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ABSTRACT

This technical note describes the radiometric equations employed by an IR scene
generation COTS software package called SensorVision. The components of the
radiometric equations used to compute the radiance quantities of an IR scene are
discussed in detail and assumptions used in the derivation of these equations are
identified. The focus of this technical note is to highlight possible sources of errors in
an IR scene generated by SensorVision.
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SensorVision Radiometric Equations
Version 2.2

Executive Summary

SensorVision is a commercial-off-the-shelf (COTS) software package that is intended to
be used in the Systems Simulation Centre at DSTO for infrared (IR) scene generation in
hardware in the loop (HIL) testing of imaging IR systems. Before SensorVision can be
applied to the intended application, there is a need to verify and validate the
SensorVision package to ensure the generated scenes are sufficiently accurate for HIL
simulations. The contents of this technical note constitute the initial phase of the
verification and validation procedure, and that is to acquire an understanding of the
radiometric equations employed by SensorVision.
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1. Introduction

SensorVision is a commercial-off-the-shelf (COTS) software package used in
conjunction with Vega, a 3-D database visualisation software package developed by
Paradigm Incorporated, to generate real-time infrared (IR) scenes’. SensorVision and
Vega are built upon IRIS Performer and OpenGL on a Silicon Graphics machine with
RealityEngine or InfiniteReality graphics capability. The Missile Simulation (MS) group
in Weapons Systems Division (WSD) intends to use the SensorVision package to
generate infrared (IR) scenes for hardware in the loop (HIL) missile simulations. This
report discusses the radiometric equations implemented in SensorVision and identifies
possible sources of errors resulting from approximations employed to achieve real-time
performance. The level of error expected from the approximations, the validity of the
SensorVision assumptions and the scenarios under which SensorVision may produce
insufficiently accurate results are not discussed in this report. These topics will be
treated in a subsequent report on the verification and validation of SensorVision.

SensorVision consists of a core library (sv) and two database construction tools referred
to as the texture material mapper (tmm) and the MOSART atmospheric tool (mat).

e The core library (sv) performs the IR radiometric calculations and provides Vega
with the required functionality to render IR scenes in real time. In addition, the
sv library comprises a set of API (application programming interface) functions
to define the sensor class and enable the user to set the sensor properties.

e The tmm tool is used to assign material properties to pixels on photographic
textures and to produce the databases of material codes required by
SensorVision.

e The mat generates run time databases for atmospheric quantities and for surface
temperatures of scene materials. The mat comprises MOSART (moderate
spectral atmospheric radiance and transmittance) and TERTEM (terrain
temperatures)2. MOSART uses US DoD (United States Department of Defence)
standard atmospheric codes to calculate the amount of radiation that reaches a
unit area of earth for a particular geographical location, time period, weather
condition and atmospheric profile. TERTEM estimates the temperature of a
surface based on the level of incident radiation and the properties of the
materials comprising that surface. The thermal history of the materials is not
considered in the computations. TERTEM uses a one-dimensional three-layer
model (surface and two layers) that includes four heat transfer fluxes: radiation,
convection, conduction and evaporation. Mat is the main computational tool
used in the evaluation of the SensorVision radiometric equations.

1 SensorVision, in conjunction with Vega, is capable of image visualisation in any spectral band
in the visible to the far infrared spectrums. Only the application of SensorVision to the
generation of IR scenes will be considered in this report.

2 MOSART and TERTEM were developed by Phillips Laboratory, Department of Geophysics,
Air Force Material Command, Handscom AFB, MA 01731-3010.
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It should be noted that various discrepancies exist between the information contained
within this report and the formal documentation provided with SensorVision.
Unfortunately, the SensorVision documentation was found to be inadequate, lacking in
information and erroneous in some parts. Consequently, there are aspects of the
SensorVision algorithm that are open to interpretation. To the authors’ best knowledge
and judgement, the information that is disclosed within this report is correct.

2. The SensorVision Radiometric Equations

SensorVision implements a radiometric equation for each pixel in the scene as part of
the image visualisation process. The radiometric equation comprises only the following

radiance quantities:
o L, /e Tepresents the in-band radiance detected by a sensor due to solar
and/ or lunar irradiation reflected specularly and diffusely from an object surface

into the sensor.
L, shine TEPTESENtS the in-band radiance detected by a sensor due to emissions

from the sky that are reflected from an object surface into the sensor.
e L, represents the in-band radiance detected by a sensor due to object surface

therma,
emissions.
Lgy,un represents the in-band radiance detected by a sensor due to atmospheric

emissions and forward scattering along the path from the object surface to the
sensor.
It should be noted that SensorVision has the capability to include the spectral response
of the sensor in the radiance computations but it cannot model other sensor effects
such as optical blur, noise and detector sampling. The radiometric equation [1][2] is
given by (1) where each radiometric term is calculated by applying (2a), (2b), (2c) and
(2d).

Lobservcr = Lsolar / lunar + L skyshine + Lthermal + L path (Wcm ZSI" : ) (1)
Lsolar/lunar = L:ﬁrect cos ezp(]‘ - .fs )Tr + L;irect sl (Hr > ¢r )lqrs N s 7'—r (Wcm —2 sr - ) (2&)
L skyshine = L:zmbient p Tr (Wcm 2 sr - ) (Zb)
‘Lthermal = Lbb (1 - p) z'r (Wcm—zsr_l ) (ZC)
Lo =215, (Fensr™) @)

The parameter definitions are given below:
Lyeet - Solar/lunar radiance incident on the object surface.
L - Skyshine radiance incident on the object surface.

‘ambient

L, - Blackbody radiance emitted from the object surface.




DSTO-TN-0193

- Atmospheric path radiance for the line of sight path between the
object surface and the sensor.
P - Diffuse reflection coefficient of the object surface.

T, - Atmospheric transmission coefficient for the line of sight path
between the object surface and the sensor.

(Q ,¢i) - Angle of radiation incident on the object surface relative to the
surface normal.

(9, ,¢r) - Angle of radiation reflected from the object surface relative to the
surface normal.

/s - Fraction of incident radiance reflected specularly.

f4(8.,8,) - Angular dependence of the specularly reflected radiation.
N, - Specular normalisation factor.

- Indicates that the parameter is associated with only the centre pixel
in the image frame.

Figure 1 shows a visual representation of the various radiance components considered
in SensorVision.

In the following sections, each radiometric quantity in (1) is explained in detail and the
appropriate radiance equation is derived. The SensorVision implementation of the
equations is then described with emphasis on the approximations employed.
SensorVision utilises various techniques to enable the real-time computation of the
radiance terms [3]:

Figure 1: Diagram showing the radiance quantities considered in SensorVision.
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e The main technique adopted involves the generation of various required
quantities prior to the real-time simulation. The mat is used to create a
multivariate database of the particular quantity of interest as a function of user
defined variables. During run time, the quantity employed in the simulation is
based on the instantaneous variable values and linear interpolation on the
multivariate database. In order for this strategy to be implemented, the radiance
equations need to be manipulated into forms that are compatible with the
construction of the database. The resultant radiance equations, however, are not
necessarily physically correct.

e Another approximation involves the physically accurate® calculation of only the
radiance incident on the centre pixel in the image frame. The radiance impinging
on off-centre pixels are computed by extrapolating the results of the central pixel
case.

e In the integration of spectral radiance quantities over wavelength, SensorVision
moves various spectral parameters outside the integral. Although not
mathematically correct, this approximation is employed to force the equations to
conform to the structure required for the generation of multivariate databases,
and to allow the materials and atmospheric databases to be developed and
maintained independently of each other.

The method in which the above approximations are employed will be clarified in the

following discussions.

2.1 Thermal Emissions
2.1.1 Accurate Determination of Radiance Quantity

The radiometric equation yielding the radiance received by a sensor due to thermal
emissions from a surface is derived from Planck’s blackbody equation. The spectral

radiance (L%) emitted from a blackbody of temperature T' is given by (3) where ¢
and ¢, are radiation constants given by (4a) and (4b), respectively. The subscript’ 4" is
used to indicate the wavelength dependence of the blackbody spectral radiance.

¥ = ——?—-— (m2sr™ pm™) ®)
Y7 (e Yar _ 1) -

¢, = 37418 x 10° (wm™ um*) (4a)

¢, = 1438769 x 10* (umK) (4b)

3 Physically accurate in this sense means that the calculation of the radiance is accurate within
the limitations of the MOSART atmospheric propagation code, which currently is an accepted
standard for radiometric transfer calculations.

~
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The integration of Planck’s equation over all wavelengths of interest yields the
radiance emitted from a blackbody within that waveband. Considering the normalised
spectral response (¢, ) of the particular sensor of interest, the spectral emissivity of the
body* (1- p,) and the spectral atmospheric transmission (7,;) along the line of sight
(LOS) path between the body and the sensor, the radiance detected by the sensor is
given by (5).

Lthermal = E: ¢1 Llj.b (1 - p/l )Trﬂ. d/l (Wm N sr o ) (5)

Given a particular scene models, the radiance due to thermal emissions is dependent
only on the temperature of the body and the atmospheric transmission for the line of
sight (LOS) path between the particular surface point and the detector. The
temperature of the body, however, is calculated using MOSART and TERTEM based
on the heating effects of the sun and the surrounding atmosphere. Consequently, the
location of the sun and the profile of the surrounding atmosphere are required to
calculate the radiance given by (5)

2.1.2 SensorVision Implementation

SensorVision implements an equation with a form that differs slightly from (5). The
spectral emissivity and the atmospheric transmission coefficient are moved outside of
the spectral integral. The resultant equations are therefore given by (6) and (7).

Lthermal = Lbb (1 - p) Tr (Wcm"2 sr-l ) (6)

L, = j:“ 0, 1%dA (Wem™sr™) @

Mathematically, the spectral terms cannot be moved outside of the integral and this
approximation generates errors in the result. The approximation, however, is
reasonable if p, and 7,, are nearly constant in the spectral band of interest. The
parameter values used in the calculation is the average reflection coefficient (o) and
the average atmospheric transmission (7, ) in the spectral band. Since only the average
reflection coefficient is used in the calculation, all objects are essentially modelled as
grey bodies.

4 All materials are assumed to be opaque and Lambertian (diffuse) hence the spectral emissivity

is simply (1 - py). .
5 A complete scene model would include all material information on the objects in the scene as

well as the sensor characteristics. The reflection coefficient p,, the spectral response of the
sensor @, and the spectral band (4, — 4, ) are all defined.




DSTO-TN-0193

It is anticipated that the above approximation will be reasonable in the 8 to 12 pm band
but will likely generate errors in the 3 to 5 pm band. The rationale behind this
statement is twofold. Firstly, the reflectance of materials tend to be invariant in the
longer wavelength bands compared to the shorter wavelength bands. Secondly, the
atmospheric transmission coefficient fluctuates significantly in the 3 to 5 pm band.
High atmospheric attenuation occurs near 4.2 pm due to carbon dioxide absorption.

Each multiplicative term in (6) is computed separately in the manner described below.
Determination of Parameter L,,

The calculation of the blackbody radiance (7), as seen by a specific detector, is
dependent only on the temperature of the body. The surface temperatures are
calculated prior to the real-time simulation by the mat. In the execution of the mat
program, an input file is required in which the user sets the values of the variables
affecting the temperature calculation. The atmospheric profile and the material list are
defined along with the range of possible positions and orientations of surfaces. The
expanse of time is also specified in the mat input file. Mat generates an output file that
contains the temperature data for each user-defined:

e material;

e surface altitude;

e surface orientation azimuth;

e surface orientation slope; and

e the time of day.
The material data required in the temperature calculations performed by TERTEM is
found in the directory® /usr/local/PSI/sv/materials/ht.

The five dimensional multivariate database computed by mat is stored in the file
srx.htt where xx is the atmospheric state number. During run time, in each image
frame, SensorVision assigns a temperature to the vertices of all polygons in the 3-D
scene. These temperatures are determined based on the location of each vertex, the
orientation of the corresponding face normal and the current time. The material
assigned to each vertex is either the material associated with the centre texel (texture
pixel) or the texel closest to the polygon vertex. The choice is user selected. Texture-
material associations are performed using the tmm tool. Having determined all
required variables for an image frame, the vertex temperatures are extracted from the
multivariate temperature database using linear interpolation on the five variables. The
blackbody radiance is then computed for these vertex temperatures. The radiance
emitted from any point on a polygon surface is calculated using trilinear interpolation
on the radiance assigned to the vertices. The accuracy of the above procedure is
dependent on the validity of the texture-material associations. Textures with shadows
and multiple colour-material associations may generate misclassification errors. In

6 The material database directory is designated by the MATERIALS DATABASE system
environment variable.
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general, a polygon texture should only have one material association for accurate
simulations. In addition, because a vertex is considered as a polygon attribute rather
than an object attribute, it is possible to have more than one temperature assigned to
the same object apex. This condition is unrealistic in real world environments.

The temperature data éenerated by TERTEM is not applicable to operated entities such
as tanks or planes. Such objects should have temperatures manually assigned to the

polygons [2].

The above discussion suggests that L,, is calculated on a vertex basis since L, is
computed accurately only at the vertices in the scene. The value of L,, is approximated
using interpolation for all other pixels in the image frame.

Determination of Parameter p

The reflection coefficient (p) for each pixel is calculated using the tmm generated files

comprising the texture-material associations. The tmm output files are placed in the
directory <texture_map_name>.tmm. Given the material composition of each texel, the
reflection coefficient of the surface point corresponding to each pixel in the image
frame can be computed based on the reflection coefficient data files in directory
/usr/local/PSI/sv/materials /ref. As previously stated, the reflection coefficient value
is the average spectral reflection coefficient over the waveband of interest.

The reflection coefficient is calculated on a pixel basis and the procedure described
above is performed for all pixels in the scene.

Determination of Parameter 7,

The atmospheric transmission coefficient for the LOS path between a surface point and
the sensor is calculated by mat prior to the simulation. A multivariate database is
generated for user-defined values of:

o the LOS range between the observer and the surface;

e the observer altitude; and

o the LOS elevation angle.
This database is stored in file sxxbyyatmq for simulations of daytime and
sxxbyy.lunar_atmq for simulations of nighttime. Variable xx and yy refer to the
atmospheric state number and the spectral band number, respectively. The actual
quantity calculated is given by (8), where » is the LOS range between the surface point
and the sensor, and In is the natural logarithm function.

= 55¢"

®)




DSTO-TN-0193

The superscript ‘* identifies the quantities associated with the centre pixel in the image
frame. During run time, SensorVision determines the LOS range, observer altitude and
LOS elevation angle associated with only the centre pixel in the image frame. The

parameter B for this LOS path is then extracted from the multivariate database using

linear interpolation on the variables. The same " value is then assigned to all pixels in
the image frame and the atmospheric transmission coefficient is calculated using (9)
where 7 is the LOS range associated with each pixel.

-5.5r
e I ©

This strategy essentially applies an exponential extrapolation on the atmospheric
transmission coefficient based on the difference between the LOS range associated with
a particular pixel and the LOS range at the centre pixel. The types of scene geometry in
which this approximation is invalid will be discussed in a subsequent report on the
verification and validation of SensorVision.

The atmospheric transmission coefficient is calculated on a scene by scene basis. This
means that the transmission coefficient is calculated accurately for only one pixel in
each frame. Approximations are then employed to determine the transmission
coefficients for all other pixels in the frame.

Sources of Error

In summary, the following factors introduce errors in the SensorVision computation of
the radiance due to object surface thermal emissions:

e Errors are introduced if the spectral reflection coefficient of materials in the IR
scene vary significantly over the spectral band of interest.

e Errors occur if the spectral atmospheric transmission coefficient of the LOS path
between the surface and the sensor fluctuates over the spectral band of interest.

e The thermal emission radiance computation has errors associated with the linear
interpolation of the multivariate databases for temperature and the £
parameter.

e Errors are introduced in the calculation of the emitted radiance from each point
on an object face due to the interpolation of the face vertex radiance.

e There are errors associated with the exponential extrapolation of the atmospheric
transmission coefficient.

e Poor choice of texture images in the scene modelling may generate texture-
material misclassifications and contribute to errors in the SensorVision
simulation.

e Materials that are not opaque or are non-Lambertian will be incorrectly modelled
in SensorVision.
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2.2 Path Emissions and Scattering

221 Accurate Determination of Radiance Quantity

Path emissions and forward scattering of radiation into the sensor are computed using
the models employed in MOSART. The spectral path radiance from the surface to the
sensor (L, ,) is computed by MOSART and (10) is used to calculate the radiance

detected by the sensor over the spectral band of interest. Parameter @, is the
normalised spectral response of the sensor.

Lpa!h = J:z ¢2. Lpath ldﬂ" (Wm‘zsr"l) (10)

Given a particular scene model, the radiance due to path emissions and forward
scattering in the LOS path between the surface and the sensor is dependent only
on L, ;, which in turn is dependent on the atmospheric profile between the surface

and the sensor.

2.2.2 SensorVision Implementation

SensorVision essentially implements (10) with only one slight modification. Equation
(10) is only accurately determined by the mat for the LOS path (between the surface
and the sensor) corresponding to the centre pixel in the image frame. Consequently,
(10) is implemented in the form of (11) where the superscript ' refers to quantities
associated with the LOS path at the centre pixel.

L*
Lyyorn = ‘ffa_:" (1 -7, ) (Wcm"zsr _l) (11)

*
r

The path radiance associated with off-centre pixels is calculated using an extrapolation
based on the fraction given by (12).

C (12)

This fraction has an exponential dependency on the difference between the LOS range
at the centre pixel compared to the LOS range at the off-centre pixel. The exponential
dependency originates from the exponential form (9) of the transmission coefficient.
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10

Determination of Para;:neter L;a,,, / (1 - T: )

The mat performs the main component of the path radiance calculations prior to the
simulation. The mat computes the quantity L;a,,, / (1 A ) for each user-defined value

of:
o the LOS range between the observer and the surface;
the observer altitude;
the LOS elevation angle;
the direct source (sun or moon) elevation angle; and
the direct source azimuth angle relative to the observer azimuth angle.
The results are stored in a multivariate database recorded in files sxxbyy.atmq for
simulations of daytime and sxxbyy.lunar_atmq for simulations of nighttime. Variables
xx and yy indicate the atmospheric state number and the spectral band number,

respectively.

During run time, SensorVision determines the five parameters listed above associated

with the centre pixel in each image frame. The parameter L:,,,,,, / (1—1: ) is then

approximated using linear interpolation on the multivariate database. This same value
is used in the radiance calculation of all pixels in the image frame.

*

Parameter L, (1 -7 ) is evaluated only once in each frame.

Determination of Parameter 7,

The LOS ranges associated with all pixels are computed and the corresponding
atmospheric transmission coefficient is determined using the strategy described in

Section 2.1.2.

Sources of Error

In summary, the following factors introduce errors in the SensorVision computation of
the path radiance quantity:
e There are errors associated with the linear interpolation of the multivariate
databases for the L;a,,, / (1 -7 ) quantity and the 8 " parameter.

e Errors are associated with the exponential extrapolation of the atmospheric
transmission coefficient.

e Errors are introduced because the path radiance at any pixel is assumed to be an
exponential extrapolation on the value at the centre pixel.
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2.3 Skyshine Reflections

2.3.1 Accurate Determination of Radiance Quantity

The radiometric equation giving the radiance detected by a sensor due to skyshine
reflections is derived from the definition of hemispherical reflectance. By definition, the
hemispherical spectral reflectance (p,,) is the ratio of the total spectral exitance over

the reflected hemisphere to the total spectral irradiance over the incident hemisphere.
Mathematically, the hemispherical spectral reflectance is given by (13).

f” f/ cosH sin6.dg.dg,

7 (13)
ff ,,1 cos951n6d9d¢

The parameter L is the radiance while (0, ¢) is the angle of the incident or reflected

radiation relative to the surface normal. All variables with subscript ‘7’ are reflected
quantities while those with subscript ‘i’ are incident quantities. The integration of the
projected solid angle is over the entire upper hemisphere. Assuming the reflecting
surface is Lambertian (ie. L, is independent of 6, and ¢ ) the diffuse spectral

reflectance (o, ) is given by (14).

L[ L% cosd), sin6,d6.dg,

Pr = (14)

[ [ £(0.8)cos8 singaaag

The integration over the reflected hemisphere in the numerator is 7, hence (14) can be
simplified to give (15).
L,z
2= 27
L f/z L,,(8.4)c0s6 singdgdg

(15)

Rearranging (15) so that the reflected spectral radiance is the subject of the equation
results in (16).

s f f/ Q,¢ 0059 sing,df.dg, (Wm'2sr'l,um") (16)

Considering the atmospheric attenuation due to the line of sight transmission from the
surface to the observer (7,, ), the spectral radiance incident on the sensor is given by

(7).

11
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Lskyshinez = _pl_;ﬁ_ f” f/z Li}. 0;,¢i)0059i sin 9‘d01d¢‘ (Wm“zsr—lmq) (17)

The radiance detected by the sensor due to skyshine reflections is therefore given by
(18), taking into account the spectral response of the sensor.

S

Ly e = Eﬁ%&z_ f fé L,(0,,8,)cos8,sin0,d0,dpdr  (Wm™sr™) (18)

The spectral radiance quantity (L;) is dependent on the angles (,4,) and is the

ambient radiant emissions from the atmosphere. It is calculated using the MOSART
atmospheric tool. The surface point location, the sensor location, the position of the
sun/moon and the atmospheric profile are all required to evaluate (18).

2.3.2 SensorVision Implementation

The SensorVision computation of the radiance due to skyshine reflections is based on
(19) and (20).

Lsky:hine = L:zmbientp Tr (Wcm‘z Sr_l) (19)

f P f” I%Lm 0,4, )cos 6, sin6,d6,dg,dA
_ z

ambient

*

(Wem™sr™) (20)

T

r

This equation form has been adopted because the radiance associated with skyshine
reflections is calculated accurately only for the centre pixel in each image frame. The
radiance at off-centre image pixels are approximated and assumed to be related to the
radiance at the centre pixel by the ratio 7, /7 . This technique essentially uses an
exponential function to extrapolate the radiance incident on off-centre pixels given the
radiance at the centre pixel.

Compared to (18), the SensorVision implementation based on (19) and (20) moves the
reflection coefficient term outside of the spectral integration.

. - *
Determination of Parameter L ...,

The mat accurately computes the value of L o for user-defined values of:
e the LOS range between the observer and the surface;
e the observer altitude;
e the LOS elevation angle; and
e the direct source (sun or moon) elevation angle.
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The results form a multivariate database that is stored in files sxxbyy.atmq and
sxxbyy.lunar_atmg.

During run time, SensorVision determines the value of L o for the centre pixel

using linear interpolation on the multivariate database. This quantity is calculated only
once for each frame and is assumed to be the same for all pixels in the image frame.

Determination of Parameters p and 7,

The reflection coefficient and the transmission coefficient for all pixels in the image
frame are computed using the strategies described in Section 2.1.2.

Sources of Error

The following factors introduce errors in the SensorVision computation of the radiance
due to skyshine reflections:

e There are errors associated with the linear interpolation of the multivariate
databases for the L, ,. = quantity and the S " parameter.

e Errors are generated due to the exponential extrapolation of the atmospheric
transmission coefficient parameter.

e Errors are introduced because the radiance due to skyshine reflections at any
pixel is assumed to be an exponential extrapolation on the value at the centre
pixel.

e FErrors occur if the reflection coefficient of materials in the IR scene varies
significantly over the band of interest.

e Materials that are non-Lambertian are incorrectly treated by SensorVision.

2.4 Solar/Lunar Reflections

The equation giving the radiance due to solar/lunar reflections can be separated into
two components comprising the diffuse and specular terms, as given by (21).

L +L

solar/lunar — Lsolar/lunar solar/lunar
specular diffuse

(21)

2.4.1 Solar/Lunar Diffuse Reflections

The diffuse component of radiance due to reflections resulting from solar or lunar
radiation is derived from the definition of the diffuse spectral reflectance. The diffuse
spectral reflectance is defined as the ratio of the reflected spectral exitance to the
incident spectral irradiance. Since the incident spectral radiance originating from the
sun or moon is constant, the spectral irradiance is given by the product of the spectral

13
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radiance (L, ) and the projected solid angle (Qcosé}) of the sun or the moon.

Consequently, the diffuse spectral reflectance of a surface is given by (22), where = is
the projected solid angle over the reflected hemisphere.

L,
I - S 22
Pr L,Qcosé, (22)

Rearranging (22) so that the reflected radiance is the focus of the equation results in
(23). .
L, =2 1,0c0s8 (W 2sr™ ™)

="l cosf, m”sr um (23)

Replacing the incident spectral radiance (L ) by the spectral radiance of the sun or the
moon (L., yeon ) a0d substituting in the formula for the solid angle yields (24).

L _ BA_ L Asun/moon
rA — T sun/moon A R,'2

cosé, (Wm‘zsr'1 pm™) (24)

The parameter A,,/,..., i the projected area of the solar or lunar disk and R;is the
distance between the reflecting surface and that disk. Only a proportion of the incident

radiance is reflected diffusely hence a multiplicative fractional term (1—— fd) is

incorporated into the right hand side of (24). The parameter f.; is the proportion of

the incident spectral irradiance that is reflected specularly. In addition, the
atmospheric attenuation due to the incident LOS path and the reflected LOS path
should be included in the equation. The resultant equation is therefore given by (25).

L, = % L %’f’.’;ﬂ‘ii—m cos8(1- £.;) (wm2sr~ ™) (25)

sun/moon A
i

Integrating (25) over the frequency band of interest and incorporating the spectral
response of the sensor results in (26).

A
Lsalar/lunar = __%%M— cos 91 Li? ¢A Lsun/moon lp/l Trl Tiﬂ (1 - f:sﬂ )dﬂ' (I/Vrn—-2 sr - ) (26)

diffuse i

It is clear that the surface point location, the detector location, the source location and
the atmospheric profile are all required in the computation of (26).
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2.4.2 Solar/Lunar Specular Reflections

The equation giving the radiance due to solar or lunar specular reflections has a form
similar to that of (26). The spectral irradiance incident on the reflecting surface
including the effects of atmospheric attenuation is given by (27).

A
E,=L ——‘-1‘1’%’3ﬂc030i1,,1 (Wm™ ™) 27)

'sun/moon A
i

If the fraction p, (1-f,;) of the spectral irradiance is reflected diffusely then the

remaining proportion, given by p,f,,, must be reflected specularly. The total
specularly reflected spectral exitance is therefore given by (28).

A
=2 00567 P (wm™ pom™) (28)

Mrl = Lr}.ﬂ. = Lsun/moon,{
The specularly reflected radiance for a particular sensor location in the reflected
hemisphere is dependent on the properties of the specular lobe and the direction of the
reflected ray that would satisfy Snell’s law. Figure 2 illustrates the concept of the
specular lobe.

The specular lobe effects can be modelled by introducing a parameter [ (6..9,)

which represents the lobe amplitude in a particular direction in the reflected
hemisphere. This parameter should have a maximum value of unity in the classical
Snell’s law direction and should decrease proportionally with the lobe size as the
observer direction departs from the Snell’s law direction. In addition, a normalising
factor N,; needs to be included in order to ensure that conservation of energy is

satisfied. The energy associated with the specular emittance of (28) must be conserved

Snell’s Law Direction

} Surface
Normal

- Specular Lobe

Incident Radiation

Figure 2: Diagram illustrating the concept of specular reflection.
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when redirected in a manner conforming to the shape of the specular lobe.
Consequently, the energy which was previously emitted diffusely over the entire
upper hemisphere (27) is now only emitted in the solid angle defined by the specular
lobe. The conversation of energy equation is therefore given by (29) and the
normalisation factor is defined by (30).

222N, [* [ £.0(6.4,)d6.46, 29)

N, = 27
sA o
-[) féfsl}. (0r ’¢’)d9"d¢r

The specularly reflected spectral exitance in a given direction is therefore given by (31).

(30)

A
M(08) = Li(08)7 = Lusimoms 205200567301 Nt S (6,1)
(w2 pm™) (31)

Consequently, the spectral radiance incident on a detector, taking into account the
atmospheric attenuation of the path from the surface to the observer, is given by (32).

1 A
L, (9r > ¢r) = L imoon _Sll'g—;zﬂ cosO 7, fulNafu (er .0, )Trﬂ

i

(Wm""‘ sr™ um™) (32)

The radiance incident on a sensor due to solar or lunar specular reflections is given by
(33).

A A,
Lsolar/lurmr (er > ¢r ) = -;I:R";M” Ll qol L:un/moan lp A TM Tiﬂ, sA Cos 91 N sAJ siA (9’ s ¢r )dﬂ’
i

specular

(Wm2sr™) (33)

It is again apparent that the surface point location, the detector location, the source
Jocation and the atmospheric profile are all required in the determination of (33).
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2.4.3 SensorVision Implementation

The radiance due to solar or lunar reflections is calculated in SensorVision using (34),
(35) and (36).

L;?Zl;zr/lunar = L;irect COSgip(l - f s )Tr (Wcm_zs r —l) (34)
Lsalar/[lunar = :ﬁrect sl (01' > ¢r )pf:v N s rr (Wcm—2 st —1) (35)
specular
& *
¢ Lsun moon ri Tr d/li’
L;irect = As;;”;oa" L l" / 1_* i (Wcm—2sr-l) (36)

r

Compared to (26) and (33), the reflection coefficient and the specular parameters have
been moved outside of the spectral integration. Consequently, these terms must be
approximately constant in the spectral band of interest if errors are to be avoided. Most
of the strategies employed in Section 2.3.2 are again adopted. The radiance due to
solar/lunar specular or diffuse reflections at a pixel in the image frame is assumed to
be related to that at the centre pixel by the fraction r, /7 . This essentially represents
an exponential extrapolation on the centre pixel radiance based on the difference
between the LOS range associated with a particular pixel compared to the LOS range at
the centre pixel.

Determination of Parameter L,
The quantity Ly, is computed by mat for user-defined values of:

e the LOS range between the observer and the surface;

o the observer altitude;

e the LOS elevation angle; and

e the sun or moon elevation angle.
The resultant multivariate database is stored in files sxxbyy.atmq and
sxxbyy.lunar_atmgq.

During run time, SensorVision determines the value of L., for the centre pixel in
each image frame. This quantity is calculated only once for each frame and is used in
the radiance calculation for all pixels in the image frame.

Determination of Parameters p and 7,

Parameters p and 7, are computed for all pixels in the image frame using the
methodologies described in Section 2.1.2.

17
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Determination of Parameters f, fS,(H,,¢,) and N,

The specular characteristics of the surface, namely the fraction of radiance reflected
specularly and the specular lobe bandwidth, are defined in the material definitions.

The function fx,(H, ,¢,) is dependent on the unit vectors illustrated in Figure 3. Vector
A is the surface normal, i is the direction unit vector from the surface to the sun or
moon and 7 is the direction unit vector from the surface to the observer. The unit
vector § is defined as the normalised vector summation of 7 and 7, and is given by
(37).

A

1+

~N>

(37)

§=1

I+

The specular lobe function is defined by (38) where y is the dot product of § and 71,
and the shininess parameter defines the angular bandwidth of the specular lobe.

~N>

f'd(gr ,¢r) — Xshininess (38)

x=5en (39)

Physically, y is the cosine of the angle between the surface normal vector and the unit
vector §. The angle between 7 and § is labelled y in Figure 3. Since the specular lobe
function is defined relative to the Snell’s law direction, the relationship between & and
yneed to be established, where  is the angle between # and the Snell’s law direction.
Geometrical analysis of the vector diagram shown in Figure 3 reveals that the
relationship between the pertinent angles is given by (40).

a=2y (40)

Observer

4 Surface

A
Normal

Snell’s LaW*Difé’ct_i_On ~
e " Incident Radiation

Figure 3: Diagram showing unit vectors associated with definition of specular lobe function.
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Consequently, (39) can be expressed in the form of (41).

Z = 5 [ ] ﬁ = COS(%) (41)

From the definitions given by (38) and (41), it is clear that f (6’, , ¢,) has a value of one
in the Snell's law direction and decreases as the observer direction departs from the
Snell’s law direction. The rate of decrease is dependent on the shininess parameter
which sets the specular lobe angular bandwidth. The shininess parameter is defined by
(42) and is derived from the fact that f, (9,,;15,) has a value of 0.5 when a =BW /2

and y = cos(B W /4). The parameter BW is the full width half maximum (FWHM)
bandwidth of the specular lobe.

log05

shininess = ——(——S(—B—ﬁ;)—)
log| co v

(42)

As described in Section 2.4.2, the specular normalisation factor is determined by
applying the conservation of energy law. The only difference in the SensorVision
implementation is that the cosé, term in (33) is lumped into the specular normalisation
definition. Consequently, no cosé term appears in (35). The equation for N, is
therefore defined by (43).

27z cosé.

Ns =
[ [ £.(6..6.)d6.dg

(43)

SensorVision uses a look up table to determine N, given the shininess parameter. The
N, parameter was determined by calculating the correct specular normalisation factor
for six different light source directions (0°, 15°, 30°, 45°, 60° and 75°) and averaging the
results [1][2]. Table 1 shows the N, values used by SensorVision for the various
specular lobe bandwidths and the corresponding shininess parameters. The last two
columns of Table 1 indicate the minimum and maximum errors between the average
result and the six valies calculated for the six different light source directions. This
table shows that significant errors are associated with the N, value for large specular
lobe bandwidths. Note also that the specular lobe bandwidth must be greater than 24°
due to current Silicon Graphics hardware limitations.

Material specular properties are defined in data files located in the directory
/ust/local/PSI/sv/materials/spec. The file /usr/local/PSI/sv/materials/mat

19
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specifies the specular data file associated with each material. The specular capabilities
of the current version of SensorVision are still in development and the existing set of
specular data files is meagre. Furthermore, the specular properties are set on a per
texture basis. The specular properties are calculated once only for each texture in the

image scene.

Sources of Error

In summary, the following factors introduce errors in the SensorVision computation of

the radiance due to solar/lunar reflections:
e There are errors associated with the linear interpolation of the multivariate

*

databases for the L, quantity and the ” constant.

o Errors are generated due to the exponential extrapolation of the atmospheric
transmission coefficient parameter.

e Errors are introduced because the radiance at any pixel is assumed to be an
exponential extrapolation on the value at the centre pixel.

e FErrors occur in the computation of the specular normalisation factor, especially if

the specular lobe bandwidth is large.

e Errors occur if the reflection coefficient and the specular parameters of materials
in the IR scene vary significantly over the band of interest.

e Materials that are not Lambertian are incorrectly modelled in SensorVision.

FWHM BW Shininess N, Minimum Maximum
Parameter N, error N, error
23.83 128.00 32.64 -0.43 % +2.16 %
25 116.27 29.72 -0.51 % +2.36 %
30 80.67 20.82 -0.73 % +3.08 %
35 59.21 15.44 -0.89 % +3.33 %
40 4528 11.94 -1.01 % +3.11 %
45 35073 9.54 -1.13 % +2.46 %
50 28.89 7.81 -112 % 1217 %
55 23.84 6.54 -121% +2.75 %
60 19.99 5.57 -124 % +3.29 %
65 17.00 4.81 -119 % +3.70 %
70 14.63 422 422 % +3.89 %
75 12.71 3.73 -5.63 % +4.18 %
80 11.14 3.34 7.6 % +4.0 %
85 9.84 3.02 -94 % +39 %
90 8.75 2.75 -11 % +4.2 %
180 2.00 1.13 -40 % +18 %

Table 1: Shininess values and specular normalisation values for various specular lobe
bandwidths.

20
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3. Rendering Operations

There are several issues pertaining to the Vega rendering of the IR scene generated by
SensorVision that needs to be addressed. These factors are predominantly limitations
associated with Vega, Performer or the SGI (Silicon Graphics Incorporated) hardware”
but their effects on SensorVision are important considerations in the determination of
the overall simulation accuracy.

3.1 Pixel Bit Resolution

The radiance quantities calculated by SensorVision must be quantised into pixel values
for storage in the frame buffer. The resolution of the quantisation process is dependent
on the number of colour bits (cbits) set in the frame buffer and the full range of
radiance values to be displayed. The number of cbits is optimised by the Silicon
Graphics hardware and is dependent on other frame buffer requirements. The current
Jimit in the SGI hardware is 12 cbits. The user can set the radiance range by defining
the minimum and maximum temperatures in the scene. Specifying the temperature
range is appropriate for emission-dominated scenes but it may be difficult to relate
temperatures to absolute radiance in simulations with significant amounts of
reflections [4]. The range of absolute radiance can be specified indirectly by manually
setting the buffer parameters associated with the radiance to pixel value mapping
equation. A radiance (L) is mapped to a pixel value (7 ) in the range 0 to 2" —1 using
(44), where N is the number of cbits.

n= int(ZN BG(% - DC) - 05) (44)

Parameter BG is the accumulation buffer gain, G is the gain control multiplier and DC
is the accumulation buffer offset. Function int rounds the argument to the nearest
integer. Note that the ratio L/G is limited to the range 0 to 1. If the buffer parameters
are chosen poorly, significant errors can arise in the simulation due to saturation
effects, base value limiting and poor resolution. Since the current version of
SensorVision does not allow access to the computed scene radiance prior to the frame
buffer mapping, the pixel bit resolution is a dominant consideration in the application
of SensorVision for HIL simulations.

7 The SGI hardware, referred to in this report, is an Onyx2 machine with an InfiniteReality2
graphics engine.
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3.2 The Depth Buffer

The digitisation problem is also evident in the use of the depth buffer (or Z-buffer) to
provide LOS range information to SensorVision. The LOS range is an important
parameter in the calculation of radiometric quantities due to atmospheric path effects.
The current SGI hardware limits the number of Z-buffer bits (Zbits) to 23. The
resolution and limits of the range information is set by the near and far field clipping
plane specifications. Unfortunately, documentation on the use of the Z-buffer in
SensorVision is non-existent and it is currently not known how the range information
is mapped into the Z-buffer. In symmetric frustrum projection, the mapping function
appears to have a hyperbolic form.

3.3 Aliasing

Aliasing is a problem that occurs in the pixelisaton of a scene [5] whereby scene
features are distorted or omitted due to the relative size of the feature compared to the
pixel size. Vega performs anti-aliasing by passing multiple samples of the scene
through each pixel. Such a technique is adequate for visual simulations but not for IR
missile HIL testing, Reference [4] has shown that the total radiant intensity of a scene
can vary as a function of pixel size, even when anti-aliasing has been employed. This
result is inconsistent with real world expectations.

4. Conclusions

This report has provided a comprehensive description of the radiometric equations
employed by SensorVision. The accurate radiance equations were derived and the
SensorVision implementations of those equations were outlined. The emphasis in this
report has been to highlight all possible sources of errors in the SensorVision
computation and to elucidate the reasons why certain methodologies are employed.
The sacrifice of accuracy for real-time performance means that SensorVision should be
used with caution in certain HIL simulations. The main factors identified as being
likely to generate errors in SensorVision simulations are as follows:

¢ Materials with spectral reflection coefficients that fluctuate over the spectral band
of interest may cause significant quantitative errors in the radiance calculation. In
addition, the use of the average atmospheric transmission coefficient rather than
its spectral equivalent affects the accuracy of the calculation.

e The use of exponential extrapolation to approximate pixel radiance values based
on the radiance incident on the centre pixel of an image may produce
unacceptable errors in some IR scenes.

e Limitations of Vega and the SGI hardware (colour bit resolution, Z-buffer
resolution and aliasing) may generate errors if certain simulation parameters are
not optimised for the particular simulation of interest. For example, the gain and
DC offset settings associated with the mapping of radiance to pixel values should
be optimised to reduce pixel bit resolution errors.
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There is a need to validate the SensorVision algorithm and quantify the expected error
levels in a simulation. The MS group of WSD is currently undertaking this task and
subsequent reports, which will document the results of the verification and validation
process, are planned.
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