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(57) Abrege/Abstract:
In accordance with various aspects of the disclosure, a system, a method, and computer readable medium having instructions for
processing Images Is disclosed. For example, the method Iincludes recelving an input datacube from which an input image Is

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 2877547 C 2017/07/11

anen 2 81T 547
(13) C

(57) Abrege(suite)/Abstract(continued):

derived. The input datacube Is transformed into a residual datacube by projecting out basis vectors from each spatial pixel in the
Input datacube, the residual datacube being used to derive a residual image. A statistical parameter value for samples of each focal
plane pixel In the residual image Is determined. Anomalous focal plane pixels are identified based upon a comparison of the
determined statistical parameter value with the respective determined statistical parameter values of remaining focal plane pixels.
Another comparison of residual values for each scanned sample of the identifled anomalous focal plane pixels with values of
corresponding scanned samples in the input datacube Is performed.
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(57) Abstract: In accordance with various aspects of the dis-
closure, a system, a method, and computer readable medium
having istructions for processing mmages 1s disclosed. For
example, the method includes receiving an input datacube
from which an mput image 1s derived. The mput datacube i1s
transformed into a residual datacube by projecting out basis
vectors from each spatial pixel in the input datacube, the re-
sidual datacube being used to derive a residual image. A stat-
1stical parameter value for samples of each focal plane pixel
in the residual image is determined. Anomalous focal plane
pixels are identified based upon a comparison of the determ-
ined statistical parameter value with the respective determ-
ined statistical parameter values of remaining focal plane
pixels. Another comparison of residual values for each
scanned sample of the identified anomalous focal plane pixels
with values of corresponding scanned samples i the mput
datacube 1s performed.
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SYSTEM AND METHOD FOR RESIDUAL ANALYSIS OF IMAGES

CROSS REFERENCE TO RELATED APPLICATION

10001} This application is related to U.S. Application Serial No. 13/'085,883, filed April
13, 2011, entitled “OPTIMIZED ORTHONORMAL SYSTEM AND METHOD FOR
REDUCING DIMENSIONALITY OF HYPERSPECTRAL IMAGES,” and to U.S.
Application Scrial No. 13/446,869, filed April 13, 2012, entitled “SYSTEM AND METHOD
FOR POST-DETECTION ARTIFACT REDUCTION AND REMOVAL FROM IMAGES.”

BACKGROUND

10002] This disclosure relates generally to the ficld of image processing, and morce

particularly to a system and a mcthod for residual analysis of images.

[0003] In many conventional image processing scenarios comprising hyperspectral
imaging (HSI) systems, hyperspectral sensors collect data of an image from one spatial line
and disperse the spectrum across a perpendicular direction of the focal plane of the optics
receiving the image. Thus a focal plane pixel measures the intensity of a given spot on the
ground in a specific waveband. A complete HSI cube scene i formed by scanning this spatial
line across the scence that is imaged. The complete HSI cube may be analyzed as a |
mcasurement of the spectrum, the intensity in many wavcebands, for a spatial pixel. This
spatial pixel represents a given spot on the ground in a cross-scan direction for one of the
lines at a given tume in the scan dircction. Thesc s'pccu'a arc analyzed to detect targets or
spectral anomalies. Some of the focal plane pixels may change in gain and/or offset since
théy were last calibrated. The offsct and gain crrors for such pixcels result in measurement
biases in the specific waveband and cross-scan location associated with that focal plane pixel.
These biascs will affect the values of target and anomaly filters and may also result in false
alarms for target or spectral anomaly detection. Since every focal planc pixel is scanned
across the scene, these poorly calibrated pixels will manitest themsclves as stripes in the
target and anomaly scores for the scene. These stripes can interfere with target or anomaly

detection algorithms as well as data compression algorithms and limit mission performance.
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Accordingly, there 1s a need for on-platform scene based non-uniformity correction of pixels

1n an mexpensive and computationally fast manner.

SUMMARY

[0004] In accordance with an embodiment, a method for processing images includes
recelving, at an 1mage processor, an input datacube from which an input image 1s derived.
The mput datacube 1s transformed 1nto a residual datacube by projecting out basis vectors
from cach spatial pixel in the input datacube, the residual datacube being used to derive a
residual image. A statistical parameter value for samples of each focal plane pixel in the
residual 1mage 1s determined. Anomalous focal plane pixels are 1dentified based upon a
comparison of the determined statistical parameter value with the respective determined
statistical parameter values of remaining focal plane pixels. Another comparison of residual
values for each scanned sample of the identified anomalous focal plane pixels with values of
corresponding scanned samples in the input datacube 1s performed. An estimation of at least
one of a gain correction value and an offset correction value for the anomalous focal plane
pixels 1s determined based upon the comparing. At the image processor, the input datacube 1s
reconstructed based upon the estimation of at least one of the gain correction value and the

offset correction value.

[0005] In accordance with an embodiment, an 1mage processing system includes a
memory having computer executable instructions thereupon. The 1image processing system
includes an 1mage processor coupled to the memory, the computer executable instructions
when executed by the image processor cause the 1mage processor to receive an input
datacube from which an input image 1s derived. The mput datacube 1s transformed 1nto a
residual datacube by projecting out one or more basis vectors from each spatial pixel 1n the
input datacube, the residual datacube being used to derive a residual image. A statistical
parameter value for samples of each focal plane pixel in the residual image 1s determined.
Anomalous focal plane pixels are 1dentified based upon a comparison of the determined
statistical parameter value of each focal plane pixel 1n the residual image with the respective
determined statistical parameter values of remaining focal plane pixels. Another comparison
of residual values 1s performed for each scanned sample of the 1dentified anomalous focal
plane pixels with values of corresponding scanned samples 1n the input datacube. An

estimation of at least one of a gain correction value and an offset correction value 18
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determined for the anomalous focal plane pixels based upon the comparison. The mput
datacube 1s reconstructed based upon the estimation of at least one of the gain correction

value and the offset correction value.

[0006] In accordance with an embodiment, a tangible computer-readable storage
medium includes one or more computer-readable istructions thereon for processing images,
which when executed by one or more processors cause the one or more processors to receive
an mput datacube from which an input image 1s derived. The mput datacube 1s transformed
into a residual datacube by projecting out one or more basis vectors from each spatial pixel in
the mput datacube, the residual datacube being used to derive a residual image. A statistical
parameter value for samples of each focal plane pixel in the residual image 1s determined.
Anomalous focal plane pixels are 1dentified based upon a comparison of the determined
statistical parameter value of each focal plane pixel 1n the residual image with the respective
determined statistical parameter values of remaining focal plane pixels. Another comparison
of residual values 1s performed for each scanned sample of the 1dentified anomalous focal
plane pixels with values of corresponding scanned samples 1n the input datacube. An
estimation of at least one of a gain correction value and an offset correction value 18
determined for the anomalous focal plane pixels based upon the comparison. The input
datacube 1s reconstructed based upon the estimation of at least one of the gain correction

value and the offset correction value.

[0007] These and other features and characteristics, as well as the methods of operation
and functions of the related elements of structure and the combination of parts and economies
of manufacture, will become more apparent upon consideration of the following description
and the appended claims with reference to the accompanying drawings, all of which form a
part of this specification, wherein like reference numerals designate corresponding parts in
the various Figures. It 18 to be expressly understood, however, that the drawings are for the
purpose of 1llustration and description only and are not intended as a definition of the limits

66 %% &¢
d

of claims. As used i the specification and in the claims, the singular form of an”, and

“the” include plural referents unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 illustrates an exemplary system for processing images, according to an

embodiment.
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[0009] FIG. 2 1llustrates an example flowchart of a method for processing images, 1n

accordance with an embodiment.

[0010] FIG. 3 1llustrates 1dentifying focal plane pixels with anomalous residual statistics,

indicating potential calibration errors, in accordance with an embodiment.

[0011] FIG. 4A 1llustrates a scatter plot for determining gain and offset corrections for

pixels and 1dentifying outlier pixels, in accordance with an embodiment.

[0012] FIG. 4B 1llustrates a plot for determining gain corrections for pixels, when the

offset 1s zero, and for 1dentifying outlier pixels, 1n accordance with an embodiment.

[0013] FIG. 5A illustrates a plot for revised gain estimates of pixels, in accordance with

an embodiment.

[0014] FIG. 5B illustrates a plot for scatter fit gain estimation of pixels, 1n accordance

with an embodiment.

[0015] FIG. 6 illustrates an example flowchart of a method for processing images, in

accordance with an embodiment.

[0016] FIG. 7 1llustrates an example flowchart of a method for processing images, in

accordance with an embodiment.

[0017] FIG. 8 1llustrates an example flowchart of a method for processing images, 1n

accordance with an embodiment.

[0018] FIG. 9 1llustrates an improvement in an anomaly filter image after processing an

original input image with modified gains, in accordance with an embodiment.

[0019] FIG. 10 1llustrates striping of the residual 1image after processing an original
magnitude mput 1image to unmix the most important basis vectors, in accordance with an

embodiment.

[0020] FIG. 11 1llustrates a comparison of the supplied factory bad pixel map image with
images of the pixels selected for gain/offset modifications, in accordance with an

embodiment.
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DETAILED DESCRIPTION

[0021] In the description that follows, like components have been given the same
reference numerals, regardless of whether they are shown 1n different embodiments. To
1llustrate an embodiment(s) of the present disclosure 1n a clear and concise manner, the
drawings may not necessarily be to scale and certain features may be shown 1in somewhat
schematic form. Features that are described and/or 1llustrated with respect to one
embodiment may be used in the same way or 1n a stmilar way 1n one or more other

embodiments and/or in combination with or instead of the features of the other embodiments.

[0022] Depicted in FIG. 1 1s an embodiment of imaging system 102 that 1s configured to
process 1images. By way of example only, imaging system 102 may be a hyperspectral
imaging system. The term “hyperspectral” refers to imaging narrow spectral bands over a
continuous spectral range, and produce the spectra of all pixels 1n a scene (e.g., scene 106).
Imaging system 102 may be stationary or mobile, airborne or land based (e.g., on an elevated
land structure or building), or may be on an aircraft or a satellite. As shown, imaging system
102 may incorporate image processor 100, and may be coupled to or otherwise contained
within remote 1maging system 104. Remote imaging system 104 may be of any suitable
construction or configuration, including but not limited to comprising a satellite, an aerial
surveillance system, or any other system that can capture images. Additionally, remote
imaging system 104 may be stationary or mobile. In an embodiment, imaging system 102
and remote 1maging system 104 may be configured to capture one or more images of a

particular scene 106 corresponding to a geographical area (e.g., a ground terrain).

[0023] In an embodiment, remote 1maging system 104 may be configured to use imaging
system 102 to capture hyperspectral image(s) of scene 106 that are provided as mput
hyperspectral image (HSI) scenes to image processor 100. In an embodiment, hyperspectral
imaging system 102 may include one or more scan mirrors 110, or may include other optics
arranged to recerve light 108 reflected from one or more ground resolution cells. Light 108
reflected from one or more ground resolution cells, and generally the entire scene 106, may
be used by 1image processor 100 to determine an input reflectivity of input HSI scene. Input
HSI scene may be a part of scene 106, or may be the entire scene 106 depending upon
specific target detection goals. In an embodiment, scan mirrors 110 or the other optics may

then direct light 108 through dispersing element 112, which may be arranged to separate light
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108 1nto various different wavelengths (1.e., a spectra). After being separated into the various
different wavelengths, light 108 may then be directed to one or more 1maging optics 114,
which may focus the various wavelengths onto a focal plane of detector array 116. As such,
detector array 116 may capture hyperspectral data across the spectrum of wavelengths,
thercby generating a data set corresponding to a hyperspectral image of scene 106. By way
of example only, such a data set formed across the spectrum of wavelengths may be used to
construct a hyperspectral image data cube (or, an HSI data cube), such as that described 1n the
above-referenced U.S. Application Serial No. 13/446,369, incorporated by reference 1n 1ts
entirety herein. For example, the HSI data cube may be scanned and input to 1image
processor 100. In an embodiment, the HSI datacube 1s a three dimensional (3D) data cube
with each dimension corresponding to a data-set associated with the hyperspectral image of
scene 106. The focal plane, which includes the line of detectors shown 1n 116, 1s composed
of focal plane pixels, which specify a location 1n one cross-scan spatial dimension and one
spectral band. For example, scanning of two-dimensional scene 106 over a spectrum of
wavelengths by imaging system 102 creates an additional spatial dimension, resulting 1n the
3D HSI data cube. Any two of the three dimensions of the HSI data cube may be selected by
image processor 100 to form a two dimensional 1image input to 1mage processor 100 for
processing, in accordance with various embodiments described herein. For example, spatial
pixels may be defined as a spatial location 1n two-dimensional Cartesian co-ordinates. As a
result, the 3-D HSI data cube comprises a spectrum for each spatial pixel and may be
analyzed by image processor 100 as a set of spectra for the spatial pixels. Alternatively, the
3D HSI cube comprises a set of samples at different times along the scan direction for each
focal plane pixel and may be analyzed by 1image processor 100 as a set of samples along the
scan direction for each cross-scan spatial location and spectral waveband. As described
herein, the term “sample” refers to a focal plane pixel, at a particular reflective wavelength
(A) and cross-scan location, at a specific time 1n the scan. Likewise, the term “samples™
refers to the focal plane pixel at the particular reflective wavelength and cross-scan location

at a sct of different time 1nstances, respectively.

[0024] Following the generation of the data set in the 3-D HSI data cube corresponding to
the hyperspectral image of scene 106, 1image processor 100 may process the data set so as to
reduce the dimensionality of the hyperspectral input scene 1image and/or decompose the input
scene 1mage 1nto a compressed scene 1mage and a hyperspectral residual 1mage, as described

in greater detail below. Using alternative terminology, the 3-D data cube may be
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decomposed 1nto a compressed scene data cube and a residual scene data cube. Such
decomposition may be performed by 1mage processor 100, for example, by approximating the
spectra of each spatial pixel in the 3-D HSI data cube, as a linear combination of basis vectors
(BVs) having coefficients to best approximate the 3D HSI data cube and storing the errors 1n
this approximation in the residual data cube. Such decomposition of the input scene spectra
into BVs by the 1image processor 100 1s described, for example, in the above-referenced U.S.
Application Serial No. 13/085,883, incorporated by reference 1n its entirety herein. When the
complete set of mput scene spectra 1s considered, image processor 100 may decompose the

input HSI data cube using BVs for the spectra of each spatial pixel 1n the data cube.

[0025] In one embodiment, the compressed scene 1image (or, compressed 1mage) 1s a
reduced dimensionality scene representation of the input hyperspectral scene 1image derived
from mnput 3D HSI data cube, and obtained at detector array 116. In an embodiment, as
described 1n greater detail below, the degree to which the dimensionality of the image 18
reduced 1n the compressed 1image and/or whether the dimensionality reduction 1s to be
classified as lossy or lossless may be determined by adjustable features of imaging system
102. The hyperspectral residual image or data cube 1s comprised of the errors in each
spectral waveband for each spatial pixel from the decomposition of the input hyperspectral
scene 1mage, and 1s substantially devoid of any content associated with scene 106, although
in some embodiments, under less than 1deal conditions, such as an mnadequate BV set, some
scene structure may leak into the residual image or the residual scene data cube. Artifacts,
such as sensor artifacts or detector array 116 artifacts, manifest as stripes 1n residual 1mage,
as 1llustrated 1n various figures below. As such, after the decomposition of the input scene
image (or mput scene HSI data cube), in various embodiments, the residual image (or
residual scene HSI data cube) may be processed to characterize sensor artifacts in the HSI
data cube, detect scene structure leakage into the hyperspectral residual image from scene

106, or perform other analytics on the hyperspectral residual image.

[0026] In some embodiments, imaging system 102 may contain or otherwise provide a
front end interface for one or more local processors (e.g., image processor 100) associated
with remote 1imaging system 104. In some such embodiments, the one or more processors
may be configured to analyze the residual image to estimate the non-uniformity correction of
focal plane pixels in the hyperspectral image, and subsequently, apply the non-uniformity

correction to focal plane pixels 1n the original hyperspectral image. Non-uniformity in pixels
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of the mput scene 1mage results from unequal response of each pixel to the same light 108.
Further, such a response of each pixel may drift over time so the latest calibration of each
pixel may be 1n error. In some embodiments, imaging system 102 may alternatively or
additionally be configured to compress and locally store the hyperspectral image in a memory
device (not shown), such that the reduced data set can be communicated rapidly within
transmission 118 to remote station 120, which may be a ground station or other remote
location where the data set can be further processed. For example, remote station 120 or
other processing locations may analyze and process the decomposed 1image data set for the
hyperspectral image without further decompression, after decompressing the reduced data set

to produce the original data set, or any appropriate combination(s) thereof.

[0027] FIG. 2 1llustrates flow diagram for a method or process 200 for residual analysis
of images for non-uniformity correction, in accordance with an embodiment. In one
embodiment, the residual HSI image 1s extracted from an input HSI data cube. Accordingly,
although the operations below are being described with respect to one or more residual or
compressed 1mages, the operations may be carried out on complete or whole data cubes

2% ¢¢

having a plurality of such images. That 1s, instead of the terms “image,” “images”,

2% ¢ 2% ¢

“composite 1mage,” “composite images,” “residual image,” or “residual 1mages,” the terms

2% ¢ 2% ¢¢ 2% ¢¢

“data cube,” “data cubes,” “composite data cube,” “composite data cubes,” “residual data
cube,” or “residual data cubes,” respectively, may equally be used without departing from the
scope of the embodiments described herein. Further, an image or images may be formed
from extracting data of any two of the three dimensions that make up the data cube. For
example, image processor 100 may carry out operations on the whole data cube, and as such,
the hyperspectral image 1s actually a 3D 1mage. It can be thought of as spectra for each 2D
location or as many 2D scene 1images 1n different spectral bands. Some of the processing 1s
done on the whole cube; some 1s done on 1mages produced from the 3D HSI data cube.
Processing done on the whole 3D HSI data cube may be 1n one dimension (1D) and may be
applied to all samples 1n the other two dimensions, for example, for spectral processing of all
the 2D spatial pixels or sample processing of all the 2D focal plane pixels. Image processing
may be done on derivatives of the 3D HSI data cube such as the 2D 1mage of the mean

residual for each focal plane processing, for example, to 1dentify spots in the image.

[0028] In an operation 202, image processor 100 receives one or more hyperspectral

images (or, input data cubes) corresponding to an input HSI scene (obtained from scene 106
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or a factory supplied image or data cube). In one embodiment, the input HSI scene may have
a plurality of images or image frames obtained across various different wavelength bands (A)
at the focal plane of detector array 116. Alternatively, as also noted above, the whole 3-D
HSI data cube may be received at image processor 100 for processing. The input scene
image or the input HSI data cube associated with the input scene 1mage may then be provided
to 1image processor 100 for processing. Input scene image may include a plurality of pixels
arranged according to a coordinate system (e.g., X-Y Cartesian coordinate system). By way
of example only, such pixels may be focal plane pixels and/or spatial pixels, as defined

above.

[0029] In an operation 204, basis vectors (BVs) associated with each spatial pixel in the
input scene 1mage are determined by 1image processor 100. Each BV used to describe the
input scene 1mage represents a spectrum, and the intensity at each wavelength, which 1s a
component of each spatial pixel’s spectrum. Image processor 100 determines coefficients
associated with the BVs for each of the spatial pixels and unmixes the BV representation of
the mput scene image. The input HSI scene 1image can be approximately represented as a
linear sum of coefficient weighted basis vectors; and the residual components are the error at
cach waveband for each spatial pixel 1n this approximation. In one embodiment, a small
number of BVs may be used to characterize most of the mnput scene 1mage. Such a process of
determining BVs may include starting with a seed BV and establishing additional BVs to
complete a set of BVs that represent the input scene image. The additional BVs may be used
to remove scene structure from the residual datacube and residual images derived therefrom,
thereby enabling use of additional residual samples for identification and correction of
anomalous focal plane pixels. Scene structure may be defined as material in scene 106 with a
spectrum that 1s different from the spectra of other things or items in scene 106. Unmixing of
the BVs comprises carrying out a linear fit of vectors to approximate the mput scene 1image.
Details of determining BVs and unmixing them are provided in the above-referenced U.S.
Application Serial No. 13/085,883, incorporated by reference herein, and will not be
described, although other techniques of BV representation of images may be applied by
image processor 100 to approximate input scene image leaving artifacts and noise 1n the

residual scene.

[0030] In an operation 206, unmixing BVs from every pixel, yields the compressed scene

1image 206a having unmixed BV coefficients, and residual image 206b. When complete data
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cubes are processed by 1image processor 100, a residual HSI data cube (or, residual scene data
cube) may be obtained by projecting out one or more basis vectors from every spatial pixel in
the input HSI data cube. Ideally, residual image 206b or the residual data cube has no scene
structure, because the scene structure 1s contained 1n the reduced dimensionality scene 1image
206a. The error spectra of unmixed BVs form residual image 206b, which may contain
sensor artifacts with very little scene content. As the common elements of scene 106, and
therefore, mnput scene 1image at detector array 116, are extracted into compressed scene 1mage
2064, various artifacts (e.g., sensor artifacts) are exposed as stripes 1n residual image 206b.
The process of unmixing the input scene 1mage or mput HSI data cube into compressed scene
1mage 206a (or, compressed scene data cube) and residual 1mage 206b (or, residual scene

2% <6

data cube) 1s referred to herein by terms “decomposition,” “decomposing,” “transformation,”
or “transforming” of mput scene 1image or input HSI data cube. The flow then proceeds to

operations 206-216 that are performed upon residual image 206b by 1image processor 100.

[0031] In operation 208, image processor 100 determines statistical characteristics of all
samples of the residual for each focal plane pixel in residual image 206b. For example,
image processor 100 may calculate such statistical characteristics by calculating one or more
statistical parameter values such as an average, a mean, a median, a standard deviation, or
combinations thereof (e.g., mean minus a threshold value, etc.), of the samples for each focal
plane pixel in residual 1mage 206b or residual HSI data cube from which residual image 206b
1s derived. Each focal plane pixel in residual image 206b may be uniquely denoted or
identified by as a column-band pair. The column corresponds to the focal plane pixel’s cross-
scan spatial location and the band corresponds to the focal plane pixel’s spectral wavelength.
The samples of focal plane pixels are generated at each time as the sensor 1s scanned across
scene 106. In one embodiment, average residual spectra for only a column of pixels may be
determined, which would be the mean or median value of the error samples at each
wavelength for the specified column. A numerical value of the average residual spectra may

be stored 1n a memory device (not shown) coupled to or included 1n 1mage processor 100.

[0032] Referring to FIG. 3, image 360 shows a mean sample error value for each focal
plane pixel. It 1s apparent that a few bright spots 1n 1mage 360 have much larger mean errors
than the bulk of the focal plane pixels. These bright spots are 1dentified as anomalous pixels.
For comparison, the mean sample values of the original data are shown 1n 1mage 350. Here

the gray-scale image 1s dominated by the average spectra of the scene and the variation of the
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scene across the columns. This comparison demonstrates an exemplary advantage of
decomposing the HSI cube 1into the compressed cube and the residual error cube to separate

the scene content trom the sensor artifacts.

[0033] In operation 210, image processor 100 1dentifies anomalous column-band pairs
corresponding to anomalous focal plane pixels based upon the statistical characterization of
the residual error samples of each focal plane pixel (calculated 1n operation 208) when
compared with the residual error statistics of the other or remaining focal plane pixels. For
example, image processor 100 determines how far a mean residual error value of a particular
pixel 1s from the computed average value of the mean residual error for all pixels. If the
residual error value for that pixel 1s within a predetermined distance of the average residual
error value, then 1image processor 100 skips that pixel (or, does not modify that pixel). If not,
1mage processor 100 marks that pixel as an anomalous pixel and stores the corresponding
column-band pair value in a memory device (not shown) coupled to image processor 100.
Theretore, by virtue of the unique column-band pair value, anomalous pixels are 1dentified.
For example, some of the bright pixels in image 360 may be above a threshold distribution of
an average or other statistical parameter value, and may be marked as anomalous. In yet
another example, anomalous focal plane pixels are identified by 1image processor 100 based
on an unusually large standard deviation of the residual error samples comprising the
standard deviation residual image or using both mean residual image and standard deviation
residual 1mage. In one embodiment, a combination of thresholding techniques may be used.

The tflow then proceeds to operation 212.

[0034] In operation 212, image processor 100 compares the residual error value of each
sample of each 1dentified pixel in operation 210 with the value of the corresponding sample
of the corresponding pixel in the original input scene 1image received 1in operation 202. Such
comparison 1s used in determining 1f the pixel error values for the anomalous pixels can be
explained by a recalibration of the pixel, or if the pixel should be flagged as a bad pixel for
potential elimination from future processing, as discussed in the operations 214 and 216

below.

[0035] In operation 214, based upon the comparison of the residual error samples for
cach anomalous pixel 1n residual 1mage 206b with their original values 1n the mput scene

image received in operation 202 by image processor 100, image processor 100 determines
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one or more estimations of gain and offset correction values for each anomalous pixel. In
one embodiment, 1mage processor 100 may include samples of anomalous focal plane pixels
to estimate the gain and offset correction values. Gain and offset correction values may be
determined by 1image processor 100 by generating scatter plots shown in FIGS. 4A and 4B
discussed below. In one embodiment, when the offset 1s accurately known only gain
correction may be applied, as discussed in FIG. 4B below. For example, when a dark frame
offset measurement 1s made prior to each HSI scene frame, the offset of each pixel 1s
accurately determined, and the offset correction can be set to zero. For example, dark frame
measurements corresponding to zero mput scene with only noise mput may be used by image

processor 100 to determine the offset.

[0036] Referring now to FIG. 4A, scatter plot 300 1llustrates column-band pairs 1dentified
by example pixels 6158, 9469, and 16527 which have been 1dentified as anomalous 1n
residual 1image 206b, although other number of example pixels may be used. By way of
example only, multiple samples shown for each pixel 6158, 9469, and 16527 1llustrate the
correlation 1n the respective pixel’s residual reflectivity values and the original reflectivity
values. In one example, a linear correlation 18 the result of gain and offset errors 1n the pixel
calibration. The gain and offsets are determined for each focal plane pixel during calibration.
The calibrated measurement, ¢, 18 determined from the raw measurement, r, by the following

equation (1):

c=gain *r+offset ............... (1)

[0037] A gain error results 1n an error 1n ¢, which increases 1n magnitude proportionately
to the original data reflectivity (e.g., positive slope for samples of pixels 9469 and 6158, and
negative for samples of pixel 16527). The gain error could be positive or negative, resulting
in a correlation line of positive or negative slope, respectively. An offset error would yield
errors 1n ¢ that are independent of the original data reflectivity. Since a gain error has no
effect on a signal of zero, the value of the y-intercept 1s the offset error. For example, for
pixel 6158, such multiple sample points of each pixel may lie along a curve 302 plotted on
scatter plot 300 with a reflectivity of residual image 206b as a function of reflectivity of the
input scene 1image received by 1mage processor 100 1 operation 202. In one embodiment,
curve 302 may be a straight line intersecting the Y-axis at an offset 302a calculated as a

distance from origin of scatter plot 300, although other types of linear or non-linear curves
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may be fitted over pixel 6158. Curve 302 has a slope that 1s used by 1image processor 100 to
calculate a gain error 1n the calibration of pixel 6158. For example, in one embodiment, the
slope of curve 6158 1s directly proportional to the gain error associated with pixel 6158. Gain
error may be calculated by change in residual reflectivity divided by a change 1n input scene
image reflectivity (or, Ay/Ax). As discussed above, the gain error derived from the residual
values of pixel 6158 indicates a change 1n the calibration gain of pixel 6158. As 1llustrated 1n
scatter plot 300, curve 302 associated with pixel 6158 has a slight negative offset error 302a.
The small offset for this specific example confirms the accuracy of this technique, since the
offset used on this original data was recalibrated immediately prior to the data collection by a
series of dark frame measurements. This procedure therefore provides accurate offset
calibrations. Similarly, multiple points corresponding to gain errors of pixel 9469 lie along
curve 304 and for pixel 16527 lie along curve 306. Pixel 9469 has an offset 304a whereas
pixel 16527 has a zero offset. The offsets for all of these pixels are small. From scatter plot
300, 1n operation 214, image processor 100 may estimate gain and offset corrections for each
pixel 1n the input scene 1image or input scene data cube received 1n operation 202. For
example, gain correction may be determined based upon a comparison of curves 302, 304,
and 306 with 1deal gain curve 308 passing through origin and parallel to the X-axis (having a
zero slope). In one embodiment, such gain and offset corrections may be carried out for
columns and bands with anomalous residuals, for a plurality of samples of the band such that
the residual values are compared with the original intensity values in the input scene 1mage

received by 1mage processor 1n operation 202.

[0038] In addition or alternatively, scatter plot 300 may be used to 1dentify and/or
climinate outlier samples. For example, pixel points 6158a 1n scatter plot 300 are poor fits to
curve 302. One reason for such outliers 1s imperfect compression of the origmal mput HSI
datacube, so that some scene structure remains 1n some samples of the residual error as the
pixel 1s scanned across scene 106. Accordingly, such outlier samples may corrupt the
estimation of gain and offset errors. In one embodiment, scatter plot 300 1s fitted for focal
plane pixel samples such that the outlier samples are not included 1n the fit. Scatter plot 300
may also show that the residuals are not correlated to the original data 1n accordance with
these error models. This result would indicate that the pixel has some other error, not a
simple gain and offset change, and could be labeled as a bad pixel to be eliminated by image

processor 100.
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[0039] Referring to FIG. 4B, plot 400 1llustrates value of gain for each sample of pixels
6158, 9469, and 16527, assuming that the offset 18 zero, calculated using equation (2):

. C
gain  sample = —

[0040] This approach may be valid when the offset term 1s accurately known, as when
dark frame measurements are used to measure the offset prior to the HSI data cube
measurement. With confidence that offsets are small or even zero for one or more pixels, and
the non-uniformity correctable by image processor 100 1s a change 1n gain, and 1mage
processor 100 can improve the gain estimate by using plot 400. By plotting the gain
(assuming offset = 0) for each sample, 1image processor 100 may 1dentity outliers (shown by
points 6158a) and average the remaining samples with compatible gain estimates. Outlier
points 6158a are seen to occur 1n contiguous samples, which may result from localized scene
structure impertectly approximated 1n the basis vector decomposition of the HSI data cube.
In one embodiment, outliers may be 1dentified by calculating a mean and a variance (o),
removing outliers, and 1terating. It 1s to be noted that since curves 302, 304, and 306 of
scatter plot 300 have a constant slope, in plot 400, pixels 6158, 9469, and 16527 lie along a

straight line having a zero slope.

[0041] Referring to FIGS. 5A and 5B, plots S00A and 500B summarize exemplary results
of using an 1image processor 100 to determine or calculate gain and offset error estimates for
the worst pixels (e.g., pixels that have the highest residual error values 1n residual 1mage 206b
or residual scene HSI data cube). For example plot S00A 1illustrates the gain error estimates,
in curve 504, and the standard deviation of gain error estimates, in curve 502, resulting from
an analysis of plot 400. The standard deviation 1s a measure of the uncertainty of the
estimate. The low values of standard deviation show that the gain error estimates 1n curve
504 are accurate. Similarly, plot 500B 1llustrates gain error estimates (slope in curve 506)
and offset error estimates (intercept in curve 508) resulting from an analysis of plot 300. In
both plots, the gain errors are plotted as a function of bad or anomalous pixel index, which
results from sorting the anomalous focal plane pixels based on the residual error statistic
(¢.g., mean, median, etc.) used originally to 1dentify the pixels for analysis by plot 400 or 300
respectively. The gain and offset error estimates are used by image processor 100 to

calculate respective gain and offset correction values.
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[0042] Referring back to FIG. 2, in operation 216, image processor 100 eliminates the
outhier samples that do not lie on the scatter plots 300 and/or 400, as described above. Such
outlier samples are removed from the fitting process as discussed above (e.g., pixels
associated with pixel points 6158a) to avoid corrupting the gain error and offset error
estimates. In one embodiment, operations 214 and 216 may be performed iteratively or
multiple times for refining estimates of gain and offset corrections (as indicated by a

connecting feedback arrow), and for refining the 1dentification of outlier samples.

[0043] In operation 218, for anomalous pixels, whose errors are well characterized by the
gain and offset error model, 1mage processor 100 applies gain and offset corrections
calculated based upon scatter plot 300 and/or plot 400 to such anomalous pixels 1n the
original HSI scene 202. The new corrected data value ¢’ for each pixel 1s determined by the

following equation (3):

¢'=(1-gain_error)*c—offset_error . .. 3)

[0044] In operation 220, a reconstructed non-uniformity corrected HSI input scene image
(or, input scene HSI data cube) 1s created by image processor 100 based upon the results of
operations 210-218. The acronym “NUCed” stands for “non-uniformity corrected.” Such a
reconstructed input scene 1image (or, input scene HSI data cube) may be used for target
detection by remote station 120 or by imaging system 102. The reconstructed scene image
may 1itself be used by image processor 100 to carry out operations 204-218 again in a

recursive manner to further refine the determination and correction of gain and offset errors

(and hence, the corresponding gain and offset correction values).

[0045] FIG. 6 1llustrates an embodiment where the flow diagram of method or process
200 18 modified into a flow diagram of method or process 600. Operations in method 600 are
similar to operations 202-220 of method 200 except that operation 204 of determining and
unmixing BVs may be applied to residual image 206b 1tself, in addition to applying operation
204 to the mnput HSI scene 1image only. By way of example only, such feedback of pixels of
residual 1mage 206b, shown by path or feedback loop 602, causes further refinement of
residual 1image 206b prior to application of operations 208-220 on residual image 206b. An
advantage of applying operation 204 to residual image 206b iteratively 1s that residual image

206b has a lesser amount of input HSI scene leakage, relative to when there 1s no feedback or
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iterative unmixing of BVs to residual image 206b or residual scene data cube. An example
advantage of such feedback loop 602 1s to provide an improved non-uniformity correction
rather than to controlling the basis vectors solely based on the adequacy of the compressed

data.

[0046] FIG. 7 illustrates an embodiment where the flow diagram or method or process
200 1s moditied to a flow diagram of method or process 700. In method 700, operations 702
and 704 are added to operations 202-220 of method 200. The additional operations 1dentify
scene content that has leaked into the residual cube, but rather than remove 1t by unmixing
additional basis vectors, as in FIG. 6, the scene content 18 filtered from the samples used 1n
calculating the focal plane pixel statistics, in operation 208, and filtered from the scatterplots
analyzed 1n operation 212. The scene content leakage consists of spatial patterns in the
residual cube due to a non-1deal decomposition of the original data into a compressed scene

and residual cube.

[0047] In operation 702, residual image 206b from operation 206 1s filtered by one or
more filters (not shown) implemented or configured by 1image processor 100 for spatial scene
content or scene structure present in residual image 206b. Identification of such leakage of
scene content or structure into residual 1mage 206b (or, residual HSI data cube) comprises
1identifying one or more spatial pixels whose residual spectrum contains scene structure, not
just noise and sensor artifacts. These spectra result in one or more samples with scene
contamination 1n the corresponding focal plane pixels. These samples may be 1dentified as
poor samples of the focal plane pixels to use mn estimating calibration changes, because the
additional scene content will cause these samples to be poor fits to the gain/offset error
model. In one embodiment, the spatial samples of the residual datacube 1dentified as
containing scene structure are eliminated from the residual HSI datacube prior to the
determining the average, mean, median, standard deviation, or other statistical parameter
value of the spatial samples of residual values for the focal plane pixels, 1n operation 208,
and/or prior to the comparing the samples of the residual for the identified anomalous focal
plane pixels with the values of corresponding focal plane pixels in the iput data cube, 1n
operation 212. In other embodiments, these poor samples are not eliminated from the residual
image 206b or residual HSI datacube, but they are flagged to be 1gnored 1n determining the
mean, median, or standard deviation of the spatial samples of residual values for the focal

plane pixels, 1n operation 208, and 1n comparing the samples of the residual for the identified
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anomalous focal plane pixels with the values of corresponding focal plane pixels 1n the mput
data cube, 1n operation 212. Filtering may be carried out by image processor 100 using
digital filters implemented 1n hardware, using filtering programs or code residing 1in a

memory of 1mage processor 100, or combinations thereof.

[0048] In operation 704, after anomalous column-band pairs have been 1dentified 1n
operation 210, the samples of these 1dentified column-band pairs are spatially filtered again,
similar to operation 702. This filtering consists of removing the poor samples from the

scatterplots 400 and 500 as 1dentified 1n operation 702.

[0049] FIG. 8 illustrates an embodiment where flow diagram 200 1s modified to flow
diagram 800. Flow diagram 800 illustrates multiple input HSI scene images (or, frames) are
recerved 1n operation 802, which replaces operation 202 of FIG. 2. In operation 802, such
multiple input HSI scene 1images are provided sequentially or 1n parallel to image processor
100 that subsequently performs operations 204-220 according to flow diagram 200 discussed
above. In an embodiment, the gain and offset corrections can be calculated only once for the
first scene, and the same corrections can be applied to several subsequent input scenes. Since
the gain and offset corrections may be slowly changing, this process allows more rapid non-
uniformity correction. In another embodiment, multiple HSI scenes can be processed
stmultaneously as one large input HSI data cube. This process provides more samples for the
ogain and offset correction estimates and may give a more accurate correction that would be

applied to all the HSI scenes processed simultancously.

[0050] In one embodiment, the operations 202-220, 702, 704, and 802, and other
combination of processes described in operations in flow diagrams for methods 200, 600,
700, and 800, respectively above, may be 1terated or repeated more than once to obtain a

higher quality of residual images and detection and elimination of anomalous pixels.

[0051] FIG. 9 1llustrates exemplary benefits and effectiveness of the non-uniformity
correction process. Example mput scene image 902 1s generated from an RGB composite
image of a red (R), green (G), and blue (B) band of the input HSI scene 202. Image 903 1s
obtained by running a Reed—Xialo1 (RX) anomaly detector on the original HSI scene 202,
although other types of anomaly detectors known to one of ordinary skill in the art could be
used. Image 904 1s obtained by running a Reed—Xialo1 (RX) anomaly detector on the NUCed

HSI scene 220 after processing by image processor 100. By way of example only, input
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scene 1mage 902 may be obtained from data obtained during a set of test flights over a terrain
(e.g., scene 106). In RX 1mage 903, pixel calibration errors result in the numerous bright
stripes 903a that obscure most of the scene anomalies that may be seen quite easily in RX
904. After processing of the NUCed scene 220, the RX 1mage 904 contains much less
striping and clearly shows potential target 906.

[0052] FIG. 10 1illustrates the removal of scene content from the residual scene as
additional basis vectors are unmixed and the consequent appearance of striping as gain and
offset errors become more prominent. The original magnitude 1image 1002 1s similar to mput
HSI scene displayed 1n the RGB 1mage 902. Original magnitude image 1002 shows the
magnitude of original spectra for each spatial pixel. The magnitude 1s the root mean square
sum of each of the spectral components, although other magnitude values may be used (e.g.,
normalized or absolute magnitude). Image 1004 1s an example of the fractional residual
magnitude after five basis vectors have been unmixed. The fractional residual magnitude 1s
the root mean square sum of each of the residual spectra, from 206b, divided by the original
magnitude 1002. Image 1008 18 an example of the fractional residual magnitude after fifteen
basis vectors have been unmixed. It 1s to be noted that the majority of image 1008 1s a more
uniform black color, much of the bright scene structure apparent in image 1004 1s no longer
apparent. The more prominent feature in image 1008 are the stripes indicating that one or
more bands 1n that column have large residual errors that may be caused by gain and/or offset
errors. Bright white spot 1010 remaining in the center of image 1008 1s an example of scene
structure leakage 1nto the residual error cube. This bright spot 1010 would be used 1n
operation 602 of FIG. 6 to generate a basis vector that would remove the white spot from the
residual error image 206b (or, residual HSI data cube) and incorporate the spot in the
compressed data cube 206a. In another embodiment, bright spot 1010 would be filtered by
process 702, so those samples (approximately #380-400) would not be used 1n evaluating the
statistics of the residual spectra in operation 208 for any bands of the striped column
(approximately #140). Bright spot 1010 would also be filtered by process 704, so those
samples (approximately #380-400) would not be used 1n analyzing the scatterplots 1n
operation 212 for any bands of the striped column (approximately #140). In another
embodiment, this bright spot 1010 would be expected to result in outhier samples, such as

6158a, 1n scatterplots 1n operation 212.
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[0053] FIG. 11 1llustrates a comparison of the anomalous focal plane pixels identified by
processes 208 and 210 with a bad pixel map supplied by the sensor calibration process 1102.
Examples of the mean residual error are shown 1n 1mage 1104 and 1106 after unmixing five
and fifteen BVs respectively. The bright spots in 1104 and 1106 are the anomalous focal
plane pixels, those with large residual errors. There 1s a high correlation between these bright
spots and the calibration produced bad pixel map 1102. However, the characteristics of the
scatterplots shown in FIGS. 4A-4B and plots in FIGS. 5A-5B, and the quality of
improvement shown 1n FIG. 9, show that many of these bad pixels are correctable by the

process described 1n FIG 2.

[0054] The above-described systems and methods can be implemented 1n digital
electronic circuitry, in computer hardware, firmware, and/or software, ¢.g., In 1maging system
102. The implementation can be as a computer program product (1.€., a computer program
tangibly embodied 1n an information carrier medium). The implementation can, for example,
be 1n a machine-readable storage device for execution by, or to control the operation of, data
processing apparatus. The implementation can, for example, be a programmable processor, a

computer, and/or multiple computers.

[0055] In one embodiment, a computer program can be written 1n any form of
programming language, including compiled and/or interpreted languages, and the computer
program can be deployed in any form, including as a stand-alone program or as a subroutine,
clement, and/or other unit in 1mage processor 100 suitable for use 1 a computing
environment to carry out the features and functions of various embodiments discussed herein.
A computer program can be deployed to be executed on one computer or on multiple

computers at one site (€.g., in imaging system 102).

[0056] Method steps or operations can be performed as processes by one or more
programmable processors executing a computer program to perform functions of various
embodiments by operating on input data and generating output. Method steps can also be
performed by and an apparatus can be implemented as special purpose logic circuitry. The
circuitry can, for example, be a field programmable gate array (FPGA) and/or an application
specific integrated circuit (ASIC). Modules, subroutines, and software agents can refer to
portions of the computer program, the processor, the special circuitry, software, and/or

hardware that implements that functionality.
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[0057] Image processor 100 may comprise one or more processors suitable for the
execution of a computer program include, by way of example, both general and special
purpose microprocessors, and any one or more processors of any kind of digital computer.
Generally, a processor receives instructions and data from a read-only memory or a random
access memory or both. The elements of a computer may comprise a processor for executing
instructions and one or more memory devices for storing instructions and data. Generally, a
computer can include, can be operatively coupled to receive data from and/or transfer data to
one or more mass storage devices (e.g., a memory module) for storing data (e.g., magnetic,
magneto-optical disks, or optical disks). The memory may be a tangible non-transitory
computer-readable storage medium having computer-readable instructions stored therein for
processing 1mages, which when executed by one or more processors (e.g., 1image processor
100) cause the one or more processors to carry out or implement the features and

functionalities of various embodiments discussed herein.

[0058] Data transmission including transmission 118 of residual image 206b and/or
residual scene data cube and reconstructed residual and mput scene 1mages (or, reconstructed
3-D HSI data cube) and 1nstructions may occur over a communications network. Information
carriers suitable for embodying computer program instructions and data include all forms of
non-volatile memory, including by way of example semiconductor memory devices. The
information carriers can, for example, be EPROM, EEPROM, flash memory devices,
magnetic disks, internal hard disks, removable disks, magneto-optical disks, CD-ROM,
and/or DVD-ROM disks. The processor and the memory can be supplemented by, and/or

incorporated 1n special purpose logic circuitry.

[0059] To provide for interaction with a user, the above described techniques can be
implemented on a computing device having a display device. The display device can, for
example, be a cathode ray tube (CRT) and/or a liquid crystal display (LCD) monitor, and/or a
light emitting diode (LED) monitor. The interaction with a user can, for example, be a display
of information to the user and a keyboard and a pointing device (e.g., a mouse or a trackball)
by which the user can provide mput to the computing device (e.g., interact with a user
interface element). Other kinds of devices can be used to provide for interaction with a user.
Other devices can, for example, be feedback provided to the user in any form of sensory
feedback (e.g., visual feedback, auditory feedback, or tactile feedback). Input from the user

can, for example, be received 1n any form, including acoustic, speech, and/or tactile input.
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[0060] The above described systems and techniques can be implemented 1n a distributed
computing system that includes a back-end component. The back-end component can, for
example, be a data server, a middleware component, and/or an application server. The above
described techniques can be implemented 1n a distributing computing system that includes a
front-end component. The front-end component can, for example, be a client computing
device having a graphical user intertace, a Web browser through which a user can interact
with an example implementation, and/or other graphical user interfaces for a transmitting
device. The components of the system can be interconnected by any form or medium of
digital data communication (e.g., a communication network). Examples of communication
networks mclude a local area network (LAN), a wide area network (WAN), the Internet,

wired networks, and/or wireless networks.

[0061] The system may be coupled to and/or include clients and servers. A client and a
server are generally remote from each other and typically interact through a communication
network. The relationship of client and server arises by virtue of computer programs running

on the respective computing devices and having a client-server relationship to each other.

[0062] Communication networks may include packet-based networks, which can include,
for example, the Internet, a carrier internet protocol (IP) network (e.g., local area network
(LAN), wide arca network (WAN), campus area network (CAN), metropolitan arca network
(MAN), home area network (HAN)), a private IP network, an IP private branch exchange
(IPBX), a wireless network (e.g., radio access network (RAN), 802.11 network, 802.16
network, general packet radio service (GPRS) network, HiperLAN), and/or other packet-
based networks. Circuit-based networks may include, for example, the public switched
telephone network (PSTN), a private branch exchange (PBX), a wireless network (e.g., RAN,
Bluetooth, code-division multiple access (CDMA) network, time division multiple access
(TDMA) network, global system for mobile communications (GSM) network), and/or other

circuit-based networks.

[0063] The computing device 1n 1imaging system 102 may include, for example, a
computer, a computer with a browser device, a telephone, an IP phone, a mobile device (e.g.,
cellular phone, personal digital assistant (PDA) device, laptop computer, electronic mail
device), and/or other communication devices. The browser device includes, for example, a

computer (e.g., desktop computer, laptop computer) with a World Wide Web browser (e.g.,
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INTERNET EXPLORER"™ available from Microsoft Corporation, of Redmond, WA). The

mobile computine device includes, for example. a BLACKBERRY " provided by Research In
| g I P y

Motion Limited of Waterloo, Ontario, Canada.

[0064] “Comprisc,” “include,” and/or plural forms of cach arc open ended and include
the listed parts and can mclude additional parts that arc not listed. “And/or” 1s open ended

and mcludes onc or more of the listed parts and combinations of the listed parts,

10065] Although the above disclosure discusses what 1s currently considered to bea
variety of useful embodiments, it 18 to be understood that such detail 18 solcly for that
purpose, and that the appended claims are not Iimited to the disclosed embodiments, but, on
the contrary, are mtended to cover modifications and equivalent arrangements that are within

the scope of the appended claims.,
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- THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE PROPERTY
OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

|. A method for image processing, comprising:

recelving, at an image processor, an input datacube created from a scan of a scene and
from which an input scene image is derived, wherein the input datacube 1s a three dimensional
set of measurements at a plurality of cross-scan locations (x's), along-scan locations (y's), and
wavelength values (w's);

transforming, at the image processor, the input datacube into a residual datacube by
projecting out one or more basis vectors from each spatial pixel in the input datacube, the
residual datacube being used to derive a three dimensional (3D) residual image, wherein each
spatial pixel specifies a cross-scan location (x), an along-scan location (y), and contains
measurements at a plurality of wavelengths (w's) 1n the input scene image;

for each of a plurality of focal plane pixels in a focal plane used to scan the scene,
identifying samples of the 3D residual image contributed by a subject focal plane pixel, wherein
the samples are generated at a plurality of along-scan locations (y's) for a specific cross-scan
[ocation (x) and a specific wavelength (w) as the subject focal plane pixel is scanned al<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>