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Abstract

Spectropolarimetric research has focused on target detections of materials
that have a high degree of contrast from background materials, such as
identification of a manmade object embedded in a vegetative background.
This study presents an approach using spectropolarimetric imagery in
visible, shortwave infrared, and longwave infrared bands to differentiate
between similar natural and manmade materials. The method employs
Michelson contrast and Kruskal-Wallis one-way analysis of variance
(ANOVA) H-test to determine if a distinction can be found in pairwise
comparisons of similar and different materials using the Stokes
parameters in the visible, shortwave infrared, and longwave infrared
bands. Results showed that similar natural and manmade materials were
differentiable in spectropolarimetric imagery using the Michelson contrast
and ANOVA. This approach provides a way to use spectropolarimetric
imagery to distinguish between materials that are similar to each other.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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polarimetric or derived Stokes parameters contained more information
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1.1

1.2

Introduction

Distinguishing between similar materials in imagery is challenging as they
may exhibit nearly identical spectral signatures (Becker et al. 2018; Herold
et al. 2002). Prior research has investigated use of polarimetric imagery to
distinguish between manmade materials from natural backgrounds
(Bright, Pantuso, and Zadnik 2019; Pantuso et al. 2018), but has not
focused on distinguishing between similar materials. This research effort
investigates the phenomenology of the polarimetric responses and spectral
energy interactions with materials in both the natural and built
environment. We will explore this interaction through analysis of
multiband field data of various materials that provide spectropolarimetric
signatures in the visible and infrared (VIR) region of the electromagnetic
spectrum. Techniques to distinguish material pairs will better inform
future research in image science, material recognition, and land cover
mapping.

Objectives

The objective of this research is to discover the most effective
characterization of subsets of VIR bands to the energy interaction with
materials. This project will achieve this by investigating the
phenomenology of spectropolarimetric responses and with materials in
both the natural and built environment. Multiband VIR
spectropolarimetric imagery provide a capability to better characterize
materials in imagery, especially in situations where the materials are
similar to the background or other objects in the imagery.

Approach

This research will test whether the interaction of spectral energy with
commonly encountered material objects creates spectropolarimetric
responses that can be attributed, optimized, and segmented into separable
material subsets. The approach will fuse polarimetric signature responses
in two-dimensional imagery for VIR spectropolarimetric responses and
determine if the responses are separable using multivariate statistics
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1.3

1.4

Scope

Previous research has applied spectropolarimetric imagery to find
manmade materials among natural backgrounds. This research expands
by using spectropolarimetric imagery captured with sensors developed for
ERDC to distinguish similar materials from each other.

Background

Multispectral sensor systems measure the intensity of reflected radiation
from materials in a scene across a number of bands. Traditional spectral-
based remote sensing techniques may not be able to distinguish materials
in a scene when those materials exhibit similar spectral signatures (Myint
et al. 2011). Other remote sensing approaches, such as the use of
hyperspectral, improve material identification, but are costly and still do
not enable identification of materials when they are spectrally similar to
other materials.

In electromagnetic wave theory, light is described as the propagation of
energy due to constantly varying electric and magnetic fields. These fields
can be represented as vectors existing in the plane perpendicular to the
direction of propagation. When natural light strikes a non-metallic
surface, there is a preferential reflection for those waves for which the
electric field vector is vibrating parallel to the surface, resulting in linear
polarization of the reflected beam (Figure 1). In addition, for emissive
band infrared (>3 microns), an emission component exists. This results in
a very strong polarization signal when the reflected component is small
(Pantuso et al. 2018). Polarization may provide clues about the feature,
such as shape, roughness, or other surface patterns. Polarized imagery
shows the distribution of the polarization state across the entire scene
from a variety of materials and objects.

Figure 1. Polarization from surface reflectance.
Light Light




ERDC/GRL TR-22-2

Spectropolarimetric data collection in the VIR region uses both
unpolarized and polarimetric information to identify materials in a scene.
Research is exploring ways to exploit these data and has focused on
spectropolarimetric sensors with one band or with target materials that
contrast from background materials (Gurton and Felton 2009; Zhao et al.
2009).

Unpolarized light incident on a material is reflected, absorbed, and
transmitted at the material surface. Surface reflectance is the incident light
that bounces off the surface of a material when the surface modifies the
polarization of the incident light and never interacts with the molecular
structure of that material. The surface-reflected light, if the surface is even
somewhat smooth, will be partially polarized; polarized reflectance will be
largely spectrally invariant. Conversely, the transmitted light interacts
with the volume of the material, where it is both scattered and absorbed.
The light scattered from the material volume back through the material
surface is the non-polarized material volume reflectance, which displays
the spectral absorption characteristics of the material.

All materials exhibit some amount of surface reflectance and some amount
of volume reflectance. Many materials display volume reflectance with
varying degrees of spectral variance. Figure 2 shows volume reflectance
spectra in the visible (VIS) and shortwave infrared (SWIR) for four
common substances: concrete, black paint, grass, and pine wood. The
curves for concrete and black paint are primarily spectrally flat. In
contrast, the curves for living vegetation have a high degree of spectral
variance. While the polarized surface reflectance of a green leaf is
spectrally flat and displays no evidence of chlorophyll pigments, the non-
polarized volume reflectance displays pronounced evidence of chlorophyll
pigments through differential absorption. Consideration of the polarized
component of surface reflectance from a leaf may provide additional
information, such as its surface roughness. The same holds true for other
substances and may allow materials with similar spectrally flat volume
reflectances to become separable through their polarimetric signatures.
These two reflectances, while linked mathematically, are essentially
unrelated to each other. When analyzed together, they may be used to
provide additional information to help distinguish materials.
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Figure 2. Spectral reflectance of different materials (natural and manmade).
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Traditionally, polarimetric measurements are taken in one band of the
VIS, SWIR, or longwave infrared (LWIR), and research has shown benefits
and shortcomings for each. Prior spectropolarimetric research outside of
ERDC focused on using single spectropolarimetric band imagery to
characterize ground features or on multiband imagery to examine single
land covers (Gurton and Felton 2009; Zhao et al. 2009). The United States
Army Command, Control, Communication, Computers, Cyber,
Intelligence, Surveillance and Reconnaissance Center Research and
Technology Integration Directorate considered the VIS, SWIR, and LWIR
bands separately to investigate small manmade material detection in
cluttered imagery suppressing the clutter to cue potential threats (Bright,
Pantuso, and Zadnik 2019; Pantuso et al. 2018). Most research has focused
on using polarization to detect manmade materials (Lavigne et al. 2009).
However, NASA and USDA researchers applied hyperspectral
spectropolarimetry to remove the surface reflection and better study leaf
photochemical effects evident in the material reflection (Vanderbilt,
Daughtry, and Dahlgren 2019).

Spectropolarimetric remote sensing uses Stokes parameters and other
mathematical metrics derived from measurements captured by
polarimetric cameras to differentiate between materials. The Stokes
parameters are denoted using the terms So, S1, S2, and S3. They form a
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one-dimensional array that describes the polarization of light based on its
time-averaged intensity contained in different polarization states (Tyo et
al. 2006). So measures unpolarized light and is analogous to how a
panchromatic would be represented. S1, S2, and S3 are the polarimetric
Stokes parameters. S1 measures the amount of linearly polarized light that
passes through a vertical or horizontal filter, and S2 measures diagonally
polarized light that passes through a diagonal filter (Table 1). S3 measures
circularly polarized light and is usually ignored because circular
polarization is rare in nature although more common in urban settings
(Konnen 1985). S3 was not used in this research.

Table 1. Definition of the Stokes parameters.

Stokes parameter Polarization State

SO = Igo + Igge Unpolarized

S1 = Iy — Igge Trapsmits or?ly light polarized
at linear horizontal (0°) or
linear vertical (90°)
component

S2 = Iyso — Iyso Transmits only linear +45° or
linear -45°

The degree of linear polarization (DOLP), angle of polarization (AOP), and
enhanced thermal (ETM) are the derived polarimetric Stokes parameters.
The DOLP and AOP are other mathematical equations employed in
spectropolarimetry that are products of the Stokes parameters. The DOLP
expresses the amount of linearly polarized light as a fraction of the total
amount of reflected light, and AOP is the angle of polarization at which
light that is reflected from the surface is linearly polarized. The ETM is a
technique developed by Polaris Sensor Technologies Inc. of Huntsville, AL
(hereafter “Polaris”), to combine polarization information for the purpose
of visualization (Chenault et al. 2015). The technique uses the hue,
saturation, value method to display the colorized image. Hue is the AOP,
saturation is the DOLP, and value is the unpolarized intensity image, So.
All these quantities help distinguish polarized materials in a scene.
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Previous research (supported by the US military) on polarimetric effects
from materials outside of the microwave band has been largely concerned
with isolating individual objects from a natural or cluttered background.
This effort focuses on creating strategies to characterize patterns of
materials in a more complex urban setting using a multiband
spectropolarimetric approach.
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2.1

Methodology

This study seeks an understanding of the fundamental spectropolarimetric
interaction of VIR energy with common natural and manmade materials
and how this interaction can be optimized for the differentiation of these
materials.

Data

The researchers exploited overhead imagery collected over Spanish Fork,
UT, and Grand Junction, CO, on June 25 and 26, 2019. The data are
composed of unpolarized and polarimetric reflectance values in the VIS,
SWIR, and LWIR. Polaris collected the overhead data using a suite of
cameras it developed for the U.S. Army Engineer Research and
Development Center (ERDC), Geospatial Research Laboratory (GRL)
(Roche and Pezzaniti 2019) (see Table 2, Figure 3, and Figure 4).

Table 2. Spectropolarimetric camera specifications developed
by Polaris Sensor Technologies, Inc.

- VIS camera SWIR camera LWIR camera
Wavelength (um) 0.4-0.7 1.1-1.7 7.5-13.5
Polarization States SO, S1, S2 SO, S1, S2 S0, S1,S2

Figure 3. Spectropolarimetric cameras (VIS, SWIR, and LWIR) developed for GRL
to collect imagery of study sites.
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Figure 4. Imagery matrix showing spectropolarimetric (VIS, SWIR and LWIR) imagery,
representing three different polarimetric states (SO, S1, and S2).
The scene is of St. Mary's Hospital, Grand Junction, CO.

Polaris conducted multiple flyovers at each study site. Data were taken on
days with a clear sky as SWIR sky illumination is known to vary on partly
cloudy days and may impact results. We selected two flyovers at each
study site. Each flyover captured hundreds of frames of the area, from
which we selected two. Since we collected imagery in the VIS, SWIR, and
LWIR, the imagery we analyzed totaled 24 frames. Polaris developed
software that extracted the VIS, SWIR, and LWIR values for the So, S1,
and S2 Stokes parameters from the imagery and derived the DOLP, AOP,
and ETM from the Stokes parameters for each band. We ingested the
imagery into the software, identified materials for further analysis, and
created polygon regions of interest (ROI) around materials to obtain the
values for all of the parameters (Figure 5). We input the values into
spreadsheets for further analysis.
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2.2

Figure 5. Polaris software was used to draw polygons around each item of interest. The
software extracted descriptive statistics for each Stokes parameter at each band.

o6s s DOSOOO 4.
029.3¢ Pixel Location: 1230, 1025 Value: 1097.734
T B T - L Name Mean Std Dev Max Min Sum Max Loc Min Loc
- j t . Wholelmage 1229521906 411.364536 40850 1736875 62120770 2296,303 1441, 714
] . . FallowAgric... 1.543.158889 106325495 1915875 1.252.0 33.809.068... 1019, 1066 969, 1020
[ - FallowAgric 1547073488 113707306 1936350625 1222109375 24531544 3971061 284, 1000
FallowAgric 1592554123 123.06221 1961890625 1.269328125 17.557.908. 684,626 704,698
. FallowAgric.. 1565236908 114849859  1,949.515625 1263.875 13,575,299... 455,657 313,663
FallowAgric 1607856583 143778835 203353125 12336875 31,322 661 931, 807 964 B46
. Scrubl 1.250659028 56219139 1547453125 1148125 20765413 958. 1604 961.1634
. Scrub2 1.169.840327 53488595 139596875  1,036.6875 16.561.429... 1639, 1867 1707, 1798
. Scrub3 1191571428 31025793 1,364 625 1080625 20,357 997 498, 1892 537.1845
. Secrubd 1250975212 73444307 153436875 1084390625 13.291611.. 2204,1842 2115, 1862
l Serub5 1307785284 49 445512 14810625 118246875 10,348,504 1285, 1734 1275, 1780
Road1 532 570135 113.763558 629515625 18553125 5166.462.8. 1524, 777 1463, 724
Road2 746.316557  135.307606  1.192.6875 580.40625 8102.758.8.. 1504, 1361 1531, 1394
l Road3 833377771 83367414 1057703125 722584375  2,250,8533 524, 1276 496, 1252
Road4 802654505 50806474 11171875 68853125 36159585 1772.1508 1748, 1535
. Road5 79251151 68.253244 1200921875  666.40625 4.841.452.8.. 2053, 765 1966, 781
. Building 1 1.637042395 298453539  2,158.1875 1070046875 64974212 1686, 983 1717. 996
. Building2 1.546.039973  350.61802 212328125 1.051.0 34000181, 12321239 1257, 1265
l Building3 176591304  234.66804 2193203125 8405 3.547.719.2.. 1996, 966 2018,936
Building4 1580486754 304803148 208121875 1196015625 5,855,703.4. 1255, 1044 1308, 1011
Building5 126519038  49.972968 1416125 1.107.765625 6.013.449.8.. 2236,652 2181.61

Statistical methods

We investigated and quantified spectropolarimetric reflectance for
different materials in the overhead imagery with a focus on differentiating
between manmade and natural materials. Relationships were defined
among polarization states and received intensity for each material in each
band. We investigated techniques to differentiate between the materials.
These techniques included multi-image manipulation processes such as
band ratioing using the Michelson contrast equation, exploratory analysis
using box and whisker plots, and statistical analysis using Kruskal-Wallis
analysis of variance (ANOVA).

2.2.1 Michelson contrast

The Michelson contrast equation (Michelson 1927) compares two
materials to each other. The equation is a simple normalized difference
contrast where the mean of one material is subtracted from the mean of a
second material divided by the sum of the two. This approach assumes the
materials tested have relatively uniform responses.

) mean(material 1) — mean(material 2)
Michelson Contrast =

mean(material 1) + mean(material 2)

The Michelson contrast equation was employed to determine whether the
polarimetric and derived Stokes parameters—S1, S2, DOLP, AOP, and
ETM—provide additional information beyond what the unpolarized So
Stokes parameter provides in differentiating between similar materials.
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Traditional remote sensing has relied on spectral data, which are
equivalent to what the combined So, S1, and S2 capture, to identify and
map features in imagery. This research effort adds polarimetric and
derived data to determine their utility in distinguishing between materials
that are indistinguishable in the unpolarized state.

Pairwise comparisons were calculated using same and different materials
in imagery and in order to test whether the unpolarized parameter differed
from the polarimetric parameters (Table 3). Specifically, we used the
Michelson contrast to test whether the unpolarized So contrast medians
are distinct from the S1, S2, DOLP, AOP, and ETM polarization and
derived parameter medians. The So Stokes parameter represents
unpolarized panchromatic intensity and the other Stokes and derived
parameters are based on polarimetric responses. We chose a test based on
Michelson contrasts to demonstrate multiband spectropolarimetric
techniques. Multiband spectral reflectance satellites are already commonly
used (e.g., WorldView and Landsat sensors), while multiband
spectropolarimetric satellites have not yet been deployed.

Table 3. Michelson Contrast (in the green highlighted column) computed for mean values (in
red boxes) of each parameter. This example shows cars vs. cars and cars vs. buildings;
however, the Michelson Contrast was calculated for all feature combinations.

Target description  Mode Mean value Mean for wholeimage  Standard deviation S.D.for wholeimage  Min Value M1: Cm Mi:
carl s0 4082.397436 2779.343296 1022.148214 2860.131836 0.095965
Car2 S0 5724.181274] 4082.397436 1453.679809 1022.148214 3725.952148

Carl s1 0.029071 0.001342 0.021852 0.059565 0.013597
Car2 s1 0.059379 | 0.029071 0.000645 0.021852 0.058296
Carl 52 0.021693 0.07865 0.019263 -0.039238 -0.12765
Car2 52 0.066917 | 0.021693 0.083327 0.019263 -0.034167

Carl DolP 0.101641 0.040516 0.047533 0.022863 0.060436 0.03499
Car2 DolP 0.109012 0.040516 0.055352 0.022863 0.064788

Carl AOP 11.659479 18.115843 19.552998 16.679775 -16.146715 -0.13569
Car2 AOP 15.320343 18.115843 19.305176 16.679775 -14.8304

Target description Mode Mean value Mean for whole image  Standard deviation S.D. for whole image  Min Value M1: Cm Mii
Carl S0 6939.451660] 4082.397436 2779.343296 1022.148214 2860.131836 0.208014

Buildingl ] 4549.569539 4082.397436 135.087596 1022.148214 4395.358398

Carl s1 0.061016 0.029071 0.001342 0.021852 0.059565 0.422815

Buildingl S1 0.024752 0.029071 0.011451 0.021852 0.001295

Carl s2 0.051767 0.021693 0.07865 0.019263 -0.039238 @
Buildingl S2 0.017721 0.021693 0.004089 0.019263 0.006503

Carl DolP 0.101641 0.040516 0.047533 0.022863 0.060436 @
Buildingl DolP 0.03141 0.040516 0.00938 0.022863 0.007369

Carl AOP 11.659479 18.115843 19.552998 16.679775 -16.146715 @
Building1 AOP 19.593155 18.115843 7.709174 16.679775 5.707752

2.2.2 Box-and-whisker plots

The difference between the Michelson contrasts for the So and polarized
and derived Stokes parameters was examined using box-and-whisker plots
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to determine additional information the polarized and derived Stokes
parameters provide. The interquartile range is the 25th to 75th percentile
(this comprises the boxplot part of the box-and-whisker plot), the median
is the middle value of the dataset, the whiskers are 1.5 times IQR plus the
75th or 25th percentile, and the notch is the 95% confidence interval of the
median (Figure 6). According to Chambers et al. (1983), the box-and-
whisker plot is not a formal statistical test, but if the notches for two
variables do not overlap, it is an indicator that the variables may be
statistically significantly different at the 95% confidence interval. We are
not claiming statistical significance because our sample size is small, but
we are using the notch comparison as an exploratory measure to suggest a
difference between two materials. For every band, we compared the
notches of each box-and-whisker plot between the So and polarized Stokes
parameters for every material to determine which materials were different
from each other.

Additionally, we examined whether the boxplot, excluding whiskers and
outliers, overlapped with a Michelson contrast value of zero. A contrast
that overlaps with zero shows low to no contrast between materials,
indicating either the materials are similar, the same, or are dissimilar
materials that are not differentiable in that Stokes parameter.

Figure 6. Box-and-whisker plot with its components labeled and example of non-overlapping
notches between two plots indicating the two materials are from different populations.

o Possible Outlier

Compare Random Data from Different Distributions

Upper Whiskers
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aka 3rd Quartile Maximum Value N J— :
........... : |
7 | !
| ——
The “Notch” : ) s ' o J
95% Confidence Interval of -« : Inégrguantlef g(% R) )
the Median : «Median {60 Perentof D) 5 < —
Median +/-1.57 x QRIS ;... : |
........... ) I -
/ 3 |
. |
25th Percentile I
aka 1st Quartile Lower Whiskers 2 —

Greater of 25th Percentile or mu=5 mu =6
Minimum Value

2.2.3 Kruskal-Wallis analysis of variance

We performed pairwise comparisons of materials using the Kruskal-Wallis
one-way ANOVA H-test (Kruskal and Wallis 1952). The null hypothesis of
this test is that the means of two groups are identical. Therefore, a
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significant p-value means two materials have a statistically significant
difference of responses in the given Stokes parameter. This test has the
advantage of being non-parametric and therefore does not require the
normality assumptions necessary for classical ANOVA.
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3.1

Results

Michelson contrast findings

The Michelson contrast results suggest the polarimetric and derived
Stokes parameters (S1, S2, DOLP, AOP, and ETM) provide necessary
information to distinguish between similar and different materials when
materials are otherwise too similar using the unpolarized panchromatic
band (So) to differentiate them. We analyzed the VIS, SWIR, and LWIR
bands separately and found that the SWIR was most consistent in
distinguishing between materials.

Michelson contrast results of same materials showed that the notch of
polarimetric and derived Stokes parameters were more likely to overlap
with the notch of the unpolarized Stokes parameter than when compared
to different materials (Figure 7). Because they are the same materials, we
expected the polarimetric Stokes parameter contrast notches to overlap
with the So notches, which the data demonstrated (Table 4a—c).

When comparing different materials to each other, the notch of the
polarimetric and derived Stokes parameters were less likely to overlap
with the notch of the So (Figure 8). When the notch of the polarimetric
and derived Stokes parameters do not overlap with the unpolarized Stokes
parameter, it suggests that the polarized and derived Stokes parameters
may provide a more robust spectropolarimetric signature to distinguish
between the materials (Table 5a—c).

We examined whether the boxplots overlapped with a Michelson value of
zero for each Stokes parameter to determine the amount of similarity
between materials and found a high degree of overlap between same
materials (i.e., building polygons to other building polygons) across Stokes
parameters in the VIS and SWIR (Table 6a—c). When comparing different
materials by examining whether the boxplots overlapped with a Michelson
value of zero, we found materials with a low degree of overlap over zero
across all of the Stokes parameters in the VIS, in the So and ETM in the
SWIR, and DOLP and ETM in the LWIR.

The Michelson contrast values were most often at or near zero when
comparing same materials, suggesting same materials are
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indistinguishable from each other and thus their spectropolarimetric
values may be used to create signatures (Figure 7). Likewise, different
materials often showed high contrast to each other using the Michelson
contrast (their values in the boxplot are less likely to overlap with zero, due
to their higher contrast) (Figure 8).

Table 4a-c. Percent of notches in the boxplots from the Michelson contrasts in the VIS, SWIR,
and LWIR for the polarimetric and derived Stokes parameters (S1, S2, DOLP, AOP, and ETM)
that overlap with the unpolarized (SO) Michelson Contrast notches for same material
comparisons. The cells were highlighted when all of the polygon ROIs for a polarimetric or
derived Stokes parameter overlapped with SO.

(a) Grand Junction and Spanish Fork combined VIS result.

Total for % times % times SO | %times SO | % times % times
Same Material each SO same same as same as SO same SO same
Comparison parameter | asS1 S2 DOLP as AOP as ETM
Road-comparison 8 62.50 87.50 75.00 87.50 75.00
Building-comparison 7 100.00 100.00 100.00 100.00 100.00
Car-comparison 5 80.00 80.00 80.00 80.00 100.00
Scrub-comparison 5 60.00 60.00 60.00 40.00 80.00
Fallow agriculture—
comparison 3 100.00 0.00 33.33 66.67 100.00
GrassField—comparison 3 66.67 100.00 100.00 66.67 100.00
Tree-comparison 1 100.00 100.00 100.00 100.00 100.00

(b) Grand Junction and Spanish Fork combined SWIR result.

Total for % times % times SO | % times SO | % times % times
Same Material each S0 same same as same as S0 same SO same
Comparison parameter | asS1 S2 DOLP as AOP as ETM
Road-comparison 8 75.00 87.50 87.50 75.00 87.50
Building-comparison 7 85.71 100.00 100.00 100.00 100.00
Car-comparison 5 80.00 100.00 100.00 60.00 100.00
Scrub-comparison 5 60.00 80.00 100.00 80.00 100.00
Fallow Agriculture-
comparison 3 33.33 100.00 100.00 66.67 100.00
GrassField-comparison 3 66.67 100.00 100.00 100.00 100.00
Tree-comparison 1 100.00 100.00 100.00 100.00 100.00
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(c) Grand Junction and Spanish Fork combined LWIR result.

Total for % times % times SO | % times SO | % times % times
Same Material each SO same same as same as SO same SO same
Comparison parameter | asS1 S2 DOLP as AOP as ETM
Road-comparison 8 75.00 75.00 50.00 62.50 87.50
Building-comparison 7 7143 57.14 57.14 7143 57.14
Car-comparison 5 40.00 60.00 60.00 80.00 100.00
Scrub-comparison 5 60.00 60.00 80.00 40.00 60.00
Fallow Agriculture-
comparison 3 66.67 33.33 66.67 66.67 100.00
GrassField-comparison 3 33.33 100.00 66.67 66.67 66.67
Tree-comparison 1 0.00 100.00 0.00 100.00 100.00

Table 5a-¢. Percent of notches in the boxplots from the Michelson contrasts in the VIS, SWIR,
and LWIR for the polarimetric and derived Stokes parameters (S1, S2, DOLP, AOP, and ETM)
that overlap with the unpolarized (SO) Michelson Contrast notches for different feature
comparisons. The highlighted cells show when all of the polygon ROIs for a polarimetric or
derived Stokes parameter did not overlap with SO, suggesting that the polarimetric or derived

Stokes parameters contained more information than the SO.

(a) Grand Junction and Spanish Fork combined VIS result.

% times % times % times

Total for SO % times SO | %times SO | SO SO
Different Material each different different different different different
Comparison parameter | from S1 from S2 from DOLP | from AOP | from ETM
Building—Road 7 85.71 85.71 85.71 7143 71.43
Building—Scrub 5 80.00 80.00 80.00 80.00 20.00
Road—Scrub 5 100.00 100.00 100.00 100.00 60.00
Car—Road 5 100.00 100.00 100.00 100.00 60.00
Car—Building 4 75.00 75.00 100.00 75.00 50.00
Car—Scrub 3 100.00 100.00 100.00 100.00 0.00
Road—GrassField 3 100.00 100.00 100.00 100.00 66.67
GrassField—Building 3 33.33 100.00 100.00 66.67 66.67
Fallow Agriculture—Road 3 100.00 100.00 100.00 100.00 100.00
Fallow Agriculture—Building 2 100.00 0.00 0.00 100.00 0.00
Fallow Agriculture—Car 1 100.00 100.00 100.00 100.00 100.00
Fallow Agriculture—Scrub 1 100.00 100.00 100.00 100.00 0.00
Fallow Agriculture—
GrassField 1 0.00 0.00 0.00 0.00 0.00
Road—Tree 1 100.00 100.00 100.00 100.00 100.00
Tree—Car 1 100.00 100.00 100.00 100.00 100.00
Tree—Fallow Agriculture 1 100.00 100.00 100.00 100.00 100.00
GrassField—Car 1 100.00 100.00 100.00 100.00 100.00
Scrub—GrassField 1 100.00 100.00 100.00 100.00 0.00
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(b) Grand Junction and Spanish Fork combined SWIR result.

% times % times % times
Total for SO %times SO | % times SO | SO SO
Different Material each different different different different different
Comparison parameter | from S1 from S2 from DOLP | from AOP | from ETM
Building—Road 7 57.14 57.14 100.00 14.29 14.29
Building—Scrub 5 80.00 100.00 100.00 60.00 20.00
Road—Scrub 5 80.00 100.00 100.00 80.00 0.00
Car—Road 5 80.00 60.00 60.00 20.00 40.00
Car—Building 4 50.00 75.00 75.00 25.00 0.00
Car—Scrub 3 66.67 66.67 100.00 66.67 0.00
Road—GrassField 3 100.00 66.67 100.00 66.67 0.00
GrassField—Building 3 33.33 66.67 66.67 66.67 0.00
Fallow Agriculture—Road 3 33.33 66.67 100.00 100.00 0.00
Fallow Agriculture—Building 2 50.00 100.00 100.00 100.00 0.00
Fallow Agriculture—Car 1 100.00 0.00 100.00 100.00 0.00
Fallow Agriculture—Scrub 1 100.00 100.00 100.00 100.00 0.00
Fallow Agriculture—
GrassField 1 100.00 100.00 100.00 100.00 0.00
Road—Tree 1 100.00 0.00 0.00 0.00 0.00
Tree—Car 1 100.00 0.00 0.00 0.00 0.00
Tree—Fallow Agriculture 1 0.00 100.00 100.00 100.00 0.00
GrassField—Car 1 100.00 100.00 100.00 0.00 0.00
Scrub—GrassField 1 0.00 0.00 100.00 0.00 0.00
(c) Grand Junction and Spanish Fork combined LWIR result.
% times % times % times
Total for SO % times SO | %times SO | SO SO
Different Material each different different different different different
Comparison parameter | from S1 from S2 from DOLP | from AOP | from ETM
Building—Road 7 28.57 57.14 42.86 28.57 42.86
Building—Scrub 5 60.00 60.00 40.00 60.00 40.00
Road—Scrub 5 40.00 60.00 40.00 20.00 20.00
Car—Road 5 40.00 0.00 80.00 40.00 100.00
Car—Building 4 75.00 25.00 25.00 50.00 75.00
Car—Scrub 3 0.00 100.00 66.67 66.67 66.67
Road—GrassField 3 0.00 66.67 66.67 33.33 33.33
GrassField—Building 3 66.67 100.00 66.67 66.67 33.33
Fallow Agriculture—Road 3 100.00 66.67 33.33 66.67 100.00
Fallow Agriculture—Building 1 0.00 100.00 0.00 0.00 0.00
Fallow Agriculture—Car 1 100.00 100.00 100.00 100.00 100.00
Fallow Agriculture—Scrub 1 0.00 0.00 100.00 100.00 0.00
Fallow Agriculture—
GrassField 1 0.00 0.00 0.00 0.00 0.00
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% times % times % times
Total for SO % times SO | % times SO | SO SO

Different Material each different different different different different
Comparison parameter | from S1 from S2 from DOLP | from AOP | from ETM
Road—Tree 1 100.00 100.00 100.00 100.00 100.00
Tree—Car 1 100.00 100.00 100.00 100.00 100.00
Tree—Fallow Agriculture 1 100.00 0.00 100.00 0.00 100.00
GrassField—Car 1 0.00 0.00 100.00 0.00 100.00
Scrub—GrassField 1 100.00 100.00 100.00 100.00 100.00
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Table 6a-c. Percent of boxplots that overlap with a Michelson contrast value of zero. A high
percentage of boxplots that overlap with zero indicate low contrast between materials,
suggesting the materials are either the same, similar, or not differentiable. A low percentage
of boxplots that overlap with zero indicate high contrast between materials, suggesting the
materials are different or are not differentiable from each other. Boxes highlighted in yellow
under “Same material comparison” show that the materials’ boxplots all overlapped with
zero, while boxes highlighted in orange show that the materials’ boxplots overlapped with zero
at a rate ranging from 75-99%. Boxes highlighted in yellow under “Different material
comparison” show that no materials’ boxplots overlapped with zero, while boxes highlighted
in orange show that the materials’ boxplots overlapped with zero at a rate between 1-25%.

(a) Grand Junction and Spanish Fork combined VIS result.

Total for
Same material each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—comparison 8 75.00% 62.50% 87.50% 87.50% 62.50% 87.50%
Building—
comparison 7 85.71% | 100.00% 100.00% 85.71% 100.00% 85.71%
Car—comparison 5 60.00% 40.00% 60.00% 60.00% 100.00% 80.00%
Scrub—comparison 5 80.00% 80.00% 80.00% 80.00% 100.00% 80.00%
Fallow Agriculture—
comparison 3 33.33% | 100.00% 33.33% 33.33% 100.00% 33.33%
GrassField—
comparison 3 100.00% 66.67% 100.00% 100.00% 33.33% 100.00%
Tree—comparison 1 100.00% | 100.00% 100.00% 100.00% 100.00% 100.00%
Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—Building 7 28.57% 14.29% 14.29% 14.29% 28.57% 28.57%
Building—Scrub 5 40.00% 40.00% 20.00% 40.00% 0.00% 40.00%
Road—Scrub 5 0.00% 0.00% 0.00% 0.00% 20.00% 0.00%
Car—Road 5 0.00% 20.00% 0.00% 0.00% 40.00% 0.00%
Car—Building 4 0.00% 75.00% 25.00% 50.00% 100.00% 0.00%
Car—Scrub 3 0.00% 33.33% 66.67% 0.00% 100.00% 0.00%
Road—GrassField 3 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
GrassField—Building 3 0.00% 66.67% 0.00% 0.00% 33.33% 0.00%
FallowAgriculture—
Road 3 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fallow Agriculture—
Building 2 100.00% 0.00% 50.00% 50.00% 0.00% 100.00%
Fallow Agriculture—
Car 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fallow Agriculture—
Scrub 1 0.00% 0.00% 0.00% 0.00% 100.00% 0.00%
Fallow Agriculture—
GrassField 1 0.00% | 100.00% 0.00% 0.00% 0.00% 0.00%
Road—Tree 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Tree—Car 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Tree—Fallow
Agriculture 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
GrassField—Car 1 0.00% 0.00% 100.00% 100.00% 100.00% 0.00%
Scrub—GrassField 1 100.00% 0.00% 0.00% 100.00% 0.00% 100.00%
(b) Grand Junction and Spanish Fork combined SWIR result.
Total for
Same material each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—comparison 8 87.50% 87.50% 75.00% 100.00% 62.50% 87.50%
Building—
comparison 7 85.71% | 100.00% 100.00% 85.71% 100.00% 85.71%
Car—comparison 5 100.00% 80.00% 100.00% 80.00% 80.00% 40.00%
Scrub—comparison 5 100.00% 80.00% 80.00% 80.00% 80.00% 100.00%
Fallow Agriculture—
comparison 3 100.00% 33.33% 100.00% 100.00% 66.67% 100.00%
GrassField—
comparison 3 100.00% 66.67% 100.00% 100.00% 100.00% 100.00%
Tree—comparison 1 100.00% | 100.00% 100.00% 100.00% 100.00% 100.00%
Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—Building 7 28.57% 71.43% 71.43% 71.43% 85.71% 14.29%
Building—Scrub 5 0.00% 40.00% 60.00% 20.00% 40.00% 0.00%
Road—Scrub 5 0.00% 40.00% 20.00% 20.00% 20.00% 0.00%
Car—Road 5 0.00% 20.00% 80.00% 20.00% 60.00% 0.00%
Car—Building 4 0.00% 50.00% 75.00% 25.00% 50.00% 0.00%
Car—Scrub 3 33.33% 0.00% 33.33% 0.00% 66.67% 66.67%
Road—GrassField 3 0.00% | 100.00% 33.33% 33.33% 66.67% 0.00%
GrassField—Building 3 33.33% 33.33% 66.67% 33.33% 100.00% 0.00%
FallowAgriculture—
Road 3 0.00% | 100.00% 33.33% 33.33% 66.67% 0.00%
Fallow Agriculture—
Building 2 0.00% | 100.00% 0.00% 0.00% 100.00% 0.00%
Fallow Agriculture—
Car 1 100.00% | 100.00% 200.00% 100.00% 100.00% 100.00%
Fallow Agriculture—
Scrub 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fallow Agriculture—
GrassField 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Road—Tree 1 0.00% | 100.00% 100.00% 0.00% 100.00% 0.00%
Tree—Car 1 0.00% 0.00% 100.00% 0.00% 0.00% 0.00%
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Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Tree—Fallow
Agriculture 1 0.00% | 100.00% 0.00% 0.00% 100.00% 0.00%
GrassField—Car 1 0.00% 0.00% 0.00% 100.00% 100.00% 0.00%
Scrub—GrassField 1 0.00% | 100.00% 100.00% 0.00% 100.00% 0.00%
(c) Grand Junction and Spanish Fork combined LWIR result.
Total for
Same material each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—comparison 8 87.50% 75.00% 62.50% 50.00% 62.50% 87.50%
Building—
comparison 7 85.71% 71.43% 57.14% 57.14% 71.43% 71.43%
Car—comparison 5 100.00% 60.00% 60.00% 80.00% 100.00% 100.00%
Scrub—comparison 5 100.00% 60.00% 60.00% 80.00% 40.00% 60.00%
Fallow Agriculture—
comparison 3 100.00% 66.67% 33.33% 66.67% 100.00% 66.67%
GrassField—
comparison 3 66.67% | 100.00% 100.00% 100.00% 66.67% 66.67%
Tree—comparison 1 100.00% | 100.00% 100.00% 0.00% 100.00% 100.00%
Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Road—Building 7 42.86% 28.57% 85.71% 0.00% 57.14% 14.29%
Building—Scrub 5 0.00% 60.00% 60.00% 0.00% 60.00% 0.00%
Road—Scrub 5 100.00% 40.00% 60.00% 20.00% 60.00% 20.00%
Car—Road 5 100.00% 80.00% 80.00% 0.00% 40.00% 20.00%
Car—Building 4 25.00% 50.00% 50.00% 75.00% 75.00% 25.00%
Car—Scrub 3 100.00% | 100.00% 66.67% 0.00% 66.67% 0.00%
Road—GrassField 3 66.67% 66.67% 100.00% 33.33% 66.67% 0.00%
GrassField—Building 3 33.33% 33.33% 66.67% 33.33% 100.00% 0.00%
FallowAgriculture—
Road 3 66.67% | 100.00% 33.33% 0.00% 66.67% 33.33%
Fallow Agriculture—
Building 3 100.00% 0.00% 50.00% 0.00% 0.00% 50.00%
Fallow Agriculture—
Car 1 0.00% | 100.00% 0.00% 0.00% 0.00% 0.00%
Fallow Agriculture—
Scrub 1 100.00% 0.00% 0.00% 100.00% 100.00% 0.00%
Fallow Agriculture—
GrassField 1 100.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Road—Tree 1 0.00% 0.00% 0.00% 100.00% 0.00% 0.00%
Tree—Car 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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Total for
Different material | each
comparison parameter | SO S1 S2 DOLP AOP ETM
Tree—Fallow
Agriculture 1 100.00% | 100.00% 100.00% 100.00% 100.00% 100.00%
GrassField—Car 1 0.00% | 100.00% 100.00% 0.00% 100.00% 0.00%
Scrub—GrassField 1 100.00% | 100.00% 100.00% 100.00% 100.00% 100.00%

Figure 7. Michelson contrast results from the comparison of building ROI polygons to each
other in the VIS in one scene in Grand Junction, CO. The notches of the S1, S2, DOLP, AOP,
and ETM overlap with the SO, indicating the polarimetric and derived Stokes parameters
provide no additional value in identifying buildings as separate materials from each other.
Additionally, the Michelson contrast values overlap with zero, indicating low to no contrast
between other building ROIs, further suggesting the building ROIs are distinct from other
materials.
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Figure 8. Michelson contrast results comparing road and building ROI polygons in the VIS in

one scene in Grand Junction, CO. The notches of the S1, S2, DOLP, and ETM do not overlap

with the SO, indicating these polarimetric and derived Stokes parameters provide additional
value in differentiating between roads and buildings.
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ANOVA findings

Results from the Kruskal-Wallis one-way ANOVA H-test showed that the
following Stokes parameters can be used to differentiate between various
manmade materials: the So, S1, S2, DOLP, AOP, and ETM in the VIS; the
So, S1, and ETM in the SWIR; and the So, S1, DOLP, and ETM in the
LWIR. Results showed that the following Stokes parameters can be used to
differentiate between various natural materials: the So in the VIS; So, S1,
and AOP in the SWIR; and the S2 and ETM in the LWIR. (Table 7a—c).

We applied the ANOVA technique to the two study sites after we combined
them and found that fewer materials maintained statistical significance
from each other compared to when analyzing the sites individually, which
could be because the scenes were not calibrated to each other, materials
differed too much by study site, differences in camera collection angle, or
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variations in image acquisition time of day. However, we still found that
similar materials were differentiable when combining the two sites
together (Table 7c).

We summarized Stokes parameters to show each band where natural
materials are differentiable from natural materials or where manmade
materials are differentiable from other manmade materials (Table 8). The
unpolarized So in the VIS, SWIR, and LWIR at each site exhibited a high
degree of efficacy in discriminating between similar manmade materials.
Upon examination of the polarimetric and derived Stokes parameter
results, manmade materials were most differentiable in the VIS most
consistently. The ETM in the LWIR most consistently exhibited the ability
to discriminate manmade from other manmade materials. Otherwise,
some Stokes parameters at different bands at one study site (i.e.,
manmade in the S1 LWIR in Grand Junction, CO, but not in Spanish Fork,
UT) exhibited success in discriminating between similar materials, but the
same result was not consistently replicated in the other study site.

Table 7 a-c. Results from ANOVA testing showing the materials that exhibit statistically
significant difference by wavelength and Stokes parameter at each study site and aggregated
across both study sites in this research.

(a) Materials that exhibit statistically significant difference at the Spanish Fork, UT, site.

k
Stokes | g SWIR LWIR
Parameter
Road—Scrub
o Road—Scrub Scrub—Road
Road—Building .
) Road—Car Scrub—FallowAgriculture
Road—GrassField . o
. Road—FallowAgriculture Scrub—Building
SO Road—FallowAgriculture . . o
Road—GrassField GrassField—Building
Road—Car o . o
Building—FallowAgriculture Car—Building
Scrub—Car o . o
o Building—GrassField Road—Building
Building—Car
Road—FallowAgriculture
Road—Scrub
. . Road—Scrub
Road—GrassField FallowAgriculture—Scrub o
S1 . . . Road—Building
Car—GrassField FallowAgriculture—GrassField )
o Road—GrassField
Building—Scrub
Building—GrassField
Road—Scrub
Road—FallowAgriculture Road—Scrub
Road—GrassField Road—GrassField ) .
S2 o GrassField—FallowAgriculture
Road—Car Building—Scrub
Building—GrassField Building—GrassField
Building—Car
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Stokes
VIS SWIR LWIR
Parameter
L GrassField—Road
Car—Building . e
GrassField—Building
Car—Road . Road—Car
. L GrassField—Car o
GrassField—Building Road—Building
DOLP . Scrub—Road o
GrassField—Road e Scrub—Building
. Scrub—Building . o
FallowAgriculture—Road FallowAgriculture—Building
Scrub—Car
Scrub—Road .
FallowAgriculture—Car
. FallowAgriculture—Scrub
Road—FallowAgriculture . .
FallowAgriculture—GrassField
Road—Scrub
. Road—Scrub
AOP Road—GrassField . -
o Road—GrassField
Building—Scrub o
o . Building—Scrub
Building—GrassField o .
Building—GrassField
. Road—Scrub Scrub—FallowAgriculture
Road—Building .
) Road—FallowAgriculture Scrub—Road
Road—GrassField . o
. Road—GrassField Scrub—Building
ETM Road—FallowAgriculture o .
Building—Scrub GrassField—Road
Road—Car o . . e
Building—FallowAgriculture GrassField—Building
Scrub—Car o . o
Building—GrassField Car—Building

(b) Materials that exhibit statistically significant difference at t

he Grand Junction, CO, site.

Road—FallowAgriculture

Stokes
VIS SWIR LWIR
Parameter
FallowAgriculture—Road
- FallowAgriculture—Building
Tree—Building .
Road—FallowAgriculture Tree—Road
Tree—Car -
Road—Car Tree—Building
Road—Scrub . )
SO o Road—GrassField GrassField—Road
Road—Building . ) .
Building—Car GrassField—Building
Road—Car o . o
. Building—GrassField Car—Building
FallowAgriculture—Car -
Scrub—Building
Road—Building
s1 FallowAgriculture—Road Car—Road )
Car—Road Car—Building
Road—Car
52 Road—Tree Car—GrassField
Road—GrassField Building—GrassField
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Stokes
VIS SWIR LWIR
Parameter
FallowAgriculture—Building
FallowAgriculture—Car
GrassField—Building
DOLP FallowAgriculture—Road FallowAgriculture—Car GrassField—Car
Car—Road GrassField—Car Tree—Building
Tree—Car
Road—Building
Road—Car
Road—Car Car—FallowAgriculture
AOP Road—Building Car—GrassField -
Road—Scrub Building—GrassField
FallowAgriculture—Scrub
FallowAgriculture—Road
Road—GrassField FallowAgriculture—Building
Road—Building Road—FallowAgriculture Tree—Scrub
ETM Road—Scrub Road—Car Tree—Road
Road—Car Road—Scrub Tree—Building
Tree—Car Building—Car GrassField—Road
Building—Scrub GrassField—Building
Car—Road
Car—Building
(c) Materials that exhibit statistically significant difference at
Spanish Fork, UT, and Grand Junction, CO.
Stokes
VIS SWIR LWIR
Parameter
Tree—Scrub
Tree—Building
) Road—Scrub Tree—Road
Tree—GrassField -
. Road—Car Tree—Building
Tree—FallowAgriculture . .
Road—FallowAgriculture GrassField—Car
Tree—Car ) )
Road—GrassField GrassField—Road
Road—Scrub o . o
SO L Building—Scrub GrassField—Building
Road—Building o . -
) Building—Car FallowAgriculture—Building
Road—GrassField o . -
. Building—FallowAgriculture Scrub—Building
Road—FallowAgriculture L ) .
Building—GrassField Car—Building
Road—Car . o
Scrub—GrassField Road—Building
Scrub—Car
Building—Car
Road—Scrub
S1 - FallowAgriculture—Road Road—Building
Road—GrassField
Road—Scrub
Road—FallowAgriculture
Road—GrassField .
Road—GrassField
S2 Road—Car e . -
Building—GrassField
Road—Tree
Building—GrassField
Building—Car
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Stokes
VIS SWIR LWIR
Parameter
Scrub—Car
Tree—Car
gree—golad Buildi GrassField—Road Tree—Buildin
— uildi
rassField—Building GrassField—Building FondC €
ield—| oad—Car
SrassBFlﬁalld. Road GrassField—Car Road—Buildin
- —Buildi
Car Rwdmg Serub—Road FallowAgrict Itgre—Car
o WAgricultu
DOLP ar—Road Scrub—Building en .
FallowAgriculture— FallowAgriculture—Building
. Scrub—Car .
Building FallowAericult Road GrassField—Car
FallowAgriculture—Road atlow gr!cu ure= O? ) GrassField—Building
Scrub—Road ::a::owigrlcu:ture—iundmg Serub—Car
- allowAgriculture—Car
Building—Road g Scrub—Building
Road—Car
AOP o - -
Building—Car
Tree—Road
Road—Scrub o
L Road—Scrub Tree—Building
Road—Building .
) Road—Car GrassField—Road
Road—GrassField . . e
. Road—FallowAgriculture GrassField—Building
Road—FallowAgriculture .
Road—GrassField Car—Road
ETM Road—Car o o
Building—Scrub Car—Building
Tree—Car o
Building—Car Scrub—Road
Scrub—Car o . o
o Building—FallowAgriculture Scrub—Building
Building—Car o . . o
) Building—GrassField FallowAgriculture—Building
GrassField—Car o
Road—Building
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Table 8. Stokes parameters at each band where natural materials exhibit statistical
significance from other natural materials or where manmade materials exhibit statistical
significance from other manmade materials.

Spanish Fork, UT

f,::':nseter VIS SWIR LWIR

SO Manmade Manmade Manmade

S1 - Natural Manmade

S2 Manmade : Natural

DOLP Manmade : Manmade

AOP - Natural :

ETM Manmade : Manmade, natural

Grand Junction, CO

Stokes

Parameter VIS SWIR LWIR

SO Manmade Manmade Manmade

S1 Manmade Manmade -

S2 Manmade - -

DOLP Manmade - Manmade

AOP Manmade - -

ETM Manmade Manmade Manmade, natural

Spanish Fork, UT and Grand Junction, CO

f,::':nseter VIS SWIR LWIR

SO Manmade, natural Manmade, natural Manmade
S1 - - Manmade
S2 Manmade : :

DOLP Manmade : Manmade
AOP Manmade : :

ETM Manmade Manmade Manmade
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4 Discussion

Prior research has focused on using spectropolarimetric imagery for
anomaly detection in identifying manmade materials in natural
backgrounds. Our approach focuses on identifying materials with spectral
reflectances that are similar, such as similar manmade or natural features
in a scene. Bartlett et al. (2011) used a sensor that collected single-band
450—720 nm spectropolarimetric imagery to find multiple vehicles in a
model desert scene using an anomaly detection model based on
Mahalanobis and Euclidean distances. In this study, the authors stacked
the So, S1, and S2 Stokes parameters using a scaling approach to constrain
So to the same relative data range as S1 and S2. This approach was highly
accurate at target identification. Aron and Gronau (2005) tested
spectropolarimetric imagery in the midwave infrared and LWIR to detect a
vehicle and tent among a natural background. Our approach differed from
theirs in that we focused on differentiating between similar materials
using a pairwise comparison approach comparing individual Stokes
parameters at individual bands, and we found similarities between
materials that were either the same or similar, both using the Michelson
contrast and the ANOVA statistic.

The Stokes parameters and bands were not stacked into hypercubes
because the values of the So are higher than those of the other Stokes
parameters and would overwhelm the signature and skew the ability to
determine separability. The layer stacking approach using scaling by
Bartlett et al. (2011) would provide a technique to combine the imagery to
create a hypercube to determine separability of all materials in a scene.

In our study, we determined material separability using contrast and
statistical approaches. Recent research has shown that discrimination may
be enhanced by using a metric that is more inclusive of target and
background data. This approach combines multiple metrics, including the
Michelson contrast (Pezzaniti et al. 2021). Future research may explore
the new multiple metric approach in addition to use of distance and
machine-learning approaches to map multiple materials in a scene using
spectropolarimetric imagery as well as a development of a binary mapping
approach when interested in just one material while excluding all other
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materials. Use of machine learning and binary approaches using VIR
spectral imagery has been a focus of GRL.

Additionally, future research may focus on calibrating the imagery to aid
with creating reliable signatures that maintain consistency in multiple
images and on using the cameras to collect data in the laboratory of
different materials at different angles to determine if there is an optimal
angle. We would vary directions of view and illumination with which the
cameras collect the data and incorporate the information as signature
attributes to determine if these differences could affect the separability of
materials. Models essential to this effort will be developed based upon the
approach of Meng and Kerekes (2011) in order to better understand the
advantages and limitations of the VIS, SWIR, and LWIR cameras. Meng
and Kerekes (2011) compared image to sample data by calculating the root
mean square error between the image and sample data Stokes parameters
calculated by each instrument.
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5 Conclusion

This study employed contrast and statistical methodologies using VIS,
SWIR, and LWIR spectropolarimetric imagery to determine if similar
materials could be differentiated with the addition of polarimetric and
derived Stokes parameters. This study shows the addition of polarimetric
data is especially useful when data are otherwise too similar to
differentiate. The study used the Michelson contrast and ANOVA to
compare materials identified in imagery collected over Spanish Fork, UT,
and Grand Junction, CO. The technique showed that spectropolarimetric
imagery can be used to differentiate between similar materials, which has
previously focused on identifying materials that had high contrast with
their backgrounds.
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