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Abstract

The civilian and military need for high resolution infrared imagery has dramatically increased in
recent times. Regardless of the user or the need, infrared imagery can provide unique information that is
not available in the visible region of the electromagnetic spectrum. Just as the need for real infrared
imagery has increased, so has the need for computer generated infrared imagery, also known as synthetic
imagery. Synthetic imagery is created by mathematically modeling the “real world” and the imaging
chain, encompassing everything from the target to the sensor characteristics. The amount of faith that can
be placed in a synthetic image depends on its accuracy in recreating the real world. The Digital Imaging
and Remote Sensing Image Generation Model (DIRSIG) at the Rochester Institute of Technology (RIT)
attempts to model the real world. It creates synthetic images through the integration of scene geometry,
ray-tracer, thermal, radiometry, and sensor submodels. The focus of this project lies in evaluating the
ability of DIRSIG to recreate the imaging chain and produce high resolution synthetic imagery. DIRSIG
synthetic imagery of the Kodak Hawkeye plant and the surrounding area was compared to aerial infrared
imagery of the same region using root mean square error and rank order correlation. This comparison
helped to validate the output from DIRSIG and detect inadequacies in the image chain model. In addition
to validating DIRSIG, a procedure for optimizing the input parameters, incorporating a sensitivity
analysis, was developed. This reduces the time involved in creating a realistic and accurate synthetic

image.
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1.0 Introduction

A new tank with a low thermal signature has recently been designed by a foreign
country. Will the tank be detectable by existing heat seeking missiles or does a new
infrared (IR) sensor need to be designed for the missile? - Or can improvements be made
to the computer algorithms of the existing missile to detect the new tank? While it would
be difficult, if not impossible, to determine an answer to these questions without the actual
use of the foreign tank, computer models, based on the first principles of physics, can
actually be used to answer these questions before the military forces ever encounter the

foreign tank in a real world situation when lives may be at risk.

With the increasing capabilities of computers in the last 20 years, the ability to model
real world situations, such as this hypothetical scenario involving a low thermal signature
tank, has dramatically increased. Specifically, this increase in computing speed and power
has led to the development of artificial images that can be used in computer animation,
flight simulation, and computer aided design and manufacturing. This process of
developing artificial images is known as synthetic image generation (SIG). Synthetic
images are useful in a vast array of imaging problems. They can be used to train analysts
on the appearance of a target under different meteorological conditions, times of day, and
look angles. In addition, SIG can be used to help designers evaluate various sensor
systems before the actual hardware is fabricated. Synthetic images can also help
determine the optimum acquisition parameters for a real imaging system by predicting the
time at which the greatest contrast or resolution will be obtained for the desired targets.
The result is a large savings in research and development cost as well as increased

performance and operational capabilities.

While synthetic images can be created in virtually any region of the electromagnetic
spectrum, images created in the long wave (8-14pum) and mid wave (3-5um) infrared
regions offer unique signatures compared to the visible region. Synthetic images in the
LWIR and MWIR are primarily influenced by the thermal properties and emissivities of

the objects in the scene. These infrared images prove useful in analyzing the thermal




characteristics and signatures of objects, viewing objects in simulated night conditions, and
finding objects hidden or obscured by other visible features. While scale models of the
real world are often created for analysis of sensor systems in the visible region, it is
extremely difficult and often impossible to build miniature models with accurate thermal
characteristics. Thus, synthetic images are one of the only ways to predict the

performance of an infrared sensor system.

The usefulness of these synthetic images is negated if the output does not closely
imitate the real world. As a result, the output from SIG must be evaluated and assessed
according to criteria such as spectral and radiometric accuracy, geometric fidelity,
robustness of application, and speed of image generation (Rankin 1992). Depending upon
the application and use of the synthetic image, these criteria will have differing weights of
importance. If the goal of the SIG process is to produce visually appealing pictures,
radiometric fidelity will be of little importance while speed of image generation may be
favored. However, in most technical applications, the speed of image generation is

sacrificed for radiometric fidelity.

The focus of this project is validating the Digital Imaging and Remote Sensing Image
Generation (DIRSIG) model by comparing DIRSIG imagery with real airborne imagery.
While DIRSIG was validated in the IR region in 1992 by Rankin, several modifications
have been incorporated into DIRSIG since this validation (Schott et. al., 1994). This
validation will test some of these modifications as well as the robustness of DIRSIG as the
synthetic images are compared to infrared imagery taken at different times, look angles,
and locations. An algorithm for modifying and optimizing the object material parameters
was also developed in an attempt to reduce the time required to develop accurate synthetic

images.

In validating DIRSIG and analyzing the input parameters, the project was divided
into smaller tasks. The fist step was to define the exact goals and objectives of the
project. The actual principles involved in the creation of a real image were then examined

to provide a better understanding of the modeling process. Other synthetic image models




were researched to determine the weaknesses and strengths of DIRSIG. The process of
generating a DIRSIG synthetic image was explained next. All this background knowledge
led to a technical approach that could be used in achieving the defined objectives. The
actual experimental validation of DIRSIG was then described in detail, followed by the
sensitivity analysis and optimization of the input parameters. Recommendations for

improvements and future work conclude the discussion of this project.




2.0 Objectives

2.1 DIRSIG Validation

While DIRSIG was validated using ground truth data in the IR region in 1992 by
Rarkin, synthetic images from DIRSIG have never been extensively compared or
validated with actual aerial imagery; the primary validation prior to this work used roof-
top imaging scenarios. As a result, the validations have not truly explored the limitations

of DIRSIG and its ability to model real aerial imagery.

Rankin’s validation focused on the DIRSIG submodels and the sensitivity of the
output image to errors in various input parameters. Each of the DIRSIG subroutines were
validated individually and recommendations were made to improve the synthetic images.
These recommendations included adding fractional specularity and transmissivity,
improving the shape factor computation, adding more materials to the material parameter
database, modeling clouds in the scenes, and, finally, improving the thermal model. Based
upon these recommendations, DIRSIG has been modified to include fractional specularity,
transmissive objects, and clouds. However, some of the other options have not yet been

implemented.

This validation concentrates on examining DIRSIG’s current ability to recreate the
entire imaging chain, from end to end (excluding optical and noise effects - DIRSIG has
these capabilities but they were not complete at the time of validation), without the ability
to examine each submodel that is used in the creation of the final synthetic image.
However, it is still possible to modify the input parameters, such as the weather file and
material file, to improve the radiometric accuracy of the final synthetic image. The testing
also differs from the previous validation in that it further explores DIRSIG’s ability to
include atmospheric attenuation and sensor geometric effects in the final results.
Following this goal of trying to evaluate the ability of DIRSIG to model the real world,
several images taken with different imaging systems and parameters will be used in the
validation. The primary comparison and validation will be accomplished with imagery

from a Bendix line scanner. Once the synthetic image closely matches the primary truth




imagery and the individual material properties of all the facets have been determined, the
same scene is compared to the secondary truth imagery. The secondary set of truth
imagery from an Inframetrics camera greatly differs from the Bendix truth imagery. The
Inframetrics imagery, which was acquired at a different time and under different
atmospheric conditions, will help test the robustness of DIRSIG in modeling imaging

conditions of the same target scene.

In conjunction with the validation of DIRSIG, a primary objective is to create a
complex and realistic scene that can be used in future studies and testing. Synthetic
imagery provides a useful tool to test image algorithms and analysis techniques, but it
must closely resemble the real world. The scene that is developed for the validation will
provide this capability. It will bridge the gap between the past validation of DIRSIG,
where a simple scene with known test targets was used, and real imagery, where little
actual information is known. In order to make the scene as realistic as possible, the scene
must contain the complex interactions between objects, including buildings, houses, trees,
and other structures that are found in the real world. This requires extensive research of
the objects in the scene so that they can be recreated accurately. The research and effort
in building the scene was shared with Russell White who will validate DIRSIG in the
visible region of the electromagnetic spectrum. The validation of common targets in the
two regions of the spectrum provides a quality check of the target parameters. The
parallel validation also allowed the concentration on a single validation scene. This
reduced the time required to build the scene, and allowed a more complex scene to be

created.




2.2 Input Parameter Analysis & Optimization

In addition to validating DIRSIG, a procedure for optimizing the synthetic image
input parameters was developed. Previously, a trial and error process was used to modify
the input parameters until the synthetic image closely resembled the truth imagery. A
better method for determining these input parameters is needed to reduce the time
required to generate an accurate synthetic image. This is accomplished by first
determining the bounds or limiting values for each of the input parameters, and then
determining the effect of each input on the synthetic image. This step alone is an

improvement over the trial and error guessing process that was previously used.

While bounding values are helpful in determining the range of values for the input
parameters, the most effective way to fine tune the input parameters requires a sensitivity
analysis of all the parameters. A sensitivity analysis shows which parameters create the
largest changes, and therefore, most probable error in the synthetic output image. The
parameter with the highest sensitivity can then be altered first to try and match the
synthetic and real imagery, or a combination of the most sensitive parameters can be
altered to create the desired output. In addition, a confidence interval in the estimation of
the input parameters, i.e. an estimated error, should be developed for each input. Similar
to the sensitivity analysis, this will indicate which parameters are most likely to cause error
in the output image. The sensitivity analysis and the error estimation will provide tools for
the input parameter optimization process. For example, a large error in the estimation of a
material parameter can be tolerated if the output image is not sensitive to variations in that
variable; however, it would be essential to alter a parameter with a large error in its
predicted value if the image is highly sensitive to that parameter. This method of fine
tuning the material parameters will likely reduce the time to generate synthetic images
while also establishing guidelines for eventually automating the selection and modification

of the material parameters.

Images of the same region of interest acquired under different imaging conditions,
such as a nadir versus oblique look angle, or morning versus night acquisition, are also

likely to aid in modifying the material parameters. It is unlikely that a material has the




exact same appearance under different imaging conditions. The multiple images of the
same scene may provide insight into the reflectivity and emissivity of the objects in the
scene. For example, the temperature of an aluminum-sided building and a wood-sided
building that have been warmed by direct sunlight will be vastly different when compared
to the respective temperatures on a cloudy day. On a sunny day, the temperature of the
aluminum rises rapidly as the energy from the sun is absorbed, but on the cloudy day, the
temperature of the aluminum will not rise as much. Similarly, the temperature of a wood-
sided building will be greater on a sunny day than on a cloudy day. However, the wood-
sided building will not have a large change in temperature between the cloudy day and the
sunny day because wood has different thermal properties than aluminum. It is the

difference in appearances of the objects that can help indicate some of the thermal material

properties. The facet material parameters can then be adjusted to logically account for the
images generated under the different acquisition parameters. The use of multiple images
may be very useful in defining the proper material parameter values, but its use will be

limited to scenes for which multiple images are available.




3.0 Background

3.1 The Big Equation

In order to understand the synthetic image generation process, it is first necessary
to understand the physics and underlying principles that are involved in the capture of a
real image. The first step is to visualize how the observed electromagnetic radiation
ultimately reaches the sensor. The observed radiance at the front end of the sensor is
comprised of nine different photon paths. The following diagrams show the different
paths that electromagnetic radiation may travel before reaching the sensor. The first
diagram shows the radiation originating from solar photons while the second diagram

shows the radiation resulting from self-emission by the objects.

Figure 3.1 - Solar energy photon paths

Type A - Directly reflected solar photons attenuated by the atmosphere and clouds
Type B - Solar Photons reflected from the background onto the target
Type C - Solar photons scattered by the atmosphere
Type G - Solar photons scattered by the atmosphere onto the target
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Figure 3.2 - Self-emitted energy photon paths

Type D - Self-emitted photons from the target attenuated by the atmosphere
Type E - Self-emitted photons from the sky reflected by the target to the sensor
Type F - Self-emitted photons from the atmosphere
Type H - Self-emitted photons from the background reflected by the target to the sensor

Lself -emission D photons + E photons + F photons + H photons
r, (3.2)
=gl 0, +F-*E  t,+(1-F)r,- L7, +L,,
/2
After combining these two equations, L; = Lyoiar+ Lseifemission, the total spectral
radiance reaching the sensor can be described by the following “big equation”:
: A r,(A
L = E 030 ™ e, )z, () s Ly 7s (D + FlEws + B 520,05
w V/ .

A-F)NL,,; +L,; T, DM +L, +L,,

E, - Exoatmospheric irradiance
coso - the angle from the target normal to the sun
7; - transmission of the atmosphere from the sun to the target
7, - transmission of the atmosphere from the target to the sensor
&(1) - target emissivity
Ly, - self-emitted radiance from target at temperature T
E 4 - solar downwelled irradiance
E,.; - self-emitted downwelled irradiance from the sky




F - shape factor (amount of sky hemisphere that the target can see)
1-F - the percentage of the atmosphere that is blocked by the background object
ri(A) - target reflectance
Ly, - background radiance from scattering
L;.; - background radiance from self emission
L. - upwelled radiance due to scattering of the atmosphere
L,.; - upwelled radiance due to the self emission of the atmosphere
This equation represents all the sources of radiation that are of significant
importance in determining the radiance that reaches imaging systems sensitive to 0.3-
14.5um wavelengths. As noted, this equation is dependent upon the wavelength.
Depending upon the spectral sensitivity of the imaging system, this equation may be
simplified by neglecting certain terms since their effects are minimal at those wavelengths.
While both solar photons and self-emissive photons must be accounted for in the MWIR,

solar photons are of little importance for this validation and can be neglected in the 8-

14pum LWIR region of the electromagnetic spectrum.
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3.2 Alternative SIG Models

In order to generate any synthetic image, several inputs must be defined to produce the
desired objects in a specified environment. For almost all computer models, these basic
inputs include a geometrical representation of the object, an atmospheric transmission
model, radiation sources and material characteristics. Some models also include texturing
abilities and thermal submodels. The overall accuracy of the final synthetic image depends
on the individual accuracy and integration of these submodels as well as the intended use of
the synthetic images. Therefore, it is beneficial to examine other SIG models to learn where

improvements might be made to the current DIRSIG program.

One of the leading computer models for the creation of accurate radiometric synthetic
images was developed by the Electromagnetics Laboratory of the Georgia Tech Research
Institute (Cathcart and Sheffer, 1988 a, 1988 b) . This SIG program, the Georgia Tech
Visible and Infrared Synthetic Imagery Testbed (GTVISIT), integrates the outputs from the
submodels MAX, GTSIG, IRMA, and MODELIR to create a synthetic image. Each
GTVISIT scene is comprised of two main aspects, a gridded terrain background and faceted
objects located in that background. The gridded database consists of features (material
types), elevations, radiance values, and thermal IR reflectances where the elevation and
feature data may be real, synthetic, or a hybrid, and the radiance and infrared data are
determined from the temperature and reflectivity of the object. The following diagram

outlines the inputs and process in creating a GTVISIT synthetic scene.

OBJECTS - — — I Locations - — — Background | Gridded | Topographical
Geometric | Radiance ocations Radiance Database Data
Model Model
Sensor Path

Imagery

Figure 3.3 GTVISIT Overview (Cathcart and Sheffer, 1991)
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Using all the various inputs into GTVISIT, it is then necessary to integrate these
parts and determine the total radiance reaching the sensor. Different models propagate the
radiance from the scene to the sensor through several techniques. While DIRSIG employs
a ray-tracing method, GTVISIT uses a Z-buffer algorithm based on the principle of
displaying or concealing surfaces using a visual line of sight to the sensor. GTVISIT also
includes atmospheric attenuation for each object in the scene by pre-computing the
radiance values in 12 orientations and then assigning an atmospheric radiance value to the
facet. The thermal radiance values are then computed using first-principles techniques

contained in the GTSIG submodel of GTVISIT.

By modeling all these real world phenomena, GTVISIT creates fairly realistic
radiometric images. However, it falls short in that it does not account for angular
emissivities or background effects on the radiance of the target. In addition, GTVISIT
does not determine the solar history for the objects in the scene. Thus, while GTVISIT is
one of the leading developers of radiometric synthetic images, there is still room for

improvement.

The Physical Reasonable Infrared Signature Model, PRISM, is an extremely detailed
model relying on highly sophisticated CAD drawings to create radiometrically accurate
models of vehicles, primarily tanks (Gonda and Gerhart, 1989). This model relies on 3-D
isothermal facets that interact with each other through conduction, convection, and
radiation. PRISM models both the internal and external features of the tank. Using a
Faceted Region Editor (FRED), BRL-CAD vehicle descriptions are translated into a
format that PRISM can then use to predict the thermal signature. PRISM is also able to
calculate the solar history and hence temperature of each facet for a diurnal time period.
However, PRISM fails to calculate the interactions between the target and the
background. Targets are “cut and pasted” into background scenes. PRISM creates very
realistic images, but the difficulty in creating the detailed drawings and its failure to
account for the interactions between the background and the target prevent its widespread

use in other applications.
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Texas Instruments (TI) has also developed a synthetic image generator for use with
automatic target recognition (ATR) algorithms (Lindahl et al., 1990). This multi-sensor
synthetic image generator is capable of producing IR, television (TV), and Laser Radar

images. The following diagram illustrates the TI synthetic image generation process.

Scene Geometry
Sensor Acti‘{e
Information FOV AREA Terrain TERRAIN AND
Terrain Map DETERMINATION OBJECT
TRANSFORMATIONS
Object clipping Active
Information Objects Transformed Points
2 4 Normal
All Objects OBJECT VISIBLE SURFACE [¢ Vectors
" FOV CLIP —] DETERMINATION |, Resolution
Information
Ground Truth High Resolution
Information Geometry Array
. Ground
Scene Shading Trath (GT)
I Information
S T A4 A
SU[IJ{NF A(CZ)E | GREYSHADE "l ANTI- » GT Info
viISBILITY | | APPLICATION J ALIASING || | oo
4 A High Resolution
Resolution Shaded Image
Shaded Image
Point Edge
Greyshades List

Figure 3.4 TI synthetic scene generation (Lindahl et al., 1990)

Similar to most SIG’s, TI uses faceted objects placed in a fractal interpolated background
environment derived from Defense Mapping Agency (DMA) Digital Terrain Elevation
Data (DTED) and Digital Feature Analysis Data (DFAD). The objects, which are created
using AutoCad 10, are initially placed onto the terrain scene using world coordinates and
then both the terrain and the objects are translated to sensor coordinates. Trees may also
be added to the scene using a fractal initiator/generator technique. Similar to GTVISIT, a
Z-buffering algorithm is then used to determine which objects are hidden from the sensor
by other surfaces. LOWTRAN 7 is also used to predict atmospheric transmission and
attenuation. The Texas Instruments synthetic image generator also includes the ability to
include sensor effects for each of the different sensor types; colored-noise that resembles

the noise characteristics of the sensor is added to the synthetic image. Similarly, in order
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to speed the generation of the synthetic image, “a two-dimensional Gaussian point-spread
function is used to approximate the effects of optical diffraction and blur, detector and
LED spatial response, and stabilization jitter for both the IR and TV sensors” (Lindahl et
al., 1990).

TI’s multisensor synthetic image generator sacrifices radiometric accuracy for
computational speed. Its use of gray-shading and exclusion of solar or specular effects in
the synthetic images reduce its abilities to model the real world. The results are realistic
looking images, but have questionable radiometric fidelity. It provides useful synthetic
images for automatic target recognition algorithms which rely more on relative image
contrasts than absolute radiometric accuracy. Therefore, while this system can model
many different sensors, it is of little benefit to those trying to assess the absolute

radiometry.

Aerodyne Research, Inc., currently uses the SPIRITS 2.0 (Spectral Infrared Imaging
of Targets and Scenes) infrared SIG program for modeling aircraft targets and exhaust
plumes (Stets et al., 1988). Relying on the LOWTRAN atmospheric model and IR Cloud
Radiance Model (CLOUD) to recreate the atmosphere, SPIRITS integrates the results of
cluttered background of terrain, sky and cloud with target images. While this program
produces very detailed results of aircraft and vehicles with exhaust signatures, it has some
limitations. It fails to create high resolution ground scenes and even treats the earth as a
flat object with a uniform temperature and diffuse reflectivity. In addition, because the
target and background are computed separately, it is not possible to include background
effects in the calculations; however, this does not greatly detract from their model since
most of their scenes involve high flying aircraft. This approach would not be possible for
use by DIRSIG when high resolution ground scenes with radiometric accuracy are the
primary goal. A new version of this program known as AC-1 is scheduled for release next
year. Some preliminary information about this new program will be available soon for

analysis.
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The Simulated Infrared Image (SIRIM) program created by the Environmental
Research Institute of Michigan (ERIM) is vastly different from other thermal synthetic
models. It calculates temperatures based on the 3-D volume of an object, versus
traditional surface modeling. The volume modeling is achieved by subdividing the volume
of an object into elements call voxels. “The voxels are simply cubic solids that fill the
volume of the object” (Lyons 1991). This division of the object into voxels allows for
complex thermal interactions and results in accurate temperature predictions. Thus, it
could be useful in modeling thermal plumes and other volumetric shapes that have
complex thermal gradients. Because of this unique modeling of object volumes, the
geometric representation of an object is defined using constructive solid geometry (CSG)
models in BRL-CAD. Boundary model representations, including wireframe and surface
models, may be converted to CSG models using specialized translation programs. Similar
to other high end thermal SIG models, a ray tracer is also used. The ray-tracer aids in
creating the voxels, determining the solar loading of the voxels, and accounting for target-

background interactions.

Four primary modules are used in the image generation process, in addition to the
geometric modeling and ray-tracing. The information first travels into the VOXCRE
module where the object volume is divided into voxels. The information is then directed
to the VOXSUN, SVOXTMP, and RADCLC modules. The VOXSUN module, in
conjunction with the ray-tracer, determines which voxels are exposed to solar heating and
outputs the results to the temperature prediction module, SVOXTMP. SVOXTMP
accounts for the conduction, convection, and radiation exchange between the voxels and
surrounding object voxels as well as the environment. The output is a “three-dimensional
temperature distribution of the object as a function of time but independent of sensor or
viewing geometry.” The temperature results are then used in the RADCLC module to
determine the total radiance. The RADCLC module integrates the self emission of the
object due to temperature and the reflected radiance from the environment. This is where

the calculations end.
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SIRIM does not propagate this radiance to a sensor or include any atmospheric
transmission effects; it is not a complete end-to-end simulation package. This is a major
limitation of SIRIM. In addition, the time required for the temperature calculations are
extremely time consuming and computer resource intensive. If speed improvements could
be made to the thermal calculations, SIRIM would be a valuable replacement to THERM,
the DIRSIG thermal model. In its current form, the prolonged run times of SIRIM

weighed against the added thermal accuracy do no warrant its integration into DIRSIG.

By examining other synthetic image generation programs, it is possible to determine
the strengths and the weaknesses of these other SIG models. The ideal solution would be
to create a synthetic image generation program that incorporated the strengths of all the
various programs while minimizing the areas of weakness. DIRSIG is such an attempt at
synthetic image generation. It was developed using the concepts of many different SIG

models in order to create images that closely resemble real imagery.
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3.3 DIRSIG Overview

In order for a synthetic image to accurately resemble the real world, it is necessary to
develop a complete mathematical model of the entire imaging chain. This requires an
understanding of the thermal radiance of the objects in the scene as well as the
atmospheric effects on the radiance that ultimately reaches the IR sensor. The sensor
effects must also be incorporated into the model to create realistic synthetic images. With
all these inputs, it is then possible to try and develop a synthetic image. DIRSIG attempts
to model the entire imaging chain using the inputs from various submodels. The following
diagram, Figure 3.5, provides a brief overview of the submodels used in recreating the

“real world” for a DIRSIG synthetic image. Each of these submodels will be described in

detail.
Geometry Sensor
Submodel Submodel
\ 4 v a
»] Ray-Tracer — Final
Submodel Image
v
Thermal ll > Radiometry
Submodel —p| Submodel

Figure 3.5 DIRSIG overview
3.3.1 Scene Geometry Submodel

In creating a synthetic image, one of the first steps is to build geometric models of
the 3-Dimensional objects that will be in the output image. This is accomplished using
computer aided design software known as AutoCad that has been enhanced with
specialized DIRSIG related routines. In order to develop a scene that can be used by
DIRSIG, it is necessary to create parts and objects that are made up of individual facets.
A facet is a collection of points, usually triangular or rectangular, with a normal vector
that describes the convex plane. These facets are the elementary building blocks to which
various parameters or attributes are assigned and are then be used by the other DIRSIG
submodels in creating the final synthetic image. The following diagram (Figure 3.6)

illustrates the types of features that are assigned to each facet.
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Figure 3.6 Facet material parameters

The faceted parts are then combined to form an object, and, finally, multiple objects may

be integrated into one drawing to create the final 3-D scene, as depicted in Figure 3.7.

Facet Node
1-1-1

Facet Node Facet Node Facet Node

1-1-2 1-1-3

2-11

Facet Node
2-1-2

Facet Node
2-1-3

Facet Node
3-2-1

Facet Node

Facet Node
3-2-3

Figure 3.7 DIRSIG Data Hierarchy (Schott et al., 1993)

A certain data structure and hierarchy of information is assigned to the each object,

part, and facet as the entire scene is created. The hierarchy of data assigned to each level

was designed to minimize the amount of redundant information which can slow
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computations and require more computer storage memory. Starting at the highest level,
the scene node contains the name, date, geographical coordinates, and number of objects
of the scene. The object node then contains the name, ID number, number of paf‘ts in that
particular object with pointers to nodes describing each part, and the coordinates that
define the edges of the bounding volume. The bounding volume of the object is used
when the rays are cast into the scene (see Figure 3.8). If the ray does not hit the bounding
region of the object, it is not necessary to cast the ray into the parts and facets of that
object. This helps to reduce the computation time for the ray-tracer submodel. The part
node data structure is the same as the object node, with bounding volumes to eliminate the
need to check each facet within the part for a ray intersection. Finally, the facet node links

the geometric location and orientation of the facet with the material properties.

la§——— object bounding

volume

part bounding —-’E

volume

facet

Figure 3.8 Object & part bounding volumes (Schott et al., 1993)

After all the DIRSIG hierarchy has been established and the scene is complete, the
AutoCad scene is then ‘translated’ into real world geographical coordinates so that the

other submodels of DIRSIG can recognize the inputs.

3.3.2 Ray-Tracer Submodel

The ray-tracer submodel is the vital connection and link to all the DIRSIG
submodels. This submodel retraces the hypothetical path of a photon after it has reached
the sensor. Beginning at an individual pixel in the synthetic image, a ray is cast into the

scene (see Figure 3.9).
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Field of view in Y
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Figure 3.9 Ray-tracer (Schott et al., 1993)

An iterative process is used to determine the interaction of the ray with each object, part,
and facet in the scene. From these interactions, the path of the radiance reaching the
sensor can be determined. The energy losses and gains associated with the atmosphere are
included in the process. This allows the proper radiance at each pixel to be computed by

the radiometry submodel. The radiometry submodel is described in detail in Section 3.3.4.

Because each ray must be tested for intersection with every single object in the
scene, bounding volumes for each object and part were developed to reduce the number of
interactions that must be examined. This process reduces computation time because if an
object is not hit by the ray, it is not necessary to determine the interaction of that ray with
the sub-parts or facets. These bounding volumes may be parallelepipeds, cubes, or
spheres. If a ray hits a particular object, it is then checked with the parts in that object,
and finally, the interaction with the individual facets is determined. If it is found that a
facet has been hit by a ray, the solar history of the facet is established so that a more
accurate temperature can be predicted by THERM. THERM uses direct insolation, or
direct sunlight values, from the weather file to more precisely predict the temperature of

the object.
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The solar history of the object is stored in an array as a function of time with values

ranging from O to 1.

V>
[6:0]1.0[1.0J0.2]0.1] 0.0[0.0]0.0]0.0[0.0]1.0[1.0[1.0[1.0]

01 2 3 4 5 6 7 8 910 11 12 13

Figure 3.10 Solar history (Schott et al., 1993)
If the object was illuminated by the sun at a particular time, a value greater than 0 is
placed in the array and the solar loading term in the weather file is weighted by this value.
However, if the object has been in the shadow or not illuminated by the sun, a value of 0 is
placed into the array. Therefore, when the solar loading value in the input weather file is
multiplied by the solar history value of 0, the overall effect is a zero solar loading term
when the target has been in shadow. After the solar history of the facet has been
determined and the resulting direct insolation values have been calculated, the temperature

of the facet may then be computed by THERM.

Once a ray hits a facet and the solar history has been calculated, the interaction
between the ray and the facet depends on the specularity and shape factor of the target .
A target may be specular, diffuse, a combination of the two, or even transmissive (see
Figure 3.11). The shape factor of the facet is also calculated at this time as additional rays
are cast from the facet to determine the amount of atmosphere that is blocked by

surrounding objects.

. Combination of issi
Totally S 1 Totally Diffuse Transmissive
otally Specuiar v Specular & Diffuse )

Figure 3.11 Target interactions
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If the facet is reflective, then secondary rays must be cast out, similar to the original ray-
tracing method. For completely specular targets, a single ray is cast out at an angle equal
to the incidence angle. The properties of the background are determined and then used to
calculate the radiance of the target facet. However, most targets are not completely
specular. This requires a more rigorous method of determining the background effects.
Therefore, ‘diffuse’ secondary rays are cast out over the hemisphere at 15° increments in
the zenith and 30° increments in the azimuth. The procedure for determining the
background hits is the same as for the specular case: test each object, part, and facet.
Then, for each secondary ray that is cast, the temperature and properties of the object that
is hit are recorded. The combined effects of these secondary hits are integrated to
approximate the diffuse radiance value reaching the target. While this process of casting
rays could continue indefinitely, a maximum of two bounces is usually sufficient to
determine the appropriate radiance value in the IR region (Shor 1990). The following
chart outlines the flow for determining the radiance if the object is reflective (specular,

diffuse, or a combination).

Cast a secondary ray
from primary facet

Cast a primary ray
from a sensor pixel

Look for fransparent

Look for {ranspareni
attenualing objects

atienualing objecls

Yes

Facet
specular?

Cast rays to sun
positions to get
shadow history

|

THERM temperature
prediction based on | ——
shadow history

Look up or compute
{emperature of
secondary facel

| radance o
Figure 3.12 Ray-tracer flow diagram (Schott et al., 1993)
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The result may actually be a transmissive facet in which the ray continues through the
scene in a modified manner. Transmission is not discussed in detail because the validation

of transmissive effects is beyond the scope of this project.

3.3.3 Thermal Submodel

The thermal submodel computes the temperature of each individual facet over a
specified time history using the THERM model developed by the DCS Corporation. The
output temperature of the facet from THERM is based on two main features: facet
parameters and time dependent environmental parameters. In determining the output
temperature, THERM uses a first principles model to evaluate the heat transfer between
the target and the environment. THERM also treats each facet independently of the other

facets and assumes that the facet has uniform characteristics.

This treatment of thermally independent facets leads to the one major limitation of
THERM in that it does not determine the conduction between adjacent facets. However,
THERM does allow the user to assign a self-generated power to each facet. This
combined with the use of the solar history of the object helps to compensate for lack of
thermal conduction, improving the temperature prediction and accuracy. This deficiency
of DIRSIG could be eliminated by determining the conduction between the facets through
a finite element analysis. This would improve the accuracy but would greatly add to the
run time of DIRSIG images and is considered to be too detailed for most practical
applications. However, in an attempt to reduce this deficiency, DIRSIG ﬁas recently been
modified to allow indirect diffusion from internal heat sources. Internal heat sources may
be used to simulate vehicle engines or other heat sources that are located inside other
objects. This modeling helps to simulate actual thermal conditions without having to

determine the conduction between facets (Sirianni 1994).

In determining the temperature of the facet, the most difficult errors to eliminate
involve assigning proper values to the various material parameters. The errors in material
parameter values arise from the limited database that is available for almost an infinite

number of materials in the world. As a result, it is often necessary to try and vary some of
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these material parameters to match the synthetic radiance values with those of the truth or

real imagery.

There are several different material parameters of the facet that can be modified to
produce more accurate results. The exposed area of the material is the fraction of the
object’s area that is exposed to the environmental conditions. The more an object is
exposed to the environment, the more the atmosphere will affect the temperature of the
object through convection. The thickness and heat capacity of the facet also influences the
final temperature. Thicker objects with a higher heat capacity have more thermal inertia
and hence, tend to resist changes in temperature. The thermal conductivity of the facet
also influences the heat transfer between the facet and the surrounding environment. By
varying these material parameters, more accurate final temperature results can be

produced by THERM.

Time dependent environmental parameters are the other major input to THERM.
Traditionally, real weather data is used as inputs to THERM. However, THERM can also
be used to predict weather parameters and values when a complete set of weather

information is not available.

These inputs to THERM will be the focus of the input parameter analysis and
optimization. Estimating these inputs is critical in creating accurate synthetic images; the
output from THERM is only as good as the inputs. Since the radiance reaching the sensor
in LWIR images is dominated by the self-emission, i.e. apparent temperature, of objects,
the output from THERM is the most likely source of error. Therefore, a complete
understanding of the inputs to THERM will help produce better results. Treating
THERM as a black box, the input parameter analysis will examine both the effects of
changing the input parameters and the abilities of THERM to model the real world. Thus,
the analysis will test both THERM itself, and the inputs to THERM.
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3.3.4 Radiometry Submodel

In a real image, the number of photons emitted, absorbed, and reflected in a scene
determine the resulting output image. To produce a synthetic image, a mathematical model
of the photon paths must be used to account for all the different sources of radiation that
might possibly reach a real sensor and create the image. Therefore, using inputs from
THERM and the ray-tracer submodels, the radiometry submodel determines the spectral

radiance reaching the sensor.

Because the radiance must travel through a non-uniform atmosphere before it
reaches the sensor, different types of particles in the atmosphere may affect the radiance
that eventually reaches the sensor. As a result, it is also necessary to have a model of the
attenuating atmospheric conditions. DIRSIG currently uses an atmospheric model known
as MODTRAN that can be completely controlled by inputs from the user. MODTRAN
uses either an existing atmospheric database with the ozone density, water vapor density,
temperature, and concentration of the gases H>0, CO2, O2, O3, N;O, CHy, NO, SO, NO,,
NH;, HNO; already defined depending on a mid-latitude summer, maritime, sub-arctic, or
other conditions; or the atmosphere can be more accurately simulated by MODTRAN
using time and location specific radiosonde data as inputs. While the upper atmosphere,
including the troposphere and stratosphere, are fairly constant over time, the lower
atmosphere near the surface can change very rapidly. Therefore, it is often beneficial to
obtain hourly weather information from either in scene measurements or from local

sources, such as an airport, that can then be input into the computer model.

From all these parameters, the final outputs of the Modtran model include the
wavelength and angular dependent atmospheric transmission and upwelled/downwelled
radiance values. These values are used in DIRSIG’s model of the “big equation.” As
mentioned in the ray-tracer submodel description, facets may be transmissive, diffuse,
specular, or a combination of specular and diffuse. Table 3.2 expressed the components

of the “big equation” conceptually and mathematically.
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L(6.¢,2) = {[(Solar scattering + Background.pecua,) Reflectivityspecuar-Specularity] +
[(Solar scattering + Background g.s.) Reflectivityays.(1-Specularity) ] +

[Emissive component]} total transmission + Upwelled Radiance

Table 3.1 Radiance equation

G4

Mathematical Expression

Conceptual Expression

L(6,¢1)=
Eq(A) Solar scattering
7,(A )1, (A)cos(6; )+
Lop(Og P A)+ Lpg (O . B, A) - () Specular Background Effects
or Sky (1) er Object (2)
E(2)
—7[_ 7,755 COS(Op J(1= 85 (g, A) + Lig(A)E5( 05, A) - (2)
(1-¢.(6,1)) Specular reflectivity
S+ Specular weighting factor
EJ(A) Solar scattering
——1(A)1,,(A)cos(6; )+
3

{ Lo (Osc, b, A) + Lis(Os, b, AN T (A) +

L, (6,¢,2)}cos(8)sin(6)dede-

O Cammm 0 | Y

2z
0

Diffuse Background Effects

(1—¢g.(1))- Diffuse reflectivity
(specular reflectivity at
nadir)

(1-S)- Diffuse weighting factor

& (0,A)L (1)

Emissive Component

7,(6,, 0, A)T, (A)+

Total transmission

L.(6,,p,A)+ Upwelled Radiance -
Solar scattering
L;6.,p,1) gpv'vel'led Radiance -
missive

The results of these radiometry equations are then integrated using the spectral response

function of the sensor in order to obtain the final radiance value at each pixel. The

variables contained in the equations above are described in detail on the following page.
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Table 3.2 Radiance equation variable definitions

Variable Definition
L(6,9, ) spectral radiance reaching the front end of the sensor
E (1) the exoatmospheric solar spectral irradiance
L.(1) the self-emitted spectral radiance from a blackbody at temperature T (target)
L (4) the self-emitted spectral radiance from a blackbody at temperature T (background)
L, (1BE) 1) the self-emitted spectral radiance from a blackbody at temperature T
(extinction source between the target and the background)
L, ( STE)( 1) the sclf-emitted spectral radiance from a blackbody at temperature T
(extinction source between the sensor and the target)
Ly (1) the downwelled spectral radiance due to self-emission of the atmosphere integrated
over the skydrome
Ls(4) the downwelled spectral radiance due to scattering integrated over the sky-dome
LDE ((9 k> ¢ s s 1) the directional downwelled spectral radiance due to self-emission of the atmosphere

LDS (QSK)¢SK72’)

the directional downwelled spectral radiance due to scattering

L, (@ 5> A) the upwelled spectral radiance due to self-emission of the atmosphere along the
target-sensor path

L € > 1) the upwelled spectral radiance due to scattering along the target-sensor path

T, (1) the atmospheric spectral transmission along the source-target path

7, (0, 4) the atmospheric spectral transmission along the target-sensor path

Tlc(ﬂ,) spectral transmission through all transparent objects along the sun-target path

T, (A) spectral transmission through all transparent objects along the target-sensor path

Top (A4) spectral transmission through all transparent objects along the sun-background path

Tr5(4) spectral transmission through all transparent objects along target-background path

T 25( A) spectral transmission through all transparent objects along the sensor-target path

&; (6,4) angular spectral emissivity for the target

Ep 6,4) angular spectral emissivity for the background

6 the angle between the normal to the surface and the sensor-target path

1] s the angle between the normal to the surface and the sun-target path

o B the angle between the normal to the background and the sun-background path

o 5 the angle between the normal to the earth at the target and the sensor-target path

o sx the angle between the normal to the earth and the specularly reflected ray from the
sensor to target arca

0 BT the angle between the normal to the background and the target hit point

¢ the azimuth angle between the projection of the ray cast to the sky on the ground and

the scene’s reference direction

the azimuth angle between the projection of the ray cast to the sky on the ground and
the scene’s reference direction

the range between the target and the sensor
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3.3.5 Sensor Response and Modulation Transfer Functions

The sensor submodel is the final submodel that affects the synthetic output image.
The sensor submodel converts the radiance values from the radiometry submodel to digital
count values, employing the spectral response of the sensor in the calculations. The
spectral response of the sensor describes the responsivity of the sensor at different
wavelengths, scaled by the maximum sensitivity of the sensor in the specified region so
that the output ranges from 0 to 1. For example, a thermal imaging sensor will not be
very responsive in the visible region while it should have a responsivity near one in the
infrared region of the electromagnetic spectrum. The following equation is used to
calculate the radiance after it has passes through the sensor.
Amax
L,(6)= 2 L(6,A)R(A)AL (3.5)
A= i

L..(9) - radiance at zenith angle 0 integrated over Amin t0 Amax
L(6,2) - radiance at zenith angle 6 and wavelength A
R (A) - Spectral Responsivity at wavelength A

This radiance is then converted to a digital count value using the following equation.
DC = gain- L (0) + offset (3.6)

DC - final digital count value
L,(9) - radiance at zenith angle 0 integrated over Amin t0 Amax
gain - gain of the sensor
offset - offset of the sensor in digital counts

While the sensor is one of the last submodels to affect the synthetic image, its
location in the scene must be established using one the first submodels, AutoCad. Using
the CAMERA function from AutoCad, the user can view the scene as it would appear
from various sensor look angles, positions, and magnifications. The optimum or desired
position of the sensor is then set and the geometric information is then recorded from
AutoCad. After this information is recorded, it is saved in a file so that the ray-tracer and

radiometry submodels can access this information for their calculations.

The sensor submodel can also be used to incorporate other effects into the final

synthetic output image. Motion, optical, electronic, and sampling effects may be added to
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the sensor model to make the synthetic image appear more realistic. Random and periodic
noise can also be added to degrade the quality of the image. Various sensor
configurations including frame cameras, pushbroom scanners, and line scanners may be
selected in the sensor submodel to create the geometric distortions commonly found in
real imagery obtained using these sensor configurations. While line scanner effects were
included in the validation, optical and noise effects were just being finished at the time of

validation. All these effects add to the realism of the synthetic image.

3.3.6 Final Image Generation Review

The final generation of a DIRSIG synthetic image requires the integration of all these
submodels. Some of the submodels perform multiple tasks at various stages in the
synthetic image generation process. Beginning with the scene geometry submodel, the
user creates a scene of objects with defined locations, dimensions, and material
parameters. The facet attributes which are assigned to the objects are then referenced by
the ray-tracer. Using a time of day specified by the user, a solar history at 15 minute
intervals is also created for each facet by the THERM submodel, and then this is input to
the ray-tracer. The ray-tracer then casts out a ray from each pixel in the scene in order to
determine the background interactions. With the solar history and attributes of each pixel
known, the temperatures are then computed using THERM. The temperature and ray-
tracer results may then be used by the radiometry submodel to solve the spectral radiance
equations. The radiance reaching the front of the sensor at each wavelength may then be
passed to the sensor submodel so that the spectral response of the sensor may be
incorporated into the final results. Finally, the sensor submodel integrates the radiance
results over the appropriate wavelengths and converts the output to digital count values

for the final output synthetic image.

DIRSIG and its submodels are designed so that continual improvements can be made
to the synthetic image generation process. While DIRSIG could not function without
each submodel, examining the submodels can point to areas of possible improvements. In
addition, the compartmentalization of DIRSIG allows for possible replacements of the

submodels if improvements or better models become available.
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4.0 Technical Approach & Procedure

4.1 Validation of DIRSIG

The process of validating DIRSIG in the infrared region consists of three main steps.
These steps include procuring aerial images of the region of interest, creating a synthetic
image of this same region using DIRSIG, and, finally, evaluating the synthetic imagery
using the truth imagery. Each of these three main tasks can then be subdivided into

smaller tasks.

The first step is to obtain aerial images of a region in which certain parameters and
information are known. This includes extensive knowledge of the sensor and its
characteristics. If a model of the sensor is not available, DIRSIG will not be able to
produce reasonable results. The exact location of the aircraft at the imaging time is also
needed so that the sensor can be properly positioned in the synthetic image. Weather
information and radiosonde data from the imaging time and location that the image was
taken must also be obtained to accurately model the atmosphere using MODTRAN.
Finally, either access to the region of interest or the combination of maps and plans should
be available so that the geometry of the various objects in the scene can be recreated using

AutoCad.

The next major step and task in the validation of DIRSIG is to reproduce and create
the synthetic image of a particular region of interest from the aerial image. In order to
validate the geometry of DIRSIG, care must be taken to ensure that each object is
reproduced as accurately as possible with the proper dimensions. The dimensions of the
buildings can be obtained from maps, surveys, or owners of the various structures. If
either of these methods is not possible, it is possible to estimate the size, location, and
dimensions of the objects through the use of visible imagery and photogrammetry.
However, the results from photogrammetry will probably not be as accurate as the results
from plans or blueprints. In addition, photogrammetry is extremely time consuming. On-

sight inspection of the scene would also help to determine some of the material properties
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of the targets in the scene. Finally, terrain and elevation profiles of the region can be

recreated from USGS maps.

The creation of a realistic synthetic image is a major task that has its own procedure
or approach that one should follow. This validation will help determine the procedure for
generating a realistic scene in the DIRSIG environment. This will be accomplished largely
through a trial and error process because of the limited scenes that are available for
reference. It will also explore the limitations of the DIRSIG environment in handling the
complexity of a realistic scene. As discussed earlier, this task will be shared with Russell
White as he validates DIRSIG in the visible region. This scene will then be available for

future use and testing of DIRSIG as well as image analysis programs.

After the region of interest has been assembled using AutoCad and the appropriate
material parameters have been assigned to the facets, the scene can then be processed
using DIRSIG to create the synthetic image. This will provide an initial synthetic image
with which a comparison can be made to the actual imagery. However, there are often
errors in the synthetic image that arise from differences in the material parameters,
weather information, and thermal predictions. As a result, these input parameters are

modified through an iterative process until the synthetic image closely resembles the aerial

imagery.

Once the two images have been closely matched, or at least to the best abilities of
the operator, it is necessary to complete the final stage of the validation by comparing the
two images. Several different methods of comparing images are available, including root
mean square (RMS) error and rank order correlation. These methods are discussed in
more detail in the following subsection. Once the synthetic image is in its final form, the

images can be compared in terms of digital count, radiance, or temperature values.

After this initial validation has been completed and all the material parameters have
been firmly established, the synthetic scene will be compared to alternate imagery of the
same region of interest. However, this imagery will have different imaging conditions and

parameters. As a result, the objects in the scene will appear different. For example, an
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aluminum sided building may be sunlit in one image but in the shade in the other image.
DIRSIG must be able to accurately model both conditions based on the material
parameters that were established for the first image; the material parameters will not be
modified when comparing the synthetic image with the second real image. This will help
to test the robustness of DIRSIG. Ideally, the same errors should be found when the
synthetic image is compared to the alternate truth imagery, different errors indicating

deficiencies in the robustness of DIRSIG.

Using these criteria, a scene incorporating the Kodak Hawkeye plant and the
surrounding area of NW Rochester, NY, has been selected to validate DIRSIG. One of
the major reasons for selecting this area was the availability of both visible and LWIR

oo imagery. This allowed the sharing of the
Titus Av ey v g
o workload in building a realistic scene of

these proportions. The area of interest, a

1kmx 1km region, is shown relative to

the city of Rochester, NY, in Figure 4.1.

Aerial images are available in the visible

and thermal regions of the spectrum,

permitting the use of the same scene for

both the visible and thermal validations

b o of DIRSIG. In addition, this area is
ol readily accessible to obtain geographic
, % - measurements and information.
-— 33 ] Additional images of this region were
e " i

also taken from the roof-tops of
Figure 4.1 Area of interest neighboring buildings using RIT infrared
cameras. One other primary reason for selecting this region was based on the fact that
synthetic imagery of the Kodak Hawkeye plant has already been created (Salacain 1995).
While extensive additions and modifications will be required, it provides a starting point

from which expansions and improvements can be made.
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4.1.1 Radiometric Validation Methods

In order to determine the accuracy of the synthetic image, a comparison between the
synthetic image and the truth imagery is necessary. These methods of comparison include
the rank order correlation and the root mean square error of specified targets. Each
method offers a unique comparison that provides different results and insight into the
resulting accuracy of the synthetic imagery. The results from these methods can then be

used in assessing problems and deficiencies in the synthetic image generation process.

4.1.1.1 Rank Order Correlation

Rank order correlation is used to “evaluate the relative contrast produced in a
synthetic image as compared to truth” (Schott et al., 1993). Relative contrast in an image
is important for both human and computer based classifiers in evaluating an image and
detecting specified objects within a scene. Each object or a specified number of objects in
the scene are given a ranking in terms of the brightness of the object. This brightness
ranking can then be used to compare a synthetic image with a real or truth image. If the
contrast rankings in the synthetic image do not closely resemble the rankings of the truth
image, a problem has been detected in the synthetic image generation process that will
then result in an error when computer or human assessment of the synthetic image is

performed.

Once the objects in both the synthetic and the real image have been ranked according
to their brightness, or digital count values, the comparison and, hence, assessment of the
synthetic image can be accomplished. An initial evaluation can be seen by graphing the
rank order in the truth image versus the rank order in the synthetic image. Ideally, this
would be a perfectly linear graph with a one-to-one target correlation. “Any difference in
ranking between the DIRSIG image and the truth image is indicative of a contrast reversal
for that object in the DIRSIG scene” (Schott et al., 1993). Because the thermal properties
of objects will vary at different times, the rank order in the synthetic image will also vary.

By comparing images at different times of the day using the rank order correlation
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method, a good overall assessment of the synthetic image generation process can be

found.

By examining the rank order of each corresponding object in the two scenes, an
overall rank order correlation coefficient can be assigned to the image. The Spearman
rank order correlation is defined as:

6Y(R R’

n3—n

Prop =1 4.1)

prop - correlation coefficient for each image pair at a particular time of day (TOD)
n - number of samples
R; - rank in the truth image for the i™ object
R; - rank in the synthetic image for the i" object
This overall rank order correlation can then be used in comparing the overall accuracy of
the synthetic images. However, the one major problem with rank order correlation
comparisons is that it is insensitive to overall radiometric gain or bias errors. To detect

these gains and biases in the radiometry, the root mean square error method of comparison

is needed.

4.1.1.2 RMS Error

While the rank order correlation can help detect radiometric problems in individual
objects, the root mean square (RMS) error method is useful in detecting overall problems
in the synthetic image generation process. The root mean square error method helps to
detect overall gain or bias problems in the radiometry of the synthetic image caused by
errors in the atmospheric parameters or sensor characteristics. The actual RMS error is
found by comparing the mean radiance values of objects in the synthetic image with the

same objects in the truth or real image.

RMS = \/-};Z(L,. ~-L)* (4.2)

n - number of objects
L; - radiance in the truth image for the i object
L; - radiance in the synthetic image for the i" object
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While this equation shows the RMS calculation using radiance values from the real
imagery and the synthetic imagery, temperatures are often used when dealing with thermal
imagery. The radiance at the sensor can be converted to an apparent temperature very
easily using known temperatures, Planck’s equation, and the sensor responsivity. The
spectral radiance values for temperatures that span the range of expected values in the

scene are found from the Planck equation.

2hc?
— 43)

A (e —1)

L) =

L(4) - spectral radiance
T - absolute kinetic temperature of the target
¢ - speed of light (2.99792458x10° m sec™)
h - Planck’s constant (6.626176x10™* Jsec™)
k - Boltzmann constant (1.380662x107> JK™)

These spectral radiance values are then multiplied by the sensor responsivity and

integrated in the appropriate bandpass.

Armex
L:jL

A,

min

RdA (4.4)

A Planck

The radiance values are plotted against the reference temperatures to determine a piece-

wise linear equation that can be used to calculate the apparent temperatures.

4.1.2 Geometric Validation

The validation of DIRSIG will also include a geometric validation and comparison
between the line scanner imagery and the synthetic imagery from DIRSIG. This geometric
comparison will help to validate the modeling of a line scanner in DIRSIG. Any geometric
bias in the synthetic image will be removed prior to assessing the geometric accuracy. A
geometric bias would likely result from uncertainty in the location of the plane. This
geometric bias will be removed through a first order registration, rofation and scaling, to

match the synthetic image and the truth image.

Similar to the radiometric validation, the geometric validation will be accomplished

using RMS error. The overall RMS error in the scene is found by selecting several objects
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throughout the scene. The coordinates of the these objects in the truth and synthetic
imagery are recorded. The error in the x and y directions for each object is then used in

determining the geometric error:

RMS ety = \/2 Error (x),.2 + Error(y) iz 4.5)

Error(x); - Error in x value for the i™ object location
Error(y); - Error in y value for the i™ object location
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4.2 Input Parameter Analysis & Optimization

Knowing that the generic input parameters to DIRSIG would not provide the
necessary accuracy for the validation, it was necessary to develop a method to optimize
the input parameters. An ad hoc approach could be used to modify the input parameters,
but it would be impractical to modify each of the input parameters and rerun DIRSIG in a
scene this complex. A more structured and calculated approach was needed. This led to a
sensitivity analysis of each of the input parameters. The sensitivity analysis provides
insight into the amount of change in a input parameter that is necessary to optimize the

input parameter and obtain the desired output value.

One of the first steps in a sensitivity analysis is to determine the expected range of
values and standard deviation for the input parameters. The range of values and standard
deviation can be found from published databases, measured values, or a combination of
these two resources. Because of the limited data, sometimes only two values are available
for each parameter from the published resources. When this occurs, the values are not
representative of an absolute minimum or maximum. They are more likely representative
of a relative minimum and maximum that have a distribution of values that intersect with
each other. These relative minimum and maximum values can be used as the range of
values for the sensitivity analysis, Aparameter, but the standard deviation, Gparameter, 18 still
needed for the optimization of the input parameters. The standard deviation is derived
from the relative minimum and maximum by assuming that the available values are

separated by two standard deviations. (see Figure 4.2 below)
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Figure 4.2 Relative minimum & maximum input values
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With the range of values and standard deviation of each input parameter, the sensitivity

analysis can be conducted.

In order to determine the sensitivity of an input parameter, the parameter is varied
over the specified range of values, Aparameter. The resulting output is recorded for each
variation of the input. The output is then graphed against the changing input parameter.
As long as the graphs are approximately linear, a first order linear regression can be used
to determine the overall output sensitivity to the input parameter, Aoutput/Aparameter.
The units of the output depend on the output of the object being studied. Unfortunately,
the output sensitivity value may not alWays be in the desired units for the analysis. A

mathematical conversion is then needed.

This was the case for the input parameter analysis involving THERM. Because a
sensor ultimately detects radiance, the ‘big equation’ was used to convert the output
sensitivity from THERM, AT ,ouns/Aparameter, into a radiance sensitivity at the sensor,
AL o/ Aparameter (the actual inputs to THERM and the ‘big equation’ conversions are

discussed in detail in Section 6.0).

A]jground sensor
Aparameter:> THERM e Big Equation —
Aparameter Aparameter

It is often difficult to analyze errors and differences in radiance units; most thermal
analysis is conducted using apparent temperature. Therefore, radiance sensitivity values
are converted into apparent temperatures using a reference blackbody. First, the radiance
for a blackbody at 300 & 301°K is calculated using the Planck equation (Eq 4.3). These
two radiance values are then propagated to radiance values at the sensor where the sensor
responsivity can also be included. The difference between these values provides the

change in radiance per unit change in temperature, ALgs/ATgg. The inverse is then
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multiplied by the radiance sensitivity to obtain the final input parameter sensitivity

expressed as an apparent temperature, AT ypparens/’/Aparameter.

AL A T BB A ];pparent

sensor

. Input Parameter Sensitivi
Aparameter ALy, Aparameter d v

The input parameter sensitivity reveals the change in apparent temperature for any amount
of change in the input parameter, but the sensitivity value is of little benefit in comparing
different input parameters. The sensitivity value is dependent upon the units of the input
parameter. As a result, a metric for comparing different input parameters is needed to
optimize the input parameters. The standard deviation is representative of the expected
error in the input parameter. Multiplying the input parameter sensitivity by the standard

deviation of the input parameter then provides an expected temperature error.

apparent

W - Oparameter => Al epeciea  Expected Temperature Error

This results in a common unit, femperature, among all the input parameters and allows
them to be compared with each other. These expected temperature errors can then be
ranked in decreasing order when optimizing the input parameters. The parameter with the
highest expected temperature error can be optimized first, followed by the remaining input
parameters. A review of all the terms involved in the input parameter sensitivity analysis

and optimization is shown below.

Aparameter - Change in the input parameter
(based on relative minimum & maximum range of values)

AT ground/Aparameter - Temperature sensitivity @ ground
(output from THERM)

AL onso/Aparameter - Radiance sensitivity @ sensor
(output from big equation)

ALpg/ATgp - Radiance-to-apparent temperature conversion
(output from radiance conversion)
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AT ypparend/ Aparameter - Apparent temperature sensitivity @ sensor
(mathematical conversion)

Oparameter - Input parameter standard deviation
(based on the relative minimum & maximum values)

AT expected - Expected temperature error
(based on 1 standard deviation of the input parameter)

After several input parameters of objects in the scene have been altered, the synthetic
image should be reproduced using DIRSIG. The difference between the synthetic image
and the real image should then be reexamined. This is necessary to ensure that modifying
the input parameters has not greatly altered the interactive relationships between objects in
the scene. Background objects sometimes have a large influence on the observed radiance
or temperature of a target, and the wrong interactions may results from too much
modification of an input parameter. As long as the interactions and phenomena remain the

same, differences can be reduced by additional modification of the input parameters.
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5.0 DIRSIG Validation

The theoretical approach to the validation of DIRSIG that was outlined in the
previous section was used as a reference to obtain the experimental data and results. This
section describes the actual experimental data, from obtaining the primary and secondary
truth imagery, creating the synthetic scene and imagery, to ultimately comparing the truth

and synthetic imagery.

5.1 Truth Imagery Collection

The acquisition of the truth imagery was one of the first steps in the validation of
DIRSIG. The general image collection process is described along with the equipment
specifications. The primary truth imagery from a Bendix line scanner is discussed first,

followed by the secondary truth imagery from an Inframetrics video camera.

5.1.1 Aerial Image Collection - Image 1

The infrared truth imagery used in the validation of DIRSIG was originally
acquired on 10 November 1991 as part of the New York State Energy Research and
Development Authority (NYSERDA) and Rochester Gas and Electric Company (RG&E)
survey to improve the study of infrared heat loss in structures (Snyder 1994). This
imagery was selected because it was readily available in digital form, and extensive
documentation of the imagery existed. As discussed earlier, documentation of the
imagery, the collection, and the equipment specifications is essential in trying to recreate
imagery using DIRSIG.

Near ideal thermal imaging

conditions existed on the cold, fall morning

- the sky was clear with a visibility of 15
I niles and the wind was less than 5 mph.

B : B As the plane, a Piper Aztec twin engine

‘ aircraft that had been modified with a 28

inch camera hole in the bottom of the

Figure 5.1 Piper Aztec aircraft
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fuselage, flew over the city, a Bendix LN3 line scanner detected the radiation reaching the
sensor in the 8 - 14 um region of the electromagnetic spectrum. A simple line scanner,
such as the Bendix, “employs a spinning mirror to project the image of the detector along
a line on the ground perpendicular to the aircraft. By sampling the signal from the
detector, the across-track image lines can be formed. During the rotation of the scan
mirror, the sensor platform advances slightly and consecutive rotations of the mirror
sweep out consecutive lines on the ground which are sampled to form the across-track

lines that make up the image” (Schott 1996). (see Figure 5.2)

Line scanners are one of the simplest methods of acquiring imagery, but this
simplicity leads to some problems. One of the major problems associated with line
scanners is distortion. Because the line of sight of the scanner is redirected mechanically
by the scan mirror and not optically, the effective focal plane is a curved surface. This
results in a compressive distortion in the across track direction. This phenomena is known
as tangential distortion (Lillesand & Kieffer, 1987). Post processing can reduce this
tangential distortion, but it cannot restore the lost resolution. The flight path of the Kodak
area consisted of several racetrack flight lines as depicted in the figure below to ensure
complete coverage of the region and also allow for post processing of the image to reduce

the areas with serious tangential distortion.
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Figure 5.2 Line scanner image acquisition
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5.1.2 Equipment Specifications - Image 1

In order to accurately recreate imagery using DIRSIG, it is not only necessary to
know details about the image collection but also the equipment specifications. The Bendix
LN3 line scanner imaging system consists of several integrated components (see Figure
5.3). The heart of the system is the scanner, which contains the scan mirror, detector, and
blackbody reference. The detectors are maintained at 77°K using liquid nitrogen. The
liquid nitrogen improves the performance of the system by reducing the noise at the
detector. Another aspect of the system that improves the imagery is the roll autopilot. A
roll autopilot is used to determine the attitude of the aircraft throughout each scan line so
that the effects of an unstable platform can be removed in post processing. This attitude
information along with the data from the detector are recorded by a tape deck for eventual

conversion on the ground into the actual digital image.

g Oscilloscope

Roll Autopilot

g Blackbody
N s I S

Tape Deck [

Figure 5.3 Bendix line scanner

Scanner Housing

With a basic understanding of the components and operation of the Bendix Line
Scanner, it is now possible to discuss the exact equipment specifications that provide the
high resolution thermal imagery. As explained earlier, the scan mirror rotates in the across
track direction, recording a raster image in the process. The Bendix LN3 utilizes a 3-inch
scan mirror spinning at 110 rev/sec, providing a 120° scan angle in the across track
direction. With 10° at the edge of the scan used to reference a constant black body, the
resulting ground swath at a flying altitude of 1000 ft. is -1443 ft. to +1732 ft. With an
instantaneous field of view (IFOV) of 1.0 milliradians, the resulting resolution of the

imaging system at nadir is one foot at the 1000 ft. imaging altitude.
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Bendix Responsivity The spinning scan mirror reflects the
1 radiation to a Mercury-Cadmium-Telluride
z 0.75 (HgCdTe) detector. The filtered detector
E_ 05 1 responsivity is shown in the graph to the left.
& 025 ] The 8-13.5 um region of the spectrum, where

o

I e e L the detector responsivity is greatest, will be

Wavelength (um) modeled in DIRSIG.

Figure 5.4 Filtered Bendix responsivity

5.1.3 Rooftop Image Collection - Images 2-3

The second set of imagery of the Kodak Hawkeye plant and the surrounding area
was obtained using RIT’s Inframetrics Model 600 LWIR camera. Preliminary aerial
images were acquired as part of a multi-purpose DIRS flyover in the Fall of 1995. In
order to obtain the images using a conventional aircraft, the window of a Cessna 172 was
held open so that an unobstructed radiation path existed from the ground to the
Inframetrics camera. Unfortunately, this flyover failed to provide any useful imagery
because of improper camera settings. As a result, rooftop imagery had to be used in the

validation.

The rooftop imagery was taken from two locations: the roof of the Kodak
Hawkeye plant & the roof of the YMCA building. These two locations provided
additional and unique perspectives of the region of interest. Imaging from the roof of the
Kodak Hawkeye plant, the church was the primary target while the Hawkeye plant was
the focal point from the YMCA building. Unlike the Bendix image, these images were
taken at approximately 1400 on 9 October 1995 in sunny conditions. The sky was clear
and the wind was relatively calm. At both locations, the Inframetrics camera was mounted
on a tripod for stability. The camera was focused on the desired target, using the monitor
to display the thermal video, and a VCR to record the imagery. (Figure 5.5 depicts the
camera setup & the components of the Inframetrics imaging system.) Different

temperature ranges were selected on the Inframetrics controller to ensure complete
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coverage of the temperature ranges in the scene and eliminate saturation in the output
image, a problem that plagued the flyover imagery. Once the rooftop imaging was
complete, the temperature of the river was measured. The temperature of the river
provided a reference temperature that could later be used for in-scene calibration of the
imagery. Selected frames from the video were then converted into digital imagery using
IMLAB and RIT facilities. This digitization revealed a large amount of noise in the
imagery. Post processing was used to average multiple frames of the video in an attempt
to reduce the noise. These post processed images were used in the validation. However,
the amount of noise in the imagery combined with the fact that the camera’s calibration

was not updated in the lab prior to acquisition, the validation analysis was limited to rank

order correlation techniques.
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Camera/Scanner

Figure 5.5 Inframetrics video camera system

5.1.4 Equipment Specifications - Images 2-3

The Inframetrics Model 600 IR Imaging Radiometer resembles a normal VCR
camcorder; a camera body is used to acquire the image, a small monitor is used to display
real time video output, and a video recorder is used for permanent storage. Similar to

traditional cameras, the Inframetrics uses lenses and mirrors to direct the photons to the
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detector, but the lenses are fabricated of materials that transmit longer wavelengths of
energy. This is where the similarities end with a traditional camera, and the Inframetrics
more closely resembles the Bendix line scanner. Instead of using a traditional
photosensitive medium such as film to detect the photons, the Inf;ametrics camera has a
single Mercury-Cadmium-Telluride (HgCdTe) detector that is scanned mechanically
across the scene. Also like the Bendix line scanner, a blackbody reference source
maintained at 77 °K using liquid nitrogen is used for calibration of the detector while
ensuring maximum thermal contrast, resolution, and noise reduction of the imaging

system. (Figure 5.6 shows the responsivity of the Inframetrics system.)

In order to acquire an image, the

Inframetrics Responsivity operator of the camera must first set the

1 desired imaging parameters on the control

unit. This includes limiting the

o
u
al

electromagnetic spectrum to the 8-12um

Responsivity
o
(4]

o
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region using pre-set filters. The desired

o

ettt} center reference temperature and the
® @ o ¢ o o %

Wavelength (pm) appropriate temperature span are also entered

7

: . i . The viewi is th.
Figure 5.6 Filtered Inframetrics by the operator. The viewing area is then
Responsivity brought into focus, and the infrared system is

ready to record video imagery.

The acquisition of high quality video imagery depends on both the frame rate and
the scan speed of the system. The frame rate refers to the rate at which images are
updated on the monitor, and the scan speed is the rate at which complete thermal imagers
are acquired by the mechanical scanner. The actual video imagery is updated at a frame
rate of 60Hz to prevent flicker in the monitor display, and the scan rate of 4 kHz provides
a balance between resolution and distortion. So what does all this mean in the end -- the

Inframetrics is capable of acquiring rapidly moving targets without distortion.
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Like any imaging system, the final ground resolution is defined by the imaging
system parameters. The field of view for the Inframetrics is 15 degrees in the vertical by
20 degrees in the horizontal. With a 2mrad resolution in both the horizontal and vertical
directions, this field of view results in 200 lines per frame with 256 pixels per line. The
output video imagery is displayed as 128 shades of gray, a 7 bit dynamic range. These
128 shades of gray are used to display either a 5, 10, 20, 50, 100, or 200 degree
temperature range, as selected by the operator. The final parameter that affects the
resolution and is also used to describe the quality of a thermal imaging system is the Noise
Equivalent Temperature Difference (NEAT). While the Inframetrics camera has an

advertised NEAT of 0.2°C, actual imagery places the NEAT closer to 0.5°C.

5.1.5 Image Collection Summary

The image collection and equipment specifications are summarized in the following
table. The resulting imagery can also be seen below. Visible imagery is also shown in

conjunction with the thermal imagery as a reference.

Table 5.1 Validation imagery - specification summary

Image 3
10 Nov 91 12 Oct 95 12 Oct 95
Time of Day(EST) 0230 1300 1500
Platform Piper Aztec Kodak Roof YMCA Roof
Altitude 1000 ft (AGL) | 585 ft (MSL) 497 ft (MSL)
Perspective Nadir Oblique Oblique
Camera Bendix LN3 Inframetrics Inframetrics
Line Scanner | Video Camera | Video Camera
Bandpass 8-14 um 8-12 um 8-12 um
Recording Device Tape Deck Video Tape Video Tape
IFOV 1 mRad 2 mRad 2 mRad
NEAT 0.2°C 0.5°C 0.5°C
Resolution 1ft 251t 2 ft
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Image 1 - Bendix (Nadir)
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Visible LWIR

Image 2 - Inframetrics (Oblique Church)

Visible LWIR
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Image 3 - Inframetrics (Oblique Hawkeye)

Visible LWIR
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5.2 Scene Development & Synthetic Image Generation

Once the area of interest was defined from the available imagery, the creation of
the synthetic image began. However, before any facets could be drawn on AutoCad, the
dimensions, sizes, and locations of all objects in the scene needed to be estimated. Initial
thoughts involved using a GPS to approximate positions, measuring buildings with a tape
measure, estimating distances from imagery, and using actual blueprints to recreate the
objects in the scene. In the end, a combination of all these methods would have to be used

to model the area near the Kodak Hawkeye plant.

A major breakthrough in the development of the scene occurred when it was
discovered that the city of Rochester had digital drawings of the city, depicting all roads,
sidewalks, property boundaries, and buildings. While the drawings were only in two
dimensions, it provided a plan view, or outline, for all objects in the scene. This would
permit highly accurate drawings in two dimensions, x and y. The following picture shows
the plan view of the region of interest that was obtained from the City of Rochester -

Department of Environmental Services (Mr. Jeff Tiede).
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Figure 5.7 2-D city template
However, the elevation of the ground and the heights of structures were still needed. This
information would ultimately be provided by a combination of USGS elevation maps and
the methods previously discussed. With the dimensions of all the objects in the scene, the

drawing of each facet could begin.
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5.2.1 Terrain Generation

The drawing of the terrain proved to be one of the most difficult tasks in the
development of the scene because of the lack of information available. Defense Mapping
Agency (DMA) Digital Elevation Models (DEM) of the area were considered, but these
maps have a resolution of only 30 meters, or 100 feet. Because a higher resolution was
desired, USGS maps from 1972 were used to provide elevation information. These maps
have a resolution ranging from 5 feet to 25 feet, depending on the rate of change of the
elevation. However, this information still needed to be converted into a digital form so

that it could be used in drawing the terrain facets in AutoCad.

The USGS maps were first photocopied and then enlarged to provide better detail
of the contour lines. These enlarged maps were digitized using a digitizing tablet
connected to a personal computer. A first order registration, rotation and scaling, was

then performed to match the

51t 251t elevation information with the digital
template of the city. The results can
be seen in the contour map (Figure
5.8), where the overall scene is
approximately 3000ftx3000ft
(1kmx1km). Also shown is the
decrease in resolution of the contour

map from 5 ft to 25 ft. The contour

map provided precise latitude,

longitude, and elevation data for the

terrain. The terrain facets, to

Figure 5.8 Contour map

include the roads and river, could

then be drawn.

The resulting terrain can be seen in the following pictures. The terrain included a

maximum elevation of 525 feet and a minimum elevation of 245 feet. In addition to the
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undulating grassy terrain, a 200 foot gorge made of rock, clay, and grass bisects the
region. A 100 foot waterfall can also be found near the southern edge of the region.
Asphalt roads and concrete sidewalks complete the essential components in the layout of
the terrain. More detail on the actual construction of the terrain can be found in Appendix

C - AutoCad Scene Construction.
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Figure 5.9 AutoCad terrain
5.2.2 Building Generation

With the terrain completed, the next stage in the development of the scene
involved adding houses and buildings. The city template provided a starting point as it
showed the outlines of all structures, but it didn’t provide any information about heights of
buildings or roof shapes. While USGS maps were used to provide the elevation of the
terrain, an alternative method of determining the heights and shapes of the buildings was
needed. This is where the visible imagery of the scene and site measurements were used

to provide the remaining pieces of information.

On-site measurements were taken of several buildings near the Kodak Hawkeye
plant. These measurements were obtained using two methods, depending on the
accessibility of the object being measured. For objects that were relatively small and that
could be reached easily, such as windows, a tape measure was used. Unfortunately, this

method could not be used to measure the heights of buildings. So, a picture of the
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building was taken with a reference object placed into the imagery. Knowing the size of
the reference object, a 6” board, a scale for each picture could then be developed to
estimate the heights of the buildings. This method provided fairly accurate geometric
information for several buildings. Figure 5.10 shows the reference object that was used to

estimate the size of the buildings.

Figure 5.10 Church & YMCA buildings with reference object
These buildings, including the Kodak Hawkeye plant, the RG&E electrical plant, and a
strip mall were the focal points for the geometric and radiometric validation. The
locations of these key buildings in the scene are shown below, along with the AutoCad

drawings (Figure 5.12) and resulting DIRSIG imagery (Figure 5.11).

Figure 5.11 Scene layout
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Figure 5.12 AutoCad Buildings

This method of information gathering was very time consuming, even for two students,
and with over 800 houses and buildings in the scene, an alternative method was
desperately needed. So, an inspection and characterization of the objects in the scene was
performed. This inspection revealed the houses in the scene could be categorized into
four main types: roof perpendicular to the street, roof parallel to the street, hipped roof, &
garage. Because the houses were so similar, it was possible to create just four generic
houses. Using the 2-D template from the city, these ‘generic’ houses were scaled to fit the
appropriate dimensions of the houses in the scene. The x & y scaling was based on the
outline of the houses as provided by the city template and the z scale factor was set to the
height of the house. For two story houses, a scale factor of approximately 35 was used,
resulting in a building height of 35 feet. Similarly, garages were given a z scale factor of
10-15 to provide roof heights of about 12 feet. These generic houses were inserted at the
elevations of the terrain, sinking them in the ground slightly to ensure that they were not

floating in the air. As seen in the following drawings, the detail of the houses was limited
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to reduce the number of facets in the scene. With over 800 houses in the scene, the
addition of just two windows per house adds almost 2000 facets to the scene, greatly

increasing the computational time required to generate the synthetic image.

Parallel Roof House with Dormer Perpendicular Roof House
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Figure 5.13 AutoCad Houses

About 100 buildings and houses did not fit into these four main categories. In
these cases, actual imagery was used to estimate the size and shape of the buildings.
Aerial imagery in the visible region was available at both a nadir perspective and an
oblique perspective. The size and shape of the remaining buildings were estimated based
upon the size of the surrounding objects. While not as accurate as measuring the building,
it provided a close approximation of the roof structure and height of the building (the plan

view of the building being used to ‘frame’ the walls).
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5.2.3 Miscellaneous Object Creation

While it was impossible to recreate every object in the city, it was necessary to try
and recreate the important features that were prominent in the truth imagery. The final
additions to the scene consisted of various objects to make the scene appear more
realistic. This meant that trees would need to be included in the scene, but they would not
have to reveal individual leaves or intricate structures. Because of a memory limitation
that was related to the number of facets in the scene, the tress in the gorge were very
basic, created using only 20 facets per tree without a tree trunk. The trees in the
residential areas were still primitive but contained over 75 facets, including a tree trunk
and basic branch structure. In the end, over one thousand of these trees were ‘planted’
throughout the gorge and the residential areas. While all the trees were deciduous and not
coniferous, the trees provided the thermal shading and variation in the scene that was
typical of a real image. Additional objects included the rose garden near the strip mall on
the western side of the gorge. The Driving Park Bridge, created by Jim Salacain, was also
included in the scene to add realism to the scene (Salacain 1995). Some of the special

buildings and objects are shown in the following visible imagery and thermal DIRSIG

imagery.

Figure 5.14 Miscellaneous object details
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5.2.4 Meteorological Data - Weather & Atmosphere

Meteorological data used in modeling the truth imagery was obtained from the
U.S. National Climactic Center. The weather data for the local Rochester area included
all necessary information for the DIRSIG weather file, except for the direct & diffuse
insolation values. These solar loading values were estimated using THERM’s ability to
forecast the weather. By describing the preceding 48 hours of weather to THERM, it can
predict the remaining weather parameters that are needed for DIRSIG. The atmospheric
profile was created by Modtran using a combination of radiosonde data from Buffalo, NY
from 0700, corrected for local surface temperature, and Modtran specified inputs. These
specified inputs included the atmospheric model type, aerosol extinction type, and cloud
models (The Modtran card deck and meteorological information can be found in Appendix
B). An example of a Modtran estimated atmospheric profile can be seen in the following
graphs for the 10 November 1991 imaging data. The use of the measured meteorological

data, weather data, and computer model results provided all necessary information for the

DIRSIG synthetic imagery.
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Figure 5.15 Atmospheric profile

5.2.5 Sensor Parameters & Profile

The completion of the synthetic image relied on the image collection parameters
and equipment specifications. These were extracted from the collection parameters

discussed earlier. The sensor responsivity was specified in the *.sen file and the image
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collection parameters were included in the * adv and *snd files. The motion profile of
the plane was specified for the Bendix line scanner - /mage 1. This information was taken
from the recordings of the autopilot on the image collection date and is listed in the *prf

and *psf files. The exact format and data in these files can be found in Appendix B.

5.2.6 Image Creation Summary

The large variety of items and the size of the area resulted in a very complex scene.

This complexity was reduced by dividing the scene into 20 different ‘regions’, 16 land

regions and 4 water regions. While each of the land regions was a DIRSIG object,

consisting of the terrain, street, sidewalk, house, and building parts, the water regions

Hawkeye Scene

Trees
11A-44C
Objects

Area 11-44
Objects

Area 51-54
Objects

Houses
Buildings

Streets
Sidewalks

Figure 5.16 Hawkeye scene construction

consisted only of water. The tree objects were similar to the water regions, comprised of

only individual trees. These divisions helped when making modifications to the scene and
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also allowed the scene to be tested quickly. In a scene this complex that often requires
modifications, it can be extremely difficult and time consuming to make any changes at the
facet level. This problem was alleviated through the division of the scene and the use of
AutoCad script files. Script files were used to rebuild all the objects and the overall scene.

This reduced the effort and time required to rebuild a scene after a modification was made.

In the end, about 50 materials from a database of over 250 materials were assigned
to facets in the scene. Generic material parameter values were initially used in the scene
but were later optimized to reduce the radiometric error. The optimization of the material
parameters is described in detail in the following section. A listing of the materials that

were assigned to the various faceted objects in the scene is shown below.

Building Construction Materials (BCM) _ Soils/Water Surface Construction Materials (SCM) _ Vegetation
Roof - aluminum Soil - clay - gray Asphalt - parking lot - dark/new Grass

Roof - asphalt shingles - colored * Soil - clay - red Asphalt - parking lot - old/weathered Tree - deciduous
Roof - gravel Soil - dirt - brown Asphalt - street Tree - trunk
Roof - steel Soil - gravel - light brown Concrete - street/sidewalk

Wall - brick - colored * Water - Genesee River

Wall - concrete
Wall - wood - colored”
Window - glass

" - 10 colors were available for each of these materials

The goal of this validation is to determine how well DIRSIG models the real
world, but the error in the synthetic image depends on the accuracy of its creation. While
error in the synthetic image was reduced through the optimization of the input parameters,
including the material and meteorological parameters, some errors are still unavoidable
and inevitable. These errors may only be eliminated through countless hours of research
and work. As a result, some error is often accepted to reduce the time involved in
researching and creating a scene. The following table summarizes the expected geometric
accuracy/error that was tolerated when creating the buildings for the synthetic image.
While this geometric error could have been reduced, these errors represented an

acceptable balance between time and accuracy.
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Table 5.2 Estimated geometric accuracy

Undulating Terrain +10ft +10ft + 5ft
Gorge +10ft +10ft + 15 ft
River Bed + 10 ft + 10 ft + S5ft
Streets/Sidewalks + 3ft + 3ft + S5ft
Houses + S5t + 5ft + 51t
Detailed Buildings + 2ft + 2ft + 2ft
Estimated Buildings |+ 5ft + 5ft +10ft

All these different components that have been discussed are required to generate a
single DIRSIG image. The best results are achieved when measured or actual data is
available, but the DIRSIG environment provides the tools to estimate all the input
parameters if measured data is not available. The following table summarizes the input
files and the sources that were used in recreating the Bendix line scanner imagery and the

Inframetrics video imagery (the files can be found in Appendix B)

Table 5.3 DIRSIG input file summary

Inputs | Description = = o0 Source o
* ady AutoCad view file containing the scene and imaging DVIEW & user specified
parameter coordinates in AutoCad units
* cdk Modtran card deck used to create the radiance file CONTROL 7 & user specified
* ems | Material emissivities that are a function of the wavelength | DCS Corporation &
and look angle NEF Database
*gdb Geometric Database containing each facet’s location, DIRSIGFMT & AutoCad output
normal, and material
* mat | Material file containing the physical properties of each DCS Corporation &
material NEF Database
*prf platform motion profile containing the flight profile of the | Actual sensor data
plane
*psf platform specification file containing the imaging system | Actual sensor data
parameters
*rad radiance file containing the bandpass atmospheric Modtran
parameters used in DIRSIG
*rsd radiosonde data from Buffalo NY that is used by Modtran | Measured data
to predict the atmospheric profile Buffalo, NY
* sen Sensor responsivity file containing the spectral response Actual sensor data
of the sensor
* snd Scene node file containing the bandpass spectral ranges DVIEW & user specified
and the data that relates the scene position to the earth
and sun
*wih weather file containing 48 hours of weather prior to the THERM or
imaging time measured data - Rochester, NY
model | line scanner file containing synthetic image parameters Actual sensor data
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5.3 DIRSIG Validation Results

Once all the DIRSIG input files were completed, a synthetic image was generated.
The resulting image was acceptable, but some differences were apparent between the
synthetic and primary truth imagery. This was understandable since only a limited amount
of actual measured data was available for the creation of the synthetic image. Since a
synthetic image is only as good as the inputs, it was evident that some of the input
parameters needed improvement. This is where the analysis of the meteorological and
material input parameters was used to optimize the inputs and reduce the differences
between the synthetic and truth imagery. The input parameter analysis and optimization is
discussed in detail in the following section, Section 6.0 - Input Parameter Analysis &
Optimization. These optimized input parameters were then used for the final validation

with the truth imagery.

With the input parameters to DIRSIG optimized, the process of validating the
synthetic imagery could begin. A quick assessment of the imagery could be made visually,
but the goal of the validation was to asses the imagery mathematically using root mean
square error and rank order correlation. The RMS error of the Bendix line scanner imagery
was found first, followed by the rank order correlation. The Inframetrics imagery was then

analyzed using only rank order correlation.

5.3.1 Validation - Primary Truth Imagery (Bendix line scanner)

The imagery shown on the following pages was used to validate DIRSIG. The
Bendix and DIRSIG line scanner imagery of the entire region is presented first. This
imagery is followed by additional imagery of selected regions of interest, to include the
church, gorge, garden, strip mall, and Hawkeye plant. The imagery has been contrast
enhanced, where the entire temperature span in the imagery is less than 10 degrees. The fact
that the temperature range was so limited reveals the difficulty in simulating nighttime LWIR
imagery. During the day, solar effects add to the temperature range and thermal contrast in
a scene as the visible characteristics of the objects affect the temperatures. At night, these

visible characteristics have limited effects on the temperature of objects. As a result, objects
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tend to look similar at night, and the overall temperature range in a scene is much less than

the day.

Visually examining the imagery on the following pages, several differences and
discrepancies must be explained. In the imagery of the overall scene, the river is noticeably
wider in the synthetic image than in the truth image. This difference results from the water
level variation of the Genesee river. The 2-D city template was used to set the boundaries
of the river, but evidently the water level of the river was higher when the city template was
developed. Another difference that must be mentioned involved the trees in the synthetic
image. The trees in the synthetic image were provided to enhance the visual appearance of
the image. These trees provided the shading and variation visible in the truth imagery.
However, these trees have the characteristics of deciduous trees during the summer, not

coniferous trees in the winter that are present in the truth imagery.

There are also some visual differences that must be pointed out in the imagery of the
selected regions. Most importantly is the geometric difference between the truth and
synthetic imagery. The synthetic imagery of these selected regions was generated using a
frame camera model to reduce DIRSIG run times while the actual imagery shows the line
scanner distortions. An additional geometric difference is evident in the mall imagery. After
the truth imagery was acquired in 1991, the gas pumps at the top left of the image were
removed and replaced with the strip mall shown in the synthetic image. In addition, none of
the houses in the synthetic imagery had chimneys. As a result, the white hot chimneys seen
in the truth imagery are not seen in the synthetic imagery. The final visual difference that
must be explained is the dark shadows evident around the bases of the buildings in the
synthetic imagery. These dark shadows were caused by a coding error in DIRSIG. The

coding error has since been fixed and these effects are no longer evident in the synthetic

imagery.

The imagery shows that DIRSIG was able to closely model the real world, despite
the relatively low contrast typical of the night imaging conditions. After visually assessing

the synthetic image, it was necessary to quantify the radiometric accuracy of the synthetic
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imagery. With over 800 houses, buildings, and objects in the scene, it would be impossible
to evaluate each individual object. Therefore, key structures were identified to test the
radiometric accuracy of DIRISIG. Once the validation points were identified, it was
necessary to establish a common unit for comparison of the imagery. The output imagery
from DIRSIG was in radiance units while the Bendix imagery was in digital counts. The
Bendix imagery was first converted from digital counts into radiance values using the gain

and bias of the sensor (Snyder 1994).

L=0.06825-ADC + 27.8 5.1
where ADC=D Cobjéct -D Cblackbody
chlackbody =164.79

This established a common unit of radiance between the synthetic and truth imagery. To
make the analysis more informative, the radiance values were converted to apparent
temperatures. Reference temperatures ranging from 260 to 305°K were used to develop a
linear conversion as described in Section 4.0. This linear conversion was applied to both the
Bendix and DIRSIG imagery.

Topparent = Radiance p,1.922 + 223.426 (5.2)
The apparent temperatures of the specified structures in the synthetic image could then be

compared to the apparent temperatures of the same structures in the truth imagery.
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Figure 5.17 Primary validation imagery
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5.3.1.1 Material Radiometric Accuracy - Root Mean Square Error

The major task of the validation involved assessing the radiometric accuracy of the
synthetic imagery. The average apparent temperature from several pixels in the synthetic
image were compared to the average apparent temperature from the same object in the truth
imagery. The root mean square error detected global errors as well as individual errors.
The truth values were compared to two sets of DIRSIG imagery; one created from the
generic inputs and the other created from the optimized inputs. This showed the
improvement of the DIRSIG imagery after optimizing the input parameters. The imagery

below shows the material validation points that were used to assess the imagery.

Figure 5.18 Validation points
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Table 5.4 RMS error validation results - Bendix imagery
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Material Evaluation
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Figure 5.19 Material evaluation results

The dramatic improvement in the synthetic image after optimizing the input
parameters was evident in these results. The large bias seen in the generic input parameters
was eliminated by increasing the surface air temperature by 4 degrees. The input parameter
analysis also showed which material parameters to alter to further reduce the error in the
synthetic image (see Section 6.1.2). The overall optimization reduced the apparent
temperature error from nearly seven degrees to approximately one degree. In addition,
there were no materials with exceptionally large errors in the final synthetic imagery. It was
possible to closely model the specified points with the optimized materials database. The
only trends that manifested themselves in the results were for materials with vertical
orientations. The nadir perspective of the Bendix imagery made it difficult to find large

consistent areas of these materials for optimizing the input parameters.

These same validation points were then assessed using rank order correlation. Similar
to the RMS analysis, both the generic and optimized DIRSIG imagery was analyzed to
determine the improvement or degradation after the input parameter optimization. The ROC
analysis removed the global errors in the results caused by the surface air and determined the

relative improvement after the optimization of the material parameters.

69




5.3.1.2 Material Radiometric Accuracy - Rank Order Correlation

Understanding the RMS error and bias in the results, the rank order correlation
showed how accurately DIRSIG created the relative differences in the apparent
temperatures of the materials. It removed the large bias seen in the generic input parameters
and revealed the relative improvement in the results after the optimization of the material
pararheters. It is the relative temperature differences that automated target recognition
system rely on to distinguish objects. The rank order correlation results are shown in the
imagery, table, and graphs on the following pages. The hottest object was ranked number 1
and the coldest object was ranked number 15. A ROC coefficient of 1.0 is perfect.

The ROC analysis yielded very strong validation results for both the generic and
optimized DIRSIG imagery. The ROC coefficient increased from 0.8892 to 0.9214 after the
optimization of the input parameters. The removal of the global error in the generic results
showed the accuracy of the generic materials in representing the actual materials in the
scene. Seven materials in the generic DIRSIG imagery had the exact same rank as the truth
imagery in comparison to 10 exact rankings in the optimized DIRSIG imagery. In addition,
the largest ranking error was 5 for the generic and 4 for the optimized imagery. DIRSIG
was able to closely model the real world, despite the low contrast typical of the night

imaging conditions.

The main area of error was centered on the soils and the building construction
materials. Large rank errors were seen for the dirt and gravel and the brick and concrete
walls. This is understandable because of the similarity in these materials. The material
parameters, i.e. thermal conductivity, heat capacity, and emissivities, for the soils were all
closely related. As for the brick and concrete walls, the apparent temperature of these
materials is strongly affected by the internal heat. Not accounting for the internal heat may
have contributed to the error. Despite these ranking errors, the overall results showed that
DIRSIG can model the very difficult nighttime LWIR imaging conditions present in the truth

imagery quite well.
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Table 5.5 ROC validation results - Bendix imagery
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Figure 5.20 Rank order correlation results
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5.3.1.3 Radiometric Accuracy - Complex Radiometric Phenomena

While the material comparison tested the accuracy of specific materials, the
validation should also test the entire SIG process and not just one aspect. Therefore, to test
the ability of DIRSIG to include shape factor effects, angular effects, background effects,

and other complex radiometric phenomena, additional validation points were needed.

In testing the limits of a system, the input variables should be strictly controlled;
isolate the input variables and then change them one at a time. This validation was no
exception. Since asphalt roads and shingles were known to a high degree of accuracy, these
materials along with roof gravel and grass would be used to test the ability of DIRSIG to
model the real world. Using materials that are known to a high degree of accuracy reduces
the material parameter error and limits the control variables, allowing the focus to be placed
on testing the model and its ability to include complex radiometric effects. The asphalt
streets tested the angular effects of the sensor as they are found throughout the scene at
different orientations and distances to the sensor. In following this philosophy of changing
only one variable at a time, asphalt shingles were examined next. They provided excellent
angular effects as well as some limited background and shape factor effects. A key structure
located in the parking lot south of the Hawkeye plant was examined for these effects. The
grass between houses and the gravel roof of Hawkeye finally tested the robustness of
DIRSIG in modeling complex radiometric phenomena. The angular effects, shape factor
effects, and background effects could all be analyzed from these materials. For the roof
gravel, complex thermal exchanges existed between the roof gravel, the atmosphere, and the
surrounding walls. Similar phenomena were evident for grass as the apparent temperature
rose dramatically between the houses. Because this analysis required high resolution
DIRSIG imagery to approximate the one foot resolution of the Bendix imagery, the sub-
images shown earlier were used in the analysis. The following imagery shows the actual

analysis points that were used to examine the phenomenology effects.
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Figure 5.21 Complex phenomenology validation points

Similar to the validation of the scene materials, the analysis of the complex
radiometric phenomena was accomplished using both root mean square error and rank order
correlation. The temperature error in the material that was found from the material
validation was removed prior to the analysis of the complex radiometric phenomena. This
was done to try and remove any temperature bias caused by an error in the material so that

the resulting errors would be from the phenomenology.

The ability to include angular effects was the first phenomenological indicator that
was analyzed. As the sensor-target angle increases from 0 to 90 degrees, the emissivity

decreases for most materials. Therefore, the apparent temperature should change as the
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sensor-target angle varies. The results of the angular effects in the asphalt streets can be
seen in the following graphs where points 2, 3, 4, & 6 are near nadir while 1, 5, & 7 are

more towards oblique angles (see Figure 5.21 for the location of the validation points).
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Figure 5.22 Angular effect evaluation

No real conclusive angular effect patterns could be seen in these validation points.
The variation in the apparent temperatures was most likely caused by shape factor effects,
not angular effects. The shape factor was near one in the synthetic image for all these
points, but the actual imagery may have had different surroundings objects as it was difficult
to model every tree in the scene. The phenomenology control of these validation points was

not great enough to make any conclusive decisions regarding the angular effects. These
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points were a bad selection for the examination of angular effects. The actual numeric

values for the angular effect evaluation of the asphalt streets are shown in Table 5.6.

(orientation)

_ Asphalt Street 1
Asphalt Street 2

Asphalt Street 4
- Asphait Strect 5
Asphalt Street 6

Object - structure number

Asphalt Street 3

Asphalt Street 7

Table 5.6 Angular effect evaluation - asphalt street

. . ROC
Truth SIG Error

~ Apparent Temperature
Truth  SIG

210 0.0
-2.06 '
233
2,19

RMS Error - 0.3607

ROC Coefficient - 0.2857

The second phenomenological evaluation was conducted using an asphalt shingled

roof to the south of the Hawkeye plant (see Figure 5.21 for the location of the validation

points). The sloped roof provided indications on the inclusion of shape factor effects but

primarily it showed angular effects. The selected roof was chosen because it offered four

distinct orientations.

Each side of the roof is exposed to different backgrounds, and each

side has a different sensor-target angle. The results are shown in the graphs below.
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Figure 5.23 Angular effect & shape factor evaluation - asphalt shingles

While it was difficult to determine the accuracy from the RMS error, the failure of
DIRSIG to correctly model the angular and shape factor effects was very evident in the rank
order correlation. The exact opposite phenomenology was seen in the DIRSIG imagery.

This revealed a serious problem with the synthetic imagery.

Table 5.7 Angular effect & shape factor evaluation - asphalt shingles

 Object - structure number Apparent Temperature ROC
(orientation) ol ~ Truth ) (e EE s Truthg SIG Error
i ( & e Ei‘l‘()l‘ G Hann o
Asphalt Shingle I-left 3.9
Asphalt Shingle 2 -right
Asphalt Shingle 3 - top |
_ Asphalt Shingle 4 - bottom i

‘‘‘‘‘

RMS Error - 0.6793

ROC Coefficient - -0.8

The problem was not an error in the DIRSIG modeling approach, but in the input
files to DIRSIG. The output is only as good as the input. DIRSIG requires the user to
specify an angular emissivity falloff curve as part of the emissivity file. Initially, measured
data from the 1992 validation was used for the angular curves. However, preliminary
synthetic imagery showed that these curves decreased too dramatically after 60 degrees as

contrast reversals were seen in the imagery (see Section 6.2). A polynomial approximation
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was then used for the angular effect

Angular Fffects . .
1 2 curves. The resulting imagery used in
the validation showed that the curves
5 07 . .
El were still not appropriate and that new
=]
= 0.5
el Original - measured w angular curves are needed. The angular
g .. L .
< 0.25 |—— ——Optimized - approximation curves should be more lambertian, near
Predicted - truth
0 R 1.0 and then decrease sharply near 90
0 10 20 30 40 50 60 70 80 90

Angle degrees. Figure 5.24 shows the original

: measured curve for brick, the polynomial
Figure 5.24 Angular effect curves
approximation that was used in the
validation, and, finally, the predicted curve that most likely resembles the actual angular

falloff of the material.

Knowing that DIRSIG had difficulty in modeling the angular effects, the final
phenomenological evaluation was conducted using materials that placed more emphasis on
background and shape factor effects. In the truth imagery, the grass in the front of the
houses was much colder in comparison to the grass between the houses. The apparent
temperature of the grass was higher between the houses because the shape factor was less
and the surrounding walls of the houses provide a warmer background temperature than the
sky. Grass 1 & 2 are in the front of the houses while Grass 3 & 4 are near the sides of

houses (see Figure 5.21 for the location of the validation points).
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Grass - ROC

4
T s (T
4
Q
7]
3 ) R e e Tr——_—,—en
[a]

1 }

1 2 3 4
Truth Rank
Truth —— DIRSIG

Figure 5.25 Angular, shape factor, &
background effect evaluation - grass

The ability of DIRSIG to include
shape factor and background effects was
supported by these evaluation points. While
the first two points were reversed in the rank
order correlation, the apparent temperature
comparison showed that the temperatures of
these two points were very close. The
DIRSIG error was minimal in modeling the
complex phenomenology seen in these
points. (see Table 5.8 for the numerical

values)

The background and shape factor effects were examined in more detail with the roof

gravel of the Hawkeye building. Complex thermal interactions were evident between the

various structures in the Hawkeye building complex. Some roof gravel was fully exposed to

the sky while other areas saw less than half of the sky. Points 1, 6, & 7 were fully exposed

to the sky; points 3, 4, & 8 were partially exposed to the sky, and points 2 and 5 were close

to walls. (see Figure 5.21 for the location of the validation points)
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Figure 5.26 Angular, shape factor, & background effect evaluation - roof gravel

DIRSIG also recreated the phenomenology seen in these evaluation points with a
relatively high degree of accuracy. The apparent temperature errors were large, but the
appropriate phenomenology was seen. The RMS error analysis showed that all the
validation points were too cold. DIRSIG includes the background effects, but the
background objects should have a larger effect on the temperature of the target. This was
most likely caused by internal heating of the building. The internal temperature of the
Hawkeye building is around 20°C. This internal heat increases the external temperature of
the wall that is in radiational exchange with the roof gravel. THERM has no information
regarding this high internal temperature; it only knows about the external surface
temperature. This is where self-generated power might be needed to increase the
temperature of these building walls that provide the background effects for the roof gravel.
However, no materials in the scene were given self-generated power. This could explain
some of the problems with the phenomenology, in particular validation point 7. Validation
point 7, the second warmest/brightest object in the truth imagery, was removed from the
rank order correlation because it was suspected that the error was caused by internal heat
underneath the roof gravel. After removing point 7, the rank order correlation results

improved dramatically, from 0.429 to 0.928, as shown in Figure 5.26.
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Table 5.8 Angular, shape factor, & background effect evaluation

Object - structure number t . ROC
&(anentatmn) e T . _ Truth SIG Error

f Grass 1 - front house
 Grass 2 - front house

Grass 3 - side house

Grass 4 - side house
_Hawkeye Roof Gravel

Roof Gravel 1 - full exposure
Roof Gravel 2 - near. wall -

i
St

W O\ ¢ E

Summary of Complex Phenomenology Results - RMS & ROC

Angular Effects  Angular & SF Effects  Angular, SF & Bkg Eff  Angular, SF & Bkg Eff

Asphalt Streets Asphalt Shingles Grass Roof Gravel
RMS - 0.361 RMS - 0.679 RMS - 1.799 RMS - 0.904
ROC - 0.286 ROC - -0.80 ROC - 0.80 ROC (1) - 0.429

ROC (2) - 0.928

While an attempt was made to control the phenomenology analysis, adding one new
variable each time, the points that were used revealed that it is difficult to isolate
phenomenology validation points in a scene this complex. Therefore, for future work, more
effort should be placed in selected better phenomenology validation points that isolate the

control variables being analyzed.

Unfortunately, the line scanner imagery could not be used to examine all phenomena
present in the real world. Shadows and solar effects are a major area of study in synthetic
image generation, but the 0200 imaging time virtually eliminated the effects of the sun/shadow
history during the day. The Inframetrics imagery would provide the medium for examining

solar effects.
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5.3.1.4 Geometric Accuracy

Before the Inframetrics imagery was analyzed, the geometric accuracy of the Bendix
line scanner was assessed. The geometric accuracy of the synthetic image relies heavily on
the accuracy with which the synthetic image is created. The geometric accuracy of the
scene creation varied, but in general, the scene was created to within a tolerance of +10 feet.
Any error larger than this could likely be attributed to a DIRSIG geometry error. While the
geometry was validated when the DIRSIG code was updated to include the sensor
geometric effects, the field of view was limited. The expanded field of view in the current

scene further tested and validated the geometry of DIRSIG.

The geometric validation was accomplished using ENVI 2.0. 27 evaluation points
were identified in both images. These points were used to do a first order rotation and
scaling of the imagery. The output RMS error in pixels was then recorded. The RMS error
of 2.28 pixels in the synthetic image or 8.75 pixels in the truth image corresponds to a
geometric error of about 10 feet based on the resolution of the imagery. (see Figure 5.28 for

the location of the analysis points)

GCPID# BASEXX,Y) WARP(X,Y) PREDICT(X,Y) ERROR(X.,Y) RMS
12 1818 208 424 39 42536 35.13 1.36 -3.87 | 4.1
21 1609 1024 379 251 378.19 254.62 -0.81 3.62 | 3.711
2 1632 746 383 177 382.63 180.39 -0.37 339 | 3.41
15 454 270 95 64 96.37 67.07 1.37 3.07 | 3.36
16 864 520 194 127 196.34 128.95 2.34 195 | 3.04
25 1210 554 283 403 284.01 400.16 1.01 -2.84 | 3.02
3 1540 810 362 196 360.68 198.46 -1.32 246 | 2.79
13 1885 302 442 62 44191 59.38 -0.09 -2.62 | 2.62
5 1527 1483 296 283 295.07 380.73 -0.93 -2.27 | 245
24 1664 418 390 95 389.03  92.75 -0.97 -2.25 | 245
20 1555 1524 368 386 367.16 388.27 -0.84 227 | 2.42
11 285 1504 62 399 60.53 397.33 -1.47 -1.67 | 2.23
7 1211 1521 282 392 284.12 391.37 2.12 -0.63 | 2.21
6 1295 1482 305 378 304.24 380.04 -0.76 2.04 | 2.18
23 1524 470 355 110 355.45 108.17 0.45 -1.83 | 1.88
10 351 1518 77 402 76.52 40031 -0.48 -1.69 | 1.76
26 793 1577 182 412 183.45 411.00 1.45 -1.0 | 1.76
22 1498 1023 352 254 351.39 255.61 -0.61 1.61 | 1.72
18 293 580 60 152 58.75 151.38 -1.25 -0.62 | 1.39
17 402 524 85 134 84.84 135.24 -0.16 1.24 | 1.26
19 285 595 58 156 56.88 155.46 -1.12 -0.54 | 1.24
9 722 1704 166 445 166.82 445.60 0.82 0.60 | 1.01
27 573 790 127 205 127.18 204.09 0.18 -0.91 | 0.93
8 759 1496 174 390 174.91 389.83 091 -0.17 | 0.93

1 1473 1341 347 340 346.64 340.51 -0.36 0.51 | 0.62
14 432 379 92 96 91.50 96.32 -0.5 032 | 0.60
4 1297 1316 304 336 304.05 335.85 0.05 -0.15 | 0.16
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Figure 5.27 Geometric error

Figure 5.28 Ground evaluation points

This error was dominated by the error in the scene creation. It was impossible to
remove the scene creation error by rotating and scaling the imagery. It can only be

eliminated by recreating the scene with greater detail. It was difficult to attribute any of this
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error to actual error in the geometry of the line scanner. In order to verify that the
geometric error was dominated by the error in the scene creation, the RMS error was
plotted as a function of the pixel location in the x and y directions (see Figure 5.27). The
results showed the error was random. This was further supported by the fact that a third
order polynomial curve fit resulted in a R? error of 0.544 in the x direction and 0.273 in the
y direction. These RZerrors must be closer to 1.0 to make any statistical conclusions
regarding the geometric error. In conclusion, the imagery looks good and the appropriate
distortions are evident in the scene so it is safe to assume the line scanner effects are being

reproduced properly at this resolution.
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5.3.2 Validation - Alternate Truth Imagery (Inframetrics video camera)

Following the validation of the synthetic imagery using the Bendix truth imagery, the
synthetic imagery with the same optimum material parameters was compared to the
Inframetrics truth imagery. As discussed earlier, this tested the robustness of DIRSIG. It
also revealed how well the material parameters were optimized; it did not test any of the
meteorological inputs since entirely new weather and atmospheric inputs were required.
Ideally, similar rank order correlation results would be found when comparing the synthetic
imagery with the alternate roof-top imagery. Large differences in the validation results
between the aerial and roof-top imagery would indicate a deficiency in the synthetic image
generation process. The rank order correlation results for the imagery of Hawkeye and the

church can be seen below.

Truth church imagery DIRSIG church imagery

5.29 Inframetrics rank order correlation imagery
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S

Validation point
,(onentatlon)

Bri‘ck;,waﬂ;l (so’ii‘thg
Brick wall 1 (south)
Brick wall 1 (south)
Brick wall 1 (south)
 Brick wall 1 (south-west)
Bridge street v
Window: (west) .
Window (wesh
Brick wall 1 (west)
 Brick wall 1 (west).
Brick wall 1 (west)
Brick wall 2(west)

Table 5.9 Inframetrics rank order correlation results
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Figure 5.30 Inframetrics rank order correlation results

The poor results seen in the Inframetrics imagery can be attributed to a variety of

problems. The quality of the Inframetrics imagery was very low. The angular effect problem

seen in the Bendix imagery probably also caused errors in the Inframetrics imagery. Most
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importantly, this is where the true robustness of the material file that was created for the
Bendix imagery failed. Because of the low thermal contrast at night, all the variations that one
normally sees in a material are reduced. A dark colored brick looks the same at night as a
light colored brick. In addition, the sensitivity analysis showed that the visible characteristics
of an object have virtually no effect on the temperature of an object at night (see Section
6.1.2). As a result, little effort was spent in optimizing the visible characteristics of the
materials. However, when these optimized material parameters were used on the daytime
imagery, the visible characteristics of the object played a major role in determining the

temperature. Therefore, these errors in the daytime imagery are understandable.

In order to fix this problem, the primary imagery should be daytime imagery. During
the day, the visible characteristics of an object become more important. In addition, the other
material parameters also become more sensitive when solar influences are present. This is
supported by the time history sensitivity analysis that was conducted in Section 6.1.3. The

optimized material parameters of the daytime imagery can then be used to simulate nighttime

imagery.

5.3.3 Validation Summary

DIRSIG is fully capable of modeling LWIR systems. It accurately creates the
radiometry seen in thermal imagery acquired in the low contrast conditions that prevail at
night. The optimization of the input parameters greatly reduced the RMS error while only
slightly helping the already high ROC coefficient in the Bendix truth imagery. However, this
material file failed when it was used in the Inframetrics validation. The validation also
revealed some limitations and problems with the inputs to the DIRSIG synthetic image
generation process. Problems existed with angular and background effects. The background
effects are linked to THERM while the angular effects are linked to the material emissivity
file. THERM has already been identified as a weak link in the image generation process but
more research is needed in the area of angular emissivities if DIRSIG is used to model imaging

systems.
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6.0 Input Parameter Sensitivity Analysis & Optimization

The first DIRSIG rendering of the scene had some errors. This was expected as
generic input parameters were used throughout the scene. While many object
temperatures in the synthetic image were relatively close to those in the truth image, the
generic input parameters did not provide enough accuracy for the validation. So, in order
to make the synthetic image closely resemble the truth imagery, the input parameters were

analyzed and optimized.

6.1 Input Parameter Sensitivity Analysis

Before any changes were made to the input parameters, a sensitivity analysis of the
input parameters was conducted. The sensitivity analysis would help to optimize the input
parameters by showing the amount of change needed in an input parameter to improve the
radiometric accuracy of the synthetic imagery. However, the prolonged run times of
DIRSIG make it difficult to do a sensitivity analysis using DIRSIG, recording the change
in radiance for every change in all the input parameters. This led to running an off-line
version of THERM, the DIRSIG thermal model, where THERM would be treated as a
‘black box.” The changes in the output temperatures as a function of the changes in the
input parameters could quickly be calculated without having to run DIRSIG multiple

times.

Reviewing the major input parameters to THERM, material, weather, and
geographic parameters are all needed to determine the temperature of a material.
Changing just one of the inputs in these three major areas will affect the temperature.
Figure 6.1 shows all the input parameters to THERM that were potential variables for the
sensitivity analysis. Although all these parameters affect the temperature of a material,
some of the variables, such as the geographic parameters, are known to a high degree of
precision and can therefore be eliminated from the sensitivity analysis. Inthe end, a
sensitivity analysis would be performed on all the material parameters and the weather

parameters of wind speed, air temperature, and direct & diffuse insolation. These
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THERM inputs are the only parameters that have a significant affect on the temperature

and resulting self emission of the object.

Material Geographic

Parameters Parameters
+ Heat i .
. Tlf:nncjlpé?rtl}c,lucﬁvity + Exposed Arca * Latitude * Time Interval

. » Longitude B :
« Thickness SelfGenerafcd Power D tg « Time of Sunrise
+ Visible Emissivity . g:]ope&Azunuthal Angles ; Tia:nz * GMT offset
¢ Thermal Emissivity * Shape Factor

Weather
Parameters

« Air Temperature
« Air Pressure
 Relative Humidity
» Dew Point

* Wind Speed

« Direct & Diffuse Insolation

+ Sky Exposure

+ Cloud Type

« Precipitation Type/Rate/Temp

Figure 6.1 THERM input parameters

Since a sensor ultimately detects radiance, the other major factors that affect the
radiance at the sensor also had to be examined. The major inputs from the ‘big equation’
that were considered for the sensitivity analysis were shape factor, background radiance,
upwelled radiance, and downwelled radiance. Since shape factor and the background
effects are estimated using the ray-tracer submodel, their error was assumed to be
negligible. The other factors, transmission and upwelled & downwelled radiance, did need
to be examined since they were estimated using Modtran. Their sensitivity values would
be found by iterating through the ‘big equation’. These three atmospheric parameters and
the three weather parameters are all collectively referred to as meteorological parameters

in the sensitivity analysis.
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A sensitivity analysis requires some knowledge of the input parameters, including a
minimum and maximum range of values, Aparameter, and an estimate of the standard
€ITOT, Gparamerer. The range of values for the DIRSIG input parameters came from a variety
of sources. For the meteorological parameters, which were partially based on actual
measured data, the range of values was found by estimating the error in the measured
data. These error estimates were obtained from Rankin’s thesis which analyzed the error
in each of the DIRSIG submodels. This method worked well for the meteorological
parameters, but there was no measured material parameter data for the objects in the
scene. This absence of measured data led to the use of the DCS Corporation database and
the Nonconventional Exploitation Factors (NEF) modeling database compiled by the
National Image Resource Library. Both databases were used to estimate a relative
minimum, maximum, and standard deviation for all the material parameter values. The
range for the material parameters such as thickness and thermal conductivity were as much
as +50% of the generic mean value. In contrast, for the meteorological input parameters
where the inputs are known fairly accurately, such as air temperature and downwelled
radiance, the range of values was only about +15% of the measured value. The minimum
and maximum range of values for the meteorological and material parameters were then
used to estimate the standard error. All input parameter sensitivity values are expressed as
apparent temperature errors at the sensor resulting from one standard deviation error in
the input parameter AT pparens/Aparameter - Cparameter => Al expectea. The parameter with the

highest expected error would be changed first in the optimization of the input parameters.

There was still one major problem in conducting a sensitivity analysis using
THERM. THERM only outputs temperatures at the ground, not radiance or apparent
temperature values at the sensor. Because a sensitivity analysis showing the change in the
apparent temperature of an object at the sensor was desired, a method of converting the
output temperatures on the ground to apparent temperatures at the sensor was needed. In
other words, a simplified version of the ‘big equation’ was needed. This led to the
development of a MathCad spreadsheet that could read in the changes of the input

parameters along with the corresponding changes in output temperature values (see
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Appendix F for MathCad spreadsheet). This data would then be converted into a final

output sensitivity.

The first step in calculating the input parameter sensitivity was to convert the
THERM output temperatures to spectral radiance values using the Planck equation. This
spectral radiance information was calculated at wavelength intervals that corresponded to
the wavelengths of the sensor responsivity data. For the Bendix line scanner, the radiance
was calculated at 0.1pm increments. The spectral radiance was multiplied by the spectral

sensor responsivity and integrated across the bandpass of interest.

A=l4pm

L, = D Responsivity, - Lo, (6.1)

A=8um
While the sensor responsivity is normally incorporated after the radiance has reached the
sensor, integrating the sensor responsivity at the ground allowed the Modtran bandpass
averages for the atmospheric parameters to be used. These bandpass values are
acceptable because the benefits of a full spectral radiance calculation are minimal for this
analysis. The result from this calculation was a single radiance value of the material at the

ground that could be propagated to a LWIR radiance at the sensor using the ‘big

equation’.

In the LWIR region, the effects of solar photons are negligible and may be
eliminated from the calculations. This assumption is further supported by the fact that
neither the Bendix or the Inframetrics imaging systems are responsive outside the 7-14um
region of the electromagnetic spectrum. These assumptions led to the implementation of
the following equation to determine the radiance at the sensor.

Loy = {6 Ly +[F - Ly + (1= F)- L}, + L, 62)
The output from THERM provides only the radiance at the ground due to the temperature
of the object, Ly. Values for the remaining seven terms were still needed to approximate

the radiance reaching the sensor.

The remaining terms were obtained from a combination of Modtran results and

scene estimation. Starting from left to right, the emissivity, &, was taken from the material
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parameters list. This is normally a spectral emissivity, but the integration of the radiance
in the bandpass of interest allowed the use of the average thermal emissivity value found in
the materials file. Shape factor, F, is the amount of sky that an object can see and is thus
dependent upon the location of the material in the scene. For materials such as roads,
grass, and water that have unobstructed views of the sky, it is possible to assume the
shape factor is 1.0, but for materials such as roof shingles and wood siding, an estimation
of the shape factor is needed. As a result, an estimation based on Figure 6.2 and Equation
6.3 was used in determining a shape factor value, where B is the pitch angle of the roof

and o is the angle to the horizon for a flat surface and a flat horizon.

F=1-£ (6.3)

Figure 6.2 Shape factor

The small angle difference between $ and o can be neglected because this is merely an
estimation of shape factor and the difference in the final radiance is minimal (Snyder
1994). The resulting estimation of shape factor determines the amount of influence the
background radiance has on the radiance reaching the sensor for that particular
object/material. The background radiance, Ly, affecting the material is actually comprised
of the radiance from grass, asphalt roads, trees, roofs, walls, and other objects surrounding
the material. As a result, the radiance from these objects was averaged to approximate the
background radiance reaching any material. A final background radiance value of
20.41watts/(m’sr) was used as an estimate of the actual background radiance (Snyder
1994). The amount of background radiance and sky radiance that ultimately reaches the
sensor depends not only on the shape factor but also on the reflectivity of the material.
Because photons can only be reflected, emitted, or transmitted by an object, r+&+7=1, the

reflectivity term in the equation is merely 1 - € for non-transmissive, or opaque, materials.
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The remaining terms, 7z, L., and E,. were all estimated using the Modtran outputs. The
bandpass sky radiance of 4.289 watts/(m’sr), atmospheric transmission of 0.91, and
upwelled radiance value of 2.51 watts/(m’sr) were used for the estimation of the radiance

reaching the sensor in the LWIR (Snyder 1994).

Once the radiance was propagated to the sensor, the change in radiance was
expressed as a function of the change in the input parameter. This change in radiance was
converted into an apparent temperature, and the sensitivity of the input parameter was
graphed. Graphing the sensitivity verified linearity for the range of input parameter values.
This general procedure for determining the input parameter sensitivity was followed for all
the input parameters and is described in more detail in the following sections for the

meteorological and material input parameters.
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6.1.1 Weather & Atmospheric Sensitivity

While there was a high degree of confidence in the meteorological values,
including both the weather parameters & the atmospheric parameters, they were still a
potential source of error. The main error in these parameters arises from the fact that the
weather and atmospheric readings were not taken at the exact imaging site. The weather
data was measured at the Rochester airport, only 5 miles from the imaging site, but the
radiosonde data was taken 60 miles away in Buffalo, NY. The error in the meteorological
data is small as long as similar conditions exist at the recording area and the imaging area.

The error also increases greatly if the weather is changing at the time of imaging.

The weather was relatively stable around the 10™ of November when the imagery
was acquired. This increased the confidence in the meteorological values. The

meteorological parameters that were analyzed in the sensitivity analysis included:

Weather Parameters Atmospheric Parameters
Temperature Transmission
Wind Speed Upwelled Radiance
Direct & Diffuse Insolation Downwelled Radiance

While each of these input parameters has a slightly different effect on the temperature of a
material, in general, the effects of meteorological parameters are global since the
meteorological inputs influence the temperature of all materials in the scene. The
parameters are described in more detail below, along with the expected error and the
probable relationship between a change in the input parameter and the change in the

output temperature.

Air Temperature (°C) - The air temperature affects the temperature of the material as the
material is in constant thermal exchange, convection and radiation, with the surrounding
air. Because the air is usually colder than any material in the scene, it tends to reduce the
temperature of the objects. Therefore, a colder temperature will generally cause all the
materials in the scene to have a colder temperature. The sky temperature is traditionally
the coldest object in the scene.

£2C Positive Relationship
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Wind Speed (m/s) - Wind speed affects the temperature of a material because it changes
the convection rate between the material and the air. In general, wind tends to reduce the
thermal contrast in the scene as it carries heat away from warm materials and warms cold
materials.

2.5 m/s Material Dependent Relationship

Direct & Diffuse Insolation (L/hr) - The amount of solar heating that a material receives

during the day directly affects its temperature. On a cloudy day, the amount of sunlight

that reaches the material is reduced, and hence, it will have a lower temperature. The

affect of the insolation depends on the visible emissivity and reflectivity of the material.
#15% Variation Positive Relationship

Transmission (%) - The transmission of the atmosphere directly affects the radiance
reaching the sensor. As the atmospheric transmission decreases, so does the radiance
reaching the sensor. The transmission of the atmosphere tends to affect all materials
equally.

+2-3% Variation (Absolute Min: 0.0, Absolute Max: 1.0) Positive Relationship

Upwelled Radiance (w/m’sr) - The upwelled radiance from the atmosphere that reaches
the sensor alters the radiance that actually leaves the materials at the ground. The
upwelled radiance is affected by the type and amount of atmosphere between the target
and the sensor.

+10% Variation Positive Relationship

Downwelled Radiance (w/m’sr) - The downwelled sky radiance is the radiance from the
atmosphere that strikes a target. Similar to upwelled radiance, it is affected by the type
and amount of atmosphere between the target and the sensor. The emissivity of the
material determines the effect that downwelled radiance has on the material.
+15% Variation Positive Relationship

In order to reduce the time involved in calculating the meteorological sensitivity
values, a batch file was created. This batch file automated the process of typing the inputs
into THERM, but several inputs had to be specified to run the batch file. These inputs
included the material ID number and the orientation of the material. Based on the material
ID number, the program would extract the required material parameter values from the
DIRSIG material database. The orientation value then provided a reference to several
orientation files that contained information on the zenith, azimuth, and shape factor of a
facet. Figure 6.3 shows the typical facet orientations that were used for the materials.

These orientations were all estimated based on typical uses for the material. For example,

most of the asphalt roads were assumed to have a 0.0° zenith and azimuth with a shape
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Orientation 1
0.0 0.0 1.0

Orientation 3 fAAlHEG
0.0 45.0 0.75[:

y Orientation 2
0.0 90.0 0.5

Figure 6.3 Material orientations
factor of 1.0, while a wood sided building would have a zenith of 0.0°, an azimuth of

90.0°, and a shape factor of 0.5.

The batch file was then used to run THERM multiple times, using a different
weather file each time and recording the output temperature values for each material. The
different weather files contained the variation in the input parameters, temperature, wind
speed, and direct & diffuse insolation, for the sensitivity analysis. The resulting
temperature values were then read into MathCad and converted to radiance values at the
sensor. At this time, the transmission, upwelled, and downwelled radiance sensitivity
values were found by iterating through the LWIR equation in MathCad. This provided the
sensitivity values for all the meteorological parameters: temperature, wind speed, direct &
diffuse insolation, transmission, upwelled, and downwelled radiance. This entire process

is described visually in Figure 6.4 on the following page.
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Once the sensitivities of all the materials to the meteorological parameters were
calculated, the results were converted into expected temperature errors. This allowed the
different input parameters to be compared with each other, despite differing units, and also
provided an average scene temperature error to each of the meteorological parameters.
The average scene error would be used later to optimize the meteorological parameters.
Optimizing the meteorological parameters would help remove global errors in the
synthetic image and make it more closely resemble the truth imagery. The resulting

meteorological temperature errors based on the sensitivity results are summarized in the

following table.

Table 6.1 Meteorological sensitivity results

expressed as apparent temperature errors

Material Air Wind Direct & | Atmos | Upwelled | Downwelled
Name Temp Speed Diffuse Trans | Radiance Radiance
(number) Insolation () (Liye) (Lag)
Building Construction Mats
Roof-aluminum (50) 0.378 -0.212 0.000 0.422 0.250 0.066
Roof-asphalt shingles-color (65) 0.803 -0.487 0.000 0.421 0.250 0.037
Roof-gravel (12) 1.067 -0.538 0.164 0.375 0.250 0.059
Roof-steel (52) 0.958 -0.607 0.000 0.349 0.250 0.124
Wall-brick-color (75) 1.136 -0.522 0.061 0.403 0.250 0.041
Wall-concrete (53) 0.484 -0.214 0.010 0.461 0.250 0.018
Wall-wood-color (85) 0.453 -0.245 0.000 0.448 0.250 0.032
Window-glass (54) 0.456 -0.254 0.000 0.451 0.250 0.031
Soils/Water
Soil-clay-gray (40) 1.161 -0.639 0.010 0.404 0.250 0.021
Soil-clay-red (41) 1.150 -0.606 0.012 0.404 0.250 0.029
Soil-dirt-brown (13) 1.122 -0.556 0.047 0.397 0.250 0.044
Soil-gravel-light brown(43) 1.113 -0.475 0.507 0.399 0.250 0.050
Water-Genesee River (2) 1.150 -0.566 0.498 0.396 0.250 0.015
Surface Construction Materials
Asphalt-street (5) 1.160 -0.527 0.239 0.410 0.250 0.026
Concrete-sidewalk (6) 1.139 -0.497 0.242 0.405 0.250 0.038
Vegetation
Grass (4) 1.136 -0.522 0.061 0.403 0.250 0.041
Tree-deciduous (25) 0.844 -0.403 0.003 0.438 0.250 0.021
Tree-trunk (18) 0.499 -0.294 0.000 0.465 0.250 0.011
AVERAGE 0.900 -0.453 0.103 0.414 0.250 0.039

Clearly, the most sensitive parameter is air temperature. The average expected
error for air temperature, 0.900, is almost twice as great as the next closest parameter,

wind speed, -0.453. This relationship is understandable since a material is in direct
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thermal exchange with the environment, but the magnitude is a little surprising. The
changing of the air temperature by just one degree results in a 0.5 degree change in the
apparent temperature of most materials. Thus, the air temperature will be the major
meteorological factor influencing the apparent temperature of the materials. Similar to the
effects of changing the air temperature, the wind speed also strongly affects the apparent
temperature. The change in wind speed directly affects the thermal exchange between a
material and the environment. However, it was surprising that the increased wind speed
reduced the temperature of all materials. It was initially thought that the wind speed
would increase the temperature of some materials while decreasing the temperature of
others. All objects will tend to approach the reference temperature of the surrounding air.
Therefore, the air should warm some objects and cool others. This shows an inadequacy

of THERM in modeling the environment.

In analyzing the other parameters, the relatively high error/sensitivity of the
atmospheric transmission and upwelled radiance results from the fact that these
parameters directly affect the radiance and apparent temperature at the sensor.

Lonsor = Lgyouna = 72 + L, (6.4)
The direct relationship between these two input parameters and the apparent temperatures
suggests that any error in these two parameters will cause large errors in the synthetic
image. The only real difference between the effects of these two input parameters is that
upwelled radiance affects all materials equally. It is independent of the material type
because the upwelled radiance is additive. In contrast, atmospheric transmission is
material dependent because it is multiplicative with the radiance at the ground, and not all
materials have the same radiance at the ground. However, transmission (t2) and upwelled
radiance (L,) are highly negatively correlated so an error in one parameter tends to be

offset or negated by the other. As a result, errors in either of these two parameters will

have reduced or minimal effects on the apparent temperature at the sensor.

While the effects of the remaining two parameters do not directly affect the
radiance at the sensor, they do affect the self-emission of the object on the ground. The

resulting temperature errors of the downwelled radiance and the direct & diffuse insolation
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were minimal when compared to the other parameters. This was somewhat surprising.
For many materials, the direct & diffuse insolation error was 0.0, with an average of 0.703
for all materials. Apparently, most materials have reached a state of equilibrium with
respect to the solar influences and the effects of the solar heating during the day are non-
existent. While the increased intensity of the sun may have caused an elevated
temperature of the material during the day, the temperature change that occurred during
the day is not apparent as most materials have already lost the majority of their internal
heat caused by the sun. The minimal importance of downwelled radiance was also
somewhat unexpected. The cold temperature of the sky apparently reduced the
downwelled radiance reaching the material on the ground. In addition, the reflectance of
most materials is around 0.1 in the LWIR. Therefore, only 10% of the downwelled
radiance that a target sees is propagated to the sensor. Thus, the effects of downwelled

radiance are minimal when compared to the other radiance paths.

While a single meteorological input parameter has an effect on all materials in the
scene, the effect varies from material to material. The primary differences result from
shape factor. It is evident that materials that are not exposed to 100% of the sky are not
as greatly influenced by it. The background seems to provide some ‘protection’ from the
sky. The obscuring of the sky by surrounding objects results in warmer material
temperatures and reduced sensitivity values. This is illustrated by the difference in the
expected temperature errors for the concrete wall and concrete sidewalk. The
temperature error due to a change in the air temperature for the concrete wall, 0.484, is
about half the error of the concrete sidewalk, 1.7/39. In general, the error, or sensitivity,
of the construction materials for walls is about %4 the value of most materials in the scene.
This effect is also seen in the wind speed results. Just as the materials are protected from
the temperature of the sky, they seem to be protected from the wind. Thus, THERM
seems to account for the fact that surrounding objects will not only block the sky

temperature but also the wind.

The meteorological sensitivity results provided the information necessary to

improve the results of the synthetic image. While these input parameters affect each
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material differently, the effects are global. The change in just one of these input

parameters will affect the apparent temperature of all materials in the scene. This must be

considered when optimizing the input parameters.
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6.1.2 Material Parameter Sensitivity

The generic material parameters that were used in the sensitivity analysis were
developed from a combination of both the DCS Corporation and the NEF materials
database. A total of over 250 materials were available for selection and assignment to the
facets in the scene. Unfortunately, 250 materials does not even begin to describe the
infinite number of materials in the world. However, these materials provided a starting

point and reference from which ‘new materials’ could be developed.

The database from the DCS corporation contained valuable information on the
thermal characteristics of materials but contained no detailed spectral information. The
NEF database on the other hand had detailed spectral emissivity curves and little
information on the thermal characteristics. This led to an integration of the DCS material
parameter values with the spectral information from the NEF database to create a spectral

material database.

Once this was accomplished, a detailed sensitivity analysis began on the material
parameters for the over 50 scene materials (only 18 were actually analyzed because some
materials had the exact same parameters except for the visible emissivities - 10 colored
bricks, 10 colored woods, 10 colored shingles & 3 asphalt types). Similar to the
meteorological parameters, each of the material parameters has a slightly different effect
on the temperature of the material; but unlike the meteorological parameters, the changing
of a single material parameter does not affect the entire scene. The material parameters
are described in more detail below, along with the absolute minimum and maximum
allowable values for any material, and the expected relationship between a change in the

material parameter and the change in the output temperature.

Heat Capacity (L/cm-°C) - Heat capacity is the amount of thermal storage that is capable
by an object, where heat capacity is determined by multiplying the mass density and the
specific heat.

Min:0.0 Positive Relationship
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Thermal Conductivity (L-cm/hr-°C) - The thermal conductivity provides an indication as
to the rate at which energy is transferred by the diffusion process (Incropera 1990). The
greater the thermal conductivity, the greater the rate of heat transfer between the material
and the surrounding environment.

Min:0.0 Positive Relationship

Thickness (cm) - The thickness of a material affects the thermal inertia, the resistance of a
material to changes in the thermal environment. Increased thickness results in a material
that is not as affected by the air temperature.

Min: 0.0 Positive Relationship

Visible Emissivity (%) - The visible emissivity is ‘the fraction of visible insolation that 1s
absorbed by a material.” It is the average emissivity of a material in the .4 to 2.0 um

region of the electromagnetic spectrum.
Min: 0.0; Max: 1.0 Positive Relationship

Thermal Emissivity (%) - The thermal emissivity is the fraction of thermal energy that is
absorbed by a material. It is the average emissivity of a material in the 8 to 14 pm of the
electromagnetic spectrum. The temperature of a material increases as the thermal

emissivity approaches 1.0.
Min: 0.0; Max: 1.0 Positive Relationship

Exposed Area (%) - An adjustment term or ‘fudge factor’ that is used to describe the
percentage of the facet that is exposed to the environment. When the surface is exposed
to the environment on both sides, a positive shape factor is used. In contrast, a negative
shape factor is used when one side of the surface is not exposed to the surrounding
environment; it is exposed to stagnant air or another material. Recent improvements have
been made to the exposed area within DIRSIG to reduce some of the guesswork
associated with this parameter. If (shape factor <0.5):

Exposed Area = Exposed Area - Shape Factor - 2.0

Min: -1.0; Max: 1.0 Positive/Negative Relationship

Self Generated Power SGP (L/hr) - This is also a ‘fudge factor’ that is used to

compensate for facets that are actively generating power. This might include the hood of

a car that is heated by the engine, or even the side of a heated house in the winter time.
Min: 0.0; Max: 10.0 Positive Relationship

Shape Factor SF (%) - The shape factor is the amount of sky that the material can ‘see.’
The raytracer program that is implemented by DIRSIG calculates this parameter within 5-
10% of the exact value.

Min: 0.0; Max: 1.0 Positive Relationship
" L - Langley wh 1W—0086£ dlL—lcal
- Langley where 15 = 0086 - an =1
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Also like the meteorological sensitivity study, the sensitivity of each material
parameter was accomplished using a batch file. The MathCad analysis for the material
parameters was similar to the meteorological parameter analysis. The following flow chart

describes the material parameter sensitivity analysis in detail.
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Figure 6.5 Material parameter sensitivity analysis flow chart
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As discussed earlier, the change in the material temperature was then graphed as a
function of the change in the input parameter, Aparameter. This was done to ensure
linearity so that a first order approximation of the slope of the line provided an acceptable
value for AL,.us./Aparameter. Unfortunately, not all graphs were monotonic and linear;

some were parabolic in shape as can be seen below.
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Figure 6.6 Material parameter graph analysis

These graphs showed that changing the material parameter over the specified range was
not linear for all values. In order to use the first order approximation, the range had to be
confined to limit the analysis to a range of values where the curve was monotonic and
linear. The most common non-linearities occurred in the thickness and heat capacity
values. Typically, if the curve was not linear, only 2 data points near the minimum or
maximum needed to be eliminated to make the curve linear. Once the range was reduced,
a new sensitivity value was calculated for the material parameter. The following table
summarizes the expected temperature errors resulting from the sensitivity analysis of the

material parameters (the sensitivity units are provided as a reference).
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Table 6.2 Material parameter sensitivity results

expressed as apparent temperature errors

Material Heat Thermal Thickness Visible Thermal Exposed SGP
Name Capacity | Conductivity Emissivity | Emissivity Area
d(L/occ;n-"C) a(L-cr:ehrv"C) o(cm) d(ur:sle::) a(ur:xctle::) a(u;tctlz.v:) a(zghr)
+ -

BCM
aluminum -0.0031 0.0000 -0.0131 0.0000 -0.0182 -0.132]0.184 | 3.845
asphalt -0.0334 0.0013 -0.1240 0.0000 -0.0109 -0.593( 0.765 | 3.805
shingle
roof gravel 0.0618 0.1357 0.0724 0.0016 -0.0446 -2.461( 1.441 | 3.564
steel -0.0117 0.0000 -0.0810 0.0000 -0.1213 -0.645(0.903 | 3.448
brick 0.0277 0.0447 -0.0500 0.0000 -0.0152 -0.350| 0.378 | 3.855
wall concrete | 0.0405 0.0079 0.0628 0.0002 -0.0377 -0.285[ 0.331 | 4.366
wall wood 0.0026 0.0036 -0.0170 0.0000 -0.0377 -0.326] 0.341 | 3.281
window glass | -0.0101 0.0020 -0.0113 0.0000 -0.0191 -0.189( 0.252 | 4.188
Soils/Water
gray clay 0.0172 0.0276 -0.1012 0.0001 -0.0230 -1.625( 1.738 | 3.433
red clay 0.0244 0.0308 -0.0817 0.0001 -0.0191 -1.528| 1.636 | 3.401
brown dirt 0.0209 0.0821 -0.0801 0.0004 -0.0335 -1.445[ 1.579 | 3.541
It brown 0.1283 0.3795 -0.0993 0.0024 -0.0403 -1.387( 1.543 | 3.797
gravel
water - river 0.0066 0.0283 -0.0124 0.0008 -0.0380 -1.565] 1.721 | 3.442
SCM
asphalt street | 0.1008 0.1833 -0.0980 0.0002 -0.0373 -1.490! 1.656 | 3.809
concrete 0.1108 0.0233 0.2131 0.0034 -0.0787 -1.288| 1.518 | 4.122
Vegetation
grass 0.1038 0.0512 0.4710 0.0008 -0.0575 -1.125( 1.456 | 4.560
tree deciduous | 0.0457 0.0228 0.2062 0.0000 -0.0063 -0.699( 0.918 | 4.683
tree trunk -0.0026 0.0047 -0.0457 0.0000 -0.0066 -0.293] 0.336 | 3.654
AVERAGE 0.0350 0.0572 0.0117 0.0006 -0.0358 -0.968| 1.039 | 3.822

The results of the material parameter sensitivity analysis contained some

peculiarities that warranted further analysis. One of the most noticeable irregularities was

the minimal effect of visible emissivity on many of the materials. While the temperatures

of materials are traditionally very responsive to changes in the visible emissivity, the 0200

imaging time negated the effects of the materials’ visible characteristics. The materials had

already released all their stored energy that was generated during the day when the sun

and visible emissivity influence the temperature. This phenomena was supported by the

insensitivity of most materials to changes in the direct & diffuse insolation. The materials

had reached a state of equilibrium with respect to solar influences. As a result, it was

difficult to optimize the visible emissivity of the materials. This caused a serious problem
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when the optimized material parameters were used for validation with the daytime
Inframetrics imagery. The optimized material parameters were not robust enough because

of the inability to optimize the visible characteristics of the materials.

The extreme sensitivity of all materials to self generated power and exposed area
was not unexpected. It is difficult to estimate the effects of the internal side of a facet.
When THERM calculates a material temperature, it assumes the material is only affected
by the surrounding environment; it knows nothing about what is on the other side of the
material. Self generated power and exposed area can be used to balance the influence
between the external and internal environments of a facet. All materials were fairly equally
sensitive to changes in the self generated power. The main differences in the sensitivities
resulted from different material thermal emissivities and orientations. Since adding power
is virtually independent of the other input parameters, this parameter could be used on an
individual facet to change its temperature while not changing the temperature of the same
material at a different location in the scene. This might be important for increasing the
temperature of active materials, such as buildings, where internal heat sources raise the

temperature of the external surface

However, no facets in the scene were initially given self generated power;
therefore, exposed area had the highest sensitivity/apparenf temperature error in the scene.
As a result, it should be the first material parameter to be optimized to reduce large errors
in the apparent temperatures of materials. It was also evident that the apparent
temperature error of exposed area was strongly influenced by the actual shape factor of an
object. Soils and vegetation with shape factors near 1.0 are almost 5 times more sensitive
to changes in the exposed area than wall construction materials such as wood or brick that
have shape factors near 0.5. Shape factor seemed to magnify the effects of the exposed

arca.

The apparent temperature error of exposed area was magnitudes greater than any
other parameter. All other parameters were relatively insensitive to input errors when

compared to exposed area. Ignoring the exposed area, the relatively high sensitivity of

107




most materials to changes in the thermal conductivity was surprising. Because the visible
factors had virtually no effect on the apparent temperature of the materials, it seemed that
the materials might have reached a state of equilibrium with the surrounding environment.
The high sensitivity of the thermal conductivity contradicted this. Apparently, the
materials had not reached a state of equilibrium with respect to the background, only the
solar inputs. In examining the meteorological conditions, the surface temperature and
atmosphere are in a constant state of fluctuation. As the temperature of the background
continually changes, the time to reach equilibrium is based on the thermal conductivity.
For example, the metallic materials, steel and aluminum, had no change in temperature as
APArameter mermal conductiviy Was varied. The high thermal conductivity of these materials
causes them to lose their heat more quickly and, hence, reach equilibrium with a
fluctuating environment faster than other materials. Most other materials have some lag
time in responding to the environment. Therefore, the thermal conductivity has a
relatively large influence on their apparent temperature. If the imaging time had been
closer to sunset, around 1700 hours when the environment is changing more rapidly, the
thermal conductivity may have had a more pronounced influence on the temperatures of
the materials, and the sensitivity values would have been even larger. Overall, these
effects were minor; the sensitivity of thermal conductivity was only high in relation to the

other material parameters, excluding exposed area and self generated power.

Thermal emissivity also had a relatively high temperature error/sensitivity when
exposed area and self generated power were ignored. This is explained by the fact that the
radiance reaching the sensor is in the thermal region of the electromagnetic spectrum. The
thermal emissivity of the material regulates how much energy from the material actually
reaches the sensor. In addition, the thermal emission dominates the radiation exchange at
night. A material that has a temperature of 10°C and thermal emissivity of 0.9 might
appear the same as a different material at 11°C with a thermal emissivity of 0.85. Similar
to all the other material input parameters, the thermal emissivity sensitivity decreases as
the shape factor decreases.

concrete wall (0.5): -0.0377 concrete sidewalk (1.0): -0.0787
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Thus, thermal emissivity is one of the input parameters that must be optimized to reduce

the error in the synthetic image.

The final input parameters, thickness and heat capacity, act as one parameter
within THERM. The integration of these two parameters resulted in some confusing
sensitivity values. Both positive and negative sensitivities/errors were found within the
heat capacity and thickness parameter categories. Unlike the other parameters where
shape factor can be used to describe anomalies, no clear factor presented itself. Initial
thoughts lead one to believe that a very small thermal inertia or very large thermal inertia
in the presence of a very cold sky caused the unique results. Thickness affects the thermal
inertia and thermal exchange between the material and the surrounding environment. As
discussed earlier, the environment is in a constant state of fluctuation and minor changes in
the air temperature have large effects on the temperatures of materials. The thermal
inertia can result in prolonged response times to the environment and might cause these
results. Regardless of the cause, care should be taken when optimizing these input

parameters because of their unpredictable sensitivities.
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6.1.3 Time History Material Parameter Sensitivity Analysis

As discussed earlier, the temperature of a material is dependent upon the input
parameters, including time. Therefore, a time history sensitivity analysis was also
conducted to see how the sensitivity values for the material parameters change over time.
Understanding how the sensitivity values change over time provides information on the
responsivity of a material to the solar region of the electromagnetic spectrum, 0.4 to 2.0
um. This information is useful when optimizing the material parameters and provides
insight on how the material will respond under different viewing conditions and

parameters.

The time history sensitivity analysis was conducted on two of the most prominent
and well defined materials in the scene, asphalt and grass. These two materials should
provide the general characteristic responsivity of any material over time, from 0600 in the
morning until the 0200 imaging time on the next day, where sunrise was @ 0655 and
sunset was @ 1655. The resulting sensitivity values, converted to apparent temperature

errors at the sensor, can be seen in the following graphs.
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Figure 6.7 Time history expected temperature error analysis graphs
Parameter comparison

From these graphs, it is evident that the exposed area parameter has the highest
expected temperature error changes as the solar influence varies from sunrise to sunset.
The expected temperature error of visible emissivity and shape factor also increase
dramatically after the sun rises. This ié expected as the temperature of a material is highly
influenced by its visible characteristics. A black car gets much hotter on a sunny day than
a white car. Similarly, if the car is in the shade and the effective shape factor of the

object is reduced, it will not be as responsive to solar effects.

In the graphs below, a comparison is made between the various grass and asphalt
material parameters. Unlike the previous graphs, the actual sensitivity values,
ATappa,e,,/Aparameter, are plotted, not the expected or apparent temperature errors. This
was done to determine the relative differences in the time history sensitivity values for
differing materials, In general, the shape of both curves is the same, as might be
expected, only the magnitudes are different. The failure of the asphalt thickness to
closely mimic the grass might be caused by the large thickness of asphalt and its high
thermal inertia when compared to the small thickness of grass and its low thermal inertia.
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Figure 6.8 Time history sensitivity analysis - Material comparison

From these graphs, it is evident that the sensitivity of the materials increases
dramatically in the presence of solar loading. The materials are much less sensitive to
input error and are much less responsive in the absence of solar loading. The only material
parameter for which this does not seem to hold true is self generated power, SGP. This is
understandable since the active heating of a facet does not depend much on the sun; the
heating of the facet by the SGP term is the driving force behind the temperature of the

facet.

The time history sensitivity analysis was useful in showing the characteristic
behavior of a material over time. It showed the large effects of solar loading during the
day and how these effects diminish over time. It also supported the earlier conclusion that
the materials have reached an equilibrium with respect to the solar loading. Thus, the
temperatures of the objects at imaging time are dominated by the material properties and

the background, both sky and other objects.
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6.2 Input Parameter Optimization

With the results of the sensitivity analysis, the material parameters could be
optimized. A visual assessment was first
made of the DIRSIG imagery. This
revealed a problem in the radiance image.
The sides of the buildings in the truth
imagery had higher apparent temperatures
than the roofs of the buildings, but the
opposite was true in the synthetic imagery.
These contrast reversals were evident for

some of the structures in the scene, but not

all. So, it was then necessary to determine
the cause of this contrast reversal in the

Figure 6.9 DIRSIG radiance image
synthetic image.

The DIRSIG debug images provided the tools to detect the problem. The
temperature debug image revealed that the sides of the houses were in fact warmer than

the roofs. The shape factor debug image also confirmed that the structures were modeled

Temperature Image Shape Factor Image

L 1

Figure 6.10 DIRSIG debug images
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correctly. The problem was with the radiance values and not the actual temperatures of
the objects. Because the radiance values were near the expected values for so many
objects in the scene, the key was to detect the radiance term that was vastly different.

This inspection revealed low emissivity values for the sides of some structures. The
grazing angles of the sensor resulted in a large reduction of the spectral emissivity value by
the angular emissivity factor. Evidently, the angular emissivity factors that were obtained
from the 1992 validation by Rankin were too small and needed to be modified.
Fortunately, Snyder’s evaluation of houses as part of the NYSERDA project involved
estimating angular emissivities using the following equation.

g, =& -[09¢cos(8)]*” [10/(0.9% )] (6.5)

Brick - Angular Effects This equation was then used to

‘\\ modify materials with angular emissivities
0.75 less than 0.75. The scene was then
\ reprocessed and everything was visually

‘ acceptable. With acceptable visual

results, it was possible to proceed with

Angular Factor
[l
n

(=
[ 8]
wn

Original - measured

——— Optimized - approximation

0

o 1o 20 30 40 50 60 70 so oo | the task of optimizing the input
Angle

parameters.

Figure 6.11 Angular emissivity curve

Before any actual modifications could be made to the input parameters, it was
necessary to do a mathematical comparison of the truth and synthetic imagery. This was
accomplished by calculating the histogram of both images. The mean values and standard
deviations of the histograms could be compared to determine the difference between the
images. This comparison shows potential global errors in the radiance values of the
synthetic image, i.e. an erroneous gain affecting the standard deviation and bias affecting
the mean value. The following conceptual diagram shows the histogram of the truth

imagery and the synthetic imagery
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Figure 6.12 Histogram comparison
These graphs show both a mean level radiance error and a standard deviation error of the
synthetic image. In analyzing the synthetic image, the only variables that affect all the
radiance values reaching the sensor are the atmosphere, weather, and the sensor gain and

bias. An individual error in a particular material parameter would not likely cause a

dramatic shift in the overall mean and standard deviation of the synthetic radiance values,
unless there was an extremely large percentage of one material in the scene. Therefore,
the efforts to reduce the global error in the synthetic image would begin by examining the
atmospheric and weather parameters and then proceed to optimizing the material

parameters in the scene.

Like the sensitivity analysis, the process of optimizing the input parameters was
accomplished using an off-line version of THERM followed by a MathCad program. The
flow diagram on the following page illustrates the procedure used to optimize the input
parameters. A batch file was once again used to determine the output temperature for
each material that was assigned to a facet in the scene. The output temperature is
converted into a radiance at the sensor using the ‘big equation’. The radiance at the
sensor is multiplied by a weight factor which corresponds to the percentage of the material
in the scene. The mean level radiance and standard deviation can then be calculated from

the following equations.
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L=>w-L

o= \/Zwi (L, - L)*

i - for all materials in the scene (6.6)

The DIRSIG primary material debug image shows the material for each pixel in the scene.
A histogram of the debug image provides the appropriate weighting factors for each
material. This allows the average scene radiance and standard deviation to be estimated as
the input parameters are changed without having to rerun DIRSIG. This process greatly
reduced the time required to determine the overall scene effects when changing the input
parameters. Without it, it would take several days using DIRSIG to determine the effects
of a single input change on the output image. With all the analysis tools in hand, the
actual meteorological and material parameters could finally be optimized to reduce the

error in the synthetic image.
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When optimizing the input parameters, the expected temperature errors at the
sensor provide the means to reduce the error in the synthetic image. While it might be
possible to remove all the error by changing a single parameter, a better approach involves
modifying multiple parameters by a small amount to achieve the desired change. For
example, all error might be reduced by a 1o change in the thermal conductivity. A 0.2
change in thermal conductivity, 0.3c change in the thermal emissivity, and a 0.3c change
in the heat capacity provide the same reduction in error. It is more likely that multiple
parameters have a small error versus one parameter having a large error. This also applies

to the meteorological parameters, not just the material parameters.

6.2.1 Meteorological Parameter Optimization

When the synthetic image was analyzed, the apparent temperatures at the sensor
were about six degrees too low. The only parameters that affect the entire scene are the
meteorological parameters and the sensor gain and bias. With a large bias error in the
synthetic image, the sensitivity analysis showed that it would most likely be caused by an
error in one of the weather parameters. This is where actual measured data provided a
clue into the actual error. The temperature of the asphalt shingle roofs was known from
ground collection data that was acquired at the time of the imagery. This placed the actual
temperature of asphalt shingles around -7.25°C, but THERM showed the temperature to
be -11.27°C. A scene wide bias of 3-4°C in the temperatures at the ground could only be
caused by the weather file, specifically the air temperature. While the wind speed was also
considered, the wind was less than 5 mph throughout the day and calm at the imaging
time. Based on the temperature error at the ground, the air temperature was increased by

20, 4°C, to reduce the error.

It was initially thought that this large bias in the synthetic image was caused by an
inadequacy of THERM. THERM uses the surface air temperature to predict an upper air
temperature. It is this upper air temperature that the objects are in radiational exchange
with, not the surface air temperature. This required changing the surface air temperature

to increase the upper air temperature profile generated by THERM. While this may have
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been the source of error, the air temperature near the Kodak Hawkeye plant may have
actually been several degrees warmer than the at the airport where the surface air
temperature was recorded. The airport is to the south of the city in a suburban area
whereas the Hawkeye plant is in the middle of the city. It is possible that the city air

temperature was several degrees warmer than the airport and this is what caused the error.

The atmospheric transmission & upwelled radiance could be modified to improve
the radiance values. However, little additional information was known on the atmosphere
that could be used to alter the radiance values. This led to a trail and error approach of
modifying the Modtran card deck. Several atmospheres were created by modifying the
atmospheric profile of the constituents, but modifying these parameters had little influence
on the radiance reaching the sensor. The only way to obtain a noticeable change in the
radiance values was to actually modify the output radiance file from Modtran that is used
in DIRSIG. This was not acceptable. The validation needed to be accomplished using the
output from the DIRSIG submodels.

The following table summarizes the results of the optimization of the

meteorological parameters.

Meteorological Parameter Optimized
Temperature 2c
Wind Speed -
Direct & Diffuse Insolation --
Atmospheric Transmission -
Downwelled Radiance --
Upwelled Radiance --

6.2.2 Material Parameter Optimization

With the global errors in the synthetic image removed, it was time to remove the
individual errors in the materials. The optimization of the material parameters would
further reduce the error in the synthetic image. Reviewing the results of the sensitivity
analysis, the exposed area and the thermal conductivity had the highest average expected

temperature errors, followed by thermal emissivity, heat capacity, and thickness. The
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most sensitive parameters would be changed first, followed by the remaining material

parameters.

It was first necessary to know the difference between the synthetic image created
with the optimum weather file and the truth imagery. This difference showed how much
change was actually needed in the apparent temperature for each material. The expected
temperature errors from the sensitivity study revealed the amount of temperature change
that was possible by varying the material parameters. The goal was to alter the parameters
and combine their respective temperatures errors in a way that reduced the overall
apparent temperature error. This required using the generic values and standard
deviations to provide reference points for optimizing each material parameter value. For
example, the changing of a material parameter value by half a standard deviation would
reduce the apparent temperature error by ¥ of that parameter’s expected temperature
error.

Apparent Temp Error - 0.5(AT exp) exposed area = Partial Reduction App Temp Error
The standard deviation and the generic value were then used to determine the optimized

material parameters value that should be used in the actual DIRSIG scene.

The results of the optimization are shown in the charts below. The apparent
temperature error between the generic material DIRSIG imagery and the truth imagery is
listed first. This represented the error that needed to be eliminated through the
optimization of the material parameters. The expected temperature change resulting from
the optimized material parameters is shown next. Within the tables, the sensitivity of each
material parameter, expressed as an apparent temperature error, is provided first. This is
followed by the generic material parameter value, and the standard deviation of the input
parameter. Finally, the optimization values are listed. This includes the standard deviation
required to reduce the error between the truth and the synthetic imagery, and the final

optimized material parameter value that was used to create the validation imagery.
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Building Construction Materials

Aluminum - ID #50 Asphalt Shingle - ID #60-69
Error - 0.23 Error - 0.25
AT optimum - 0.085 AT optimum = 0.162
Input ATy GEN AG o orr
HC -0.0031 0.55 0.1 | -1.000 0.45 HC 200334 | 03575 | 0.098 | 0.194 | 0.3765
TC 0.0 1909 155.0 1.000 2064 TC 0.0013 6145 | 0215 | 0465 ] 6.245
TH -0.0131 0275 | 0225 | -0.667 | 0.125 TH -0.1240 0.85 0.65 | -0.615 0.45
VE 0.0 0.50 020 | 0.000 0.50 VE 0.0 0.84 0.11 | 0.000 0.84
TE -0.0182 0.72 0.08 | 0.000 0.72 TE -0.0109 0.91 0.015 |  0.000 0.91
EXP 0.184 -0.40 025 | 0.400 -0.30 EXP 0.765 -0.40 025 | 0.120 -0.37
SGP 3.845 0.00 5.00 | 0.000 0.00 SGP 3.805 0.00 5.00 [ 0.000 0.00
Roof Gravel - ID #12 Steel - ID #52
Error - 0.48 Error - 0.62
AT optimum - 0.534 AT optimum - 0.257
mmm Input AT, GEN_ _OPI o _ Aoy,
HC 0.0618 035 0.05 | 0.600 0.38 HC -0.0117 0.825| 0805| 0045 | -0.444
TC 0.1357 12.1 5.10 | 0.784 16.10 TC 0.0 511.5 5515 | 4750 | 0.842
TH 0.0724 6.0 4.00 | 0.625 8.50 TH -0.0810 0.40 020 | 0225 | -0.889
VE 0.0016 0.8 0.10 | 0.000 0.80 VE 0.0 0825 | 0.825] 0.085 ] 0.000
TE -0.0446 0.9 0.02 | 0.000 0.90 TE -0.1213 0.79 079 | 0.120 [ 0.000
EXP 1.4410 0.5 0.25 | 0.240 -0.44 EXP 0.903 -0.40 035 | 0250 [ 0.200
SGP 3.564 0.0 5.00 | 0.000 0.00 SGP 3.448 0.00 0.00 5.00 | 0.000
Brick - ID #70-79 Wall Concrete - ID #53
Error - 0.80 Error - 0.87
AT optimum - 0.206 AT optimum - 0.460
Input AT, GEN inpuc AT GEN o Ao OPT
HC 0.0277 | 02818 | o0.121] 0083 | 0.2918 HC 0.0405 | 03105 | 0.0551] 0073 ]| 03145
TC 0.0447 5935 | 2235 0470 [ 6.985 TC 0.0079 15.48 1.10 | 0.182 15.68
TH -0.05 10.00 | 10.000 | -0.300 7.00 TH 0.0628 6.00 400 | 0.750 9.00
VE 0.00 0.795 0.165 | 0.030 0.80 VE 0.0002 0725 | 01251 o0.000]| 0725
TE -0.0152 0.930 | 0.030 | -0.100 | 0.927 TE -0.0377 0925 | 0.065{ -0308 | 0.905
EXP 0.378 040 | 0250 | 0440 -0.29 EXP 0.331 -0.50 0.25 1.200 -0.20
SGP 3.855 0.000 [ 5.000 | 0.000 0.00 SGP 4336 0.00 5.00 [ 0.000 0.00
Wall Wood - ID #80-89 Window Glass - ID #54
Error - 0.73 Error - 1.03
AT optimum - 0.119 AT optimum - 0.119
HC 0.0026 | 05124 | 0245] -0.082 | 0.5324 HC 20,0101 | 03505 | 0.170 | -0.059 | 0.3405
TC 0.0036 098 | 0120 | 0.083 0.99 TC 0.0020 12.00 400 | 0.750 15.00
TH -0.0170 4.50 2.50 | -0.400 3.50 TH -0.0113 0525 | 0225 -0.444 | 0425
VE 0.0 0.80 | 0.195 [ 0.000 0.80 VE 0.0 070 | 0.120 | 0.000 0.70
TE -0.0377 0.865 0.085 | -0.625 0.829 TE -0.0191 0.87 | 0.080 | -0.625 0.82
EXP 0.341 -0.40 025 | 0.400 -0.26 EXP 0.252 -0.40 025 | 0.400 -0.30
SGP 3.281 0.00 5.00 | 0.000 0.00 SGP 4.188 0.00 500 | 0.000 0.00
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Soils

Gray clay - ID #40 Red clay - ID #41

Error - 1.37 Error - 1.84

AT optimum - 0.425 AT optimum - 0.816
HC 0.0172 0.3202 0.12 | 0417 | 03802 HC 0.0244 0.3202 0.12 [ 0.500 | 0.3702
TC 0.0276 41621 0720 ] 0972 | 4762 TC 0.0308 4162 | 0720 | 0.833 | 4.862
TH -0.1012 9.85 6.85 | -0.715 4.85 TH -0.0817 9.85 6.85 | -0.730 495
VE 0.0001 0.795 | 0.095 [ 0.000 | 0.795 VE 0.0001 08251 0075 0000 [ 0.825
TE -0.0230 0.965 | 0.015 | 0.000 | 0.955 TE -0.0191 0.95 | 0.015 | -0.667 0.95
EXP 1.738 -0.30 025 0200 -0.20 EXP 1.636 -0.25 0.25 | 0400 [ -0.20
SGP 3.433 0.00 5.00 | 0.000 0.00 SGP | 3.401 0.00 5.00 [ 0.000 0.00

Brown dirt - ID #13 Lt brown gravel - ID #43

Error - 2.03 Error - 1.42

AT optimum - 0.777 AT optimum - 0.322
HC 0.0209 03222 | 0.042 | 0909 | 0.3422 HC 0.1283 041 [ 0110 | 0.476 0.51
TC 0.0821 6117 | 1659 0776 | 7.417 TC 0.3795 10.76 644 | 0784 | 15.76
TH -0.0801 9.85 6.85 | -0.584 4.85 TH -0.0993 9.85 6.85 | -0.730 5.85
VE 0.0004 0.825 | 0.095 | 0.000 [ 0.825 VE 0.0024 0.85 0.05 | 0.000 0.85
TE -0.0335 0.925 | 0.025 | 0.000 | 0.925 TE -0.0403 0.915 | 0.025 | 0.000 | 0.915
EXP 1.579 -0.25 025 | 0200 ] -0.22 EXP 1.543 -0.25 0.25 | 0.120 | -0.20
SGP 3.541 0.00 5.00 | 0.000 0.00 SGP 3.797 0.00 5.00 | 0.000 0.00

Surface Construction Materials

Asphalt Street - ID #5

Error - -0.27

AT optimum - =0.02

Concrete - ID #6
Error - 0.53
AT optimum = 0.320

HC 0.1008 | 03625 | 0.103 | -0.182 | 0.4325 HC 0.1108 | 03105 ] 0.055 | -0.182 | 0.3005
TC 0.1833 9243 | 3313 | 0.000 [ 11.243 TC 0.0233 15.50 1.10 | 0.000 15.50
TH -0.0980 955 7.15 | -0.331 7.55 TH 0.2131 6.565 | 5.435 | -0331 ] 4.765
VE 0.0002 0.86 0.09 | 0.800 0.87 VE 0.0034 0725 | 0125 0800 | 0.825
TE -0.0373 0955 | 0.025 | 0.000 | 0945 TE -0.0787 0935 | 0055 0000 [ 0935
EXP 1.656 -0.25 0.50 | 0.040 -0.22 EXP 1.518 0.25 0.50 | 0.040 -0.23
SGP 3.809 0.00 5.00 | 0.000 0.00 SGP 4122 0.00 5.00 | 0.000 0.00
Vegetation
Grass - ID #4 Tree-deciduous - ID #25
Error - -1.17 Error - -0.21
AT optimum = -0.721 AT optimum - 0.114
HC 0.1038 1.00 0.20 | -1.000 0.8 HC 0.0457 1.0 02| 0.000 1.00
TC 0.0512 12.5 7.50 | -0.933 5.5 TC 0.0228 12.5 75 | 0.000 12.5
TH 0.4710 1275 | 1225 ] -1.000 0.05 TH 0.2062 1.00 09 | 0.556 1.50
VE 0.0008 0.79 0.12 | 0.000 0.79 VE 0.00 0.935 | 0.055 ] 0.000 | 0935
TE -0.0575 0.93 0.05 | 0.200 0.94 TE -0.0063 0.95 0.01 | 0.000 0.95
EXP 1.456 -0.25 0.50 | -0.060 | -0.28 EXP 0.918 -0.25 05| 0000 ][ -0.25
SGP 4.560 0.00 5.00 | 0.000 0.00 SGP 4.683 0.00 50 | 0.000 0.00

123




The following chart summarizes the optimization results. It reveals the amount of
change in the input parameter that was required to reduce the apparent temperature error.
The optimization of each material parameter improved the radiometric accuracy of

DIRSIG.

Table 6.3 Optimized material parameter changes
- expressed as standard deviations

Material Heat Thermal - Thickness Visible Thermal Exposed
Name Capacity  Conductivity Emissivity  Emissivity Area
W/nt) (L-cm/hr-°C) (cm) (unitless) (unitless)  (unitless)

BCM
aluminum -1.00 1.00 -0.67 0.00 0.00 0.40
asphalt 0.19 0.47 -0.62 0.00 0.00 0.12
roof gravel 0.60 0.78 0.63 0.00 0.00 0.24
roof steel -0.44 0.84 -0.89 0.00 0.00 0.20
brick 0.083 0.470 -0.30 0.17 -0.10 0.44
wall concrete 0.07 0.18 0.75 0.00 -0.31 1.2
wall wood -0.082 0.083 -0.40 0.00 -0.63 0.40
window glass -0.059 0.75 -0.44 0.00 -0.63 0.40
Soils
gray clay 0.42 0.97 -0.72 0.00 0.00 0.20
red clay 0.50 0.83 -0.73 0.00 -0.67 0.40
brown dirt 0.90 0.77 -0.58 0.00 0.00 0.20
It brown gravel 0.47 0.78 -0.72 0.00 0.00 0.12
SCM
asphalt street -0.18 0.00 -0.33 0.80 0.00 0.04
concrete 0.67 0.60 -0.28 0.11 -0.40 0.06
Vegetation
Grass 0 -0.93 -1.00 0.00 0.20 -0.06
Tree deciduous 0.00 0.00 0.56 0.00 0.00 0.00

These changes in the input parameters helped to reduce the error in the synthetic
image. They could have been better with more time and more DIRSIG synthetic imagery,
but time prevented further optimization of the input parameters. The visible emissivity
was often left its generic values because of its low expected temperature error. Without
additional information to modify the visible emissivity, the initial estimated value from the
databases seemed to be the best value. Following the rule that the first estimate is
sometimes the best, very little effort was spent in optimizing the trees. It was known that
this material was not correct as all the trees in the scene were coniferous. Similarly, a
sensitivity analysis was conducted of water, but in the end, the temperature of the of water
was set to 4.0°C. THERM simply cannot determine the temperature of a material whose

temperature is based on seasonal factors.
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The optimization of the materials still ended up being ad hoc. The sensitivity
analysis helped to reduce some of the guesswork as it provided insight into the direction a
material parameter should be changed, but there was usually a difference between the
expected change and the actual change. Most of this discrepancy can be attributed to the
approximations in the running of the off-line version of THERM. The errors and constant
state of change of DIRSIG also made it difficult to determine the error source. DIRSIG
was under a constant state of change during the validation. As a result, it was difficult to

obtain a solid baseline from which to optimize the parameters.

It was originally planned to use both the primary and secondary sets of imagery in
an interactive manner to minimize the error in common materials and points. This method
could not be used due to a combination of factors. The primary materials in the
Inframetrics imagery of Hawkeye were concrete siding, red brick, and glass windows.
Because of the nadir viewpoint in the Bendix imagery, these materials could not be
distinguished from each other, but windows could be seen in the houses. These windows
were used to estimate the material parameters of the Hawkeye windows. However, a
direct comparison was still not possible because the glass windows were not visible in any
of the nadir synthetic imagery. These problems precluded the use of the combined

imagery in optimizing the material parameters.

The optimization of the material parameters is an endless process, especially if
every single material in the scene is modeled. One roof gravel was used in the scene
where in reality, there were numerous roof gravel materials, asphalt shingles, wood
sidings, and colored bricks. While it is still somewhat of a trial and error approach, the
sensitivity analysis provided the tools to reduce some of the guesswork. The presented

results were a balance between error and time.
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6.5 Input Parameter Modification & Sensitivity Analysis Summary

The steps and methodology followed in optimizing the inputs to the Hawkeye
scene can be applied to the development of any synthetic image. The procedure for
modifying the input parameters is outlined by the following steps:

1. Determine limiting bounds of input parameters.
2. Do a sensitivity analysis of the input parameters.
3. Do a histogram comparison between the truth imagery and the synthetic imagery.

- »

Histogram

Truth I:_magery

Histogram

SIG' Imagery

Figure 6.14 Histogram Comparison Summary

4. Optimize the input parameters that affect the overall scene.
5. Optimize the input parameters that affect individual objects.

Table 6.4 Input Parameter Effect Summary
(Increase in the value of the input parameter)

Sensitivity Overall Scene  Individual Material

Parameter Effect Effect
Air Temperature + mean temp + temp
Wind speed - mean temp - temp
Direct & Diffuse + mean temp + temp
Insolation
Transmission + mean temp + temp
Upwelled Radiance + mean temp + temp
Downwelled Radiance + mean temp + temp
Heat Capacity - + temp
Thermal Conductivity - + temp
Thickness - + temp
Visible Emissivity - + temp
Thermal Emissivity - - temp
Exposed Area --- + temp
Self Generated Power - + temp
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7.0 Recommendations & Conclusions

The primary goal of this validation was to advance the assessment of DIRSIG from
established test targets in a relatively controlled environment to a scene where relatively
little was known. This truly tested the robustness of DIRSIG to model the real world. In
the end, DIRSIG was able to model the real world with a RMS error of 1.0782 degrees
and a ROC coefficient of 0.9214 for the primary truth imagery. However, when the
optimized material parameters from the primary truth imagery were used in the creation of
the secondary truth imagery, the ROC coefficients decreased to 0.4395 for the imagery of
Hawkeye and 0.400 for the imagery of the church. This decrease in accuracy of the
synthetic imagery resulted from the optimization of the material parameters during the
night. The effects of the visible characteristics on the self emission of a material are
minimal at night so little effort was spent in optimizing the visible material parameters. In
contrast, these visible characteristics dominate the self emission of an object during the
day, leading to poor results in the daytime imagery. Despite the problem of using the
optimized material parameters with the daytime imagery, the sensitivity analysis and
optimization was successful in reducing the RMS error in the nighttime synthetic imagery

from 6.87 to 1.08 RMS and increasing the ROC coefficient from 0.89 to 0.92.

7.1 DIRSIG

Throughout the validation, many obstacles were encountered that revealed the
limitations of DIRSIG. These obstacles ranged from hardware memory problems to basic
user mistakes. Because of these problems, DIRSIG proved to be a very labor intensive
program, requiring constant assistance from the developers. In addition, the constant state
of change and upgrades being made to DIRSIG meant that new problems were
encountered regularly. As a result, much of the validation was spent in finding user input
errors as well as DIRSIG logic errors. While this was not the primary goal of the thesis, it
did help determine the robustness of DIRSIG. Despite all the problems, the true
capabilities of DIRSIG could be exploited once the scene was created. This included

changing the look angles, resolution, or any of the imaging parameters.
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The errors and problems associated with DIRSIG could be reduced with

improvements in the following areas:

THERM: A better thermal model is needed for DIRSIG. A thermal model should be able
to determine the conduction between neighboring facets. While research was conducted
on internal heat sources, they still have not been integrated into THERM. Therefore, self-
generated power is still used as a fudge factor to account for the heating of facets. Also, it
would be nice to have a thermal model that referenced the internal temperature of an
object in determining the external temperature. THERM also fails in modeling the upper
air temperature, wind effects, and surface objects. These problems lead to recommending
an entirely new thermal model. It also had a problem modeling the upper air temperature.
It also did not model wind effects.

Speed Improvements: Currently, it takes about 2 days to create a 512x512 image for a
scene containing over 100,000 facets. While it would be nice to have results in only
minutes or seconds, realistic generation times in the order of hours instead of days would
be a great improvement.

Wavelength/Wavenumbers: DIRSIG currently operates in wavenumber units. It would
be nice if DIRSIG could accept either wavelengths or wavenumbers as inputs.

Trees: The ability of DIRSIG to model trees is limited, but this is not a problem unique
to DIRSIG. It is extremely difficult to model organic things are in constant states of
change. Work is currently being conducted in this area in the visible and NIR regions, but
analysis is still needed in the other regions of the electromagnetic spectrum. Trees are also
extremely difficult to incorporate into a scene because of the large number of facets that
are needed to create realistic looking trees. While it is often possible to create several
trees, it becomes extremely difficult when trying to model many trees or a forest. This is
where a balance between the number of facets and the realism must be made.

Graphical Interface: A graphical interface that prompts the user for inputs and also
displays error messages would aid in the generation of synthetic images.

Directional Wind & Interference: A directional wind with the interference from
neighboring buildings would also improve the results in the LWIR. Preliminary testing
and analysis has been done in this area, but it still needs to be incorporated into the actual
DIRSIG program. It is not known how much this will affect the results but is a
consideration.

CAD Program: A better CAD program is needed. AutoCad had difficulties handling the
large number of facets in the scene. In addition, CAD programs are available that can read
in images. These images can then be used as templates or at least references when
constructing the facets.
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7.2 Sensitivity Analysis & Input Parameter Optimization

The next step in advancing the sensitivity study would involve automating the
entire process. While the C-shell batch files saved a great deal of time, the MathCad
analysis slowed the process. An alternative programming or analysis package should be
used that is more adaptive to changes. This would allow the entire sensitivity study to run
with less inputs from the user. Eventually, it might be possible to automate the procedure.
A program could iterate through this process of optimizing the input parameters and arrive
at the optimized material input values with minimal input from the user, similar to a user
defining training polygons in a classification program. An interactive programming
environment such as AVS might be the solution to automating the optimization of the

input parameters.

More importantly, better sets of imagery would be useful in analyzing the input
parameters. More imagery similar to the Bendix imagery would be needed. The
Inframetrics imagery simply did not provide the resolution, field of view, or accuracy that
was needed. In addition, the primary imagery should be daytime imagery. This will allow
the input parameters to be optimized at a time when all the material parameters have a
noticeable affect on the apparent temperature of a material, especially the visible
characteristics of a material. The time history sensitivity analysis helped to show the
increase in the sensitivity of the material parameters during the day. These optimized
material parameters can then be used in validating a nighttime scene. If possible, the ideal
solution would include several images of the same region taken throughout the day, to
include morning, afternoon, evening, and night. Then, the multiple sets of imagery can be

used in optimizing the input parameters.
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7.3 Conclusion

DIRSIG was able to closely simulate the nighttime imaging conditions present in the
primary truth imagery. A low RMS error, 1.08 °C, and high ROC coefficient, 0.92,
resulted after the optimization of the input parameters. However, it was difficult to
properly model the angular and background effects seen in the real imagery. In addition,
poor results were evident when the optimized material parameters from the primary truth
imagery were used in the validation with the secondary truth imagery. The validation and
sensitivity analysis showed that imagery acquired at different times of the day, morning,

noon, evening, and night, would be more useful in optimizing the input parameters.

Synthetic imagery will never replace real imagery, but it can be used in a wide
variety of applications and scenarios to reduce costs. Specifically, synthetic imagery
allows for the testing of image algorithms and analysis techniques. It offers a unique
platform for testing these new tools that real imagery can never offer; the input parameters
and variables can be controlled throughout the image generation process. This control of
the variables allows the inputs to be changed one at a time to incrementally add
complexity in testing the algorithms and techniques. Then, if errors occur, they can
quickly be detected because the truth values and control variables are known at all stages
in the synthetic image process. This image cube was constructed using DIRSIG synthetic
imagery for the analysis of a new hyper-spectral fusion technique. It is just one of the

many possible uses of DIRSIG synthetic imagery.

130




—

8.0 References

Cathcart, JM. and A.D. Sheffer, “Target and background infrared signature modeling for
complex synthetic scenes” Proceedings of the SPIE, Infrared Systems and
Components II, Vol. 890, 1988 a.

Cathcart, ] M. and A.D. Sheffer, “Computer generated IR imagery: a first principles
modeling approach,” Proceedings of the SPIE, Vol. 933, 1988 b.

Cathcart, J M. and A.D. Sheffer, “Generation and application of high-resolution infrared
computer imagery,” Optical Engineering, Vol. 30 No. 11, November 1991.

Engel, Michael and Y. Bushlin, “Field test validation of the TTIM sensor Model: Results
of comparison with a real sensor,” Proceedings of the SPIE, Vol 2224.

Incropera, Frank P. Fundamentals of Heat and Mass Transfer. New York, NY, 1990.

Gonda, Terry and G.R. Gerhart, “A comprehensive methodology for thermal signature
simulation of targets and backgrounds,” Proceedings of the SPIE, Aerospace
Pattern Recognition, Vol. 1098, 1989.

Lashansky, S.N. N. Ben-Yosef, A. Weitz, “Simulation of ground-based infrared cloudy
sky images,” Optical Engineering, Vol. 32 No. 6, June 1993.

Lindahl, Charles, A. Cockcroft, T. Drryberry, J. Sigler, M. Yablonski, “Synthetic,
multisensor database generation and validation,” Proceedings of the SPIE, Signal
and Image Processing Systems Performance Evaluation, Vol. 1310, 1990.

Lyons, J.T. SIRIM User Reference Manual Version 1.0, February 1991

Mason, J.E., Schott, J.R. and Rankin-Parobek, D., “Validation analysis of the thermal and radiometric
integrity of RIT’s synthetic image generation model, DIRSIG,” Presented at the SPIE Thermosense
XVI, Orlando, April 1994.

Rankin, D K., “Validation of DIRSIG, an Infrared Synthetic Scene Generation Model”
M.S. Thesis, Rochester Institute of Technology, Center for Imaging Science, 1992.

Salacain, J. M., “Application of Imaging System Geometric Models to a Synthetic Image Generation
System” M.S. Thesis, Rochester Institute of Technology, Center for Imaging Science, 1995.

Schott, J.R., J. Mason, C. Salvaggio, J. Sirianni, “Validation of contrast and
phenomenology in the Digital Imaging and Remote Sensing (DIRS) lab’s Image
Generation (DIRSIG) model” Proceedings of the SPIE Annual Meeting on Optics, Imaging, &
Instrumentation, Vol. 2269, #72, San Diego, CA 1994.

Schott, J.R., J. Mason, C. Salvaggio, J. Sirianni, R. Rose, E. Kulp, D. Rankin, “DIRSIG -
Digital Imaging and Remote Sensing Image Generation Model: Description,
Enhancements, and Validation” RIT/DIRS Report 92/93 -51-146, July 1993.

Schott, John R. Remote Sensing: The Image Chain Approach, Oxford, NY, 1996.

Scott, Herman, “Simulations ‘picture’ IR scenes” Aerospace America, January 1990.

131




Shor, E.H., “3-D Longwave Infrared Synthetic Scene Simulation” M.S. Thesis, Rochester
Institute of Technology, Center for Imaging Science, 1990.

Sirianni, J.D., “Heat Transfer in DIRSIG an Infrared Synthetic Scene Generation Model”
M.S. Thesis, Rochester Institute of Technology, Center for Imaging Science, 1994.

Stets, J., J. Conant, J. Gruninger and B. Ryali, “Synthetic IR scene generation, ”
Proceedings of the SPIE, Infrared Systems and Components 11, Vol. 890, 1988.

132




Appendix A

Validation Analysis




6160¢8.0°L €..0/8°9

EEEIBBYB90  LELSPOP €80 89" 143 [4°74 e 61°8" 16°}- 6¢99.vC 0T (gz) @a11 GT

890826100 G0891°99 4% elL'g ee'e- 0T 661 e L 6l°¢ G2TEL T SO'LLL (p) sse1o ¥

P68.9¥88E0  VEYES /9 290 [44:3 6v'L- 20'ee [4 A4 €E0L- e 2.S69%T 90€ 6L 1 (9) @jR10U00 9

618ZPS0SF'0  19E9L'GL 290 19'8- ev'L- G0'GC 6102 101 oLe 1/00Lv2 2E61L (c) 19818 JRYdSY &

6G1/6065.°0  LIEWISY 180 eLe 1% Bv'62 £€6'L2 3% 4 €2°9 699€0'6Z 167281 (2) 133eM €

PO9LEVIBE'D  €€978L T 290 8yl jzA 19'ST 85'vC €L <80~ 998p€ ST /884 (ev) 1oreID €F

Sp888..20'0  p8YEE 06 JAR Y 166- 9gle 19'%C 1861 [ 66')- €L95L'¥T 0C0CtL (e ya el |
1¥BGEYS/L'L  VBTEDB'S 80}~ ev'T- v9°0- 9y'se 9L¥T 661" o y1¥20'9Z 108€} (1v) e pay Ly |
GOvL//000T  €86L6'GE Lpb- 66°¢- 660~ TA14 v6'€Z 1 £V'0 §65+0'9Z G9'8EL (ov) Aejo helo op |
¥04L/211G0 991508 [4X0] b2- 6¢'2- jeien 24 8v'0C LZol- [ 16111%2 CLLEL (8) pPoom g8

9€.76869L'6  £ESPSOE €0°€- €86 [\7Al % L1'ST 18°€T 0L'¢- €8't vSSY L9 ye6YL (€G) I1em 9310U0D €5

9GREIESY L peovL LS 6¢'} SL.- 62°)- 414 €.°0C €L'6- 86°C- 160Gy 'PC 78133 (G2) %oug g/

P0SSOEEY0 0 LLp08'PS (A] ov'Z- 62°6- rO'€C 80'61 06°21L- 06°G- €L1€6°2C o '€6 (Z}) 1one1B Jooy ZL

G€//98€00°0 60S¥6°0L 900 44 sev £6€C 816l (YA 6z 9€C95'€T 027201 (Go) ss|bulys jeydsy 69

LSPLEBSLO 8.506°G. oro VL8 95'¢- ye'ec 26k 19°¢C) 96'¢- 8962¢€L'eC 02'S0V (05) wnulwnly 0g

ofeD Jolg ojeD loig 13 dwsj dy 13 dwa) dy dwaj jusieddy oouepey eoueipey dwaj juaseddy dway jusieddy soueipey aneA DQ uoidiosag uIod  Jaquinn julod
wnwndo RITEDED) paziwundo  paziwndo olB8usH RITEINETY XiIan3g
r-4 o4 oisdld oISdHId olsyia Xipuag - uojenjeaz abew|

xipuag




Sl
v
€l
(43
133
A

6

2

8
0
S
4
14
£
9
2
u

TLiIBT'S
6EY'Y-
zel9s'e-
890¢e'e-
688¢°2-
97851’
9558¥°)-
642V}~
9€€6T }-
9zi6l’)-
961’}
85860~
886£9°0-
929¢£2°0-
8.501°L

Nuey aredwon dwa] ddy

wnwpdo OISYIa

cl
g9
0g
v

g8
€l
9

g

73
€8
14
oy
34
14
4

jujod uopepjieA

Sk
14
€l
33
8
L
6
ol
zl
9

€
v
z
S

b
jyuey aiedwod

$2206°C)- Zl
y00LLTL- S9
9L1972L- 0S
81667 L1~ €
292€°}L- ¥
2889L°01- S
9/92€°04- 9
yrL1Z0)- a8
¥60€L°6- 73
9168.'8- jer4
98569'¢- €5
2€196°¢e- 024
YZLEE T 124
82G86°L- 34
ovI0VY 4
dwa] ddy
JIURY OISAIT

ujod uopepiieA

X|puag - S}NS3Y UO|3LID1I0D 13PI0 NueY

xipuag

Sk
147
€l
(43
kb
ol

TAN®OTWONOOD

Auey |ni)

6161266V~
688YL.L82 Y-
£9.02656'¢-
[4%:74:1%:1 %
989£6€04 €~
G80ETBLG'T-
£61€8801 2
18Y21660°C-
€1095166'L-
EVS6LELE L
G€998€G8°0-
629v982v°0
YAZA: 1344 A0
S20€260€8°L
8l8LsPeT'g
dwa ddy
yinig

9v'e6
0L204
0Z's04
SO'LLL
L
ZLGLE
90€'6HH
8E6L1
0z'oTh
ozl
18'8¢}
Go'8ElL
LL8¢El
ye'évl
167¢8L
oa yniL

(z1) 1oneIf Jooy ZiL
(g9) sa|Bulys jeydsy 9
(0g) wnuiwniy 0§
(v) sseio v
(58) poom s8
(G2)%oug sL
{9) @e10u0D 9
() 3025 jeydsy §
(eL)ma €1
(52) 201L ST
(p) |oneID P
(ov) Aepo feso oy
(L) Aep pay Ly
(€3) Ilem @1012U0D €5
(2} 198 2
juiod Uonep|(eA




08’}

190 ov'se 8.'0- 0S¥’ L~ 198€0°6Z eyl
0}°0- ye'se 10')- 606°0- 861£'6Z Sy'8Z)
LV €5'vC 152 8cl'¢- ££8¥8'€C 68°901
0z} GS've £5°¢- 8zL'¢- 1£68'€C 96'901
¥8°0- 8Z'¥C v8's- 200°S- y061°¢C GZ'L6
L02- \Z've 16'9- 668°¢- 8¢¥9.°€2 99'G01
000 2292 G6'G- £96°G- 8556922 06
oy v- R4 ye's- Zv6'0- €120¢'62 Z'8zl
2L 0" 8e'¥2 G9'G- 626'V- 29822°¢€2 18'L6
£6°0- ye¥e LS 161°6 z1260°¢€2 1866
88°0- €9'vC JANS A A 60695°€2 v.°201
¥1°0- a4 98'G- (TN 10.1822 8.'16
18626.9°0
€6°0- ve'ee G9'b- IxAN o L08¥9'¢2 G66'¢0L
gLl 96'¢€Z 9p'¢- v 106.€°€2 GG6'66
8¢°0 L'€g 96'¢- T 16GESET £eeeele ol
¥1°0- 19'¢Z 1% 166°¢- ZyeLLee €eeeeLe vl
8¥8.09¢°0
G¥'0- ¥6°¥2 1e°z- £98°1- 29¢28'¥2 81121
10°0- 14 6L'2- 0zL'z- G8689'¥2 6Ll
9z'0- £6'¥C £8°2- 690°2- LY9LL YT 19611
zLo- JAN-Y4 18°)- ovL'L- 9¢¥88'vC 1022l
6.°0- 10'52 90°2- 0.2'}V Lizer'se L'STl
000 G0'sT oLz 660°2- 1100L°¥2 8¢'6L1
¥0'0 1062 90°Z- 160°2- €120L'¥2 A
Jou3 pey ddy o|syia ddv xipuag

sisAjeuy Abojousuioustyd

xipueg

¥ ssein
¢ sselo)
2 sselo
| sselo
g |[oARID
JREYTS)
g |oARID
G |oARID
AELGID)
¢ [oARID
Z 1oARID
L [9ABID)

woyoq - Buipiing
doy - Buipjing
Wbu - Buipjing
ya| - buip|ing

/ Jeydsy
9 Jleydsy
G Jeydsy
¥ Jleydsy
€ Jeydsy
Z Neydsy
| Heydsy




11582V°0

80

viL582°0

€

~ O F Ot~ OO0

< <t — O

~ANOMO TN OMNWO—NOMT

~ N M <

~ (N < W O~

LCTA R A
6825°¢-

csolLo’L-
886..°0-
8€C.L6°G-
91€96°S-
90/58°G-
$8.€8°G-
[ATAA N
y9619°'G-
218ee’G-
yi691L°S-

Zsysov-
86G¢el'¥-
9296°'¢-

882ov¢c-

ya82e¢-
ce60e e
¥61°¢-
6.60°¢C-
9v650'¢-
9v¥650°¢-
921981

Zsselo ¢
| SSeIS) ¢
¢ sselo) |
p sselo g

L19ABID [

9 |8ABID 9
L IBARID

8 I9ABID G

€ |SABID €

Y 19ARBID |

G |ISABID 8

Z |18AeID 2

onoq - Buipiing |
ye| - buipiing g
wbu - buipjing ¢
doy - Buipjing ¢

G Jjeydsy g
L Yeydsy ¢
9 }eydsy g
Zeydsy 2
€ Jleydsy 9
| yeydsy |
¥ Yeydsy ¢

00y

20¥ - sisAjeuy Abojouauousyd

xipueg

~ (N < ~ANMOMTHD OO0~ ANMY

— N W0 O~

20y

Gge6lGleL e
Lge82L¢e-

611086¥Y'1-
10¥5€606°0-
y¥060€56°G-
L296561.L°9-
L6¥56061°9-
18090200°G-
16109826~
€810618¢'Y-
G1998868'¢-
yI8Y1C¥6°0-

8€82CLY9Y-
Ly0.8LEE V-
EINAATAA N o
LG118966'¢-

Lieriocie-
L8¥C1660°¢C-
¥€105960°¢-
L2¥56890°C-
L1200€98" -
800929v.L’ |-
6€£6800.L2' |-

Z sseio
| sselo
¥ sselo
¢ sselo
9 |oaARID
| [9ABID
€ [oARID
g |oAeID
¥ |oAeID
Z 1oABID
JRELGI0
G |aAeID

doy - Buipjing

wbu - Buiping
onoq - buipjing

ya| - buiping

9 Jeydsy
Z Yleydsy
| Heydsy
G Jeydsy
1 Yeydsy
¥ Jeydsy
€ Jleydsy




¥'0

0 b b 14 bl 1971 14 L 96'Sl 14
9€ 14 ol b ol yioc ol 0] 28'ce b
b ol 6 ol 6 Z2ee 8 6 8€'82 o
6 S 8 S 8 Ge0g £ 8 20'6L S
0 L L 6 L 2es 6 A 88°96 6
6 € 9 Z 9 LV'ES L 9 £0'86 4
6 4 S b S SO'vS S S 2ce'o0t b
gl 8 14 € 14 Ll 139 4 z8'lel €
o€ 6 € 8 € 96Ele 4 € 8L'9C) 8
ol 9 Z JA 4 2s'ive I 4 44442 L
0 3 } 9 } 144 9 3 eve 9
JoHd3 9isdld yniL julod uonepijen AUBY OISHId OISHIg 0Q  lod uofheplieA Juey soljeweljul soLjewelyu) Qg julod uoheplien
yainyo

sopjaweu| - uogenjeay abew




9G6eY'0

0 €l €l I ol
14 L 45 4 L4
6 8 " € }
} 6 ol 14 S
l ol 6 S [4
9¢ r4 8 9 L
9¢ } L L 6
§¢ b 9 8 8
6v ¢l S 6 €
14 9 14 oL bl
0 € € L €l
6 G [4 Zl 9
6 14 I el 43
Joudy3d 9lsyId yiniL juey  julod uolieplien

161
62291
12°15
8Lyl
9c'svl
YAN 44"
¢ae'gel
S0'6Cl
Le'gcl
Lo'ecl
L1°901
00l
Gv'e

91sdId 2d

N o
ST 0N~ OW T ON—

¢l
akaymeH

soljaweU| - uoljenjeAs abeuwy

el L6l
€L'881
19'18]
G108}
60'6S1
ecivl
85°0¢cl
88'9C1
87'86
9/°96
80°V6
eL'eh
80l

oo <+t220~-aw

¢l

suey soujelelju] souaweIu| O U0 uoneplieA




Appendix B

DIRSIG Files




Bendix Line Scanner
DIRSIG Batch File (*.bat)

#!/bin/csh

#**************************************************************************

# Set up environment based on machine architecture
#**************************************************************************

if (SHOSTARCH == aux) then
setenv TIMER /bin/time

else if (SHOSTARCH == alpha) then
setenv TIMER /bin/time

else if (SHOSTARCH == mips) then
setenv TIMER /usr/bin/time

else if (SHOSTARCH == paragon) then
setenv TIMER /usr/bin/time

else if (SHOSTARCH == sun4) then
setenv TIMER /bin/time -

else if (SHOSTARCH == sgi) then
setenv TIMER /bin/time

else
echo
echo "Unsupported architecture for dirsig2.5"
echo" "
exit

endif

endif

"o

#**************************************************************************

# Current run information
#**************************************************************************

setenv DIRSIG_HOME /dirs/pkg

setenv DIRSIG_EMISSIVITY ../../z_materials/emissivity_angular
setenv DIRSIG_EXTINCTION ../ ../z_materials/extinction

setenv DIRSIG_TEXTURE ../../z_materials

setenv DIRSIG_TEXTURE_MIN_WAVELENGTH 0.4

setenv DIRSIG_TEXTURE_MAX WAVELENGTH 0.7

STIMER $DIRSIG_HOME/bin/dirsig -f\
10nov_hawkeye.adv \
10nov_hawkeye.snd \
..[../z_weather/10nov_hawkeye_optimum.wth \
..[../z_materials/hawkeye_optimum.mat \
./..Jz_scene/hawkeye_subarea34.gdb \
10nov_hawkeye.rad \
bendix.sen \
10nov_hawkeye_final.dat \

>& 10nov_hawkeye_final. LOG




Hawkeye
10nov_hawkeye.adv
2650 1600 465
2650 1600 1500

90 -950 0.0

35

600 600

Church
10nov_church.adv
644 890 460

644 1300 1500
68.48 90.00 0.0
58.33

300 300

Strip Mall
10nov_mall.adv
1225 890 460
1225 1300 1500
68.48 90 0.0
58.33

300 300

Bendix Line Scanner
AutoCad view files (*.adv)

Garden
10nov_garden.adv
1200 1445 490
1200 1600 1500

81.28 90 0.0
58.33

300 300

Gorge
10nov_gorge.adv
1940 700 250
1940 1400 1500
60.7590 0.0
60.0

200 200
Flyover

10nov_nadir.adv
1800 1600 240.0
1800 1600 240.0
90 -90 0.0

55.0

512512




Hawkeye
10nov_hawkeye.snd
0.522

1

696.28 1250.0 13.5
-54.054.0 6.0
111091

7.0

50

43.1833 77.621

Church
10nov_church.adv
0.522

1

696.28 1250.0 13.5
-11.055.03.0

11 1091

70

50

43.1833 77.621

Strip Mall

10nov_mall.adv
0.522

1

696.28 1250.0 13.5
-11.055.03.0

11 1091

70

5.0

43.1833 77.621

Bendix Line Scanner
Scene node files (*.snd)

Garden
10nov_garden.snd
0.522

1

696.28 1250.0 13.5
-24.04404.0
111091

70

50

43,1833 77.621

Gorge
10nov_gorge.snd
0.522

1

696.28 1250.0 13.5
-3.0 62.0 2.5
111091

70

50

43,1833 77.621

Flyover
10nov_nadir.snd
0.522

1

696.28 1250.0 13.5
-64.0 64.0 6.0
111091

7.0

50

43.1833 77.621




Bendix Line Scanner
Platform motion profile (*.prf)

#
# DIRSIG flight description ...
#

FLIGHT_SIMPLE_BEGIN
NUMBER_OF_SCANS = 512
SCAN_RATE = 0.0229
FLIGHT_HEADING = 0.0
FLIGHT_ALTITUDE = 381.0
AVERAGE_SPEED = 90.0
AVERAGE_ROLL = 0.0
AVERAGE_PITCH = 0.0
AVERAGE_YAW = 0.0

FLIGHT_SIMPLE_END




Bendix Line Scanner
Platform specification file (*.psf)

#

# DIRSIG Platform Specification file
#

SYSTEM_BEGIN

PLATFORM_ID = BENDIX

PLATFORM_TYPE =2

# 1 -> FIXED
# 2 -> AIRBORN
# 3 > ORBITAL

ORBITAL ALTITUDE = -1
+n -> ALTITUDE (meters)
# -1 -> N/A (PLATFORM_TYPE cannot be ORBITAL)

ORBITAL _INCLINATION =
+n > LNCLINATIO\I (meters)

# -1 -> N/A (PLATFORM_TYPE cannot be ORBITAL)
SCANNER_TYPE =2

# 1 -> FRAME

# 2 -> LINE SCANNER

# 3 -> PUSHBROOM SCANNER
SCANNER_DUTY_CYCLE =0.30

# +n -> DUTY CYCLE (%)

# -1 -> N/A (SCANNER_TYPE must be FRAME)
SCAN_RATE =0.0229

# +n -> SCAN RATE (ms)

# -1 -> N/A (SCANNER_TYPE must be FRAME)
FOCAL_LENGTH =0.1524

# n -> FOCAL LENGTH (meters)
NUMBER_OF_BANDS =1

#. n -> NUMBER OF BANDS

SYSTEM_END

BAND_BEGIN = 1

# n -> NEW BAND (2)

BAND_ID = TEST_BANDI
# n->BAND_ID

SAMPLES_PER_LINE = 512
# n -> SAMPLES_PER_LINE

LINES_PER_SCAN =1
# n = LINES_PER_SCAN

CROSS_TRACK_PITCH = 0.0
# n = CROSS_TRACK_PITCH (um)

ALONG TRACK_PITCH =0.0
n = ALONG_TRACK_PITCH (um)

BAND_OFFSET = 0.0
# n = BAND_OFFSET (radians)

DETECTOR _OFFSET =0.0
n = DETECTOR_OFFSET (radians)

BAND_END




Bendix Line Scanner
Modeling file (modeling)

z DIRSIG Modeling Description ...
?\t/IODELING_BEGIN
MODEL_EARTH_ROTATION =0
MODEL_LINE_SKEW =0
CENTER_TARGET =0
REGISTER_BANDS =0
REGISTER_DETECTORS = 0
ALONG_TRACK_LOOK_ANGLE =0.0
CROSS_TRACK_LOOK_ANGLE = 0.0
PLATFORM_FILENAME = todd_bendix.psf
PROFILE_FILENAME = todd_simple.prf
IMAGE _SIZE = 512 512

MODELING_END




Bendix Line Scanner
Sensor file (*.sen)

42

0.28
0.33125
0.375
0.43
0.48
0.55
0.605

0.670
0.685
0.6975
0.700
0.733
0.75

- 0.77
0.805
0.825
0.85
0.875
0.90
0.925
0.94
0.9525
0.96
0.975
0.987
0.995
0.98
0.9675
0.945
0.927
0.885
0.835
0.79
0.755
0.715
0.68
0.61
0.535-
0.4875
0.325
0.20




Bendix Line Scanner - generic weather file
10nov_hawkeye generic.wth

52 1
0 -6.11111 1033.7 0.882 -1 2.539773 0 0 0.9 s 0
1 -6.11111 10337 0.882 -1 2539773 0 0 09 5 0
2 -6.66667 1034.2 0.919 -1 3.047727 0 o 09 5 0
3 -6.66667 10343 0919 -1 3.47727 0 0 0.9 5 0
4 -6.66667 10343 0.919 -1 3.47727 0 0 0.9 5 0
5 -2 1034.6 0.919 -1 2031818 0 o 09 5 0
6 177778 1034.7 0.918 -1 2.539773 0 0 1 5 0
7 ~1.77T18 1035.6 0.918 -1 2031818 67.06 0.74 09 5 0
8 12 1035.9 0.919 -1 2031818 80.55 265 09 5 0
9 -4.44444 10358 0.812 -1 3.047727 8591 395 1 5 0
10 -1.66667 1035.8 072 -1 2.5397717 88.86 469 1 5 0
11 1.666667 10354 0.567 -1 0.000000 90.26 501 1 ) 0
12 2777718 1034.7 0482 -1 2.031818 90.33 502 0.7 s 0
13 1.666667 1034 0.499 -1 3.555682 89.07 473 0.5 5 0
14 22022022 1033.2 0.501 -1 2.539773 863 404 0.6 5 0
15 2LTITT8 10335 0.503 -1 3.047727 81.27 231 07 5 0
16 1.666667 10327 0.544 -1 3.047727 7636 198 08 1 0
17 0.000000 10324 0.612 -1 3.047727 0 0 09 1 0
18 -0.55556 1032.4 0.637 -1 2539773 0 0 1 0 0
19 -111111 1032.1 0.663 -1 1.523864 0 0 1 0 0
20 222222 10317 0.75 -1 0.000000 0 0 i 0 0
21 -5.00000 10311 0.846 -1 0.000000 0 0 1 0 0
2 -4.44444 1031 0.847 -1 1.523864 0 0 1 0 0
23 -5.55556 1030.6 092 -1 2031818 0 0 1 0 0
2% -6.11111 1029.8 0.882 -1 0.000000 Q 0 1 0 0
25 -6.66667 1029 0.881 -1 0.000000 0 0 1 0 0
26 -6.66667 1029.2 0919 -1 0.000000, O 0 1 0 0
27 -7.22222 1028.8 0.959 -1 0.000000 0 [ 1 0 0
28 -1.22222 10303 0919 -1 3.47727 0 0 09 5 0
29 S1.22222 1034.6 0.919 -1 2.031818 0 0 09 S 0
30 -1.77778 10347 0.918 -1 2539773 0 0 1 5 0
31 177778 1035.6 0.918 -1 2031818 67.06 0.74 09 5 0
32 -7.22222 1035.9 0.919 -1 2031818 80.55 265 09 5 0
33 -4.44444 1035.8 0.812 -1 3.047727 85.91 395 1 S 0
34 -1.66667 1035.8 072 -1 2.539777 88.86 4.69 1 s Q
35 1.666667 10354 0.567 -1 0.000000 90.26 501 1 5 0
36 277718 1034.7 0.482 -1 2.031818 90.33 502 0.7 5 0
37 1.666667 1034 0.499 -1 3.555682 89.07 473 05 5 ]
38 2202 1033.2 0.501 -1 2539773 863 404 0.6 5 0
39 2777778 1033.5 0.503 -1 3.047727 81.27 281 0.7 5 0
40 1.666667 10327 0.544 -1 3.047727 76.36 198 08 1 0
41 0.000000 10324 0.612 -1 3.047727 0 0 09 1 0
42 -0.55556 10324 0.637 -1 2.539773 0 0 1 0 0
43 -1.11111 10321 0.663 -1 1.523864 0 0 1 0 0
44 -2.22222 10317 075 -1 0.000000 0 0 1 0 0
45 -5.00000 1031.1 0.846 -1 0.000000 0 0 1 0 0
46 444444 1031 0.847 -1 1.523864 0 Q 1 0 0
47 -5.55556 1030.6 092 -1 2.031818 0 0 1 0 0
48 -6.11111 1029.8 0.882 -1 0.000000 0 0 1 0 0
49 -6.66667 1029 0.881 -1 0.000000 0 0 1 0 0
50 -6.66667 1029.2 0.919 -1 0.000000 0 0 1 0 0
51 R 1028.8 0.959 -1 0.000000 0 0 1 0 0
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1
-211111
-211111
-2.66667
-2.66667
-2.66667
-3.22222
37178
377778
322222
-0.44444
2.666667
5.666667
8.777778

4.000000
3.555556
311111
122222
-1.00000
-0.44444
-1.55556
-2.11111
-2.36667
-2.36667
-2.88888
-3.22222
[ Wirya.03
3.77778
37718
-22222
-0.44444
2.666667
5.666667
6777778
5.666667
6.222222
6.777778
5.666667
4.000000
3.555556
311111
1.222222
-1.00000
-0.44444
-1.55556
211111
-2.36667
-2.36667
-2.88888

Bendix Line Scanner - optimum weather file
10nov_hawkeye_optimum.wth

1033.7
1033.7
1034.2
10343
10343
1034.6
1034.7
1035.6
10359
1035.8
1035.8
1035.4
1034.7
1034

1033.2
1033.5
1032.7
10324
1032.4
10321
10317
1031.1
1031

1030.6
1029.8
1029

1029.2
1028.8
10303
1034.6
1034.7
1035.6
10359
1035.8
1035.8
10354
1034.7
1034

1033.2
10335
1032.7
10324
10324
10321
1031.7
1031.1
1031

1030.6
1029.8
1029

1029.2
1028.8

0.882
0.882
0919
0919
0919
0919
0918
0918
0.919
0.812
072

0.567
0.482
0.499
0.501
0.503
0.544
0.612
0.637
0.663
075

0.846
0.847
092

0.882
0.881
0519
0.959
0.919
0919
0.918
0.918
0.919
0.812
072

0.567
0.482
0.499
0.501
0.503
0.544
0.612
0.637
0.663
0.75

0.846
0.847
092

0.882
0.881
0.919
0.959

e e
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2539773
2539773
3.047727
3.047727
3.047727
2031818
2.539773
2031818
2031818
347727
25391
0.000000

. 2031818

3.555682
2539773
3.047727
3.0477277
3.47727
2539773
1.523864
0.000000
0.000000
1.523864
2.031818
0.000000
0.000000
0.000000
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3.47727
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2.539773
2031818
2.031818
3.47727
2539117
0.000000
2031818
3.555682
2.539773
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3.047727
2539773
1.523864
0.000000
0.000000
1.523864
2.031818
0.000000
0.000000
0.000000
0.000000
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Bendix Line Scanner
Modtran card deck (*.cdk)

72 2 1 0 0 0 0 0 0 1 1 1 0.000 0.00
52 0 1 0 0 24000 0.000 0.000 0000 0218
33 0 OTEMP

0.218 0.103E+04-0.722E+01-0.777E+01 0.000E+00 0.000E+00ABG
0.242 0.997E+03-0.610E+01-0.108E+02 0.000E+00 0.000E+00ABG
0.290 0.991E+03-0.370E+01-0.640E+01 0.000E+00 0.000E+00ABG
0.365 0.982E+03-0.180E+01-0.720E+01 0.000E+00 0.000E+00ABG
0.461 0.970E+03-0.200E+01-0.960E+01 0.000E+00 0.000E+00ABG
0.767 0.933E+03-0.360E+01-0.960E+01 0.000E-+00 0.000E+00ABG
1.019 0.904E+03-0.300E+00-0.180E+02 0.000E+00 0.000E+00ABG
1.208 0.883E+03 0.310E+01-0.173E+02 0.000E+00 0.000E+00ABG
1.516 0.850E+03 0.360E+01-0.168E+02 0.000E+00 0.000E+00ABG
1.864 0.814E+03 0.300E+01-0.173E+02 0.000E+00 0.000E+00ABG
2.113 0.790E+03 0.420E+01-0.166E+02 0.000E+00 0.000E+00ABG
2.531 0.750E+03 0.240E+01-0.179E+02 0.000E+00 0.000E+00ABG
3.085 0.700E+03-0.400E+00-0.200E+02 0.000E+00 0.000E+00ABG
3.735 0.645E+03-0.390E+01-0.207E+02 0.000E+00 0.000E+00ABG
4.400 0.593E+03-0.660E+01-0.212E+02 0.000E+00 0.000E+00ABG
4.982 0.550E+03-0.980E+01-0.265E+02 0.000E+00 0.000E+00ABG
5.710 0.500E+03-0.150E+02-0.310E+02 0.000E+00 0.000E+00ABG
6.834 0.430E+03-0.229E+02-0.359E+02 0.000E+00 0.000E+00ABG
7.834 0.374E+03-0.304E+02-0.401E+02 0.000E+00 0.000E+00ABG
8.892 0.322E+03-0.399E+02-0.490E+02 0.000E+00 0.000E+00ABG
10.808 0.241E+03-0.539E+02-0.674E+02 0.000E+00 0.000E+00ABG
11.667 0.211E+03-0.566E+02-0.708E+02 0.000E+00 0.000E+00ABG
12.543 0.183E+03-0.574E+02-0.718E+02 0.000E+00 0.000E+00ABG
13.033 0.170E+03-0.597E+02-0.746E+02 0.000E+00 0.000E+00ABG
14.065 0.144E+03-0.599E+02-0.749E+02 0.000E+00 0.000E+00ABG
15.033 0.123E+03-0.625E+02-0.781E+02 0.000E+00 0.000E+00ABG
16.629 0.950E+02-0.618E+02-0.773E+02 0.000E+00 0.000E+00ABG
17.887 0.774E+02-0.629E+02-0.786E+02 0.000E+00 0.000E+00ABG
19.230 0.623E+02-0.626E+02-0.783E+02 0.000E+00 0.000E+00ABG
20.848 0.480E+02-0.576E+02-0.720E+02 0.000E+00 0.000E+00ABG
23.791 0.300E+02-0.599E+02-0.749E+02 0.000E+00 0.000E+00ABG
25.769 0.219E+02-0.602E+02-0.753E+02 0.000E+00 0.000E+00ABG
27.133 0.176E+02-0.574E+02-0.718E+02 0.000E+00 0.000E+00ABG
0.000 0.000 0.000 0.000 0.000 0.000 0

1 2 1 0

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

5000.000 10000.000 12.626
0




Bendix Line Scanner
Radiosonde data - (*.rsd)

0.218 1028.8 -7.22 -1.77
0.242 997 -6.1 -10.8
0.29 990.9 -3.7 -6.4
0.365 981.6 -1.8 -71.2
0.461 969.8 -2 -9.6
0.767 933.1 -3.6 -9.6 -
1.019 903.8 -0.3 -18
1.208 882.9 3.1 -17.3
1.516 850 3.6 -16.8
1.864 814.3 3 -17.3
2.113 . 789.7 4.2 -16.6
2.531 750 24 -17.9
3.085 700 -0.4 -20
3.735 645 -39 -20.7
4.4 592.7 -6.6 -21.2
4.982 550 -9.8 -26.5
5.71 500 -15 -31
6.834 430 -22.9 -359
7.834 374.3 -30.4 -40.1
8.892 321.6 -39.9 -49
10.808 240.8 -53.9 -67.375
11.667 2105 -56.6 -70.75
12.543 183.4 -57.4 -71.75
13.033 169.7 -59.7 -74.625
14.065 143.7 -59.9 -74.875
15.033 123 -62.5 -78.125
16.629 95 -61.8 -77.25
17.887 77.4 - =629 -78.625
19.23 62.3 -62.6 -78.25
20.848 48 -57.6 -72
23.791 30 -59.9 -74.875
25.769 219 -60.2 -75.25

27.133 17.6 -57.4 - 7175




Inframetrics Camera
DIRSIG Batch File (*.bat)

#1/bin/csh

#**************************************************************************

# Set up environment based on machine architecture
#**************************************************************************

if (S HOSTARCH == aux) then
setenv TIMER /bin/time

else if (SHOSTARCH == alpha) then
setenv TIMER /bin/time

else if (SHOSTARCH == mips) then
setenv TIMER /usr/bin/time

else if (SHOSTARCH == paragon) then
setenv TIMER /usr/bin/time

else if (SHOSTARCH == sun4) then
setenv TIMER /bin/time

else if (SHOSTARCH == sgi) then
setenv TIMER /bin/time

else
echo
echo "Unsupported architecture for dirsig2.5"
echo" "
exit

endif

endif

"o

#**************************************************************************

# Current run information
#**************************************************************************

setenv DIRSIG_HOME /dirs/pkg

setenv DIRSIG_EMISSIVITY ../../z_materials/emissivity_angular
setenv DIRSIG_EXTINCTION ../../z_materials/extinction

setenv DIRSIG_TEXTURE ../../z_materials

setenv DIRSIG_TEXTURE_MIN_WAVELENGTH 0.4

setenv DIRSIG_TEXTURE_MAX_WAVELENGTH 0.7

STIMER /dirs/src/dirsig/src/dirsig/main/dirsig -0\
120ct_church.adv \
12oct_church.snd \
.J..Jz_weather/120ct_hawkeye_generic.wth \
../../z_materials/hawkeye_optimum.mat \
..J.Jz_scene/inframetrics_church_scene.gdb \
12oct_church.rad \
inframetrics.sen \
12oct_church_final.dat \

>& 12oct_church_final. LOG




Inframetrics Camera
AutoCad view files (*.adv)

Hawkeye
120ct_hawkeye.adv
2347 1470 450
1208 1029 497
2.20-158.83 0.0
87

200 256

Church
[20ct_church.adv
1350 1110 430
2346 1433 585
8.4217.97 0.0
90

256 256




Inframetrics Camera
Scene node files (*.snd)

Hawkeye
12oct_hawkeye.snd
0.369

1

833.3 1250.0 20
64.0 112.04.0
101295

19

5.0

43.1833 77.621

Church
12o0ct_church.snd
0.395

1

833.3 1250.0 20.0
58.0 106.0 4.0 '
101295

19.0

5.0

43,1833 77.621




: Inframetrics Camera
Sensor file (*.sen)

22

0.59
0.68
0.75
0.83
0.895
0.91
0.925
0.94
0.945
0.955
0.96
0.968
0.97
0.975
0.98
0.98
0.99
1.0
0.99
0.95
0.90
0.82
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32

1278
11.67
10.00
11.11
1056
10.56
10.56
10.56
10.00
11.67
15.00
172
19.44
211
278
2278
2333
22
211
1833
16.11
14.44
1333
122
11.67
11.67
11.67
1111
10.56
10.56
10.56
10.56
1111
15.00
18.33
21.67
23389
25.00
26.67
26.67

Inframetrics Camera- generic weather file
120ct_hawkeye_generic.wth

1029.52
1029.52
1029.52
1029.54
1029.55
1029.56
1029.59
1029.61
1028.62
1029.63
1029.64
1029.64
1029.64
1029.62
1029.59
1029.57
1029.56
1029.56
1029.56
1029.56
1029.56
1029.56
1029.56
1029.56
1029.55
1029.54
1029.54
1029.53
1029.52
1029.52
1029.52
1029.52
1029.53
1029.53
1029.54
1029.53
1029.52
102952
1029.50
1029.49

ORI T S T

944
889
778
778
722
833
829
10.00
944
10.56
11.11
1111
11.11
833
833
778
6.11
178
778
667
122
778
778
778
6.67
6.67
778
722
6.11
6.67
556
6.11
556
778
833
944
11
1111
12.78
1222

3.048
3.048
3.048

3.048
3.048
3.048
1.524
2032
2540
4.064
4.064
4.064
4572
5.588
5.080
7.111
7.111
5.080
2.540
2.540
3.048
1.524
2032
1.524
2.032
3.556
3.556
3.048

3.048
3.048
4.572
3.556
5.588
5.080
5.080
6.095
6.095

0.0
0.0
0.0
0.0
0.0
00
0.0
735
81.40
85.81
8848
89.82
89.95
88.88
86.52
82.55
75.74
54.17
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
00
0.0
73.63
81.60
86.02
88.69
90.03
90.15
89.07
86.70
8281

0.0
00
0.0
0.0
0.0
0.0
0.0

204.

3
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4389
398
245
035
0.0
0.0
0.0
0.0
co
0.0
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Inframetrics Camera
Modtran card deck (*.cdk)

7 22 100 000 O0 1 1 1 0000 000
5 2 0 1 0 0 32000 0.000 000 0000 0218
19 0 0120CT.RAD

0.218 0.987E+03 0.267E+02 0.122E+02 0.000E+00 0.000E+00ABG
0.545 0.950E+03 0.230E+02 0.900E+01 0.000E+00 0.000E+00ABG
1.002 0.900E+03 0.170E+02 0.690E+01 0.000E+00 0.000E+00ABG
1.480 0.850E+03 0.106E+02-0.400E+00 0.000E+00 0.000E+00ABG
1.982 0.800E+03 0.119E+02-0.144E+02 0.000E+00 0.000E+00ABG
2.515 0.750E+03 0.790E+01-0.171E+02 0.000E+00 0.000E+00ABG
3.086 0.700E+03 0.460E+01-0.204E+02 0.000E+00 0.000E+00ABG
3.669 0.650E+03 0.130E+01-0.234E+02 0.000E+00 0.000E+00ABG
4.299 0.600E+03-0.370E+01-0.266E+02 0.000E+00 0.000E+00ABG
4.983 0.550E+03-0.900E+01-0.301E+02 0.000E+00 0.000E+00ABG
5.733 0.500E+03-0.149E+02-0.192E+02 0.000E+00 0.000E+00ABG
6.512 0.450E+03-0.204E+02-0.355E+02 0.000E+00 0.000E+00ABG
7.383 0.400E+03-0.269E+02-0.419E+02 0.000E+00 0.000E+00ABG
8.316 0.350E+03-0.344E+02-0.407E+02 0.000E+00 0.000E+00ABG
9.393 0.300E+03-0.421E+02-0.521E+02 0.000E+00 0.000E+00ABG
10.603 0.250E+03-0.501E+02-0.626E+02 0.000E+00 0.000E+00ABG
12.023 0.200E+03-0.589E+02-0.736E+02 0.000E+00 0.000E+00ABG
13.803 0.150E+03-0.639E+02-0.799E+02 0.000E+00 0.000E+00ABG
16.283 0.100E+03-0.621E+02-0.776E+02 0.000E+00 0.000E+00ABG
0.000 0.000 0.000 0.000 0.000 0000 O

1 2 1 0

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

5000.000 10000.000 12.626
0




Inframetrics Camera
Radiosonde data - ( *.rsd)

0.218 987 26.667 12.22
0.545 950 23 9

1.002 900 17 6.9
1.48 850 10.6 -0.4
1.982 800 11.9 -144
2.515 750 7.9 -17.1
3.086 700 4.6 -20.4
3.669 650 1.3 -234
4.299 600 -3.7 -26.6
4.983 550 -9 -30.1
5.733 500 -14.9 -19.2
6.512 450 -20.4 -35.5
7.383 400 -26.9 -41.9
8.316 350 -34.4 -40.7
9.393 300 -42.1 -52.1
10.603 250 -50.1 -62.625
12.023 200 -589 -73.625
13.803 150 -63.9 -79.875

16.283 100 -62.1 -77.625
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AutoCad Drawing Notes

The following guidelines were documented to help others in drawing a complex scene and
using the scene that was created by myself and Russell White.

Streets: When doing an AutoCad scene that involves streets and terrain, one should start
with laying the foundation for the streets. Streets are relatively flat and the natural terrain
has been modified to make the streets flat. Determine the elevation of the streets from
intersections of the contour lines and the streets. If there is a large region where there are
no intersections, the elevation of the street can be estimated. If possible, each side of the
road should be the same elevation as this will prevent ‘earthquake roads’. Depending on
the resolution, the foundation for the streets should be wider than the actual street so that
sidewalks can also be placed into the drawing. Having a foundation with roads placed on
top of the foundation will show the grass between the road and the sidewalk while
reducing the number of overall facets required to create this appearance. In addition, at
the intersection of two roads, a separate facet should be created for the intersection. Each
corner of this facet will have the same elevation. This will also help prevent the uneven or
‘earthquake’ roads mention earlier. Once the foundation for the roads has been laid,
streets can be placed over the foundation of the roads.

Terrain: Terrain should be added after the roads have been constructed. Whenever
feasible, it is best to use polylines and rulesurf to create undulating terrain. However,
rulesurf can only be used between two polylines that are of similar length. If one attempts
to rulesurf between a long and short line, facets can be created that overlap on themselves.
A polyline can be used for multiple rulesurf meshes by creating the polylines in different
layers and alternating the state of the layer (freeze/thaw). Finally, if a mistake or change is
needed within a rulesurf, explode can be used to separate the rulesurf into individual
facets. 3dfaces can then be used in other areas to fill in the rest of the terrain. There may
be a better method with AutoCad 13, but this method worked well for AutoCad 11.

Houses: Generic houses can easily be created and modified in AutoCad. By creating
houses that were approximately 1x1x1, it was then possible to scale the houses to exact
dimensions. When a house was inserted, ‘xyz’ scaling was selected. This allowed the
1x1x1 house to be made the proper dimensions in the x and y axes. The proper height of
the house, depending on whether it was a one or two story house, could then be typed into
AutoCad. This ensured that each house could have different widths and lengths, but all
houses would have similar heights. Houses that were not traditional or did not fit the
models that were developed could then be created individually and inserted into the scene.

As each house was inserted into the scene, a list was done on the insertion. This
showed the location, scaling, and rotation of the inserted object. This information was
taken from AutoCad and pasted into a separate document using the VI editor. This
procedure was repeated for each house in the region. After all the houses had been
inserted into the scene, the document containing all the house insertion information was




modified into an AutoCad script file. This allowed the region or even a parﬁcular house
to be changed in the future without having to manually reinsert all the houses.

Object Creation: The scene was divided into 20 different regions to reduce the size of
the bounding volumes. This was also done to reduce the run time of DIRSIG. Another
useful tool in creating the objects was the use of script files. Script files were used to
create each of the 20 regions. Each of the objects consisted of several different parts. The
parts usually included:

terrain

streets

sidewalks
houses

This allowed the scene and each of the 20 objects to be easily modified and reconstructed
if necessary.

Script files were developed for the creation of each object. These script files
should not have to be modified. The only problem is that the objects must be created
using AutoCad 13. After the object has been assembled using the script file, it must be
saved as AutoCad 12 format. This is because there is a memory problem with AutoCad
13 and it cannot assemble the entire scene (*this problem may have been fixed but I

would recommend this method). Remember, the trees are inserted at the scene level of
the DIRSIG hierarchy.

The object must be recreated if any change is made to a part in that object. This
includes changing the material ID number, SGP, or facet temperature. The material
parameters of any material can be changed in the material file without having to rebuild the
scene. Also, the emissivity curves can be changed without having to rebuild the scene. In
particular, I created my version of the scene with 10 colored asphalt shingles, 10 colored
wood sidings, and 10 colored bricks. However, I used the same emissivity file for all these
materials. The visible portion of the emissivity curve can be modified to produce different
colors in the visible region of the electromagnetic spectrum without any modifications to
the actual scene.

Scene Creation: The final scene can also be created using script files. Each region was
inserted into the scene as an object. In addition, the Hawkeye plant and the driving part
bridge were inserted into the scene as objects. Multiple trees, which were treated as
objects -- each individual tree representing one part, were also inserted at the scene level.
The trees were placed into script files to allow for easy removal of the trees from the -

scene. This was especially important since the addition of trees greatly added to the

number of facets in the scene.

Separate script files can be created from the original scene script file if necessary.
This is important if examining a small part of the scene. A separate script file can be
created that does not insert all the objects into the scene, just the ones in the desired




subscene. This greatly reduces the run time of DIRSIG. In doing this, I recommend
copying the entire scene script file and then deleting the objects from the scene that you do
not want inserted. If you retype the script files, you usually end up with a lot of errors in
the script file. It is much easier to just delete lines.

"The scene must be rebuilt in AutoCad 11. If the problem with AutoCad 13 that was
experience during the scene creation is resolved, then AutoCad 13 can be used for
everything.

General Drawing Guidelines: When drawing in three dimensions, it is best to type in
the coordinates if they are known. If the coordinates are not exactly known, it is useful to
use the .xy’ feature in AutoCad and then type in the z coordinate. This ensures accurate
drawings in three dimensions. Ifthe ‘.xy’ is not chosen, then the z coordinate will be set
to 0.0 when drawing in three dimensions. In addition, when joining facets, the ‘nea’ and
‘int’ features of AutoCad ensure that there will not be any ‘holes’ in the resulting DIRSIG
scene. These features can be set to the default by using the DOSNAP feature. Finally, it
is best to use triangular facets if the points are non-coplanar. AutoCad will make a non-
coplanar rectangular facet into two triangular facets. This can cause problems when trying
to lay objects on top of the facet. As a result, it is best to make the facet triangular when
you do the initial drawing.

When drawing complex objects, it is best to draw the objects using different layers.
Each complex piece of an object is a part. Each part should be the same material type.
~ This allows for easy material selection and modification at later times. After the entire
object is finished and each part is represented by a different layer, use the ‘Write blocks’
feature in AutoCad to make each layer a separate file. This method of drawing complex
objects reduces the chances of holes or problems when joining the parts.

DVIEW: When using DVIEW in AutoCad, select only the boundaries of the scene, or a
sample of objects in the desired scene. Selecting all objects in a scene makes it difficult for
AutoCad to redraw the scene. It will often crash as it runs of memory.

A major problem arose when using DVIEW. If the camera and targets points were
typed into the scene, DVIEW would sometimes provide camera angles that were
incorrect. It is not possible to rotate the camera upside down, or invert, in DVIEW. The
DVIEW camera is always upright. However, if the ‘points’ are typed in, recording the
camera angles, DVIEW will provide you with camera angles that are upside down. The
result is a scene that does not appear as it does in DVIEW. The solution is to slightly alter
the camera angle when typing in ‘camera angles’. This will flip the camera upright and
provide the appropriate view point. This problem is illustrated in the following picture.
The z axis is coming out of the page. The inverted camera position is when the camera
angles must be modified slightly in DVIEW.
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Also, remember to type ‘distance’ when using DVIEW to see the appropriate view of the
scene. You must make sure the zoom is correct. Otherwise, the field of view will not be
correct. As a final note, the field of view in DVIEW is smaller than in the DIRSIG
rendering. As a result, you will see more in the DIRSIG output than what you thought
when the parameters were selected in DVIEW.

Converting to DIRSIG format: Make sure that the -c option is used when building
a complex scene that has facets that are noncoplanar. The -c option will break the
facet up into two triangular facets. The division of the facet seemed randoni and was
difficult to predict within AutoCad. It may be necessary to create only triangular facets
when doing objects such as terrain to avoid having to convert the facets. In addition, this
increases the number of facets in the scene and should be considered if one is close the
maximum number of allowable facets because of memory limitations. This became a key
consideration when drawing the trees. All trees were made of triangular facets to avoid
problems when rotating or scaling a tree which could make a 4 sided facet noncoplanar.

Problems: The scene that I created must be converted from AutoCad format to DIRSIG
format using translate. In addition, the DONORMS feature that has been added to
AutoCad will not work with the scene that I created. If you want to put a new building
into the scene or modify the normals of an existing part, you must do it manually. The
automated DONORMS feature is not compatible with translate.

Hopefully, these notes will make it easier for those using the scene that we created easier
to use and help future people using DIRSIG to develop scenes.




Using the Scene

‘These notes are for those people using the Hawkeye scene. They may be a little cryptic,
but they are only meant for people experienced in the use of DIRSIG. '

Weather files: Several weather files were created during this validation. They are
referred to in a specified manner. The date that the weather file is valid is listed first. The
10 November 1991 data was cold, -5°C, clear, and calm. The 12 October 1995 data was
warm, 26°C, clear, and calm. The exact format of the weather files is found in the
DIRSIG User’s Manual or Tutorial.

10nov_hawkeye optimum.wth

10nov_hawkeye generic.wth

12o0ct_hawkeye generic.wth

Radiance files: These are the outputs from Modtran, based on the card deck and the
scene node file. Any time that the scene node file is changed, the radiance file must be
recreated. This includes changes in the imaging time, wavelength increments, or altitude.
As an additional area of concern, the radiance file must be referenced when creating the
sensor responsivity file. The sensor responsivity file must match the wavelengths for
which the radiance data is generated. The radiance is not in equal wavelengths, but equal
wavenumbers.

Errors sometime occur from the radiance file if the incremental angle for the sensor
field of view does not closely fall near the maximum field of view angle. To solve this
problem, the field of view within the * snd file must be fixed. Simply increase or decrease
the field of view angles so that the maximum value falls at a field of view increment. The
easiest thing to do is use whole numbers and increase the minimum, maximum, or both
field of view angles to achieve a whole number of increments. For example, if the field of
view angles are -4.0 and 43.0, increase the angles to -4.0 and 44.0. Then, use an
incremental angle of 4, 6, or 8. This will eliminate the problem.

GDB: When creating scenes, it is sometimes best to create smaller GDB files that only
contain the regions that are field of view. This greatly reduces the run times of DIRSIG.
For example, the Inframetrics Hawkeye scene only contained regions 23, 24, 33, 34, 43,
and 44. This reduced the size of the GDB by more than %%. In addition, it is sometimes
best to create the scene without the use of the trees. Simply do not include the tree
references in the scene script file if they are not needed.

Because Jim Salicain’s Hawkeye building was not rebuilt, it was necessary to
modify the GDB file after the translation. The temperature of the concrete tower had to
be reduced. The concrete tower was set to 350° and needs to be changed so that THERM
calculates the temperature (there are 128 substitutions). Within vi, type the following
command: ’ ’

:%s/~350%/-1/gc




The temperature of the vent in Hawkeye also needed to be changed. It was set to 320°
but should be calculated by THERM. Within vi, type the following command:
' :%s/"3208/-1/gc

The roof of Hawkeye also had to be modified because one the material attributes was
assigned incorrectly. The material should be roof gravel, but it was assigned concrete. In
vi, do a search:

//BLDG12_10
This facet’s material ID number needs to be changed from 6 to 12.

Batch files: Batch files were used to run all DIRSIG scenes. Within the batch files, the
reference files needed to run DIRSIG are defined. These were all established using
absolute paths. If the directories are moved around, the batch files must be modified.

Radiosonde data: This information was obtained from actual data. It should not have to
be modified. The radiosonde data is corrected for local surface conditions at the imaging
time.

Scene node file: Various scene node files were created for use with the DIRSIG scene.
These are all listed later. Remember that any change in the scene node file requires
rebuilding the radiance. If the field of.view is too large or too small, the focal length of
the camera can be changed within the *.adv files. Changing the focal length does not
require a change in the scene node file or the radiance file. Also, remember to choose the
field of view angles to prevent problems with the radiance file.

AutoCad view file: The AutoCad view files contained the camera point, targets points,
and camera angles for various Hawkeye scenes. The resolution of the DIRSIG scene is
also contained in this file. The resolution can be changed without affecting any other
DIRSIG input files. The AutoCad view files that were used in the validation are listed
later.

Line Scanner files: The line scanner requires more inputs than the pinhole camera; the:
platform specification, motion profile, and modeling files are all needed. Because the
sensor geometry effects have not been fully incorporated into DIRSIG, a special version
was created for the validation. There was a problem getting the appropriate field of view
and resolution using the actual motion profile data. Therefore, a simple motion profile
was created. In order to determine the resolution, speed of the plane, and scan rate, some
simple equations and knowledge of the scene were required.

The first step is to determine the desired resolution. In the validation, a 512x512
image was created. Then, figure out the ground distance that this resolution must cover.
For the entire scene, this distance is approximately 3500 ft (see the drawing on the next
page for more information). Convert this distance into meters and divide by the speed of
the plane. The speed of the plane should be the actual speed of the plane in m/s or an
arbitrary value can be used if necessary. The speed of the plane is a constant that is used




to determine the other values. Therefore, any reasonable value can be chosen. The result
is a time to cover the ground distance. Divide this time by the desired resolution (512).
This provides the time per scan. The inverse of this number is the scan rate needed in the
DIRSIG files. : -
Required Values:  Desired resolution in flight path direction (pixels)
Speed of Plane (m/s)
Ground Distance (m)

Calculated Values: Ground Distance (ft) = Ground Distance (m)
Ground Distance (m)/Speed of Plane (m/s) = Total Flight Time (s)
Total Flight Time (s)/Resolution (pixels) = Time per pixel (s)
1/Time per pixel (s) = Scan Rate

The other parameters, focal length and scanner duty cycle are taken from the actual
Bendix Line Scanner. The other input files are essentially the same as the pinhole camera.
The AutoCad dview file provides the center points for the line scanner. It should be
selected the same as one would do for the pinhole camera. Although, the field of view
will be larger with the line scanner. In addition, the focal length in the AutoCad dview file

is replaced with the data from the line scanner files. Hopefully, this provides a little

documentation to obtaining an image using the line scanner.

AutoCad Drawings: There are numerous AutoCad drawings used in the creation of the
scene. These drawings should not have to be altered. The only thing that might be
required is the changing of the material assigned to a facet. This can be accomplished
using the pick routine. The facet normals should not have to be modified, but if they do,
using the old DIRSIG routines. The new addnorms feature does not work with the old
translate. The drawing below shows the approximate coordinates of the AutoCad scene.
This is especially useful when using the line scanner and determining ground resolution of
the DIRSIG imagery.

(75,3425) (2210,3425)  (2750,3425) (3550,3425)

(75,260) (1965,297) (2170,297) (3550,260)




Appendix D

Material Files

Generic
Optimum

Angular Emissivity Factor




#

# FILE TYPE: DIRSIG Materials file
# CREATEOR: ‘convert_materials’ uulity
#DATE Wed Oct 4 12:37:27 EDT 1995

# NOTES: Entries can be arranged in any order

Required Tags:
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME
MATERIAL _ID
SPECIFIC_HEAT
THERMAL _CONDUCTIVITY
MASS_DENSITY
SPECULARITY

EXPOSED_AREA
OPTICAL_DESCRIPTION

EMISSIVITY_FILE
MATERIAL_ENTRY_END

Optional/Additional Tags:
EXTINCTION_FILE

TEXTURE_FILE
USE_GAUSSIAN_TEXTURE

TR REREERERR TR

Tags within any entry can be in any order
A minimal set of tags are required (sec below)

start an entry

name of the material

#ID of the matenal

specific heat

thermal conductivity

mass density

specularity of the material surface

0.0 = 100% diffuse and 1.0 = 100% specular

VISIBLE_EMISSIVITY solar/incident emissivity
THERMAL_EMISSIVITY

thermal/exit emissivity

DCS/THERM surface area term

OPAQUE, UNIFORM_TRANSMISSION, or
NONUNIFORM_TRANSMISSION

name of emissivity file

end of entry

extiction file -- required for transmission
name DIRSIG Texture Image file for material
flag to generate gaussian texture

(default is FALSE)

# New material organization and development for Hawkeye scene

#

# Building Construction Matenals
8

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_aluminum
MATERIAL_ID =50

SPECIFIC_HEAT =0.55
THERMAL_CONDUCTIVITY = 1909
MASS_DENSITY = 1.00

SPECULARITY =0.30
VISIBLE_EMISSIVITY =0.5
THERMAL_EMISSIVITY =0.72
EXPOSED_AREA =-04

THICKNESS = 0.275
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = roof_aluminum.ems
EXTINCTION_FILE =

TEXTURE_FILE
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

-

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_gravel
MATERIAL_ID =12
SPECIFIC_HEAT =0.35
THERMAL_CONDUCTIVITY = 12.1
MASS_DENSITY = 1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY =0.80
THERMAL_EMISSIVITY = 0.90
EXPOSED_AREA =-0.5
THICKNESS = 6.00
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_gravel.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof _steel
MATERIAL_ID =52
SPECIFIC_HEAT = 0.825
THERMAL_CONDUCTIVITY =511.5
MASS_DENSITY = 1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY = 0.825
THERMAL _EMISSIVITY =0.79
EXPOSED_AREA =-0.4

THICKNESS = 0.4
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = roof _steel.ems
EXTINCTION_FILE =
TEXTURE_FILE
USE_GAUSSIAN_TEXTURE =FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = wall_concrete
MATERIAL ID =53

SPECIFIC_HEAT = 0.3105

THERMAL _CONDUCTIVITY = 15.48
MASS_DENSITY = 1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY = 0.725
THERMAL_EMISSIVITY = 0.925
EXPOSED_AREA =-0.5

THICKNESS = 6.0

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_concrete.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = window_glass
MATERIAL ID =54

SPECIFIC _HEAT = 0.3505
THERMAL_CONDUCTIVITY = 12.0
MASS_DENSITY = 1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY =0.7
THERMAL _EMISSIVITY =0.87
EXPOSED_AREA =-04

THICKNESS = 0.525

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = window_glass.ems
EXTINCTION_FILE =

TEXTURE FILE =

USE_GAUSSIAN _TEXTURE = FALSE
MATERIAL_ENTRY _END :

MATERIAL_ENTRY _BEGIN

MATERIAL_NAME = roof_asphalt_shingies_color
MATERIAL ID =60

SPECIFIC_HEAT =0.357S
THERMAL_CONDUCTIVITY =6.145
MASS_DENSITY = 1.00

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.73
THERMAL_EMISSIVITY = 91

EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL _DESCRIPTION = OPAQUE

EMISSIVITY _FILE = roof _asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE FILE
USE_GAUSSIAN TEXTURE = FALSE
MATERIAL_ENTRY_END




MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID =61

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY =1.00

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.76
THERMAL_EMISSIVITY = 91

EXPOSED_AREA =-0.4

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = roof_asphalt_shingies_color
MATERIAL _ID =62

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.000

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.78
THERMAL_EMISSIVITY = .91

EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_asphiat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL ID =63

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.00

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.81

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY _FILE = roof _asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE FILE =

USE_GAUSSIAN _TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL ID = 64

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145

MASS _DENSITY = 1.000

SPECULARITY =0.10

VISIBLE_EMISSIVITY = 0.83
THERMAL_EMISSIVITY = 91

EXPOSED_AREA =-0.4

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL ID =65

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.000

SPECULARITY =0.10

VISIBLE_EMISSIVITY = 0.86
THERMAL_EMISSIVITY = 91

EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = roof_asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =

USE_GAU§SIAN.:TEXTURE =FALSE
TERIAL_ENTRY_END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = root_asphalt_ shmglc.s culor
MATERIAL_ID = 66

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.000

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.89
THERMAL_EMISSIVITY = 91

EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof _asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID = 67

SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY =1.000

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.91
THERMAL_EMISSIVITY = 91
EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_asphiat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE_FILE = :
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = roof _asphalt_shingles_color
MATERIAL _ID =68

SPECIFIC_HEAT =0.3575
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.00

SPECULARITY =0.10

VISIBLE_EMISSIVITY =0.93
THERMAL_EMISSIVITY = .91

EXPOSED_AREA =-0.4

THICKNESS = 0.85

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof _asphlat_shingles_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL _ID =69

SPECIFIC _HEAT = 0.3575

THERMAL _CONDUCTIVITY = 6.145
MASS_DENSITY = 1.000

SPECULARITY =0.10

VISIBLE _EMISSIVITY =0.95
THERMAL_EMISSIVITY = .91

EXPOSED_AREA =-04

THICKNESS = 0.85

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = roof_asphlai_shingles_color.ems
EXTINCTION _FILE =

TEXTURE

_FI
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = wall_brick _color
MATERIAL _ID =70

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY = 5.935
MASS _DENSITY = 1.0
SPECULARITY =0.10

VISIBLE EMISSIVITY =0.65
THERMAL_EMISSIVITY = 93
EXPOSED_AREA =-04
THICKNESS =

OPTICAL DESCRIPTION OPAQUE
EMISSIVITY_FILE wall_brick color.ems
EXTINCTION _FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




MATERIAL_ENTRY_BEGIN
MATERJAL_NAME = wall_brick_color
MATERIAL ID =71

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.68
THERMAL_EMISSIVITY =.93
EXPOSED_AREA =-0.4

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick_color.ems
EXTINCTION FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =72

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.71
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.4

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_bnck_color.ems
EXTINCTION FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL JD =73

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.74
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.4

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick_color.ems
EXTINCTION FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL _ID =74

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY =5.935
MASS _DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.77
THERMAL_EMISSIVITY = 93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_brick_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =75

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.8
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.4

THICKNESS = 10.0

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_brick_color.ems
EXTINCTION_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall _brick_color
MATERIAL ID =76

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.83
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_brick_color.ems
EXTINCTION _FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick _color
MATERIAL _ID =77

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.86
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_brick_color.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL ID=78

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY = 5.935
MASS _DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.89
THERMAL_EMISSIVITY =.93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick _color.ems
EXTINCTION FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = wall_brick _color
MATERIAL 1D =79

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.92
THERMAL_EMISSIVITY = 93
EXPOSED_AREA =-0.4

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick _color.ems
EXTINCTION_FILE =

TEXTURE FILE =

USE_GAUSSIAN TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_hawk_red
MATERIAL_ID =90

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY = 5935
MASS_DENSITY = 1.0

SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.92
THERMAL_EMISSIVITY =.93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_bnick _color.ems
EXTINCTION _FILE =

TEXTURE FILE =

USE_GAUSSIAN _TEXTURE =FALSE
MATERIAL_ENTRY _END




MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_hawk_cream
MATERIAL _ID =15

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY = 5935
MASS_DENSITY = 1.0

SPECULARITY =0.10

VISIBLE _EMISSIVITY =0.92
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.4

THICKNESS = 10.0

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_hawk_church
MATERIAL _ID =92

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY =5.935
MASS DENSITY =1.0

SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.92
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-04

THICKNESS = 10.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_brick _color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE =FALSE
MATERIAL _ENTRY_END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = wail_wood_color
MATERIAL ID =80 -

SPECIFIC_HEAT =0.5124

THERMAL CONDUCTIVITY =0.98
MASS_DENSITY = 1.0

SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.7
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-04

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL ID =81

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS _DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.72
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-04

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood _color
MATERIAL ID =82

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.74
THERMAL EMISSIVITY = 0.865
EXPOSED_AREA =-04

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = wall_wood _color
MATERIAL_ID =83

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY =0.98
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.76
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.4

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE =FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL _ID = 84

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.78
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-04

THICKNESS = 4.5

OPTICAL DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_wood color.cms
EXTINCTION _FILE =

TEXTURE FILE =

USE GAUSSIAN TEXTURE = I'ALSE
MATERIAL_ENTRY END

MATERIAL_ENTRY BEGIN
MATERIAL _NAME = wall_wood _coloz
MATERIAL ID =85

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS _DENSITY =1.0
SPECULARITY =0.15

VISIBLE _EMISSIVITY = 0.80
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.4

THICKNESS = 4.5

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =

USE_GAUSSIAN _TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = wail_wood_color
MATERIAL_ID =86

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.82
THERMAL _EMISSIVITY = 0.865
EXPOSED AREA =-04

THICKNESS =4.5

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY FILE = wall wood color.ems
EXTINCTION _FILE =
TEXTURE_FILE =

USE_GAUSSIAN TEXTURE = FALSL
MATERIAL_ENTRY END

MATERIAL_ENTRY BEGIN
MATERIAL _NAME = wall_wood_color
MATERIAL _ID =87

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 098
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.84
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-04

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL ID =88

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY = 0.86
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.4

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE _FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall wood_color
MATERIAL _ID = 89

SPECIFIC_HEAT = 0.5124
THERMAL_CONDUCTIVITY = 0.98
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.88
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.4

THICKNESS =4.5 ’
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wall_wood_color.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

i 3 3

Soils/Water Materials

¥

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = soil_clay_gray
MATERIAL_ID =40

SPECIFIC_HEAT = .3202
THERMAL_CONDUCTIVITY =4.162
MASS_DENSITY = 1.00
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.795
THERMAL_EMISSIVITY = 0.965
EXPOSED_AREA =-0.3

THICKNESS = 9.85

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY_FILE = soil_clay_gray.ems
EXTINCTION_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_clay_red
MATERIAL _ID =41

SPECIFIC_HEAT = 0.3202
THERMAL_CONDUCTIVITY =4.162
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.825
THERMAL_EMISSIVITY =0.95
EXPOSED_AREA =-0.25

THICKNESS = 9.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = soil_clay_red.ems
EXTINCTION_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = soil_dint_brown
MATERIAL_ID =13

SPECIFIC_HEAT = 0.3222
THERMAL_CONDUCTIVITY =6.117
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.825
THERMAL_EMISSIVITY =0.925
EXPOSED_AREA =-0.25

THICKNESS =9.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE =soil_din_brown.ems
EXTINCTION_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_gravel_light_brown
MATERIAL _ID =43

SPECIFIC_HEAT =041
THERMAL_CONDUCTIVITY = 10.76
MASS_DENSITY =1.0

SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.85

THERMAL _EMISSIVITY = 0915
EXPOSED_AREA =-0.25

THICKNESS =9.85

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY_FILE = soil_gravel_light_brown
EXTINCTION_FILE =

TEXTURE_FILE =

USE GAUSSIAN TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = water_genesee_river
MATERIAL_ID =2

SPECIFIC _HEAT =0.9341
THERMAL_CONDUCTIVITY =5.1
MASS_DENSITY =1.0

SPECULARITY = 0.0

VISIBLE EMISSIVITY =0.98

THERMAL EMISSIVITY = 0975
EXPOSED_AREA =-05

THICKNESS = 5.1

OPTICAL DESCRIPTION = OPAQUE
EMISSIVITY _FILE = water_genesee river.ems
EXTINCTION FILE =

TEXTURE FILE =

USE_GAUSSIAN TEXTURE = FALSE
MATERIAL_ENTRY _END

8.

# Surface Construction Matenals
.

MATERIAL_ENTRY BEGIN

MATERIAL _NAME = asphalt_parking_dark
MATERIAL_ID =30

SPECIFIC_HEAT = 0.36254
THERMAL_CONDUCTIVITY =9.243
MASS_DENSITY = 1.0

SPECULARITY = 0.1
VISIBLE_EMISSIVITY =0.91
THERMAL_EMISSIVITY = 0.955
EXPOSED_AREA =-0.25

THICKNESS =9.55 -

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY FILE = asphalt_parking dark.ems
EXTINCITON_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = asphalt_parking_old
MATERIAL _ID =31

SPECIFIC_HEAT = 0.36254 .

THERMAL _CONDUCTIVITY = 9.243
MASS_DENSITY = 1.0

SPECULARITY = 0.1
VISIBLE_EMISSIVITY = 0.775
THERMAL_EMISSIVITY = 0.955
EXPOSED_AREA =-0.25

THICKNESS = 9.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = asphalt_parking_old.ems
EXTINCTION_FILE =

TEXTURE _FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL _ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = asphalt_street
MATERIAL ID =5

SPECIFIC_HEAT = 0.36254
THERMAL_CONDUCTIVITY = 9.243
MASS_DENSITY =1.0
SPECULARITY =0.1
VISIBLE_EMISSIVITY = 0.86
THERMAL EMISSIVITY =0.955
EXPOSED_AREA =-0.25
THICKNESS = 9.55

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = asphalt_sireet.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY _BEGIN
MATERIAL_NAME = concrete_sidewalk
MATERIAL _ID =6

SPECIFIC_HEAT = 0.3105
THERMAL_CONDUCTIVITY = 15.5
MASS _DENSITY =1.0

SPECULARITY =0.1
VISIBLE_EMISSIVITY = 0.725
THERMAL_EMISSIVITY = 0.935
EXPOSED_AREA =-0.25

THICKNESS = 6.565
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = concrete_sidewalk.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

#
# Vegetation
#

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = grass
MATERIAL ID =4

SPECIFIC_HEAT =1
THERMAL_CONDUCTIVITY = 12.5
MASS_DENSITY = 1.0
SPECULARITY = 0.0
VISIBLE_EMISSIVITY =0.79
THERMAL_EMISSIVITY =0.93
EXPOSED_AREA =-0.25
THICKNESS = 1.275

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY_FILE = grass.ems
EXTINCTION_FILE =

TEXTURE FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = uee_deciduous
MATERIAL_ID =25

SPECIFIC_HEAT =1
THERMAL_CONDUCTIVITY = 12.5
MASS_DENSITY =1.0
SPECULARITY = 0.0
VISIBLE_EMISSIVITY = 0.935
THERMAL_EMISSIVITY =0.95
EXPOSED_AREA =-0.25

THICKNESS = 1.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = tree_deciduous.ems
EXTINCTION_FILE =

TEXTURE _FILE =

USE_GAUSSIAN TEXTURE =FALSE
MATERIAL_ENTRY _END

MATERIAL_ENTRY BEGIN
MATERIAL_NAME = tree_trunk
MATERIAL ID=18
SPECIFIC_HEAT = 0.429
THERMAL_CONDUCTIVITY = 0.85
MASS_DENSITY = 1.0
SPECULARITY = 0.0
VISIBLE_EMISSIVITY = 0.87
THERMAL_EMISSIVITY = 0.955
EXPOSED _AREA =-05

THICKNESS = 0.65

OPTICAL _DESCRIPTION = OPAQUE
EMISSIVITY _FILE = wree_trunk.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




Hawkeye Optimum Materials

# FILE TYPE: DIRSIG Materials file

# CREATEOR: “convert_materials’ utility

#DATE Wed Oct 4 12:37:27 EDT 1995

# NOTES: Entries can be arranged in any order

# Tags within any entry can be in any order

# A minimal set of tags are required (sce bclow)
#

# Required Tags:
MATERIAL_ENTRY_BEGIN
MATERIAL_NAME
MATERIAL_ID
SPECIFIC_HEAT
THERMAL_CONDUCTIVITY
MASS_DENSITY
SPECULARITY

VISIBLE_EMISSIVITY
THERMAL_EMISSIVITY
EXPOSED_AREA
OPTICAL_DESCRIPTION

EMISSIVITY_FILE
MATERIAL_ENTRY_END

Optional/Additional Tags:
EXTINCTION_FILE
TEXTURE_FILE
USE_GAUSSIAN_TEXTURE
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MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = painted_steel_roof
MATERIAL_ID=1

SPECIFIC_HEAT = 0.089
THERMAL_CONDUCTIVITY =464.4
MASS_DENSITY =7.8330
SPECULARITY =0.3
VISIBLE_EMISSIVITY = 0.88
THERMAL_EMISSIVITY = 0.7
EXPOSED_AREA =-0.4

THICKNESS =1
OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY _FILE = painted_stecl_rool.cms

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTUREL = FALSI
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = water_genesce_river

MATERIAL_ID =2

SPECIFIC_HEAT = 0.9841
THERMAL_CONDUCTIVITY = 5.1
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.98
THERMAL_EMISSIVITY =0.975
EXPOSED_AREA =-0.5

THICKNESS =5.1
OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY_FILE = water_genesec_river.ems

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL _ENTRY_END

start an entry

name of the material

#ID of the material

specific heat

thermal conductivity

mass density

specularity of the material surface

0.0 = 100% diffuse and 1.0 = 100% specular
solarfincident emissivity

thermal/exit emissivity

DCS/THERM surface arca tenm

OPAQUE, UNIFORM_TRANSMISSION, or
NONUNIFORM_TRANSMISSION

name of emissivity file

end of entry

extiction file -- required for transmission

name DIRSIG Texture Image file for matcnal

flag to generate gaussian texture

(default is FALSE)

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = grass
MATERIAL _ID =4
SPECIFIC_HEAT =0.8
THERMAL_CONDUCTIVITY =5.5
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY =0.79
THERMAL_EMISSIVITY = 0.94
EXPOSED_AREA =-0.27
THICKNESS = 0.05
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = grass.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = asphalt_strcet
MATERIAL_ID =5

SPECIFIC_HEAT = 0.43254
THERMAL_CONDUCTIVITY = 11.243
MASS_DENSITY =1.0
SPECULARITY =0.1
VISIBLE_EMISSIVITY =0.87
THERMAL_EMISSIVITY = 0.945
EXPOSED_AREA =-0.22
THICKNESS = 7.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = asphalt_old.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = concrete_sidewalk
MATERIAL_ID =6




SPECIFIC_HEAT = 0.3005
THERMAL_CONDUCTIVITY =155
MASS_DENSITY = 1.0
SPECULARITY =0.1
VISIBLE_EMISSIVITY = 0.825
THERMAL_EMISSIVITY =0.935
EXPOSED_AREA =-0.23

THICKNESS = 4.765
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = concrete_sidewalk.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_gravel
MATERIAL_ID =12
SPECIFIC_HEAT =035
THERMAL_CONDUCTIVITY = 13.1
MASS_DENSITY =1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY = 0.80
THERMAL_EMISSIVITY = 0.90
EXPOSED_AREA = -0.50
THICKNESS =7.50
OPTICAL_DESCRIPTION = OPAQUI:
EMISSIVITY_FILE = roof_gravel.cins
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_dirt_brown
MATERIAL_ID =13

SPECIFIC_HEAT = 0.3422
THERMAL_CONDUCTIVITY =7.417
MASS_DENSITY =1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY =0.823
THERMAL_EMISSIVITY = 0.925
EXPOSED_AREA =-0.22
THICKNESS =4.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = soil_din_brown.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_EXND

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = wall_brick_hawk_crcam

MATERIAL_ID =135
SPECIFIC_HEA'T = 0.2918
THERMAL_CONDUCTIVITY = 6.933
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.92
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.2

THICKNESS = 7.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = aluminum_vent_hawkeye
MATERIAL_ID =16

SPECIFIC_HEAT =0.55
THERMAL_CONDUCTIVITY = 1909
MASS_DENSITY =1

SPECULARITY =0.3

VISIBLE_EMISSIVITY =0.5
THERMAL_EMISSIVITY =0.72
EXPOSED_AREA =-0.3

THICKNESS =0.275
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = aluminum_weathered.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = tree_trunk
MATERIAL_ID = 18
SPECIFIC_HEAT = 0.429
THERMAL_CONDCCTIVITY =0.85
MASS_DENSITY = 1.0
SPECULARITY = 0.0
VISIBLE_EMISSIVITY = 0.87
THERMAL_EMISSIVITY = 0,955
EXPOSED_AREA =-0.3

THICKNESS = (1.65
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = tree_trunk.ems
EXTINCTION_FHLE
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAMLE = tree_deciduous
MATERIAL_ID =25

SPECIFIC_HEAT =1
THERMAL_CONDUCTIVITY =12.5
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.935
THERMAL_EMISSIVITY =0.95
EXPOSED_AREA =-0.22
THICKNESS = 1.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = trec_deciduous.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAMLE = asphali_parking_ncw
MATERIAL_ID =30
SPECIFIC_HEAT = 0.44254
THERMAL_CONDUCTIVITY = 11.243
MASS_DENSITY = 1.0
SPECULARITY = 0.1
VISIBLE_EMISSIVITY =091
THERMAL_EMISSIVITY =0.94
EXPOSED_AREA =-0.21
THICKNESS =7.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = asphalt_new.cms
EXTINCTION_FILE =
TEXTURE_FILE =




USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERJIAL_NAME = asphah_old
MATERIAL_ID =31
SPECIFIC_HEAT = 0.42254
THERMAL_CONDUCTIVITY = 11.443
MASS_DENSITY = 1.0
SPECULARITY =0.1
VISIBLE_EMISSIVITY =0.775
THERMAL_EMISSIVITY = 0.943
EXPOSED_AREA =-0.21
THICKNESS =7.55

"OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY_FILE = asphalt_old.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_clay_gray
MATERIAL_ID =40

SPECIFIC_HEAT = .3802
THERMAL_CONDUCTIVITY =4.762
MASS_DENSITY = 1.00
SPECULARITY = 0.0
VISIBLE_EMISSIVITY = 0.795
THERMAL_EMISSIVITY = 0.955
EXPOSED_AREA =-0.20
THICKNESS = 4.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = soil_clay_gray.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_clay_red
MATERIAL_ID =41

SPECIFIC_HEAT = 0.3702
THERMAL_CONDUCTIVITY =4.862
MASS_DENSITY = 1.0
SPECULARITY =0.0
VISIBLE_EMISSIVITY = 0.825
THERMAL_EMISSIVITY =0.95
EXPOSED_AREA =-0.20
THICKNESS =4.95
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = soil_clay_red.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = soil_gravel_light_brown
MATERIAL_ID =43

SPECIFIC_HEAT =0.51
THERMAL_CONDUCTIVITY =15.76
MASS_DENSITY =1.0

SPECULARITY =0.0
VISIBLE_EMISSIVITY =0.85
THERMAL_EMISSIVITY = 0915
EXPOSED_AREA =-0.20

THICKNESS =5.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = sotl_gravel_brown.ems

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_aluminum
MATERIAL_ID = 50

SPECIFIC_HEAT = 0.45
THERMAL_CONDUCTIVITY = 2309
MASS_DENSITY = 1.00
SPECULARITY = 0.30
VISIBLE_EMISSIVITY =0.5
THERMAL_EMISSIVITY =0.72
EXPOSED_AREA =-0.3

THICKNESS = 0.125
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = aluminum_weathered.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_steel
MATERIAL_ID =352
SPECIFIC_HEAT = 0.805
THERMAL_CONDUCTIVITY =511.5
MASS_DENSITY =1.00
SPECULARITY = 0.30
VISIBLE_EMISSIVITY = 0.825
THERMAL_EMISSIVITY =0.79
EXPOSED_AREA = -0.35
TIHICKNESS =0.2
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = steel.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_concrete
MATERIAL_ID =353

SPECIFIC_HEAT =0.3145
THERMAL_CONDUCTIVITY =15.68
MASS_DENSITY =1.00
SPECULARITY =0.30
VISIBLE_EMISSIVITY = 0.725
THERMAL_EMISSIVITY = 0.905
EXPOSED_AREA =-0.20
THICKNESS = 9.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = concrete_wall.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = window_glass
MATERIAL_ID = 54
SPECIFIC_HEA'T = 0.3405
THERMAL_CONDUCTIVITY =15.0
MASS_DENSITY = 1.00
SPECULARITY =0.20
VISIBLE_EMISSIVITY =0.85
THERMAL_EMISSIVITY =0.82
EXPOSED_AREA =-0.38
THICKNESS = 0.425
OPTICAL_DESCRIPTION = OPAQUL




EMISSIVITY _FILE = window_glass.cms
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID =60

SPECIFIC_HEAT = 0.3775
THERMAL_CONDUCTIVITY =6.145
MASS_DENSITY =1.00

SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.73
THERMAL_EMISSIVITY = .90
EXPOSED_AREA =-0.36

THICKNESS = 0.75
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = asphalt_shinglc.cms
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = IFALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID =61

SPECIFIC_HEAT =0.3775
THERMAL_CONDUCTIVITY = 6.045
MASS_DENSITY = 1.00

SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.76
THERMAL_EMISSIVITY = 91
EXPOSED_AREA =-0.374

THICKNESS = 0.65
OPTICAL_DESCRIPTION = OPAQU
EMISSIVITY_FILE = asphalit_shingle.cms
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = rool _asphalt_shingles_color
MATERIAL_ID =62

SPECIFIC_HEAT = 0.3775
THERMAL_CONDUCTIVITY =6.0735
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.78
THERMAL_EMISSIVITY = 911
EXPOSED_AREA = -0.37

THICKNESS = 0.685
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = asphalt_shingle.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID =63
SPECIFIC_HEAT = 0.3775
THERMAL_CONDUCTIVITY =6.065
MASS_DENSITY =1.00
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.81
THERMAL_EMISSIVITY = 913
EXPOSED_AREA =-0.374
THICKNESS = 0.85
OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY_FILE = asphalt_shingle.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID = 64

SPECIFIC_HEAT = 0.3795
THERMAL_CONDUCTIVITY =6.045
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.83
THERMAL_EMISSIVITY = .913
EXPOSED_AREA =-0.373

THICKNESS =0.79
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = asphalt_shingle.cms
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTUREL = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphali_shingles_color
MATERIAL_ID =65

SPECIFIC_HEAT = 0.3765
THERMAL_CONDUCTIVITY = 6.145
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.86
THERMAL_EMISSIVITY = 91
EXPOSED_AREA =-0.376

THICKNISS = 0.45
OPTICAL_DESCRIPTION = OPAQUEL
EMISSIVITY_FILE = asphalt_shingle.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BIGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID = 66

SPECIFIC_HEA'T = 0.3675
THERMAL_CONDUCTIVITY =6.245
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.89
THERMAL_EMISSIVITY = 907
EXPOSED_AREA =-0.372

THICKNESS =0.55
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = asphalt_shingle.ems
EXTINCTION_FILE =

TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = roof_asphalt_shingles_color
MATERIAL_ID =67
SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY =6.185
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY =091
THERMAL_EMISSIVITY = 914
EXPOSED_AREA =-0.37
THICKNESS = 0.65
OPTICAL_DESCRIPTION = OPAQUE




EMISSIVITY _FILE = asphah_shinglc.cms

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = roof_asphali_shingles_color

MATERIAL_ID = 68
SPECIFIC_HEAT = 0.3595 |
THERMAL_CONDUCTIVITY =6.125
MASS_DENSITY =1.00
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.93
THERMAL_EMISSIVITY =.905
EXPOSED_AREA = -0.371
THICKNESS = 0.57
OPTICAL_DESCRIPTION = OPAQUEL

EMISSIVITY _FILE = asphalt_shingle.ems

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = roof_asphalt_shingles_color

MATERIAL_ID =69
SPECIFIC_HEAT = 0.3575
THERMAL_CONDUCTIVITY =6.145
MASS_DENSITY = 1.000
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.95
THERMAL_EMISSIVITY = .912
EXPOSED_AREA =-0.282
THICKNESS = 0.67
OPTICAL_DESCRIPTION = OPAQUE

EMISSIVITY _FILE = asphalt_shinglc.cms

EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =70
SPECIFIC_HEAT = 0.3818
THERMAL_CONDUCTIVITY =6.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.65
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.287
THICKNESS = 6.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =71
SPECIFIC_HEAT = 0.2918
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.68
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.3
THICKNESS =7.0

OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =72

SPECIFIC_HEAT = 0.2998
THERMAL_CONDUCTIVITY =6.835
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.71
THERMAL_EMISSIVITY = 93
EXPOSED_AREA =-0.29
THICKNESS = 8.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSL
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAMI: = wall_brick_color
MATERIAL_ID =73

SPECIFIC_HEAT = 0.3818
THERMAL_CONDUCTIVITY =7.335
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.74
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.29
THICKNESS =7.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =74

SPECIFIC_HEAT =0.2818
THERMAL_CONDUCTIVITY =6.735
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.77
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.3

THICKNESS = 6.0
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILLE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =75

SPECIFIC_HEAT =0.2918
THERMAL_CONDUCTIVITY =6.985
MASS_DENSITY =1.0
SPECULARITY =0.10




VISIBLE_EMISSIVITY = 0.8
THERMAL_EMISSIVITY = .927
EXPOSED_AREA = -0.287
THICKNESS =7.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERJAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =76

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =5.935
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.83
THERMAL_EMISSIVITY = 918
EXPOSED_AREA =-0.3

THICKNESS =7.2
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = brick.ecms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =77

SPECIFIC_HEAT = 0.3218
THERMAL_CONDUCTIVITY =7.933
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.86
THERMAL_EMISSIVITY = .92
EXPOSED_AREA =-0.3

THICKNESS = 8.3
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_CENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =78

SPECIFIC_HEAT = 0.2898
THERMAL_CONDUCTIVITY =6.335
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY = 0.89
THERMAL_EMISSIVITY = .925
EXPOSED_AREA =-0.278
THICKNESS = 6.0
OPTICAL_DESCRIPTION = QPAQUL
EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURL = FALSLE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_color
MATERIAL_ID =79

SPECIFIC_HEAT =0.2918
THERMAL_CONDUCTIVITY =6.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.92
THERMAL_EMISSIVITY =932
EXPOSED_AREA =-0.28
THICKNESS = 7.0
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = brick.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID = 80

SPECIFIC_HEAT =0.5194
THERMAL_CONDUCTIVITY =1.02
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.7
THERMAL_EMISSIVITY =0.858
EXPOSED_AREA =-0.28
THICKNESS = 4.0
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID =81

SPECIFIC_HEAT =0.5184
THERMAL_CONDUCTIVITY =0.96
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.72
THERMAL_EMISSIVITY =0.848
EXPOSED_AREA =-0.286
THICKNESS = 3.85
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID =82

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY =0.98
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.74
THERMAL_EMISSIVITY = 0.863
EXPOSED_AREA =-03

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID =83

SPECIFIC_HEAT = 0.5284
THERMAL_CONDUCTIVITY =1.04
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.76
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.28

THICKNESS = 3.75
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSL
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID = 84

SPECIFIC_HEAT =0.5124
THERMAL_CONDUCTIVITY =0.98
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.78
THERMAL_EMISSIVITY = 0.865
EXPOSED_AREA =-0.3

THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSLE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID =85

SPECIFIC_HEAT = 0.5324
THERMAL_CONDUCTIVITY =0.98
MASS_DENSITY = 1.0
SPECULARITY =0.13
VISIBLE_EMISSIVITY =0.80
THERMAL_EMISSIVITY = 0.829
EXPOSED_AREA =-0.26
THICKNESS = 2.5
OPTICAL_DESCRIPTION = OPAQUI
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID = 86
SPECIFIC_HEAT = 0.5024
THERMAL_CONDUCTIVITY =0.97
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.82
THERMAL_EMISSIVITY = 0.868
EXPOSED_AREA =-0.3

THICKNESS = 4.8
OPTICAL_DESCRIPTION = OPAQUL
EMISSIVITY_FILE = wood.cms
EXTINCTION_FILE =
TEXTURE_FILE =

USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID =87

SPECIFIC_HEAT = 0.5284
THERMAL_CONDUCTIVITY =0.11
MASS_DENSITY = 1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY = 0.84
THERMAL_EMISSIVITY = 0.860
EXPOSED_AREA =-0.289
THICKNESS = 4.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_wood_color
MATERIAL_ID = 88

SPECIFIC_HEAT =0.5324
THERMAL_CONDUCTIVITY =0.99
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY =0.86
THERMAL_EMISSIVITY = 0.855
EXPOSED_AREA =-0.29
THICKNESS =3.9
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURL = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAMI: = wall_wood_cotor
MATERIAL_ID =89

SPECIFIC_HEAT = 0.6524
THERMAL_CONDUCTIVITY =0.108
MASS_DENSITY =1.0
SPECULARITY =0.15
VISIBLE_EMISSIVITY = 0.88
THERMAL_EMISSIVITY = 0.835
EXPOSED_AREA =-0.27
THICKNISS = 3.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY_FILE = wood.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN

MATERIAL_NAME = wall_brick_hawk_red

MATERIAL_ID =90
SPECIFIC_HEAT = 0.2978
THERMAL_CONDUCTIVITY =7.235
MASS_DENSITY = 1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =0.915
THERMAL_EMISSIVITY =.925
EXPOSED_AREA =-0.25
THICKNESS = 6.0
OPTICAL_DESCRIPTION = OPAQUE




EMISSIVITY_FILE = brick.cms
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END

MATERIAL_ENTRY_BEGIN
MATERIAL_NAME = wall_brick_hawk_church
MATERIAL_ID =92

SPECIFIC_HEAT = 0.2818
THERMAL_CONDUCTIVITY =3.935
MASS_DENSITY =1.0
SPECULARITY =0.10
VISIBLE_EMISSIVITY =092
THERMAL_EMISSIVITY = .93
EXPOSED_AREA =-0.26
THICKNESS =7.5
OPTICAL_DESCRIPTION = OPAQUE
EMISSIVITY _FILE = brick.ems
EXTINCTION_FILE =
TEXTURE_FILE =
USE_GAUSSIAN_TEXTURE = FALSE
MATERIAL_ENTRY_END




Material Emissivity Curves
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Appendix E

Actual Weather Data

10 November 1991
12 October 1995
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AF1-18k

U.8. DEFARTHENT OF CDFMMERCE. MOAA
HATIONAL WEATHER SERVICE

Staticn: WS0Q ROCHESTER MY

Surtace Weather Observations Date: QOCT 1@, 1995 To convert LET to UTC: +3
[pressure]
Station bry  ¥et  tend- net Freci-
Tize  Fressure  Bulb  Ruld  ency chg pitation
-l -17- 18- -19- -37- -3~ -4
858 29.568 § 8%
8133 29.568
8238 29,568
B33 29,568 % BER
#4539 29. 368
8538 29.568
Base 29,868 427 4.4 %1 @M
8751 9,973
8358 29.975 :
8751 9.57%  fE.E 5D, i Bas
183 29.378
1131 19,968 78,5 3A.5
1258 29,5948 B B2
1358 29,913
143 29.49%
158 29,495 6 BiS
1632 29,495 7Ll M.2
1751 29.98F 654 863
1831 29,585 &L NRB 3 ER3
1951 79,918 8.9 .5
2858 2945 i.e 3.8
2198 29.51 .9 8.2 1 B8
24 29515 554 82,8
2338 29,818 5.4 87
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Syneptic Observations

Snow  Srow Har. Bin.  State Soil [Station Fressure]
Tise Ho. Frecip. Fall Depth  Teap Tesp of  Teap  [Coaputations)
{L8T). (ins.} (ins.) (ins.) (F) {F) Grad. (F) Harograph Corr.
A2 -4k - 8- -8 - 8- - 47 --48-- 58 --56- -48- 45 -
fid to
Be4s? 8.8 8.8 44 43
faas ! g.ag 8.9 g i 43 29.57%  -B.815
8847 2 g.e8 8.8 8 43 ] 29,588 -6.6828
238 3 B.ag 8.8 B LI K] 29.548  8.882
1838 4 B8 8.8 i 7} 81 29.518  -8.8%
fid. B.B8 8.8 8 61 i
Sussary of Day (Midnight to sidnight)
28-hr
[TENFS]  24-br  Snow  Snow [ Peak Bind 1 [ Sky Cover 1 Water GSun- Sun- Tofal % [Fastest ¥ind]
Max Min Frecip Unaltd Depth  Spd Bir, Tise SR-SS Mid-Mid Equiv. FRise Sel Sun  Pshl Spd Dir, Tise
{F} (F) (ins.} fins.) (ins.) (kis.)  (LST) {ins.) {aph} {LST)
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7y 43 8,88 8.8 g § 1298 2 2 8518 1737 474 188 8 1% 128

Veather & Ohstruction 1o Vizion

Type  began  end
-2 -23- -M4-
f Ba4l  8éds

78, Resarks, Hotes & Miscellaneous Phenosena

[haracter of Sunrise: FOGSY

Tise Check: 8188/8458//
HO-83 CORT 675//

Character of Sunset: CLEAR
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MFl-108

Surface Weather Observations

U.S. DEFARTHMENT CF COMRERCE, HGAA‘
' HATIOHMAL WEATHER SERVICE.

Station: W50 ROCHESTER HY ,
Date: OCT i1, 1995 To convert LST to UTC: +3
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Syroptic Observations
Spow o Hax., Hin, Siate Soil [Station Pressure]
Tise MHo. FPrecip. Fall  Depth  Tesp Temp of  Tesp  [Cosputations]
{LST) {ins.) (ins.} (ims.) (F} (F} Grnd. { F) Barograph Corr.
-47- ~43- -84 - -85 - -84h - -87 --4E--G58--Gh- - 48 - -5 -

Mid to
Bp4y .88 8.8 ¥
1847 | B.88  g.8 g # GB 29.92%  -8.883
Ri47 2 8.82 8.8 # 2o 20,428 -E.BEY
1258 3 .88 8.9 B W 27,686  -8.B1B
1858 4 8.88 8.8 8 LI 5 29,588  -8.B8%
Hid. 8.68 8.8 8 b 8

Susaary of Day (Midnight to midnight)

28-hr

[TERFE)  24-hr  Snow  Snow [ Feak ¥ind 1 [ Sky Cover 1 Mater Sun-  Sun- Tolal % [Fastest ¥ind]
Har HKin FPrecip Uraltc Depth  Spd Dir. Time GR-55 Mid-Mid FEquiv. Rise %zt San Psbl 3pd Dir, Tise

{F} (F) f{ins.) (ins.) {ins.) (kis.)  (L8T) {ins,) (aph) {L5T)
-bé- ~7-  -i8- -89~ -7~ <71 72 7i- -7E- -79- -Bg-

7408 LB 6.8 & B piMe 3 ! Bs1y  173% 483 3 1 251NN

¥eather & Obstructicn to Vision
Trpe began end

8- f B4
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U L T

_ 78, Resarks, Notes & Kizcellaneous Fliencaena
Character of fusrises FOGRY  Chsracter of Sunsets CLESR

Tise Check: 8138/8845//
/780-83 TS CONT//FASTEST 2-MIN WHD LAST OF BEVERAL OCCURREMCES//




HATTOHAL

Station: WS0 ROCHESTER MY
Dater: GCT 12, 1995 Ta copvert LET to UTC: +5

Surtace Weather Observa

Type Tige Skyd q Vsbyb¥akbsns Sip/Teap/Dp/Snd/Asi/ ResarksiSuppleseniallodedData
Sh BESY CLE 15 204/53/48/2187/813/ 57807 18841 ZRRS (BH E3:361)

74 92157 18116 28878 30697 48284 S7287 133 L2237 IA188 7388 35 Ti2Bs= (BHBu:NI)

R 15 2R2/52/45/2187/813 (BN 96:331)
'LR 1515973 /4 /1886/812/ 33683 (DA B7:311)
R /”SBﬁlﬁi"/ ThReN (24 83310

T34/ 21867002 (DA ﬁ?"i )
8T 2 Lﬁglﬁlfﬂo/2256lﬁl (b4 18:320)
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4 1658 CLR 28 187/78/57/2%80/888 (WP 22:171)
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34 2151 CLR 28 188/61/34/1986/089/ J4BB8 (KP 82:3.1)
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U.g. DEPQRTHEHT 0F COMRERCE, MOAA
HATIOHAL WEATHER SERVICE

Station: WSO ROCHESTER MY

Surface Weather Observations Dater ODT 12, 1993 To convert LST to UTC: +5
{presszure]
Station bry  Eet  tend- net Preci-
Tize  Fresswre  Falb  Rulb  ency chg pitation
-1g- -17- -8~ -19- -37- -3~ -46-
8334 29.83F YLy 451 7 8w
8154 29,938 8.3 4R.%
8233 29,528 82 47t
8358 19,528 8.6 472 & 8BS
8458 27,328 WB.b 443
8558 19,528 A .
365 .92 B4 47,3 % aE?
758 29.53 BE LS
Bes8 29,348 4R8BS
#5532 29,53 naGooB2 8 e
1831 29,328 751 el.8
115 JGE T g2
125 7,388 79.% 4.2 2 B1B
1354 29.6%8  £3.4 448
1458 27,498 BB.6 44,8
1358 29.6478 7 B3
1438 27.48%

1758
1338
1958
2858
1
2%

2338

27,494

27,628




{ CLOUD LAYERS AHD CRSCURING PHENOMERA ]
[ FIRST ] [ SECOCHD ] [ THIRD ] [ FOURTH 1 [ FIFTR ] [ SIXTH 3
Tot. I8 nd, Ird. 4th Tot.
Tiae Sky Aat Type Kot fat Type Hot Sus Aat Type Hgt Sus Ast Type Hot Sus Ast Type Hot Sus st Type Het Opg.
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Synoptic Dbservations
Snow  Snow Hax, H#in. State Soil [Station Fressure]
Tise Ho. Precip. Fall  Depth  Tesp Temp of  Teap  [Computations]
{L5T) {ins.}) (ins.} (ins.) (F) {F) Grnd. (F) ERarograph Corr.

R I R IR TR R N R T I
Kid to

3947 BEB 8.6 SR

B47 1 BB8 BB 6 6 5 29,508 -.805
B4 1 BBE BB B B i 29.525 8688
2093 888 88 & - 29.505 2,008
125 4 BB B8 8 o 48 2095 8,085
id. BB 88 8 45 S -

Sagmary of Day {(Ridnight to zidnight)
25-hr
[TE¥FS] 24-hr  Snow  Snow [ Peak ¥ind 1 [ Sky fover 1 Hater Sum-  Sun- Total 7 [Fastest ¥ind]

flax Hin Frecip Unsltd Depth  Spd Dir. Time GSR-55 Mid-Mid  Equiv. Rise Sel  Sun  Psbl 5pd Dir. Tiae
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8f i B8R 3.8 a fe G4 1288 & a gazg 173 £i7 9z 14 2% 1358

deather & Obstraction 1o Yisim
Type  began end

- 8- 8-

L440 Hone Logges =300

8. Resarks, Hotes & Miscellaneous Phenosena
Character of Sunrises CLEAR  Character of Sunset: CLEAR
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Single-Station RAQE data for: EUF-
Date: 18/12/9%  Time: 12 UTC
Fage - 1 .
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Lifted Index @ 588mb. .. L) .- Cross Totals (CT)..-n... 14
¢ @ 3@8mb... 9 ) Yertical Totals (VT).... 26
Total TotalS.ecuaesan-ss. 48
Showalter IndeX.....-- . 7 .
Sweat IndeX..eeeeeeases 103 . Btuvaneneononncannannas 8 d/kg
TEIlwvecunaonannasnsnnanns 4.3 Boeeneanencnaronnanans 8 J/kg
. Max UVUV.eauneeonaananna 8 m/s
K Ind@Xasnosneoaacacccnan 2]
Frecipitable Water..... A.57 in
. . ERM..... feesesensecanan a
708-508mb Lapse Rate... 7.4 C/km ) Energy/Helicity Index.. 8.60

KRRKKRUKRK STORM EMVIRONMENT sdkixkkaks

STORM FMOTION:z 243/ 3%

DEFTH! SHEAR ' HELICITY 'MEAM WIMD!MEAH STORM, VORTICITY H
AGL | Fos Neg Tot I(Fos Neg Tot Ave.  Rel i Vector | Inflow | Horiz Stream;
moo (18-3 s~1) ! (m/s)"2 (m s-2) C(Dir/kty) (Dir/skt) (18-3 s-1) |
L t 1 ] & [}
1000 114.1 7.4 21.% | 184 -7 177 177.@8 ©.98! 213727 ¢ 116/18 | 33.94 | 38.48 |
2868 | 2.1 4.3 13.5 ) 192 -17 173 7.5 B8.49! 214/36 | 148s18 | 21.42 | 18.52 |
3808 | 4.8 3.8 7.8 . 2120 -37 175 £3.3 B.52) 212/48 § 158/20 | 12.86 | 6.73 |
4880 | 4.8 2.3 7.1 .. 249 ~-37 212 3.8 0.62) 213743 ) 157/21 1 18.38 | 6.54
o888 | 3.9 2.8 6.6 ) 264 -41 223 44.6 6.53! 213745 ) 162/22 | 18.12 v 9.35 ¢
66888 | 3.3 2.4 5.7 | 273 -4z 221 36.8 8.%54) 213747 \ 1&8/24 | 8B.82 | 4.31 |
, e m e — S m s e e e e o e S o e e +
FRORKRERRARIK WIND DATA  HRKKIKKSRIEX
e e e e e e o ———— ——— ———
HEIGHT | GROUND RELATIVE i - STORM RELATIVE H
cratdid ! 2 tu-m tv-mag . di ' spee lu-maq 1v-mag
AGL (m) : élr: H ktspﬁé%/s :um/iq ' m/Sg i ar Tkt p?ei/s Ium/sg : m/sg h
8.8 }i19@.ﬁl 14.9, 7.2 -1.3% 0 =7.1!) BS.Ey  29.2) 13.@0 15.8 1.3,
285.0 ! 283.08, 33.81 17.801 -6é.6) -15.641 127.2%  23.4, 12.8] 2.51 -7.3.
785.8 | 229.8; 3.8 22.1! -16.7) -14.51! 124.4) 12.8] 6.2 -B.51 =6.24
1285.0 -219.8 - 43.8] 22.7' -14.3) -17.61 1¢8.8, - 18.4; 9.9% 2.8 -?7.3,
1795.8 ) 218.87 53.8. 27.3!0 ~13.6% -23.6:% 178.4! 36.1, 135.5: 2.6, -13.3,
Zﬁéﬁ.ﬁ‘: 210.8) 54.8) 27.8] -13.9! -24.11: 171.60 38.9% 15.73 2.3% -¥5.7:
2795.BA:-219.B: 5@.8 25.7% ~12.7) -Z2Z.30% 1466.5) 27.9) 14.3% 3.4} -13.9!
3285.8 % 214.8% 54.8) 27.8) —15.5' -23.0!% 177.3) 28.6% . 14.7: 8.7, -14.7}
SZSSLB 1, 215.8, 55.8) . 28.3% -16.2) -23.25, 18@8.8; 28.8! 14.8! -8.8! -14.8;
42@5.@ 1;215.9: 57.8! 29.3) -16.81 -24.81] 182.2¢ 38.5) 15.77 -8.61 -19.71
4?%&;? 1.214.87 61.8. 31.4) -17.6) -26.8) 184.3 34.4. “17.7% 0 ~1.3% =17.7%
5285.0 & 211.8) 65.8f 53.5) -17.2) -28.71} 182.81 37.5i. 20.90 -1.8! -28.3!
578%70 ip.@' 65.8! 34.81 ~17.8, -29,4'' 182.1) 41.8% 21.13 -8.8) -21.1}
4285.0 1:213.8) -¢4.81 - 32.9: -17.9! -R7.6%% 185.1) 37.6) 19.4) -1.7% -19.31
6785.8 | 217.87 62.8) 31.9% -19.21 -25.5!! 189.9) 33.8) 17.4) -3.87 -17.1}
7285.8 ! 223.8) ¢0.8. 3B.9! ~21.1) -22.6) 198.8) 29.2] 15.6) -4.8) -14.2)
7785.0 @ 225.@! 61.8F 31.4%7 -22.2) 22,211 2B3.37 29.3% 15.11 4.8 -13.9! .
8285.8 ! 225.8: é1.8) 31.40 -22.24 ~22.20% 203.30  29.30 189.17 -6.8] ~-13.7%
8785.8 ! 225.8: 65.091 O33.31 -23.7% -23.71) 285.9F 33.10 . 17.8! -7.4) -15.3!
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NOAA Form 34-326T U.8. Department of Conmexrce

(Rav. 1-93) | TRANSMITTAL | National ic and A bheric Administration
National Bnvironmental Satellite, Data and Information Service
NATIONAL CLIMATIC DATA CENTER
NO PAYMENT DUE - PAID IN FULL Asheville NC 28801-5001
Phone (704) 271-4800
Paderal Tax ID 52-0821608
INDIVIDUAL
ORDER # : PAYMENT METHOD PRINTRD CUSTOMBR # PHONE/MAXL TYPR MAIL ACCT PAGR CBRAD
t 1CNTR BN3ANFAA
{ 10/31/1995
162750 i a_— 09154 66807 PIRST CLASS 1 InvDt 103195

ship to Attn: Bill to Attn: TODD KRASKA
TODD KRASKA TODD KRASKA
226 BENNINGTON HILLS COURT 226 BENNINGTON HILLS COURT
WEST HENRIETTA NY 14586 WEST EEMRIETTA NY 14586

DESCRIPTION AMOUNT
01 UPPER-AIR WEATHER OBSERVATION MICRO PRINTS s 7.00

BUFPFALO, NEW YORK 11/10/1991 00:00 11/11/1991 12:00
02 SURPACE WEATHER OBSERVATIONS MICRO PRINTS ] 0.00
ROCHESTER, NEW YORK 11/09/1991 11/11/1991

98 BERVICE CHARGE OTHER $ 5.00

The National Climatic Data Center (NCDC) guarantees its data and information to be of readable quality (except in
cases where the disclaimer statement, "Best Available Copy,* accompanies the data). If the data or information are
not legible, the original purchaser may return the data to the NCDC within 60 days of the transmittal date. NCDC
will replace it at no charge to the customer. This guarantee doss not apply to data delivered via telecopier.

NO PAYMENT DUS - PAID IN FULL TOTAL s 12.00
LESS PREPAID | § 12.00
AMOUNT OWED s 0.00
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BUFFALO, NEW YORK 10 NOVEMBER 1991
RADIOSONDE /RAWINSONDE OBSERVATION HBAN NO. 14733 TIME (UTC) 12
RELEASE TIME (UTC) 1102
TROPOPAUSE DATA - PRESS (hPal: 159.6 HEIGHT (M-MSLI: 13415 TEMP (DEG C1:-61.8
x NCOC GENERATED LEVELS : ELAPSED TIMES MAY VARY ¢ OR - .09 MINUTE FROM ACTUAL TIME,

ELAPSED PRESSURE HE IGHT TEMP DEW POINT RH HIND HIND
TIME (MIN) {hPal [M-MSL) (DEG C) {DEG C) 3 DIR {DEG} SPD tKTS}
s} 1000.0 218 -7.0 -7.8 94 080 006
1 997.0 242 -6.1 -10.8 69 079 [¢]o]3
3 990.9 230 -3.7 -6.4 81 077 oo8
.6 981.6 365 -1.8 -7.2 66 076 [s]o]:]
1.0 969.8 461 -2.0 -93.6 56 080 006
£ 1.6 950.0 625 -2.8 -9.6 S9 072 012
2.2 33311 767 -3.6 -9.6 63 072 014
2.6 919.7 881 -3.7 -12.4 51 073 012
2.8 913.2 937 -3.0 -14.3 41 074 012
30 903.8 1019 -0.3 -18.0 25 076 012
s 3.2 300.0 1053 0.7 -18.0 24 077 ot12
3.4 894.2 1105 2.3 -18.0 20 078 010
3.8 882.9 1208 3 -17.3 20 083 oo ]}
4.9 850.0 1516 3.6 -16.8 21 087 006
6.2 814.3 1864 3.0 -17.3 21 115 002
t 6.7 800.0 2008 3.6 -16.9 21 136 004
7.1 789.7 2113 4.2 -16.6 20 143 004
t 8.5 750.0 2531 2.4 -17.9 20 178 002
10.2 705.2 3026 0.1 -19.6 21 188 004
10.4 700.0 3085 -0.4 -20.0 21 188 004
11.0 684.8 3260 -1.3 -20.8 21 190 004
11.5 672.6 3403 -1.2 -19.2 24 193 Q04
£ 12.4 650.0 3674 -3.4 -20.4 25 204 006
12.7 645.0 3735 -3.9 -20.7 26 210 006
12.9 641.0 3784 -3.7 -17.0 35 215 006
13.3 633.0 3ges -3.5% -19.8 27 219 [o]o]:]
t 14.8 600.0 4304 -6.0 -20.9 29 220 012
15.2 592.7 4400 -6.6 -21.2 30 221 012
15.5 586.1 4488 -6.4 -23.5 24 222 012
£ 17,1 550.0 4982 -9.8 -26.5 24 226 0te
19.6 500.0 5710 -15.0 -31.0 24 219 021
s 22.3 450.0 6438 -20.4 -35.3 24 223 025
22.8 442.2 6628 -21.3 -36.1 24 224 027
23.5 430.0 6834 -22.9 -35.9 29 221 01
25.0 403.3 7300 -27.2 -32.5 60 213 037
25.2 400.0 7359 -27.6 -33.2 S8 213 037
25.7 391.6 7511 -28.5 -36.5 45 213 039
26.7 374.3 7834 -30.4 -40.1 37 217 043
t 28.1 350.0 8310 -34.7 -44.,2 37 225 041
28.8 339.9 8511 -36.6 -46.0 36 227 041
30.0 321.6 8892 -33.9 -49.0 36 225 043
31.5 300.0 3363 -43.6 224 045
35.3 250.0 10566 -52.3 223 039
36.1 240.8 10808 -53.9 223 041
36.6 235.2 10959 -53.5 227 045
37.7 223.8 11277 -55.6 233 051
33.1 210.,5 11667 -56.6 231 [93-19
40.2 200.0 11992 -56.4 223 058
41.0 192.0 12252 -55.4 217 062
41.9 183.4 12543 -57.4 215 070




BUFFALO, NEHW YORK 10 NOVEMBER 1391

RADIOSONDE /RARINSONDE OBSERVATICON HBAN NO. 14733 TIME (UTC) 12 (CONTD)
RELEASE TIME (UTC) 1102

TROPOPAUSE DATA - PRESS (hPa): 153.6 HEIGHT {(M-MSL): 13415 TEMP (DEG C):-61.8

¢ NCOC GENERATED LEVELS : ELAPSED TIMES MAY VARY + OR - .09 MINUTE FROM ACTUAL TIME.

ELAPSED PRESSURE  HEIGHT TEMP DEH POINT RH  HIND HIND
TIME (MIN) (hfal (M=-MSL) IDEG C) {DEG C) b4 DIR (DEG) SPD (KTS)
42.6 176.6 12782 -57.4 216 072
x 42,7 175.0 12839 -57.9 216 072
43.3 169.7 13033 -59.7 216 074
44.5 159.6 13415 -61.8 218 072
45.8 150.0 13799 -61.9 225 064
46.4 146.1 13962 -61.4 229 060
46.6 144.9 14013 -60.2 229 060
46.8 143.7 14065 -59.9 230 058
47.5 139.3 14259 -60.6 233 054
48.1 135.8 14418 -60.0 236 0s1
48.8 131.4 14623 -60.3 238 049
x 49,7 125.0 14933 -61.9 239 043
50.1 123.0 15033 -62.5 238 041
St.5 115.0 15449 -61.7 230 037
52.4 110.3 15707 -62.8 228 037
52.9 107.7 15854 -62.2 229 037
53.5 104.9 16017 -62.9 231 019
54.6 100.0 16312 -62.8 237 039
55.6 95.0 16629 -61.8 239 041
56.8 89.4 17003 -64.5 237 045
58.0 84.1 17376 -64.8 237 041
58.3 82.9 17464 -64.7 237 043
58.9 80.6 17637 -62.4 238 047
£ 53.0 30.0 17683 -62.2 238 047
59.2 79.5 17722 -62.0 239 0a7
59.8 77.4 17887 -62.9 244 045
60.5 74.6 18115 -61.1 246 047
61.4 71.0 18421 -62.7 249 047
61.7 70.0 18509 -61.6 251 04s
64.0 62.3 19230 -62.6 250 037
t 64.6 60.0 19463 -61.0 251 031
65.0 58.9 19578 -60.2 252 027
66.8 53.6 20162 -63.4 246 043
68.2 50.0 20592 -60.8 251 045
69.1 48.0 20848 -57.6 252 04s
71.2 42.6 21598 -59.9 247 045
x 72.3 40.0 21993 -58.4 241 049
72.7 39.2 22120 -57.8 239 052
73.8 36.7 22533 -60.2 240 058
77.1 30.0 23791 -59.9 257 056
80.0 25.1 24912 -57.1 255 062
+ 80.0 25.0 24937 -57.1 255 062
82.0 21.9 25769 -60.2 255 054
83.3 20.0 26335 -60.1 254 072

85.2 17.6 27133 -59.8




Appendix F

Sensitivity Analysis
Meteorological Data
Material Parameter Data
Time History Data




Weather Parameter Sensitiviy Analysis
Weather Parameter: Temperature

Read in the resulting output files from THERM for the Direct & Diffuse Insolation Sensitivity Analysis.

temp_ 2 :=READPRN(temp_2) values :=0..2

temp_4 ‘=READPRN(temp_4) Resp :=READPRN(bendix)
temp_5 :=READPRN(temp_5) temp_43 := READPRN(temp_43)
temp_6 :=READPRN(temp_6) temp_50 := READPRN(temp_50)
temp_12 := READPRN(temp_12) temp_52 := READPRN(temp_52)
temp_13 :=READPRN(temp_13) temp_53 := READPRN(temp_53)
temp_18 :=READPRN(temp_18) temp_54 := READPRN(temp_54)
temp_25 := READPRN(temp_25) temp_65 := READPRN(temp_65)
temp_40 := READPRN(temp_40) temp_75 :=READPRN(temp_4)
temp 41 :=READPRN(temp 41) temp 85 :=READPRN(temp_85)

Read in the variation in temperature that was caused by the variation in the material parameter values, treating

THERM as a black box. Temperature Array - Converted from Celsius to Kelvin

Parameter Array

sf1 ::temp_zo’2 erm'sl ::ternp_20’l T2 ::temp_Z<3> +273.15
s, = temp_40’2 emjs2 ::temp__40,1 T 4 ::temp‘4<3> +273.15
sf, .:ternp_So’Z emis, ::temp_SO,1 TS5 ::temp_5<3> +273.15
sf4 = tf:mp._60’2 emis, = temp_éo,1 T 6:= temp_6<3> +273.15
sf, ::temp_12o,2 ernis5 ::temp_12o’1 T 12 ::te:mp_12<3> +273.15
st ::temp_130’2 emis6 ::temp_l30’l T 13 ::temp_l3<3> +273.15
sf7 .:temp_180’2 ernis7 ::temp_]80’1 T 18 ::temp_18<3> +273.15
s, =temp_25 , emis, '=temp_25 T 25:=temp 25~ +273.15
sf, = temp_40, , emis, :=temp_40 T 40 :=temp_40~" + 273.15
sf,, =temp_41  , emis  :=temp 41 | T 41 :=temp_41"" 4+ 273.15

T 43 =temp_43~ +273.15
T 50 :=temp_ S0~ +273.15
T 52 :=temp_52"> 1 273.15
T 53 :=temp_ 53~ + 273.15
T 54 :=temp 54~ +273.15
T 65 :=temp 65 +273.15
T 75 :=temp_75~ +273.15
T 85:=temp 85 +273.15

sf11 ::temp_430’2 emis | ::temp_430,l

sf2 ::temp_SOO,2 emis ::temp_SOO’1

sf ::temp_SZO,2 emis ::temp_520,1
sf4::temp_530’2 emis ::temp_530’
sf <:temp_540‘2 emis s ::temp_540,
sf6 ::temp_650,2 emis ::temp_650,
sf, :temp_750’ ) emis ::temp_750,

sf ::tf:mp_SSO’2 emis  :=temp_85




The material properties and temperatures are shown below 263.036 / 263354 \
T 2=1261.026 T 12= ! 261.34 |
D s = 259.031 1259342 |
265.769 267287 |
T 4=} 263761 T 65=| 265.875
261.761 264.465
/ 265.558 \
T S=1|263.556 |
261.562 /
ref:=0.. 1 T_bb ;=
300
301
Convert the temperatures to radiance values using the Plank equation.
k:=13810% k - Boltzmann constant (J/K)
¢ =2.99792459-10% ¢ - speed of light (m/sec)
h:=6.626176-10*  h - Planck's constant (J/sec)
jmin =8 jmin - minimum wavelength (um) in the bandpass of interest
jmax =14 jmax - maximum wavelength (um) in the bandpass of interest
n.=.1 n - wavelength increment for bandpass (um)
- JI8% — Jrn p - number of steps in the bandpass of interest
n
1:=0..(p-1) J - index for the wavelength array
Xj :=(j-n+ jmin)- 10° A-inthe bandpass of interest
2 2 2
L2, T 2) = 2B¢ LA T &)= ZPC o T by e 2B
/ h-c \\ - [ he h-c
S \eMeT 2y 15 kex.k-T_zt B l/ ALY




2
L 5(.T.5) o b
h-c \
5. (ek-kT_S ~ 1)
2
L 12(2,T_12) = Zhe
h-c
2. (ex-k.T_lz ~
2
L I8(A,T_18) = 21C
/ h-c
5. kel-k-T_IS ~
2
L_40(},T _40) = 2bee
h-c
25, \ek»k-T_‘iO N
2
L 43(A,T_43) = 2he
h-c
35 (eh-k»T_43 -
2
L 52(1, T 52) = 2he

2
L_54(1,T_54) = 2he

2
L 75(A,T 75) = 21C

h-c
5 k-
1S | hkeT 52

h-c
5 k-
A e}‘kT—M“

h-c
5 k-
2. e)»kT_7S _

l)

!

1/

J
!
1)
1>

J

2
L 6(1,T 6) = 2he

2
L 130, T_13) = 2B©

2
L 25(%,T_25) = Zhe

2
L_41(3,T 41) = 2he

h-c
WS \METS

h-c

5 k-

23, elkT_lS _
h-c

5 k-

2. e?»kT_ZS _

h-c
5 k-
3. ekkT_4l_

J
|

1/

y

2
L_SO(A,T_50) = 21C
h-c
5. (e)va_SO ~ 1)
2
L S3(A,T_53) = 21C

2
L 65(1,T 65) :=— 2R

2-h-c?

h-c

L_85(%,T 85) =

2. \e}va_ss a

h-c
5 -k
A5\ T S3

h-c
5 k
2. ekkTﬂGS _

J

\
1)

y




L 2 ground ::Z Resp, L 2(1, T2, ) (n10)
J

L 4 ground,,, . = > RespL 4(3.T 4 J)-(n10°°)
J
L5 ground,,, . = > RespL S(3. 7.5 ) {n10°)
L_6_ground _, _ :iRespj-L_é (14 T6, ) (2:10°)
L 12_ground ::JZ Resp L_12(k T_12, . ) (n10°)
L_13_ground ::i Resp L_13(h, 13, ) (n10°)
L 18 ground :i Resp,L_18(1, T_18,, ) (n10°)
L_25 ground = i Resp,L_25(, 725, ) (n10°)
L_40_ground ::iRespj-L_4O (1, T_40,,,..) (n10°)
L 41_ground = i Resp.L_a1(1,T_41 . ) (010°)
L 43 ground :i Resp L_43(3,, 743, )-(n10°)
L_50_ground ::ZJ\: Resp,L_50(3.,T_50,, ) (n10°)
L 52 ground ::;V_“ResijL_sz (1152, ) (0 10°)
L_S3_ground -:i Resp, L_53(1, 753, ) (n-10°)
L_54 ground ::i—‘ Resp,L_s4(i, T_54 ) (0 10°)
J

L \ -6
L_65 ground = Z Resp, L 65(1, T_65 ) (n-10°9)
J

\

L_75_ground S Resp-L 752,775 'm0

Integrate the surface radiance across the
bandpass of interest (8-14 um) - including
the sensor response function.

Calculated at . 1um increments




< _ 6
L_75_ground .= 2, Respj~L_75K)\j,TjSvalues ) 10 7
J
. -6
L 85_ground ._Z Resp,L_85(1,. T 85, ) (n-10°9)
]
_6 i
L_bb_g,roundref ::Z Respj:L_bb ()»j , T_bbrcf>- (n~ 10 ) AL _bb = L_bb_ground1 — L_bb_ground,
) AL_bb =0.615

Propagate the radiance of the target to the radiance reaching the sensor using the big equation, simplified for
use in the LWIR and assuming a shape factor of 1.0

2:=9 Lpe:=251 Lde:=4289 Lbe:=20.41 materials:=0..18 r =] - emis

materials materials
L_2 sensor = [emjst_Z_ground 2lue [sf -Lde + fl) -Lbs} rJ-Q + Lpe
L_4_sensor = [emisz-L_4_ground fues T [sf2 Lde + / 1- sfz) Lbs} r, |2+ Lus
L_5_sensor = [emjs?L_S_gro 4, tues [Sf3 Lds+ sf3>-Lbs}r3]t2 + Lye
L_6_sensor - :[emls -L_6_ground {Sf4 Lde+ sf4>-Lbs]-r4]t2 + Lye
L_12_sensor erms L 12 ground alues sfS-Lds+ 1- sf5 -Lbg rs] 2 + Lpe

L 13 sensor emis L_13 _ground

values alues

L 18 sensor emis.: -L_18 ground

values

values

[ (1=t

[sfyLde - (1- %)
{sf Lde+ (1 - sf,)Lbe|

[ty Lde (1-56)

[ (1=t

L_25_sensorvalues erms -L_25_ground atues T sfs-Lds+ - sf8 : T

L_40_sensor emisy-L_40 _ground alues T sfg-Lds+ 1 - sf9 ‘Lbe |1y 12 + Lpe
values vatues | Stig Lde+ (1 - sy 'ng}'rm]ﬂ + Lpe

L_43_sensor  :=|emi ~L_43_g,roundvalueS + | sf -Lde+ (1 - sf“)'-Lba]r11 ] 12+ Lpe

L 54 sensor erms L_S 4 ground

values values

|
|
|
|
al
L_41_sensor [erms .L_41_ground
| mis
g
|
[
g

L_50_sensor - emis, -L_SO_g,roundValum )" ]ru]zz + Lue
L_52 sensor emis, -L_52_groundValules + sf13-Lds+ - sf -Lba]rls}-ﬁ + Lus
L_53_sensor = emis ‘L_53_groundvalues+ sf1 4~Lds+ 1 - sf1 4\)-Lbs]-r1 4]12 + Lpe




L_65_ser1sorValues = \Lernis1 6-L_65_groundValues + [ sf1 6-Ld8+ < - sf
L_75_sensor = :_ ,L_75_ground -+ {sf”- Lde + < - sf
L_85_sensorvalues = temislg-L_SS_groundvalues + ( sfls-Lds+ (1 - sf 18) Lbs}

Write out the results of the sensitivity analysis
sens, ‘=slope(temp,L_2_sensor) sens, :=slope(temp,L_18_sensor)

sens, :=slope(temp,L 4 sensor) sens, =slope(temp,L_25_sensor)

sens, '= slope(temp,L_5_sensor) sens = slope(temp,L._40 sensor)
sens, .= slope(temp,L_6_sensor) sens, = slope(temp,L_41_sensor)

sens, :=slope(temp,L_12_sensor) sens | ‘= slope(temp,L._43_sensor)

sens, .= slope(temp,L_13_sensor) sens, , := slope(temp,L._50_sensor)

CI1S
temp_sens
_bb
te ToEF
mp_sens - =, -0.575(-0.568 [-0.58(-0.57|-0.534|-0.561[-0.25

WRITEPRN(results_temp ) :=temp_sens

J rlGJ 2 + Lye

} r”J 2 + Lye

SeIlS13

sensM

SEEIIS15

sen516

sens”

sensl 8

112+Lus

:=slope(temp,L_52_sensor)
:=slope(temp,L_53 sensor)
:=slope(temp,L_54_ sensor)
:=slope(temp,L_65 sensor)
:=slope(temp,L_75_sensor)

'=slope(temp,L_ 85 sensor)




Meteorological Parameter Sensitivity Results - Temperature

The following graphs show the change in radiance at the sensor as the material parameter of the object on
the ground was varied. The resulting linear regression shows the final output sensitivity of the material
parameter.
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Meteorological Parameter Sensitivity Results - Wind Speed

The following graphs show the change in radiance at the sensor as the material parameter of the object on

the ground was varied. The resulting linear regression shows the final output sensitivity of the material
parameter.
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Meteorological Parameter Sensitivity Results - Insolation

The following graphs show the change in radiance at the sensor as the material parameter of the object on
the ground was varied. The resulting linear regression shows the final output sensitivity of the material

parameter.
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Meteorological Parameter Sensitiviy Analysis
Transmission, Upwelled & Downwelled Radiance

Read in the resulting output files from THERM for the Direct & Diffuse Insolation Sensitivity Analysis.

atmos_2 := READPRN(insol_2)
atmos_4 = READPRN(insol_4)
atmos_5 :=READPRN(insol_5)
atmos_6 := READPRN(insol_6)
atmos_12 :=READPRN(temp_12)
atmos_13 :=READPRN(insol_13)
atmos 18 :=READPRN(insol_18)
atmos_25 :=READPRN(insol_25)
atmos_40 := READPRN(insol_40)
atmos_41 :=READPRN(insol_41)

mats :=0.. 18

Resp := READPRN(bendix)
atmos_43 :=READPRN(insol_43)
atmos_50 :=READPRN(insol_50)
atmos_52 :=READPRN(insol_52)
atmos_53 :=READPRN(insol_53)
atmos_54 :=READPRN(insol_54)
atmos_65 := READPRN(insol_65)
atmos_75 :=READPRN(insol_4)
atmos_85 :=READPRN(insol_85)

Read in the variation in temperature that was caused by the variation in the material parameter values, treating

THERM as a black box. Temperature Array - Converted from Celsius to Kelvin
Parameter Array atmos = 0+273.15
sf1 = atmos_2o’2 emis, = atmos_ZO’1 atmos .= atrnos_Zl’3 +273.15

sf2 = atmos__40‘2 emis, ‘= altmos_40,1 atmos, := altmos_41’3 +273.15

sf, 1= atmos_SO,2 emis; = atrnos_SO’1 atmos = atmos__SL3 +273.15

sf, ::at.mos_60,2 emis, '= atmos_60’1 atmos, = atmos_6l’3 +273.15

sf, ::atmos_lflo’2 emis, ::atmos_l20’1 atmos, ::zzltmos_l?.h3 +273.15
sf6 ::atmos_l3o’2 erni56 ::atmos_130’1 atmos . ::atmos_l31’3+ 273.15
sf7 ::altmos_180~2 emis7 ::atmos_180,1 atmos7 ::atrnos__lgl’3 +273.15
sf8 = atmos_250’2 emis, .= atrnos_ZSO’1 atmos, = at.mos_ZSL3 +273.15
sty = atmos_400,2 emisy ‘= atmos_400,l atmos, ‘= atmos_élOL3 +273.15
sty ::atmos_4loﬂzemislo ::atrnos_410‘1 atmos  :=atmos_41 L3t 27315
sf, ‘:atmos__430?zemis“ ::atmos__430,1 atmos, | ::atmos_431’3 +273.15
sf12 ::atmos_SOo’2 emis12 = atmos_SOO’1 atmos ::atmos_SOL3 +273.15
sfi4 ::atmos_520,2emisl3 ::atmos_SZO’1 atmos ::atrnos_521’3 +273.15
sf14 :atrnos_530,2 emis14 ::atmos_530’1 atmos ::atmos_SBL3 +273.15
sf ::atmos_540’2emis15 ‘.:atmos~540’1 atmos, . ::atmos_541’3+ 273.15
sf16 ::atrnos_650’2 emjs16 ::atmos_650,1 atmos ::atmos_GSL3 +273.15
sf ::atmos_750,2 emis , ::atrnos_750’1 atmos ::atmos_75173 +273.15

sf. = atmos_850’2 emis, o 1= atmos_850’ 1 atmos, o := atmos_85 L3t 273.15




The material properties and temperatures are shown below

261.026 |
263.761
263.556 |

emis atmos 263.277 | ref:=0..1 T_bb
269.189
266.701 |
262.463 |
263.051
263.9

269.61

262.775
269.407

269.527|

ref’

300
301

Convert the temperatures to radiance values using the Plank equation.

k.=13810% k - Boltzmann constant (J/K)
¢ =2.99792459-10° ¢ - speed of light (m/sec)
h =6.626176:10>*  h - Planck's constant (J/sec)

jmin =8 Jjmin - minimum wavelength (um) in the bandpass of interest
jmax = 14 jmax - maximum wavelength (um) in the bandpass of interest
n:=.1 n - wavelength increment for bandpass (um)

- Jmax - jmin p - number of steps in the bandpass of interest
n

J=0.(p-1) J - index for the wavelength array

l}. =(j-n+ jmin)- 10° %-inthe bandpass of interest

2-hc? 2
L(%,atmos) := ho L_bb(1, T_bb) := 2': -
-C
k5~ <e}h.kAatmos _ 1) 15. (e}vk.T_bb _ 1)




‘_ _ (1076 Integrate the surface radiance across the
L ground, ,, ‘—ZRespj L(Xj’ atmosmm) (n 10 > bandpass of interest (8-14 pm) - including
J the sensor response function.
Calculated at . Ium increments

— . . _6
L_bb__groundref.—ZRespj.L_bb (1T b, (a10) AL_bb +=L_bb_ground, — L_bb_ground,

J
AL_bb =0.615

Propagate the radiance of the target to the radiance reaching the sensor using the big equation, simplified for
use in the LWIR and assuming a shape factor of 1.0

var :=0..3

2v = Luv = Ldv =
Lbﬁ = 2041 var var var
r ts:zl—e:mjs .89 2 3.5
o o mats 50 525 1
o 91 251 4.289
Lue =251 93 3 45

Lde :=4.289

L 1 sensor =
- = mats

ats

L 13 sensor =
- mats

{ [ (1= STat) 108] T
L_t2_sensor__ = [emisma .L_ground  + [sf Lde+ (1- sfma'S)-Lba]rmm]tzvl + Lys
[ [ (1= o) L0 T
L_r4_sensor[mlts = [ { < ) ] }

L lul sensor =
- - mats

L [
L_lu2_sensor .= [emisma -L_ground _ + [sf Lds+
L_lu3_sensor = f {

L

[ [

L lu4 sensor =
hed - mats

L_ld1_sensor _ = [erms s Lground o+ {sfmm-Lde + (1 - sfmats> ~Lba} vrmm} 12 + Lpe
L_1d2_sensor = [erms oo ground o+ [sfmvadv1 + (l - sfmats>~Lbs}-rmm]~12 + Lpe
L_1d3_sensor = [emjsmm‘L_groundmalts + |:Sfmam~ Ldv, + (1 - sfmats> ~Lbs]rmatJ-12 + Lue
L_ld4_sensor . = [emls ats L_groundmats + [sfmm-Ldv3 + (1 - sfmm)Lba]rmm]tZ + Lpe




Join the individual sensitivity arrays so that the final senstivity can be found.

Ltl ‘=stack <L_tl_sensorT,L_Q_sensorT> Lt2 :=stack <L_13_sensorT,L_t4_sensorT>
T T> T T)
Ldl =stack (L_ldl_sensor ,L_1d2_sensor Ld2 :=stack\L _1d3_sensor ,L_ld4_sensor )
\
Lul =stack <L_]u1_sensorT‘L_lu2_sensorT> Lu2 :=stack <L_1u3_sensorT,L_lu4_sensorT}
Lt =stack(Lt]l,Lt2) Lu :=stack(Lul,Lu2) Ld :=stack(Ldl,Ld2)

Write out the results of the sensitivity analysis

sens_t, :=slope (tZV L > sens_t, ‘= slope <12v, Lt<7>> sens_t,, '=slope <12v Lt<l3>>

sens_t, 1= :=slope (r2v Lt ) sens_t, = slope (t2v Lt ) sens_t,, = slope <t2v, Lt<14>>

sens_t, = :=slope (er L3~ \ sens_1, = = slope <r2v Lt > sens_t . = slope (IZV, Lt<15>>

sens_t, = slope\t2v, L ) sens_t,, = slope <t2v Lt 0>) sens_t, . = slope (av, Lt >>

sens_tg 1= slope (tZV Lt<5>> sens_t,, = =slope (tzv, Lt<11>> sens_t,, = slope <12v, Lt >)

sens_t, = slope (‘[2V Lt ) sens_t,, = :=slope (‘LZV, Lt<12>> sens_t, = slope <12v, Lt<18>>
sens_Lu :=slope <Luv Lu<1>> sens_Lu7 :=slope (Luv, Lu<7>> sens_Lul 307 slope <Luv Lu™! )
s.ens_Lu2 :=slope (Luv Lu<2>> sens_Lu, :=slope <Luv, Lu<8>> sens_Lu = slope <Luv Lu® >>
sens_Lu, '=slope (Luv, Lu<3>> sens_Lug :=slope (Luv, Lu<9>> sens_Lu,  :=slope (Luv Lu” >>
sens_Lu, :=slope (Luv Lu™* > sens_Lu, ;1= slope <Luv,Lu<w>> sens_Lu, . :=slope (Luv Lu® >>
sens_Lu, = slope (Luv, Lu® ) sens_Lu,, :=slope (Luv,Lu<1 1>> sens_Lu, _:=slope (Luv Lu® >>
sens_Lu, .=slope (Luv Lu™ \ sens_Lu , := slope(Luv,Lu<12>> sens_Lu, o .= slope <Luv Lu® >>
sens_Ld1 :=slope <Ldv Ld > sens_Ld7 .=slope (Ldv, Ld™’ > sens_Ld13 :=slope (Ldv,Ld<13>>
sens_Ld2 =slope (Ldv, Ld<2>> sens_Ld :=slope (Ldv, Ld<8>> sens_Ld1 4 slope <Ldv,Ld<14>>
sens__Ld3 :=slope <Ldv, Ld<3>> senS_Ld :=slope (Ldv Ld<9>> sens_Ldl 57 slope (Ldv, Ld<15>>
sens_Ld, :=slope <Ldv, Ld >) sens_Ld,  :=slope (Ldv Ld 10>> sens_Ld, . :=slope (Ldv, Ld<16>>
sens_Ld, :=slope <Ldv Ld<5>> sens_Ld,  :=slope (Ldv Ld ”>> sens_Ld,  :=slope (Ldv,Ld<17>>
sens_Ld ¢ ‘= slope (Ldv Ld™ > sens_Ld , :=slope (Ldv Ld*'% ) sens_Ld18 :=slope (Ldv, Ld<18>>
tsens_t:= Sens_t tsens_Lu - Sens_Lu tsens_Ld:= sens_Ld

AL_bb AL_bb AL_bb

T
sens_t =ilo  [32.202]32.731133.291]32.921(30.447(32.29

T
sens Lu

- T_
tsens Ld" =} 037]0.105]0.067[0.097{0.15[0.112]0.027




Meteorological Parameter Sensitivity Results - Transmission

The following graphs show the change in radiance at the sensor as the material parameter of the object on
the ground was varied. The resulting linear regression shows the final output sensitivity of the material

parameter.
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Meteorological Parameter Sensitivity Results - Upwelled Radaince

Upwelled Rad Sensitivity - Material 2
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Meteorological Parameter Sensitivity Results - Downwelled Radaince

Downwelled Rad Sensitivity - Material 2
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Material Parameter Modifications & Sensitiviy Analysis
Material Type: Asphalt Shingle

Read in the resulting output file from THERM for each of the material parameters & determine the number of
elements in the array.

heat_capacity :=READPRN(hc_65) he :=0.. rows(heat_capacity) — 1
thermal _conductivity := READPRN(tc_65) tc :=0.. rows(thermal conductivity) — 1
thickness :=READPRN(th 65) th :=0.. rows(thickness) — 1
vis_emissivity := READPRN(visem_65) visem :=0.. rows(vis_emissivity) — 1
therm_emissivity := READPRN(them_65) them :=0.. rows(therm_emissivity) ~ 1
exposed_area p := READPRN(xpp_65) expp :=0.. rows(exposed_area_p) — 1
exposed_area_n := READPRN(xpn_65) expn :=0.. rows(exposed_area_n) - 1
SGP :=READPRN(sgp_65) sgp :=0..rows(SGP) - 1

shape_factor :=READPRN(sf_65) sf :=0.. rows(shape_factor) - 1

Read in the material ID, shape factor, emissivity, and baseline temperature for used in the ‘Big Equation’

generic_file := READPRN(gen_65)

Create a reference blackbody temperature difference to relate the sensivitiy values of all the material
parameters

ref =0.1 T_bb .=

300
301

Read in the sensor responstivity file - Bendix line scanner

Resp := READPRN(bendix)




Parameter Temperature Parameter Temperature

[0.26 -7.207] 593 -7.278]
0.288 -7.229 5991 -7.277
0316 -7.249 6.053 -7.276
0.343 -7.267 6.114 -7.276
heat_capacity = thermal conductivity = _
0.371 -7.283 - 6.176 -1.275
0.399 -7.298 6.237 -7.274
0.427 -7.312 6.298 -7.274
| 0.455 -7.324 | 636 -7.273 ]
(073 -7.275] [09 -7.263]
0.761 -7.275 0.904 -7.268
0.793 -7.275 0.908 -7.273
S 0.824 -7.275 0.913 -7.279
VIS_emissivity = 0.856 —7.275 therm_emissivity = 0.917 —7.284
0.887 -7.275 0.921 -7.29
0.918 -7.275 0.925 -7.295
0.95 -7.275] 1 0.929 -73

(02 -6.983]
0.386 -7.08
0.571 -7.169
0.757 -7.244
thickness =
0.943 -7.304
SGP 1.129 -7.352
1.314 -7.391
1,527 15 742 |
2.741
3.945
5.144
[0 -5.046] [-0.5 -7.707 |
0.1 -5.534 -0.4 ~7.275 oo
0.2 -5.988 0.3 -6.801 0.25 -2.691
exposed_area p = 03 —6.394 exposed_area n = 02 6276 shape factor =| 0.5 -5.28
0.4 —6.764 0.1 -5.677 0.75 -7.766
| 0.5 7.103 | L0 -5.046 | 1 -10.17]




Read in the variation in temperature that was caused by the variation in the material parameter values, treating
THERM as a black box.

Parameter Array Temperature Array - Converted from Celsius to Kelvin
P hc = heat_capacity<0> T he ::heat_capacity<1> +273.15
P tc:= thermal_conductivity<0> T tc:= thermal_conductivity<1> +273.15
P_th = thickness T_th := thickness " + 273.15

. . .. <0> . . ... <1>
P_visem :=vis_emissivity T visem :=vis_emissivity ~ + 273.15
P_them ::therrn_emissivity<0> T_them ::therm_emissivity<1> +273.15
P expp :=exposed area _p<0> T expp :=exposed_area _p<1> +273.15
P _expn ::e><pose:d_are2~._n<o> T _expn ::exposed_area_n<1> +273.15

<g> <1>

P_sgp =SGP T sgp :=SGP "~ +273.15
P sfi= shape_factor<0> T sf = shape_factor<l> +273.15

Convert the temperatures to radiance values using the Plank equation.

k=13810% k - Boltzmann constant (J/K)
¢ :=2.99792459-10° ¢ - speed of light (m/sec)
h:=6.626176-10°>*  h - Planck's constant (J/sec)

jmin =8 jmin - minimum wavelength (um) in the bandpass of interest
jmax =14 jmax - maximum wavelength (um) in the bandpass of interest
n:=.1 n - wavelength increment for bandpass (um)

- Jmax - juin p - number of steps in the bandpass of interest
n

1:=0..(p-1) j - index for the wavelength array

).j =(j-n+ jmin)- 10° A-inthe bandpass of interest

2-h-c? 2-h-c?

—_— L te(A, T te) =—in———
h-c h-c
l5.<e}vk-T_hc B 1) 2. (e}vk-T_tc i 1)

2 2
L th(L,T th) = 2 I visem(},T_visem) := 2':"‘3
-c
k5' (ekkT_visem B 1)

L he(h,T he) :=

h-c
XS~ e}vaT_th 1




2 2
‘b 2.h
L them(},T_them) = Zho hre

L _expp(h,T_expp) :=

,” hec | / hc
)‘5. \ek-k-T_them B l) }“5. \e}vk-T_expp 1

2 42

L _sgp(%,T sgp) = Z-il-cc v L expn(X,T expn) := 2 :CC

x5.<el'k-TASgp 3 1/ k5‘ '\e?wva_expn B 1>
2 2

st T sf)y = 2 L_bb(h, T bb) =20
h-c __he \
25, (e}vk-T_sf* 1> )‘5v<e)~-k-T_bb _ 1/

Integrate the surface radiance across the bandpass of interest (8-14 um) - including the sensor response
function. Calculated at .1um increments

L_bo_ground, = 'Resp.L_ho(i, T he, (n10°)
J

L_th_ground, ::Z Resp,L_th(l, T_th, ) (n107)
]

L_visem_ground .
- - visem

= Z Respj~ L_visem(kj , T_visemvisem) : (n- 107 6>
]

L_them_ground, __ ':Z Resp, 1_them(1,T_them,, ) (n10°°)
]

L_tc_ground = Z Respj - L_tc(lj , T_tctc) - <n- 107 6)

]

L_expp_g;roundexpp = Z Respj -L_expp <)”j , T_exppexpp> - <n~ 107 6)
J

L_expn_g;round‘axpn = Z Respj -L_expn ()Lj , T_expnexpn>= : (n- 107 6)
]

L_sgp_g,roundSgp ‘. :Z Respj- L_sgp()»j , T_sgpsgp> : <n~ 107 6)

]
L_sf_ground = Z Respj -L_sf] (kj s T_sfsf) : (nv 107 6)

i
o -6 o
L_bb_ground ;= 'Resp-L_bb(L T_bb,_): (n10°®) AL _bb =L_bb_ground, — L_bb_ground,
i AL bb =0.615




Propagate the radiance of the target to the radiance reaching the sensor using the big equation, simplified for
use in the LWIR and assuming a shape factor of 1.0

¢ = generic_file Lpe :=2.51 Lde:=4289 ©2:=9 1Lbe:=2041 r=1-¢ F ;= generic_file
—7%0,1 0,2

L_hc_sensor, = [g-L_hc_groundhc + (FLde+ (1- F)-ng).r]zz +Lug

L*tc_sensortc = [e L_tc_groundtc + (F-Lde+ (1 - F)‘Lbs)~r]-12 + Lpe

L th_sensor, = irs- L_th_groundth +(FLde+ (1~ F)-Lba)'r}-ﬁ + Lus

th
. r . 1
L_visem_sensor . .= ‘LS L_visem_ground .+ (F-Lde+ (1 - F)~Lbs)~rJ-12 + Lpe

L them_ sensor ¢L_them_ground -+ (F-Lde+ (1 - F)-Lbe)-r]tZ + Lye

Lhem::[

L _expp_sensor = !rs-L_exp ground  + (F-Lde+ (1 - F)-Lbe) |12 + Lue
expp | P expp

Lj:xpn_sensorexpn = [e- L_expn_g'roundexpn + (F-Lde+ (1 - F)~Lb8)~r}"t2 + Lue

L_sgp_sensorSgp = Es-L_sgp_g'roundSgp +(F-Lde+ (1 - F)-Lbs)-r} 12 + Lue

L_sf_sensor ;= [e L_sf_ground .+ (F-Lde+ (1 - F)~Lba)-r}-12 + Lye

Write out the results of the sensitivity analysis to an output file

sens; .= slope(P_th,L_th sensor) sens, = slope(P_them,L._them_sensor)
sens '=slope(P_te,L_tc_sensor) sens, .= slope(P_expp,L_expp_sensor)
sens, = slope(P_hc,L_hc_sensor) sens := slope(P_expn,L._expn_sensor)
sens; = slope(P_visem,L_visem_sensor) sens, := slope(P_sgp,L_sgp_sensor)
temp_sens = ens temp_sens, =65 sens, \= slope(P_sf,L_sf sensor)
AL_bb
TH TC HC Visem Them Expp Expn SGP SF

sens’ =(-0.117 0.004 -0.209 —6.863-10 ©° —0.449 —1.459 1.883 0.468 -3.654)

1.0.1910.006]-0.34|-1.116. 10712

T
temp_sens -0.729]-2.372[3.061]0.761{-5.939

APPENDPRN(materials) := temp_sensT




Material Parameter Sensitivity Results - Asphalt shingle

The following graphs show the change in radiance at the sensor as the material parameter of the object on
the ground was varied. The resulting linear regression shows the final output sensitivity of the material

parameter.
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Material Parameter Sensitivity Results - Asphalt shingle
Continued
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Time Dependent Material Parameter Sensitivty Analysis

Material Type: Asphalt - 0600

Read in the resulting output file from THERM for each of the material parameters & determine the number of
elements in the array.

heat_capacity :=READPRN(hc_5_06) he :=0.. rows(heat capacity) — 1
thermal conductivity := READPRN(tc_5_06) tc :=0.. rows(thermal_conductivity) — 1
thickness :=READPRN(th_5 06) th :=0.. rows(thickness) — |
vis_emissivity := READPRN(vem_5_06) visem :=0.. rows( vis_emissivity) — 1
therm_emissivity := READPRN(tem_5_06) them :=0.. rows(therm_emissivity) — 1
exposed_area_p := READPRN(xpp_5_06) expp :=0.. rows(exposed_area_p) — 1
exposed_area_n := READPRN(xpn_5_06) expn :=0.. rows(exposed_area_n) — 1
SGP :=READPRN(sgp 5 06) sgp :=0..rows(SGP) - 1

shape factor ;= READPRN(sf_5_06) sf :=0.. rows(shape_factor) — 1

Read in the material ID, shape factor, emissivity, and baseline temperature for used in the '‘Big Equation’

generic_file .= READPRN(gen_5)

Create a reference blackbody temperature difference to relate the sensivitiy values of all the material
parameters

ref:=0..1 T_bb =

ref

300
301

Read in the sensor responsivity file - Bendix line scanner

Resp := READPRN(bendix)




Parameter Temperature Parameter Temperature

{026 -10.066 ] 1593  -10.152
0.289 -10.05 6.877 -10.111
0.318 -10.033 7.823 -10.069
0.348 -10.015 o 877  -10.027
heat_capacity = thermal conductivity =
0.377 -9.997 - 9716 —9.985
0.406 -9.979 10.663 —9.943
0.435 -9.96 11.609 -9.902
| 0.464 -9.941 | | 12,556 -9.86
0.77 -10.014 f0.93 -9.953 ]
0.796 -10.012 0.937 -9.968
0.821 -10.009 0.944 -9.983
0.847 -10.007
vis_emissivity = 0.873 —10.005 therm_emissivity = 0.951 -9.998
' ' - 0.958 -10.013 |
0.898 -10.002 0.966 ~10.028 |
0.924 -10 0.973 -10.042
| 095 =9.998 ] | 0.98 -10.057 |
[ 6.486 -9.953
8.528 -9.986
10.571 -10.025
thickness =
12.614 -10.06 |
14.657 -10.089 |
SGP 167 -10.113
r0.5 -11.669 | "o -7.373 | o 0
-0.4 -11.098 0.1 -8.488
0.25 -2.59
0.3 -10.407 0.2 -9.409
exposed_area n = exposed_area p = shape factor=| 0.5 -5.129
-0.2 -9.562 0.3 -10.177 -
0.75 -7.598
-0.1 -8.522 0.4 -10.819
1 -10.006
|0 -7.373 | | 0.5 -11.361 | - :




Read in the variation in temperature that was caused by the variation in the material parameter values, treating
THERM as a black box.

Parameter Array Temperature Array - Converted from Celsius to Kelvin
P hc = heat_capacity<0> T he ::heat_capacity<1> +273.15

P_tc =thermal_conductivity T_tc :=thermal_conductivity " +273.15

P_th ‘= thickness T_th :=thickness " +273.15

P_visem := vis_enﬁssiVity<0> T_visem := vis_emissivity<1> +273.15

P them := therm_erm'ssivity<0> T_them ::therm_emissivity<1> +273.15

P_expp :=exposed_area _p<0> T expp :=exposed_area _p<l> +273.15

P expn = exposed_area_n<0> T expn = exposed_area_n<1> +273.15

P_sgp =SGP~*” T sgp :=SGP™1” 1+ 273.15

P_sf = sha.pe_factor<0> T sf = shape_factor<1> +273.15

Convert the temperatures to radiance values using the Plank equation.

k.=13810% k - Boltzmann constant (J/K)
¢ :=2.99792459-10° ¢ - speed of light (m/sec)
h:=6.626176.103*  h - Planck's constant (J/sec)

jmin =8 jmin - minimum wavelength (um) in the bandpass of interest
jmax := 14 jmax - maximum wavelength (um) in the bandpass of interest
n:=.1 n - wavelength increment for bandpass (um)
- Jmax - jmm p - number of steps in the bandpass of interest
n
1:=0..(p-1) j - index for the wavelength array

}”j =(j-n+ jmin)- 10® - inthe bandpass of interest

2 2
L_he(i,T hc) ::#h'c-— L_te(A,T tc) ;:_‘Z;Ii_
h-c h-c
)»5' (ek-k-Tyhc _ 1) )‘5. <e)vk-T_tc -~ 1>
2 2
L_th(2,T_th) =__2he L_visem(A,T_visem) := 2hec

h-c h-c
}»5* e)vk-T_th 1 l5~ e}»-k-T;visem _1




2
L_them(%,T_them) := 2hee

h-c \
7»5' el-kfl"_them _ l)

2-hc?
,/ h-c \
5 i
3 A\elkT*sgp Y

L sgp(A,T sgp) =

2
L_sf(i.,T_sf) ::_TZ'hhc__

51 Ak r
A '\elkTisf_ 1/

2-he?

L_expp(A,T_expp) = ;

hc )
5 k-
2. ekkT_expp_ 1,

2-hc?

L expn(,T expn) = " 7
< ‘

/
XS- (ek-le'r_expn _ lj
2

2-hc

}MS_\el-k-Tﬁbb Y

L_bb(x,T_bb) =

Integrate the surface radiance across the bandpass of interest (8-14 pm) - including the sensor response

tunction.  Calculated at .1um increments

L__hc_ground}lc = Z Respj -L_he ()»J. , T_hchc) : (n- 107 6)

J

_ \ [ 16
L_th_ground, ‘_Z Resp, L_th{i, T_th, }-(n 10 )

]

. . . _6
L_v1sern_groundvisﬁm = Z Respj -L_visem < kj , T_v1semvisem> . (n- 10 )

J

_ ( -6
L _them_ ground hem —Z Respj- L_them ( kj ,T them them) -\ 10 )

J

-6
L_tc_groundtc ::Z Respj~L_tc< A, T_tctc) : <n~ 10 >

]
J

v - _ {n-10°)
L_e‘\pp_groundexpp .—ZRespj L_expp(lj,T_exppexpp> (n 107

J

L_f:xpn_groundexpn = Z Respj -L_expn <7“j , T_expnexp

J

(n10¢)

L_sgp_groundSgp = Z Respj- L_sgp(kj T s gpsgp> . <n~ 10 6)

J

L_sf_groundS . :Z Respj L sf <)”j , T__sfS f> - (n- 107 6>

J

L_bb_goundref = Z Respj: L bb (lj , T—bbref> . (n- 1 O_6>

J

AL _bb ::L_bb_ground1 - L bb_ground

AL bb =0.615

0




Propagate the radiance of the target to the radiance reaching the sensor using the big equation, simplified for
use in the LWIR and assuming a shape factor of 1.0

¢ =generic_file; | Lpe =251 Lde:=4.289 2:=.9 Lbe:=2041 r:=1-¢ F :=generic file ,

L_he_sensor, = [s-L_hc_groundhc + (F-Lde+ (1 - F)~Lbs)-rJ-12 + Lpe

L_tc_sensor, = {eL_tc_groundtc + (F-Lde+ (1 - F)~Lbs)-r}~12 + Lue
L_th_sensor, =|eL_th_ground, + (F-Lde+ (1~ F)-Lbs)m]tz + Lpe

‘ - ; i Il
L_visem_sensor . ‘= ] a~L_vxsem_groundvisem + (F-Lde+ (1 - F)-Lbe) rJi 2 + Lue

-

L them_sensor

o = &L _them_ground -+ (F-Lde+ (1 - F)-Lbs)r]a +Lpe

.

-

L_expp_sensor s-L_expp__groundexpp + (F-Lde+ (1 - F)~Lba)~r]-12 + Lus

expp ':[

L_expn_sensor, = [ eL_expn_ground, _ + (F-Lde+ (1 - F)-Lbs)~r]«12 +Lys
L_sgp_sensorSgp = fs-L_sgp_groundsgp +(F-Ldg+ (1 - F)~Lba)-r]-t2 + Lue

L_sf_se:nsors = t(s- L_sf_groundsf+ (F-Lde+ (1 - F)-Lbs)-r}-tZ + Lue

f

Write out the results of the sensitivity analysis to an output file

sens, ‘= 0600 sens, 1= slope(P_them,L_them_sensor)
sens, = slope(P_th.L._th_sensor) sens '= slope(P_expp,L_expp_sensor)
sens, 1= slope(P_tc,L_tc_sensor) sens, \= slope(P_expn,L_expn_sensor)
sens; = slope(P_hc,L_hc_sensor) sens, '= slope(P_sgp,L_sgp_sensor)
sens, .= slope(P_visem,L_visem_sensor) sens ‘= slope(P_sf,L_sf sensor)

TH TC HC Visem Them Expp Expn SGP SF
ens

temp_sens =
0.016[0.218/0.033|-0.74|-2.831]3.066 AL_bb

temp_sens := 0600

-0.009{0.025]0.354{0.053]-1.203[-4.602 | 4.983

WRITEPRN(time_analysisl) := te:mp_sensT




Time Dependent Sensitivity Analysis - Asphalt 0600

The following graphs show the change in radiance at the sensor as the material parameter of the object on
the ground was varied. The resulting linear regression shows the final output sensitivity of the material

parameter.
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Time Dependent Sensitivity Analysis - Asphalt 0600

Continued
Thermal Emissivity Sensitivity Exposed Area Sensitivity
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