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Figure C.4: Contrast ratio for four mixtures of quartz sand on Krylon 1602 spray painted

aluminum.

result of too little contaminant being present and experimental error in the deposition

process.

The Surface Optics Corporation reflectometer has a one centimeter diameter aper-

ture, so it is difficult to apply small coverage densities without undershooting or over-

shooting the target amount. In this case, too little material was applied to the spot and

the model as a whole failed. However, good estimates are made when using the results

from only steps one and two of the parameter inversion.

The first two mixture coverage densities and all effective packing fraction rate es-

Three-Step Parameter Estimates for Quartz Sand on Krylon 1602 Painted Aluminum

Mixture Number || Effective Packing | Coverage Density | Contaminant
Fraction (f3) (%) in I Mass (g)
Mixture 1 0.0010 0.0010 0.3232
Mixture 2 0.0010 0.0010 0.3232
Mixture 3 8.2130 0.0054 1.7690
Mixture 4 8.2640 0.0092 2.9843

Table C.2: Table of parameter estimates and total calculated mass for four mixtures of
Quartz sand on Krylon 1602 painted aluminum sheet
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Two-Step Parameter Estimates for Quartz Sand on Krylon 1602 Painted Aluminum

Mixture Number || Effective Packing | Coverage Density | Contaminant
Fraction () (%) in 25 Mass (g)

Mixture 1 8.1519 0.000811 0.2621

Mixture 2 7.5016 0.000915 0.2957

Mixture 3 0.2963 0.0054 1.7453

Mixture 4 6.7783 0.0093 2.0058

Table C.3: Table of parameter estimates and total calculated mass for four mixtures
of quartz sand on Krylon 1602 painted aluminum. Results were obtained only with
parameter estimates from steps 1,2 of the three-step parameter inversion technique.

timates shifted from the initial parameter estimates. Because the amount applied was

so small, the model became unstable when estimating these parameters in the final

step. This instability does not occur in the first parameter estimation step because the

boundaries are more loosely defined.

Mixture emissivity signatures were recreated with the three-step parameter inversion

technique for continuity with other examples. The recreated spectra again overlay well

with their measured emissivity.

Both bare substrate and pure contaminant are also

included. This example should be redone with larger initial contaminant quantities to

ensure initial parameter coverage amounts fall within acceptable boundary conditions.
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Extinction Cross Section of Quartz Sand Mixtures
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Figure C.5: Extinction cross section for four mixtures of quartz.

Measured vs Modeled Emissivity of Quartz Sand on Aluminum

0.94 -
0.92 - .
0.9 | ; A P
I W7 —— Bare Substrate
0.88 - | D f —— Mixture 1
| K [ Mixture 2
206 | ' f ——— Mixture 3
g ——— Mixture 4
E 0.84 - Pure Contaminant
w +  Mixture 1
+  Mixture 2
o8ar ‘ + Mixture 3
Mixture 4
0.8
0.78 -
0.76 L . ' w . s ‘ . .
7 8 9 10 11 12 13 14 15 18

Wavelength in pm

Figure C.6: Measured emissivity (solid lines) vs modeled results for four mixtures of
quartz sand on Krylon 1602 painted aluminum. Emissivity data for the bare substrate
and pure contaminant are also included.
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C.3 Silicon Carbide

Silicon Carbide is an example of a metallic powder manufactured by a mining company
(Washington Mills) that presents a challenge to parameter estimation. A thick layer of
pure Silicon Carbide powder has a spectral window from approximately 8.5-10.5 um that
is less emissive than the substrate (black aluminum) it contaminants and a region beyond
10.5 pum that is more emissive than the substrate. Invariably, this will lead to a single
or multiple crossover points: locations where the substrate and contaminant emissivities
cross as one becomes larger or smaller than the other. The substrate emissivity averages
around 0.92 with contaminant surface emissivities occurring before 10.5 um being more

emissivity and values beyond 10.5 um being less emissive.

Silicon Carbide like quartz, was tested on a Krylon 1602 spray painted aluminum
substrate surface. Materials were deposited with a 100 pum eight inch diameter sieve.
Measurements were made in the laboratory with the SOC-400T reflectometer and spec-
trally smoothed using the instruments proprietary software. Settings for the smoothness

algorithm were set low so as not to remove important features in the spectra.

As in the previous examples, the contrast ratios seen in Figure C.7 are mostly com-
plete data sets with some exceptions at 8.5 and 10.6 gm. They have very similar shapes
as well, but occur at vastly different magnitudes like some of the previous materials.
Again, magnitude of the contrast ratio has no standing to the validity of the estimated

extinction cross section or the other estimated parameters.
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Parameter Estimates for Silicon Carbide
Mixture Number || Effective Packing | Coverage Density | Contaminant
Fraction Rate (8) | (%) in %5 Mass (g)
Mixture 1 0.5370 0.0040 1.2928
Mixture 2 3.6550 0.0083 2.9681
Mixture 3 10.000 0.0010 3.2299

Table C.4: Table of parameter estimates and total calculated mass for silicon carbide
(SiC) on Krylon 1602 painted aluminum.

Contrast Ratio of SiC on Aluminum
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Figure C.7: Contrast ratio for three mixtures of Silicon Carbide (SiC) on Krylon 1602
painted aluminum.

In Figure C.8, estimates for extinction cross sections are shown. In mixtures one and
two, agreement exists across the entire spectral region for the extinction cross section.
Mixture three has an increased magnitude spectrally from the other two extinction cross
sections, and appears more stretched vertically. This is very apparent at the 13-15 um
range where peaks and troughs are exaggerated in mixture three and relative to the
others.

Scalar parameter estimates take shape from the extinction cross section measure-
ments in the next optimization steps. Like the quartz example, the estimated parameter

values for the final mixture approach the maximum boundary conditions for both the
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effective packing fraction rate as well as the coverage density. However, in this case the

initial parameter estimates also do the same.
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Figure C.8: Extinction cross section of three mixtures of Silicon Carbide (SiC).

One possible explanation for poor results in the final mixture is inherent to the
estimation process. The NEFDS Forward model utilizes a complex exponential term to
modulate the substrate and contaminant reflectances seen in equation 3.9. Because the
third mixture appears so close across the spectral range examined to the spectra of the
pure contaminant and due to the larger estimate of extinction cross section from the
other mixtures, the exponential plays a large role. Mixture three requires the exponential
term to eliminate the substrate reflectance almost completely from the equation which

can only be done by forcing it to be exp(1).

a(A) 2in[l — ¢o(1 — e F74)]
do(1 — e P4)

As seen in Equation C.1, zeroing the exponential with an already large a(\) requires

f= e$p[ ] (C.1)

as large a coverage density and effective packing fraction rate as possible. This pushes

the other scalar parameters up to their maximum considering boundary conditions.
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Despite issues with the third mixture, parameter estimates recreate the spectra for
mixtures one and two very well. Mixture three works as well as shown in Figure C.9,
but based on its parameter estimation, the results are suspect at best. As in previous

examples, measured contaminant and bare substrates are included for completeness.

Measured vs Modeled Emissivity of Silicon Carbide on Aluminum
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Figure C.9: Measured Emissivity (solid lines) vs modeled emissivity results for three
mixtures of Silicon Carbide (SiC) on Krylon 1602 painted aluminum. Emissivity data
for the bare substrate and pure contaminant are also included.

C.4 Fused Silica

The final contaminant examined in this study is fused silica powder that also comes from
Washington Mills. It is considered a powder composite because it contains the fine dust
collected as remnants of the milling process. Since these are all remaining particles from
milling, there occasionally exists larger particles, however a vast majority of particles in
this sample will have sizes less than 20 microns. Three fused silica contaminant amounts
were used to cover a flat black painted aluminum slab. Each amount of contaminant
was deposited using a sieve and measured with the reflectometer previously described.

As in previous examples, Figure C.10, the contrast ratio for the extinction cross

section parameter varies in magnitude between contaminant amounts. In this example,
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each ratio has the same approximate shape regardless of mixture. Overall, the contrast
ratio decreases with each mixture demonstrating that the difference between the mixture
and contaminant approaches the magnitude of the difference between the substrate and

pure contaminant as more contaminant is added (i.e. mixture 3).

Contrast Eatio of Fused Silica on Hardened Clay Soil
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Figure C.10: Contrast Ratio for three mixtures of fused silica powder on Krylon 1602
painted aluminum.

The extinction cross section of the fused silica seen in Figure C.11 represents the best
estimate for a contaminant so far. Regardless of the amount of contaminant present, the
overall extinction cross section is relatively consistent at all spectral locations. Given
the large differences in contrast ratio between samples, it becomes clear that the driver
for consistency between samples is changes within the two scalar parameters.

Coverage density estimates shown in Table C.5 indicate little change between density
estimates in the initial step to the final step of the parameter inversion model. This
occurs in this example because the spectral extinction cross section estimate is relatively
flat and close in magnitude to the scalar average used for the initial parameter estimate.
Given the similarity, there is very little variation from the first step to the final step in
estimating the scalar parameters.

Mixture to mixture, the amount of contaminant increases when more contaminant
is present. With near consistency in the extinction cross section and no change be-

tween steps, it was surprising to discover that the effective packing fraction rate of the
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initial mixture had reached a boundary condition. The initial estimates for this pa-
rameter never reached estimate boundaries, but had nearly identical coverage density
parameters. The difference occurred in the extinction cross section. The primary esti-
mation technique uses an averaged cross section value rather than a vector of values.
Fach mixture underestimated the average cross section initially which underestimated
the effective packing fraction rate. Since there is no documentation regarding the ideal
boundary conditions for this parameter, it is possible an increase to the boundary range
is needed. Another possibility is that local minimization forced the effective packing

fraction to the maximum to best fit the data.

Finally, a comparison of the measured and modeled results for fused silica is presented
in Figure C.12. Even with an issue in the first mixture effective packing fraction rate,

the reproduced model results represent the measured mixture emissivity well.
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Figure C.11: Extinction cross section for three mixtures of Fused Silica powder.
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Parameter Estimates for Fused Silica
Mixture Number || Effective Packing | Coverage Density | Contaminant
Fraction () (%) in 25 Mass (g)
Mixture 1 10.000 0.0013 0.4202
Mixture 2 9.3790 0.0051 1.6574
Mixture 3 8.4620 0.0091 2.9452

Table C.5: Table of parameter estimates and total calculated mass for Fused Silica
powder on Krylon 1602 painted aluminum.

Measured vs Modeled Emissivity of Fused Silica on Hardened Clay Soil
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Figure C.12: Measured emissivity (solid lines) vs Modeled emissivity results for three
mixtures of fused silica powder on Krylon painted aluminum. Emissivity data for the
bare substrate and pure contaminant are also included.
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Appendix D

Additional Extinction Cross

Section Results

Prior the use of compressed disks with a blackbody source, the extinction cross sec-
tion was measured using an infragold integrating sphere. Initial measurements were
performed on the material in non-disk form simply placed in an output port cover and
tamped down with a spoon. This method was challenging as the port cover was ex-
tremely small and certainty in the number density measurements were not guaranteed.
The best result from this methodology is presented in this chapter. Figure D.1 shows
the two measured radiance ratio plots of the silicon carbide material inside the inte-
grating sphere. The blue line represents the lower contaminant amount and the red
line represents the higher contaminant amount. Ratio values should decrease as more
material is added as scattering and absorption will increase in the sphere. Figure D.2
shows the calculated extinction cross section as described by the method in chapter 4.
Unlike examples using a blackbody and disk, the extinction cross section in this case is

extremely low and spectrally uninteresting in the longwave infrared range.

187
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0.06 Average Ratio for Each Amount of Contaminant
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Figure D.1: Average ratio of two amounts of silicon carbide powder placed inside the
port cover of an infragold integrating sphere. The silicon carbide was not compressed
into a disk prior to placement inside the integrating sphere.
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Figure D.2: Resulting extinction cross section measurement of the uncompressed silicon
carbide material placed in the output port cover of the infragold integrating sphere.

Once a method that utilized compressed disks of known material was employed, disks
were placed inside the integrating sphere and that apparatus was directly attached to
the instrument. The major issue with that set-up was that the integrating sphere has
an exceedingly high reflectivity rate in the longwave infrared. Because the instrument
had a sensor cooling liquid nitrogen dewar, an internal reflection occurred that reached
the sensor and caused error within the radiance ratio measurements. This phenomena
can be seen in figure D.3 where over the course of an hour, the measured ratio spectra
remained above 1.0 at almost every single wavelength, despite having well characterized
contaminant densities from the disks. The extinction cross sections that were calculated
from these ratio measurements were near and sometimes below zero as can be seen in
figure D.4, where fused silica powder disks produced a negative extinction cross section

due to internal sensor reflections. In this example, extinction cross section calcluates at
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wavelengths from 8.992 to 12.75 um fell below one. Even when the internal reflection
issue was corrected, the signal produced by the integrating sphere light source was too
weak and unstable to produce reasonable results. This is why the integrating sphere

was replaced with the blackbody setup.
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Figure D.3: Radiance ratios of fused silica to a pristine sphere found over a period of 1
hour.
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Figure D.4: Extinction cross section generated from fused silica in a infragold integrating

sphere.
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Appendix E

ROC Curve Results for Blue
Heron Synthetic Targets

Airborne hyperspectral images that contained synthetic target signatures were also vi-
sualized using receiver operator characteristic curves to show the detection rate against
false alarms. This method was done for all target detection algorithms employed by
the ENVI software tool including ACE, Matched Filter, Spectral Angle Mapper (SAM),
and Constrained Energy Minimization (CEM). Each of the four detection methods was
applied to an emissivity image from Blue Heron with synthetic targets against four tar-
get spectra. The ROC figures presented in this chapter represent each of those spectra.
The ACE algorithm results are generated from ENVI’s ACE algorithm. The purpose of
exhibiting these results is to demonstrate how the detection rate for each algorithm de-
creases in efficiency as the target spectrum used becomes less like the pure contaminant

spectrum.

The four ROC curves presented were generated using a Blue Heron sensor collection
at 18:07:02 UTC time on 11/3/16. This is the same file used in Chapter 5. Synthetic
targets utilized parameter inversion model estimates for Silcon Carbide contaminant
powder. Targets were generated in 10% sub-pixel intervals up to full pixel coverage

with a total of 243 target pixels present.
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ROC Curves for SiC 180702 with Pure Target Spectrum
=

el
ras
/’_'J
p i}
08 /
2 e
€ 06 el MF
5 P —— SAM
-6 | el CEM
204 ~ ——ACE
@ &
0 s
0.2
0 L 1 ~ 1 1 1 1
10® 10° 10 107 107 107" 10°

False Alarm Rate

Figure E.1: ROC generated curves for pure silicon carbide target spectrum using ACE,
MF, CEM, and SAM target detection algorithms.
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Figure E.2: ROC generated curves for highest mixture amount of silicon carbide target
spectrum using ACE, MF, CEM, and SAM target detection algorithms.
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ROC Curves for SiC 180702 with 2" Highest Mixture Target Spectrum
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Figure E.3: ROC generated curves for second highest mixture amount of silicon carbide
target spectrum using ACE, MF, CEM, and SAM target detection algorithms.

ROC Curves for SiC 180702 using Lowest Target Spectrum

|
0.8 f ||
® J
-ﬁ JJ
06| / — ACE
< / MF
— I
5 / — SAM
04t ——— CEM
@
& /
02t /
. J
D 1 ! 1 1 1 Jj ]
10 107 107 107 107 107" 10°

False Alarm Rate

Figure E.4: ROC generated curves for lowest mixture amount of silicon carbide target
spectrum using ACE, MF, CEM, and SAM target detection algorithms.
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