According to an additional aspect of the present disclosure, the
operations further include identitying, during at least one of the determining and the
adjusting, regions in any of the two-dimensional images 1n which a difference
between the three-dimensional geolocation position of one of the target features and
the weighted average satisties a predetermined condition. The operations also include
excluding, during at least one of the calculating and the projecting, the regions of any
of the two-dimensional images 1n which the predetermined condition 1s satisfied from
at least one of the weighted average and the georeferenced three-dimensional surface
model to exclude an anomalous difference.

[0032] According to another aspect of the present disclosure, the operations
further include receiving at least one additional two-dimensional image being of a
lower geometric accuracy than the two-dimensional images, determining whether the
surface topography of the georeferenced three-dimensional images has changed,
assigning an error weighting of zero to the georeferenced three-dimensional 1mages
when the surface topography has not changed, and field angle mapping the second
two-dimensional 1mage onto the georeferenced three-dimensional surface model to
georectity the second two-dimensional 1image to substantially same accuracy as the
georeferenced three-dimensional surface model.

[0033] According to yet another aspect of the present disclosure, the
operations include co-registering each of the georeterenced three-dimensional 1mages
formed from the two-dimensional images to the georeterenced digital surface model
base layer, correlating the target features from each of the two-dimensional images,
based on predetermined criteria, criteria calculated from 1mages and 1mage statistics,
or a posteriori considerations, to provide a georeferenced image stack of the
georeferenced three-dimensional images, co-registered in three-dimensions.

[0034] According to still another aspect of the present disclosure, the
operations include: computing a change between essentially identical areas 1n each of
the georeferenced three-dimensional 1mages 1n the georeferenced 1mage stack;

measuring an uncertainty of the change between the i1dentical areas of the

3
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georeferenced three-dimensional 1mages 1n the georeference 1mage stack 1n
association with the change; parsing the identical areas of the georeterenced three-
dimensional i1mages for significant areas in which a ratio of the change to the
uncertainty satisfies the predetermined criteria, the criteria calculated from the images
and 1mage statistics, or the a posteriori considerations; and processing, transmitting,
and storing information on only the significant areas in which the ratio of the change
to the uncertainty satisties the predetermined criteria, the criteria calculated from the
images and 1mage statistics, or the a posteriori considerations.

[0035] According to an additional aspect of the present disclosure, the
operations include: computing a change between areas of a current three-dimensional
image and essentially identical areas of the georeferenced three-dimensional images
in the georeferenced 1mage stack; measuring an uncertainty of the change between the
areas of the current three-dimensional 1mage and the identical areas of the
georeferenced three-dimensional images 1n the georeference image stack; and
variably compressing data of the current three-dimensional image for each of the
areas 1n accordance with a ratio of the change and the uncertainty for each of the
areas.

[0036] According to another aspect of the present disclosure, the data of the
current three-dimensional image for each ot the areas is prioritized for variable
compression in accordance with the ratio of the change to the uncertainty for each ot
the areas. In this regard, the data is variably compressed in accordance with a degree
of compression needed by the system. Moreover, the variable compression 1s a
dynamically-controlled system where a compression ratio is controlled to be greater
than or equal to a ratio of a data rate from a sensor and data storage to an available
communication rate, for each spacecraft communication channel to optimally process,
communicate, and store information with a highest significance 1n a prioritized order,
so that communication channels can downlink data directly from a satellite to Users 1n
a field that 1s highly significant in prioritized order, some of the communication
channels being limited in bandwidth and some being broadband channels.

[0037] According to an additional aspect of the present disclosure, the
variable compression system is applied onboard a spacecratt, aircraft, ship, or other
portable sensor system platform and provides variable and dynamic compression that
reduces a downlink communication rate needed to communicate any particular level

of information flow. The variable compression system enables sensor system designs

9
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to realize a throughput advantage, wherein the sensor detector plane 1s designed to
incorporate larger numbers of detector arrays and elements designed to collect and
measure photons collected by a telescope. 'This increases a sensor resolution, not
limited by a low signal-to-noise ratio, increases the signal-to-noise ratio and an area
collection rate, and reduces a cost per unit area collected by the sensor system by
either a ratio of an increase 1n the number of detectors, a square-root of the ratio of the
increase 1n the number of the detectors, or a value in between, representing two oOr
three orders of magnitude improvement in the cost per unit area and an area collection
rate capacity.

[0038] According to still another aspect of the present disclosure, the
operations include: computing a change between areas of a current three-dimensional
image and essentially identical areas of the georeferenced three-dimensional images
in the georeferenced 1mage stack; and variably compressing data of the current three-
dimensional image for the areas in accordance with one of: a difference between the
change of each of the areas and an average change of the areas; and a ratio of the
change of each of the areas to a statistical or calculated measure of a measured
variability of the areas.

[0039] According to an additional aspect of the present disclosure, the system
further i1ncludes a variable and dynamically controlled data compression onboard
sensor system platform that improves a data rate at which sensor systems collect
measurement information, and enables new sensor designs to take advantage of a
throughput advantage in focal plane designs. In this regard, onboard detector arrays
are 1ncreased 1n size to cover an entire image plane receiving signal, increasing size.
[0040] According to another aspect of the present disclosure, each of the two-
dimensional 1mages comprises a stereo pair of images, and the three-dimensional
geolocation position of the target feature in each of the two-dimensional 1mages 1s
determined for each stereo pair of 1mages by measuring three orthogonal reference
coordinates, which could include a latitude coordinate, a longitude coordinate, and a
height coordinate, of the target feature.

[0041] According to yet another aspect of the present disclosure, the three-
dimensional geolocation position 1s determined using the 1image pointing parameters
without tie points or ground control points.

[0042] According to another aspect of the present disclosure, the system

further 1ncludes a satellite in which the processor and the memory are provided,
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angular resolution of the two-dimensional images 1s 1n a scale on the order of
nanoradians, and the accuracy of the adjustment of the 1mage pointing parameters 1S
in a scale on the order of nanoradians.

[0043] According to another non-limiting embodiment of the present
disclosure, a method for forming three-dimensional images from two-dimensional
images 1s provided. The method stores a plurality of two-dimensional images in a
memory. The two-dimensional images each including a same target area and being
acquired at different times and at ditferent collection angles. The method 1dentifies a
plurality of target features in the target area of each of the two-dimensional 1mages,
and determines, independently for each of the two-dimensional 1images and based on
image pointing parameters a three-dimensional geolocation position for each of the
target features. A processor calculates a weighted average of the three-dimensional
geolocation position for each of the target features using the two-dimensional 1images,
and the image pointing parameters are adjusted, variably across each of the two-
dimensional 1mages, by providing a least squares adjustment of the image pointing
parameters to minimize a geolocation difference between the three-dimensional
geolocation position of each of the target features in each of the two-dimensional
images and the weighted average of the three-dimensional geolocation position of
cach of the target features across the two-dimensional images. The method projects
cach of the two-dimensional 1mages onto a georeferenced three-dimensional surface
model of the target area based on results of the adjusting to form georeferenced and
coregistered three-dimensional images from the two-dimensional 1images.

[0044] According to yet another non-limiting embodiment of the present
disclosure, a non-transitory computer readable medium including an executable set of
instructions for forming three-dimensional images from two-dimensional 1mages 1s
provided. The instructions, when executed by a processor, causes the processor to
execute operations comprising: storing a plurality of two-dimensional 1mages in a
memory, the two-dimensional 1mages each including a same target area and being
acquired at ditferent times and at different collection angles; identifying a plurality of
target features 1n the target area of each of the two-dimensional 1images; determining,
independently for each of the two-dimensional 1images and based on 1mage pointing
parameters, a three-dimensional geolocation position for each of the target features;
calculating a weighted average of the three-dimensional geolocation position for each

of the target features using the two-dimensional 1mages; adjusting, variably across
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cach of the two-dimensional images, the 1image pointing parameters by providing a
least squares adjustment of the 1mage pointing parameters to minimize a geolocation
difference between the three-dimensional geolocation position of each of the target
features 1n each of the two-dimensional images and the weighted average of the three-
dimensional geolocation position of each of the target features across the two-
dimensional 1mages; and projecting each of the two-dimensional images onto a
georeferenced three-dimensional surface model of the target area based on results of
the adjusting to form georeferenced three-dimensional images from the two-

dimensional images.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] The present invention 1s further described 1n the detailed description
that follows, 1n reference to the noted plurality of drawings, by way of non-limiting
examples of preferred embodiments of the present invention, 1n which like characters

represent like elements throughout the several views of the drawings.

[0046] Figure 1 1llustrates an exemplary schematic of an 1mage processing
system.
[0047] Figure 2 1llustrates an exemplary schematic of an 1mage processing

system for satellite imagery.

[0048] Figure 3 1illustrates an exemplary process for multi-temporal, multi-
angle, automated target exploitation.

[0049] Figure 4 1llustrates a further exemplary process for multi-temporal,
multi-angle, automated target exploitation.

[0050] Figure 5 1llustrates an even further exemplary process for multi-
temporal, multi-angle, automated target exploitation.

[0051] Figure 6 1s a table which includes exemplary descriptions and
specifications of Step 1 and Step 2 of the multi-temporal, multi-angle, automated
target exploitation process of Figure 5.

[0052] Figure 7 illustrates an exemplary representation of the improvement of
relative error and absolute error by a multi-ray n-bundle adjustment according to the
multi-temporal, multi-angle, automated target exploitation process of Figure 5.

[0053] Figure 8 1s an exemplary image of a digital surface model of an urban
area that was automatically extracted by the multi-temporal, multi-angle, automated

target exploitation process of Figure 5.
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[0054 ] Figure 9 is another exemplary image of a digital surface model that
was automatically extracted by the multi-temporal, multi-angle, automated target
exploitation process of Figure 5, demonstrating the capability to detect sub-pixel
urban features and detect aerial obstructions.

[0055] Figure 10 1s a table that includes exemplary descriptions and
specifications of Step 3 of the multi-temporal, multi-angle, automated target
exploitation process of Figure 5.

[0056] Figure 11 is an exemplary image of three-dimensional image formation
(right figure) in an urban area on a point cloud surface (middle figure), and a Digital
Surface Elevation Model (left figure) generated from the point cloud, in accordance
with the multi-temporal, multi-angle, automated target exploitation process of Figure
J.

[0057] Figure 12 1s an exemplary mmage of a three-dimensional image
formation 1n an urban area on a digital surface point cloud model re-projected at 60-
degree elevation angle 1n accordance with the multi-temporal, multi-angle, automated
target exploitation process of Figure J.

[0058] Figure 13 1s another exemplary image of a three-dimensional image
formation on a digital surface model at 30-degree elevation angle 1n accordance 1n
accordance with the multi-temporal, multi-angle, automated target exploitation
process of Figure 3.

[0059] Figure 14 1s another exemplary image of a three-dimensional image
formation on a digital surface model at ground elevation angle in accordance 1n
accordance with the multi-temporal, multi-angle, automated target exploitation
process of Figure 5. This figure shows tree trunks under dense tree canopies
demonstrating foliage penetration capability.

[0060] Figure 15 is a table which includes exemplary descriptions and
specitications of Step 4, Step 5, Step 6, and Step 7 of the multi-temporal, multi-angle,
automated target exploitation process of Figure 3S.

[0061] Figure 16 1llustrates an exemplary representation of the improvement
of relative error and absolute error by a multi-ray n-bundle adjustment according to
the multi-temporal, multi-angle, automated target exploitation process of Figure 3.
This figure provides validation that the present disclosure may improve the geometric
quality of low-fidelity images to substantially the same accuracy as the georeferenced

DSM base layer tormed from multiple images.
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[0062] Figure 17 illustrates a concept of field angle mapping.
[0063] Figure 18 1illustrates a concept of growing surfaces from facet
orientations from three-dimensional point clouds. Figure 19 illustrates a process of

change detection.

DETAILED DESCRIPTION

[0064 ] The present disclosure, through one or more of its various aspects,
embodiments and/or specific features or sub-components, 1s thus intended to bring out
one or more of the advantages as specifically described below.

[0065] The present application may be used with an onboard spacecraft or
aircraft data processing system. In this regard, the onboard spacecraft or aircraft data
processing system may improve accuracy, resolution, and reduce the communication
rate between satellites and ground systems by co-registering and analyzing images
onboard the spacecraft. The spacecraft or aircraft data processing system may locate
image regions with significant change or significant queried information for
prioritized transmission, processing, and storage. In regions without significant
change, information from multiple 1mages can be co-added to increase signal-to-noise
ratio while minimizing communication rate.

[0066] The present application may also be used with an automated aircraft
and satellite ground processing and 1mage exploitation system. ‘The automated
aircraft and satellite ground processing and 1mage exploitation system may co-register
images to a georeferenced scene topography, and then combine the 1mages to improve
accuracy, resolution, and signal-to-noise ratio.

[0067] In even further embodiments, the present application may be used 1n
conjunction with medical imaging and film and video game applications. Of course,
the present disclosure is not limited to being used 1n association with the above-
mentioned systems, fields, and applications. The present disclosure may be used 1n
association with any image processing systems, fields, and applications and i1n
conjunction with any mmages collected on the ground, from the air, and from space.
For example, 1n still further embodiments, the present disclosure may be used detect,
identity, and/or track objects, such as 1n facial or object recognition systems. One
exemplary application 1s to detect and track moving objects using multiple 1mages,
where each target i1s detected and tagged among the moving objects using its unique,

measured spectroradiometric target signature. Thereafter, each target’s trajectory or
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track 1s estimated across multiple images by maximizing the statistical significance of
cach target’s track. Of course, this embodiment 1s again exemplary and not limiting
or exhaustive.

[0068] The teachings of the present application may be used in connection
with any 1image processing, analysis, evaluation, and compression systems without
departing from the scope of the present application. In this regard, Figure 1 shows an
exemplary system 100 for use 1in accordance with the embodiments described herein.
[0069] The system 100 may include a computer system 102, which is
generally indicated. The computer system 102 may operate as a standalone device or
may be connected to other systems or peripheral devices. For example, the computer
system 102 may include, or be included within, any one or more computers, servers,
systems, communication networks or cloud environment. The computer system 102
may be fully contained, such as within an onboard spacecraft or aircratt data
processing system or within an automated aircraft and satellite ground processing and
image exploitation system. Alternatively, the computer system 102 may comprise a
distributed system (not shown).

[0070] The computer system 102 may operate in the capacity of a server in a
network environment, or the in the capacity of a client user computer 1n the network
environment. The computer system 102, or portions thereof, may be implemented as,
or incorporated into, various devices, such as a personal computer, a tablet computer,
a set-top box, a personal digital assistant, a mobile device, a palmtop computer, a
laptop computer, a desktop computer, a communications device, a wireless telephone,
a personal trusted device, a web appliance, or any other machine capable of executing
a set of instructions (sequential or otherwise) that specify actions to be taken by that
device. Further, while a single computer system 102 1s 1illustrated, addition
embodiments may include any collection of systems or sub-systems that individually
or jointly execute instructions or perform functions.

[0071] As illustrated in Figure 1, the computer system 102 may include at
least one processor 104, such as, for example, a central processing unit, a graphics
processing unit, or both. The computer system 102 may also include a computer
memory 106. The computer memory 106 may include a static memory, a dynamic
memory, or both. The computer memory 106 may additionally or alternatively

include a hard disk, random access memory, a cache, or any combination thereof. Of
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course, those skilled in the art appreciate that the computer memory 106 may
comprise any combination of known memories or a single storage.

[0072] As shown in Figure 1, the computer system 102 may include a
computer display 108, such as a liquid crystal display, an organic light emitting diode,
a flat panel display, a solid state display, a cathode ray tube, a plasma display, or any
other known display.

[0073] The computer system 102 may include at least one computer input
device 110, such as a keyboard, a remote control device having a wireless keypad, a
microphone coupled to a speech recognition engine, a camera such as a video camera
or still camera, a cursor control device, or any combination thereof. Those skilled 1n
the art appreciate that various embodiments of the computer system 102 may include
multiple 1input devices 110. Moreover, those skilled 1n the art further appreciate that
the above-listed, exemplary input devices 110 are not meant to be exhaustive and that
the computer system 102 may include any additional, or alternative, input devices
110.

[0074] The computer system 102 may also include a medium reader 112 and a
network interface 114. Furthermore, the computer system 102 may include any
additional devices, components, parts, peripherals, hardware, software or any
combination thereotf which are commonly known and understood as being included
with or within a computer system, such as, but not limited to, an output device 116.
The output device 116 may be, but 1s not limited to, a speaker, an audio out, a video
out, a remote control output, a printer, or any combination thereof.

[0075] Each of the components of the computer system 102 may be
interconnected and communicate via a bus 118. As shown in Figure 1, the
components may each be interconnected and communicate via an internal bus.
However, those skilled in the art appreciate that any of the components may also be
connected via an expansion bus. Moreover, the bus 118 may enable communication
via any standard or other specification commonly known and understood such as, but
not limited to, peripheral component interconnect, peripheral component 1nterconnect
express, parallel advanced technology attachment, serial advanced technology
attachment, etc.

[0076] The computer system 102 may be in communication with one or more
additional computer devices 120 via a network 122. The network 122 may be, but 1s

not limited to, a local area network, a wide area network, the Internet, a telephony
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network, or any other network commonly known and understood in the art. 'The
network 122 1s shown 1n Figure 1 as a wireless network. However, those skilled 1n
the art appreciate that the network 122 may also be a wired network.

[0077] The additional computer device 120 1s shown in Figure 1 as a personal
computer.  However, those skilled in the art appreciate that, in alternative
embodiments of the present application, the device 120 may be a laptop computer, a
tablet device, a personal digital assistant, a mobile device, a palmtop computer, a
desktop computer, a smartphone, a communications device, a wireless telephone, a
personal trusted device, a web appliance, or any other device that is capable of
executing a set of instructions, sequential or otherwise, that specify actions to be taken
by that device. Of course, those skilled 1n the art appreciate that the above-listed
devices are merely exemplary devices and that the device 120 may be any additional
device or apparatus commonly known and understood in the art without departing
from the scope of the present application. Furthermore, those skilled in the art
similarly understand that the device may be any combination of devices and
apparatuses.

[0078] Of course, those skilled in the art appreciate that the above-listed
components of the computer system 102 are merely meant to be exemplary and are
not intended to be exhaustive and/or inclusive. Furthermore, the examples of the
components listed above are also meant to be exemplary and similarly are not meant
to be exhaustive and/or inclusive.

[0079] Figure 2 shows an exemplary embodiment of the system 100 of Figure
1 at 200. The system 200 includes an onboard spacecraft or aircraft data processing
system 202 within which any combination of the components of the computer system
102 may be included. The onboard spacecraft or aircraft data processing system 202
may also include additional or alternative components, such as, for example, camera
204. The camera 204 may capture satellite imagery which may be processed by the
onboard spacecraft or aircraft data processing system 202. The onboard spacecraft or
aircraft data processing system 202 may improve the accuracy, resolution, and signal-
to-noise ratio of the satellite 1magery, and may further reduce the communication rate
between the onboard spacecraft or aircraft data processing system 202 202 and a
ground processing system (not shown) by co-registering and analyzing 1mages

onboard the onboard spacecratt or aircraft data processing system 202.
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[0080] U.S. Provisional Pat. Appl. No. 61/153,934; U.S. Pat. Appl. No.
12/708,482, now U.S. Pat. No. 8,238,903; U.S. Pat. Appl. No. 13/544,141, now U.S.
Pat. No. 8,480,036; and U.S. Pat. Appl. No. 13/544,155, now U.S. Pat. No. 8,360,367

describe methods for optimizing the performance, cost and constellation design of
satellites for full and partial earth coverage. The onboard spacecraft or aircratt data
processing system 202 may be 1n accordance with the disclosure of any of these
patent documents. The present application further describes novel applications of
these patent documents, including, but not limited to, spacecrait processing,
improvements to 1mage geolocation from orbital measurements, interferometric
imaging applications for KSS-designed satellite constellations, three or more sensor
and satellite design changes to improve sensor resolution and signal-to-noise ratio,
and a change 1n the KSS Satellite System Design Cost Model formulation for the
patent documents.

[0081] Satellite systems designed in accordance with the disclosure of the
above-mentioned patent documents may have either continuous or systematic access
to collect measurements and 1mages, and these 1maging opportunities provide longer
integration time, producing higher signal-to-noise ratio measurements, for better
sensitivity and resolution than other available systems. These satellite systems may
cost less and collect more 1mages than other available satellite systems. Imaging
systems that collect more 1mages require more communication capacity between
satellites and the ground processing system (not shown), and require more processing
capacity to generate 1mage and data products. The present application may be used 1n
connection with the disclosure of these patent documents to provide higher
communication capacity by designing imaging satellites 1n full constellations to
function as elements 1n a relay communications system. Of course, those of ordinary
skill 1n the art appreciate that the present application 1s not limited to being used 1n
accordance with the disclosure of these patent documents and that the present
application may be used 1n connection with any additional and/or alternative systems
as generally known and understood in the art.

[0082] Figure 3 shows a multi-temporal, multi-angle, automated target
exploitation method 300 according to an embodiment of the present application. The
method 300 may be a stand-alone process, or the method 300 may be embedded
within a system, such as, for example, the satellite system 202 as shown 1n Figure 2.

In even further embodiments, the multi-temporal, multi-angle, automated target
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exploitation process 300 may comprise a transitory oOr non-transitory computer
program which 1s executable by a processor, or the application may be tangibly
embodied 1n a computer-readable medium which is readable by a processor.

[0083] The multi-temporal, multi-angle, automated target method 300 is a
system or series of processes S302-S320 for processing a large number of 1mages.
The method 300 may geo-rectify the 1images to a 3-D surface topography, co-register
oroups of 1mages with fractional pixel accuracy, and automate change detection. The
method 300 may further evaluate the significance of change between images for
massively compressing imagery sets based on the statistical significance of change.
The method 300 may improve the resolution, accuracy, and quality of information
extracted beyond the capabilities of any single image, and create registered six-
dimensional image datasets appropriate for mathematical treatment using standard
multi-variable analysis techniques from vector calculus and linear algebra such as
time-series analysis and eigenvector decomposition. The above-described
advantageous etfects and results are merely exemplary and are not to be limited. The
method 300 may be executed to achieve any or all of the above-described
advantageous etfects and results, or to achieve any additional or alternative effects.
[0084 ] The method 300 may be executed by a satellite processor and/or
ground processing system which 1s designed to automatically extract fimished
information from multiple 1mage sets collected from different collection angles, at
different times, from different kinds of sensors, e.g., panchromatic, visible and near-
infrared (VNIR), short-wavelength infrared (SWIR), mid-wavelength infrared
(MWIR), long-wavelength infrared (LWIR), multispectral image (MSI), polarimetric
imaging, hyperspectral imaging (HSI), spectrometers, Lidars, and synthetic aperture
radar (SAR) sensors. 'The method 300 combines multiple 1mages to provide
extremely accurate geolocation information everywhere in the imagery for precision
targeting and surveying. The method 300 may create Lidar-quality point clouds and
digital elevation models (DEMs) from multiple electro-optical (EQ) 1mages, create
true 3-D 1mages by re-projecting each 2-D 1mage onto the 3-D point cloud, co-register
all 1mmages to fractional pixel accuracy, automatically provide rigorous change
detection and 1mage triage at pixel scale resolution, and compress multi-image
datasets with variable compression that preserves the most significant data. 'The
method 300 may even provide data compression at $S320 for the most demanding and

complex targets including cities, industrial sites, and mountainous areas. Of course, it
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1s again understood that the above-described advantages and effects are merely
exemplary and not limiting or exhaustive.

[0085] Figure 3 shows the multi-temporal, multi-angle, automated target
method 300 as including ten steps or processes 5302-S320. Nevertheless, it 1s to be
known and understood that further embodiment of the method 300 may include any
combination of the shown processes S302-S320 1n addition to any additional or
alternative processes discussed herein.

[0086] The processes are generally for analyzing and compressing a large
number of 1mages or datasets collected over the most diverse, or general, image
collection conditions possible. The 1mages or datasets may be collected or measured
from different angles, at different times, with different sensors, 1n different
wavelength regions, with different illumination sources and conditions, and with
different polarizations. The 1mages or datasets may further be collected or measured
over any additional and/or alternative collection conditions without departing form the
scope of the present application.

[0087] As shown in Figure 3, the multi-temporal, multi-angle, automated
target method 300 1mproves geo-reference accuracy, absolute geolocation, and
relative intra-image accuracy for features throughout images at S302. Geolocation
accuracy 1s improved for all points 1n and around targets by using multiple 1mages
with high geometric accuracy, such as 1mages collected by the GeoEye-1 and
Worldview-2 (WV-2) satellites, co-registered by bundle adjustment or weighted co-
averaging, with weighting by known error. Prior performance was 4 to 5 meter
accuracy. An exemplary demonstration of the present application (Korb et al, 2012)
had Goal performance of 1-2 meter accuracy at 0.67 probability, and achieved 0.60
meter accuracy using a set of nine GeoEye-1 (GE-1) images. This capability 1s at
least 700% Dbetter than the current best geolocation i1nformation, available
automatically everywhere i1n the mmagery, to provide precision targeting for
government customers and surveying and automated measurements for commercial
customers.

[0088] The multi-temporal, multi-angle, automated target method 300 extracts
3-D digital surface models (DSMs) or point clouds from multiple 1mages at S304.
Digital surface/elevation model data 1s automatically extracted for cities, industrial
sites, and mountainous sites using multiple images from a range of azimuth and zenith

angles, collected 1n a single image pass or for mining all of the images in a library.
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Prior performance i1s 1 meter resolution with 0.5 meter root means square error
(RMSE) for a stereo pair. (Goal performance 1s 1 meter accuracy with 0.3 RMSE or
better. An exemplary demo of the present application achieved 0.80m resolution with
0.1 m RMSE, using a set of 16 GE-1 images, an improvement of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>