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FOREWORD

The work reported herein, covering the period 10 April 1972 to 31 December
1972, was carried out by the Infrared and Optics Division of the Environmental
Research Institute of Michigan (formerly the Willow Run Laboratories of The
University of Michigan), Ann Arbor, Michigan. The work, which was performed
under Contract DAAD05-72-C-0246 for the Army Bailistic Research Laboratories,
was done in three parts, each of which represents one volume.

The three volumes comprising the present series on polarized radiance are:

I - Polarized Bidirectional Reflectance with Lambertian or Non-Lambertian
Diffuse Components

IT - Polarized Spectral Emittance from 4 to 14 um
III - Wavelength Dependence of Polarized Bidirectional Reflectance
The ERIM number for Volume I of this report is 192500-1-T(I).

iii




PREFACE

Under contract commitments with the Air Force Avionics Laboratory (Con-
tract F33615-70-C-1123), a bidirectional reflectance model was developed to
predict reflectance from rough surfaces as a function of the zenith and azimuth
angles of source and receiver, given a set of input parameters derived from
limited measurements. It was observed, however, that the model required
further extension to account for anomalies in the comparison of measured data
with calculated model predictions. Specifically, it was determined that the model
would be more accurate if it could account for a non-Lambertian, non-specular
component of the reflectance which was assumed to result from scattering within
the target material. Extension of the model to take the non-Lambertian angular
dependence into account was carried out under this BRL contract, as well as
coding the model in Fortran IV and validating it.

This extension of the bidirectional reflectance model plus other extensions
performed under the AFAL contract have considerably improved the fit between
model predictions and measured data.

The work done under this contract with BRL has been combined with the
work done under the Air Force contract to form a unified model. Therefore,
for completeness, the AF-sponsored part of the model is included in this re-
port.
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POLARIZED RADIANCE
Volume I

Polrrized Bidivectional Reflectance with Lambertian
or Non-Lambertian Diffuse Components

10 April Through 31 December 1972

INTROD%JCTION

A model for predicting the radiance at a remote sensor must include the spatial, spectral,
and polarization characteristics of the bidirectional reflectance and directional emittance with
respect to target and background surfaces. In principle, the directional reflectance and di-
rectional emittance properties of materials must be known for all source and receiver angles,
polarizations, and wavelengths. A Lambertian assumption may be valid for some types of
backgrounds, but for most man-made targets is scarcely adequate. Measurement of all spatial,
polarization, and spectral characteristics of the bidirectional reflectance and directional emit-
tance for a large number of material samples is impractical. Even if such measurement were
performed, the data could not all be stored efficiently enough to make it accessible for digital
computations. Clearly, an empirical model is required to approximate the bidirectional reflec-

tance and directional emittance properties from a limited number of measurements.

The bidirectional reflectance model first developed by the Environmental Research Insti-
tute of Michigan (ERIM) for the Air Force [1, 2] is described in this report. The model accounts
for effects that produce both specular and diffuse components. In particular, a surface model
relates bidirectional reflectance for all source-receiver angles and polarizations to fixed
bistatic measurements and a Brewster angle measurement. The model has been extended
under this contract to enable calculation of either a Lambertiandiffuse component or a non-
Lambertian diffuse component. The latter component accounts for angular and depolarization
properties arising from internal scattering effects. Qur extension of the bidirectional re-
flectance model has considerably improved the fit between model predictions and measured data,

as will be shown in Section 6.

As it now stands,the model permits gencration of un enormous amount of bidirectional re-
flectance data from a very small amount of measured data. The accuracy shown in Section 6
on Model Validation indicates that the model is very effective, although it can still be improved,
particularly at large receiver zenith angles. With the ability to account for elliptical (partic-
ularly circular) polarization now built in, the model is available for use with circularly po-
larized sources, if these sources prove useful in the future,

In this report, we compare measured data with results computed from both the initial
model and from the extended model,and then evaluate the relative performance of the two. We

1
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establish a domain of vulidity for each, based on material properties. Since the modeling is
crupirical, onty a limited amount of measured data are required as input parameters. In this
case, the parameters are the fixed bistatic data.

All modeling described in Volume I of this report was performed with respect to one wave~

length, A = 1,06 im.
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2
BIDIRECTIONAL REFLECTANCE
One physical property which can be measured directlv from a sample of material is bi-
directional reflectance. The physical definition is
6L (6, ¢ )
' . - ____I_‘_ T r
P (Oi’¢i’ 6..9.) = OEiW (1a)

where OEi(f)i, d).l) is the incremental irradiance (power per unit area) impingent on the surface
of a material fromthe direction(()i, ¢i)’ and Lr(()r, ¢r) is the resulting increment of radiance
(power per unit projected area per unit solid angle) scattered from that surface in the direc-
tion (Or, ¢r). Figure 1 illustrates the situation. The bistatic angle, 23, is that angle between
the vectors which point to the source and the receiver respectively.

Equation (1a) canbe rewritten interms of directly -accessible experimental parameters as

oPr
GA cos A_0Q
p'(6,,8;5 0.8 = ——5# (1b)
A

where CiPi is the power, inwatts, incident from the direction (Gi, d).l) on the small area 0A, and
OPr is the resulting power scattered into the small soiid angle GS?.r in the direction (91_, ¢r).

When polarization dependence is to be shown, subscripts are appended tothep'term. Thus
when we writep(’riar, the leading subscript,ai, describes the source polarization while the trail-
ing subscript, a. describes the receiver polarization. The source polarization, always re-
ferred to the plane of incidence, describes the polarization state of the electric field vector.
The appended subscript symbols Il and | indicate whether the source electric vector polariza-
tion is parallc: to or perpendicular to the incidence plane. The reflected electric field polariza-
tion state is specified by the same symbols, but here the reference plane is that reflectance
plane defined by the sample normal and the direction to the receiver. {For example, pi" re-
presents reflectance measured when source polarization is perpendicular to the incidence
plane and receiver polarization is parallel to the reflectance plane.) Notice that when either
the source or the receiver, or both, are scanned in angle over the sample, the incidence and

reflectance planes change orientation with relation both to the sample and to each other.

Bidirecticnal reflectance depends on the physical properties of the material as well as on
the geometric state of its surface. Different surface states result in different reflectances.
Hence, a complete collection of bidirectional reflectance data for any single material would
require measurements of a large number or samples of the material, each with a different sur-
face state. Each sample would have to be measured with several source-receiver polarization

combinations. Consequently a very large number of source and receiver positions would be
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required for each set of polarization states. Finally, the entire procedure would have to be
repeated at many different wavelengths. The purpose of modeling is to predict reflectance
data from only a limited number of measurements and hence elirainate the need for an other-
wise unwieldy measurement program.
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BACKGROUND INFORMATION

The bidirectional reflectance model is bascd on observations of polarized bidirectional
data from rough, painted surfaces which exhibit a Brewster ungle (Feesnel-like behavior in
relation to the specular geometry). The degree of depolarization appeurs slight, and on that
basis for the initial modeling work in this program single specular reflection from the rough
front surface was assumed to be the dominart reflection mechanism. Multiple front-surface
reflections and internal scatterings were observed to be smaller and werc initially incorpo-

rated intoc a Lambertian "volume' model to account for the diffuse component.

The assumption that the diffuse component is Lambertian, however, makes it difficult to
account for certain anomalies that occur when measured data are compared with the model's
output. For example, Fig. 2 is a bidirectional reflectance curve showing the reflectances at
the receiver as the receiver scans over zenith angies from 09 to 90° in the ¢r =0° and ¢, = 180°
half planes. The source remains fixed at ui = 40° and ¢i = 180°, The upper curve shows re-
flectances when source and receiver are both linearly polarized at the same polarization angle
with respect to the target-incidence and target-receiver planes. (In this case, both are per-
pendicular-polarized.) The lower curve shows reflectances when source and receiver are
cross -polarized with respe-t to one another. (Source is perpendicular-polarized; receiver is
parallel-polarized.) Note the marked angular dependence in the lower curve. If the nonspecular

component were truly Lambertian, no such angular dependence would be present.

Also, although radiation sources in this work are all linearly polarized, future work may
well involve more general cases. Therefore, the model should account for the most general

type of polarization —namely, elliptical.

For the above reasons, and in order to obtain a closer overall correspondence between
model prediction and measured data, the model has been extended to account for the following:

(1) possible non-Lambertian angular dependence of depolarized component
(2) shadowing and obscuration produced by the roughness of the surface

(3) elliptical polarization

The model —a phenomenological one in that its use requires alimited number of meuasure-
ments —is described in the next two sections. Section 4 includes a discussion of specular re-
flectance from the surface, effects caused by shadowing and obscuration resulting from surface
roughness, and polarization effects. Section 5 describes the volume model.
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4
SURFACE MODEL
In this section, we review the surface model and also discuss the interference effects that

necessitated model modification.

4.1. AVAILABLE AREA

If the rough surface is considered to be made up of small sequins having a distribution of
orientations, there will be some specular reflectance at any receiver angle and the extent of
that reflectance will be determined in part by the amount of surface oriented for specular re-
flection at that receiver angle. (The area available for such reflection will also depend on how
some sequins shadow or obscure others.) Since measurements do, in fact, show a reflectance
distribution over the hemigphere, we assume that the above description is valid and that there is,
indeed, a distribution of surface areas which have normals pointing in different directions. There-
fore, to establis. -.«- listribution of available surface area, we define a density function =Z(#6, ¢)
which describes the re¢d.iive density of local surface normals (per steradian) pointing in the
direction (9, ¢).

The effect of the distribution of surface normals is measured by a zero bistatic measure-
ment in which 9.l = U, and ¢i 0. (Note that we really use a fixed bistatic scan with a small
bistatic angle. A true zero vistatic scan would be very difficult to obtain since source and
receiver obviously cannot occupy the same position.)

4.2. FRESNEL COEFFICIENTS

Fresnel reflectance coelficients describe the reflectance and polarization of specularly
reflected radiation as functions of source and detzctor positions and of the complex index of
refraction. However, since we are trying to find reflectance as a function of source and de-
tector positions only, we must know —or be able to determine —the index of refraction. (As
discussed later in this section, we can determine the index by measuring the Brewster angle.)
Since, in the surface model, we consider only single, local specular reflections, the Fresnel
equations automatically account for polarization.

If the receijver subtends the solid angle O'Qr from the sample (see Fig. 1) the solid angle
6Q, in which local surface normals must lie to permit collection of the local specularly re-
n
flected radiation by the receiver is given by:
OQr
6Q = -—— cosf (2)
A 4

This solid angle is centered about the direction ( L ¢ﬁ).
\'n
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Let <‘5Pi be power incident on area 0A. The fraction of surface area, 0A (9 , qu), which
reflects radiation into the receiver is given by n
0'A<9 o >=E<9 b )O‘AOQ (3)
i A i f f
The power incident on 6A<49 , ¢ ) is
. A n
O'A(H . >
. i fi/ cosg «@)
OP, 0A cos 6,

Since the Fresnel reflectance, R(3), is just the ratio of reflected power to incident power, then

6A(9 , ¢

A)
‘D RaVED n' cosf
OPr - R(’3)01:‘1 0A cos Hi (5)

GPr
0A cos Brdﬂr
Recall that in Eq. (1b): p'(ﬂi.qsi; Gr,¢r) %P Substituting Egs. (5), (3) and (2):
i
( A
RE)Z(6 . ¢ )
‘i
4 cos 6, cos A_
i r

p'(Bi,dxl; B9 = (6)

By considering the case when source and receiver are in the same position, i.e., a zero
!/
bistatic (3 = 0) case, Ekc’? ) ) can be determined. In this situation

R(O)= (9/\, ¢ﬁ>
p'(eA.qu; 2 .¢/) - 1 ' (M
nn nn 4 cos 8

4p'(‘°, ,¢, ; 9/\ ,dbﬁ) cos2 aﬁ

Z(h, ) = (I} (8)
Now substitute bark into Eq. (6) and
p'(u/\ - J ] "”,\) 0032 f
p'mi'd’i; Hr'¢r) - %?(% . cfs Hlﬁco: Hr B )

Equation (9) is an expression for the bidirectional reflectance given in terms of measured
data and Fresnel reflectance coefficients. However, to evaluate the Fresnel coefficients so
they can be used in Eq. (9) takes a little work. For example, R(3) is a function of the real and
imaginary parts of the complex index of refraction, n' = n - ik (see Ref. 3 or Appendix III).
Therefore, n and k must be found before R(3) can be determined.
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Morcover, k is taken to be very small* so that n can be determined expe cimentally by mea-

, and then using n = tan ¢_ to solve for n.

suring the Brewster angle, 9 B

B
4.3. SHADOWING AND OBSCURATION
Referring to Eq. (9). we can derive a zero bistatic curve, p'(6, ,¢ ; H,\,¢,\\, from a p'(()itbi,
n n o n nJ

f;rzpr) curve with Hi’ q»i fixed and o variable by inverting the equation so that

(0.¢.0. ¢ ) cos 6, cos 8
. _R(O)p((ll!‘r i r
n (Hf.(b/\‘ 0/\ ¢/\> - R(B) 2 (10)
nn nn cos U»
i

after doing this for a variety of Hi's. we found that the curves obtained differed systematically
from those obtained from a fixed bistatic measurement. Apparently, because of surface rough-
ness, sone sequins shadow or obscure others; this reduces reflectance everywhere exceptvat

a purely back-scattered position. The model must therefore be modified to correct for such

.

interference.

Torrance and Sparrow [4] have developed an analytical function that helps correct the sit-
uation; however, we have constructed our own function using empirical considerations only.
Our function results in better agreement between measured and derived fixed bistatic curves

than does the analytical function of Torrance and Sparrow. The empirical function (SO) is de-

fined as:
9\
n_-23/t
1-qe 1
SO = - - (11)
@ ] ¢n r)i
1.4 \legg

where  and 7 are parameters, and «bn is a factor calculated from the geometry, which adjusts
the fall-off rate of the shadowing and obscuration function in the forward-scattered direction.

*For the calculations in this study, results of past measurement programs [1] were
used to establish the refractive indices. In those programs, it was determined that the
magnitude of the total index of refraction was close to 1.65; that the imaginary part of the in-
dex of refraction could be neglected, compared to the real part; and that the index of refraction,
for the wavelengths of incident radiation under consideration (1 to 4 gm), did not vary apprecia-
bly.

10
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We now modify Eq. (9):

p'(ﬁﬁ,tb\; H ,¢/\)cos2 "
, . ~R{g) nohon n
p (‘)i'(bi’ ”r’¢r) " R(0 cos t)i cos Hr (50) (12)

Equation (10) becomes

R(0)P (()i,¢i; Ur’¢r) cos ei cos Hr

p'(e b 36 ¢ = 7 13
VA h f ﬁ) R(3) (cosz Hﬁ)(SO) a3
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VOLUME MODELS

The following discussion outlines the reasoning behind the extended portion of the bidirec-

tional reflectance model. (The extended portion is referred to as the ''volume' model.)

Different materials with varying degrees of surface roughness and different optical prop-
erties show differences in nonspecular reflectance behavior. These differences show up in the

extent to which the nonspecular reflectance is dependent upon angular position of the receiver.

To make provision for materials that do exhibit such angular dependence and for those that
do not, two volume models are used. The following discussion describes, first, a Lambertian
volume model which has no angular dependence, and then a non-Lambertian volume model in

which angular dependence is important.

5.1. LAMBERTIAN

In addition to Fresnel reflection from a surface, other effects such as might take place be-
neath the surface can produce a nonspecular reflectance component everywhere in the hemi-
sphere. If the surface roughness as well as the absorption properties of the surface are right,
this volume reflectance may be completely diffuse and uniform over the hemisphere. Moreover,
the reflected radiation will be totally depolarized, regardless of the polarization of the source.
Thus, if the receiver is polarized in the orthogonal direction to the source polarization, an in-
plane measurement will represent the volume component only. However, only half the volume
component is actually represented, since there should be an equal diffuse contribution polarized

in the same direction as the source.

The Lambertian volume component is one of the input parameters for the model when a
target material with Lambertian reflectance properties is considered. A method whereby values
for this parameter may be extracted is described in Section 6.

5.2, NON-LAMBERTIAN

On the basis of the Lambertian diffuse model described above, no angular dependence
would be expected for the diffuse component. However, for some materials, actual measure-~
ments show that there is an angular dependence. To provide for the angular dependence of the
diffuse component, the model has been extended by including scattering that takes place beneath

the surface.

Assuming an exponential scattering function as the radiation first enters and then leaves
the surface, and making reference to Fig. 3, we construct an expression for the volume scat-
tering component of the bidirectional reflectance as {ollows:

12
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= jrradiance at surface of area AL’ where A.I. is the area of cross section of the colli-
mated beam and is normal to the beam

E. = irradiance on surface element of area A

E. - irradiance on surface of slab or area A at distance z beneath surface

L_(3) = radiance scattered from primary beam through 23 in direction of receiver
i = half of angle between target-to-source and target-to-receiver vectors
0 = total scattering cross section (ignoring absorption)
a(3) = differential scattering cross section with respect to 3, i.e., f0(3)dQ2= [do/dQRdQ =0
Q = solid angle subtended at target by receiver, assuming a point target
4. = angle of incident beam relative to fixed z axis

(/r = angle of reflected beam relative to fixed z axis

The objective of the following calculation is to determine that portion of the primary beam
scattered from distance z beneath the surface through an angle 23 toward a receiver which sub-

tends solid angle Q.

First, the bidirectional reflectance defined in Eq. (1) is now p' = Lr/EO with respect to the
slab (see Fig. 3). To determine EO:

Al = A cos " (14)

P P cos 4,

Al/ cos Hi A.l

E ._gz = E| cos 0, (15)

0

where P is the power at surface of area A.
The irradiance incident on the slab at distance 2z beneath its surface is:

~gz./cos "
E - E,e - E,e (16)
where ( - z cos "i' Hence

-02 co8
Ei E Eio cos e (17)

and
=04 cus 1

- X i
dt:i = =B 0t dz (18)

where dEi is the amount by which irradiance decreases in going from distance z to distance
-0z co8 ¢ -0z/cos8 ¢
2 + dz heneath surface. Note also that e and e represent the scattering

loss from the beam onr the way in and on the way out of the material, respectively. To deter-

mine Lr'

14
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1

= LrAQ ; €08 er = power at the receiver (19)

radiance scattered, in direction of receiver, from one small slab (20)

dLr
of thickness dz

Radiance from slab in direction 8 (or 8) can be written:
dL = -dEio(B) (21)

since 0(3) is, by definition the fraction of beam scattered into 23. Note that (since we are ignor-
ing absorption) irradiance lost from the incident beam is the radiance of the scattered beam;
therefore a minus sign precedes dEi' Hence, if there is no further power loss

dP = -AQ dE.0(8) (22)

However, power loss caused by beam scattering occurs on the way out as well as the way in;

-0z/cos6
the loss is represented by (e )on tne way out.
Therefore
-az/cos 0, A -0z/cos 8,
dpr = -AQI' 0’(_8)9 dEi) = -(m;nra(ﬁ)e dEi (23)

Substituting the expression for dEi’ Eq. (18), into Eq. (23), we obtain:

-oz/’coser
-az/cosei Alo(ﬁ)e
dPr = Elooe o8 81 Qrdz (24)
0
E A Q
~ N a(3)

Py I 4P, * —Cos 6 [_1_, 1 (25)

cOS 6i cos

0 i

where the integration from 0 to « assumes no transmission of power through the material, i.e.,
the material has effectively an infinite thickness with respect to transmission. Therefore

P E.LOO(B)

= r -

Lr " A cos z)rQ - cos @ T . 1 (26)

r & Yr\cos 0, ' cosd

r

and
p':’f'{: a(ﬁ) 1 =( 900” ) 27
E 1 co8 +cO08 ¢
0 cos 0‘ cos "r cos al ¥ cos Br) i r

15
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In ignoring the finite thickness of the layer of material, we have also ignored the possible
specular reflectance of the bottom surface. To account for the possibility of specular reflec-
tion from the bottom layer, it may be useful to provide a parameter function peaked near
8, =0. Therefore, we include all 38 dependence in a function f(3), and all 6, dependence in a

n n
function g((),\ ), and write
n

pvf(B)g(eﬁ)

cos 9. +cos 6 (28)
i r

pr=2

where f(3) and g(OA)provide freedom for empirical adjustment, The constant, Py regresents
n

the value of p' when Hi = Hr = 0 and f(8) = g(g,\)z 1.
n

16
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6
MODEL VALIDATION
Use of the bidirectional reflectance model requires a limited amount of measured data
(namely the zero bistatic measurement} from which complete sets of reflectances can be cal-
culated. The results of these model-calculated bidirectional reflectances can then be com-
pared to corresponding results of actual measurements. This was the procedure we followed

to validate the model.

Model calculations and measured data were compared in terms of p' (the reflectance), a or
zj/r (the angle of polarization for the beam after reflectior from the target), and P (the percent-

age of polarization of the reflected beam).

Measured data for materials of different properties (color and roughness) were used to
demonstrate the model's performance. The materials are designated as A0201§-001,
A02018-002, and A02100. Material A02018-001 is a green paint and material A02018-002 is a
tan paint. These materials were supplied by the Army Ballistic Research Laboratories for the

purpose of developing the non-Lambertian diffuse component of the madel.

Measured data for materials A02018-001 and A02018-002 were used for the fitting since
it was felt that two surfaces of extremely different properties (color and roughness) would be
necessary to demonstrate the performance of the model. Measurements on material A02017 -
001 show that the bidirectional reflectance very closely resembles that of material A02018-001.
Therefore, sufficient information was developed in validating the model with material A02018-
001 to permit assignment of parameters to material A02017-001 as well. Additional validation
was performed with respect to A02100 (so:l) and discussion is included. Model parameters are
listed in Table I. (See Section 7 for definitions of model parameters.) The overall discussion
of the model fitting is divided into five parts:

(1) p' for A02018-001

(2) p' for A02018-002

(3) polarization angle (o or ll/r) for A02018-001

(4) percent polarization (P) for A02018-001 and A02018-002

(5) p' for A02100

In what follows, the orientation of the source polarizer in the measurements of materials
A02018-001 and A02018-002 was not actually perpendizular, parallel, nor at 45° to the plane of
incidence but instead was offset by 5% in each case. Specifically, the appropriate correspon-
dences, shown in TableII, should be recognized. These shifts were taken into account when
the validation calculations were made on the computer; however, we continue to refer to 'per-

pendicular,” "parallel,” and "g5°

17
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TABLE I. MODEL PARAMETERS FOR SAMPLE PAINTS

Material
Parameter A02017-001 A02018-001 A02018-002

n 1.65 1.65 1.65

k 0 0 0

Pyl -=-¥ -—-* 0.044
P2 - - 0.044

P, .0064 0.007 0.05**

T 15 15 15

Q 40 40 40

£(3) 1 1 1

g(OA) 1 1 1
a

A . 2 - - -
p<o/\'9/\’ OA,9A>cos 0/\ -——- — ——-

Py 1.06 pm 1.06 um 1.06 um
*This material is run with the non- Lambertian volume model; therefore
px values are not necessary.

**Material 2018-002 was run with the Lambertian volume model; there-

fore ry should not be used.

TABLE II. TRUE SOURCE POLARIZATION ANGLES

Receiver Nominal Angles
Azimuth
Plane 1(0%) 1(90°) +45° -45°
0%-180°
30°-210° 5° -85° -40°
60°-240" |
90°-270° 5° +85° +50°
. . 0o o] Q
Fixed Bistatic 5 +95 +50

6.1, RE} LECTANCE FOR SAMPLE MATERIAL A02018-001

Material A02018-001 is a green painted surface. The zero bistatic measurement with 5°
polarization angle (i.e., almost perpendicular polarization) is shown in Fig. 4. (The zero bi-
static data with parallel-polarized source, although not shown, have identical characteristics.)
The zeéro bistatic plot is sharply peaked at 00, falling off rapidly to a constant value at about

18
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20°. In all receiver polarizations, p' shows an angular dependence clearly departing from

Lambertian behavior. The table of values for p' (B/\»’d’/\; 0/\,45/\)0032 ¢, used in the model
nn nn n
was obtained from this measurement by reading off pJ'_ iand p'L 0 at each angle and then calcu-

lating (pi.L - ill ) 0052 N where 0/\ is the angle that the normal to the reflecting facet makes
n n

with the fixed z-axis. In zero bistatic scans, f)i = Gr = 6/\ (see Fig. 1). (Physically the source
n
and receiver were separated by 1.8°. Thus, both were 0.9° trom the true GA. In the calcula-
n
tions, the axis was translated to bring the x-axis into correspondence with ¢ = 0.) The sub-

n
traction, pil - pi i eliminates the diffuse contribution which would distort the value for

‘o .6 ;6 ,¢ )whichis what must be measured (recall Eq. 9).
Ve "a .

In Figs. 5, 7, 9 and 11, * plots of measired data are shown for 8, = 40, ¢. = 180° and where
Gr is scanned in azimuth planes representcd by ¢, = 00, 1800; 900, 2700; 300, 2100; 600, 240°,
Each measurement plot is followed by plots of data generated, respectively, by the Lamber-
tian model with no shadowing and obscuration factor, by the non-Lambertian model with no
shadowing and obscuration factor, and by the non-Lambertian model with the shadowing and
obscuration factor. For example, Fig. 6 shows the calculated p' data for Bi = 40° and Gr as
scanned in the 0° and 180° azimuth planes for the above variations of the model. The simu-
lated source is taken to have a "'perpendicular’’ polarization angle. In these in-plane scans
(¢r = Do, 1800), the main peak is in the 0° azimuth plane which is the forward direction for the
source angle of ¢i = +180°. Note the rise (in the plot of measured data) at large zenith angles
for the cross-polarized component. This is a characteristic which suggests the need for the

non-Lambertian volume model.
Surface Plus Lambertian Volume Model with No Shadowing and Obscuration Cerrection.

Figure 6 plots (in solid lines) the model calculation using the surface model plus the Lamber-
tian volume model with no correction for shadowing and obscuration. The following charac-

teristics should be noted:

(1) In the ¢ = 0 (forward scattering) azimuth plane, the model fits the measured data
very well between Ur =0 and Ur = 50° for matched polarization of source and receiver,
At “r = 600, the calculated curve suddenly diverges. This is thought to be the result
of the failure to account for shadowing and obscuration as discussed earlier. At Hr
- 0° and on into the backscattered (qbr = 180°) direction, the calculated values lie
above the measured values and this, too, is believed to be the result of the lack of a

shadowing and obscuration correction.

(2) In the cross-polarization component (lit), the model predicts a flat response except
for a slight hump under the specular peak. The measured data, however, show a

clear angular dependence on Hr

*Ncte: On all reprints of original computer plots, the symbols 01_ and ¢ r are represented

by GR and d’R respectively.
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With the exception of these two characteristics, however, the surface plus Lambertian volume
model with no shadowing and obecuration correction fits the measured data fairly well.

Non-lambertian Volume Model with No Shadowing and Obscuration Correction. The dotted
lines in Fig. 6 show a model plot using the same parameters, except that the non-Lambertian

volume model is now used. Keep in mind that one may use the non-Lambertian volume scat-
tering as a model by itself or in conjunction with a specular component. The latter is used
here. In the like-polarized component, nothing has changed from the previous case. However,
the cross-polarized component now fits the measured data much more closely. It rises steadily
at large angles, both in the back-scattered and forward-scattered directions —a result of
1/(cos b‘i + Cos Gr) dependence shown in Eq. (28) for the volume model. However, the response
for the like-polarized component does not drop sharply enough at either side of the peak, and at

high angles in the forward-scattered direction, the awkward divergence still appears at 66°.

Thus, the non-Lambertian volume model improves the cross-polarized fit (with respect to
material A02018-001) over that of the Lambertian volume model and, apart from anomalies at

high angles and near 00, provides a reasonable fit to the measurements.

Non-Lambertian Volume Model with Shadowing and Obscuration Correction. The dashed-

line curves in Fig. 6 show results with the shadowing and obscuration correction applied to the
non-Lambertian volume model calculation. The cross-polarized component is unaffected. The
net effect on the match-polarized component is to reduce the reflectance everywhere except at
the specular peak and at the direct backscattering peak (i.e., at 3 = 0). In particular, it lowers
the forward-scatter contributions beyond 500, bringing the model closer to measured data in

this region. Overall, the fit obtained using the volume model with a shadowing and obscuration

correction agrees closely with measurements.

The foregoing discussion applies to "in plane’ receiver scans -—those in the ¢r =0 and
¢r - 180° azimuth planes. The azimuth plane perpendicular to the 00, 180° plane is the 900,
270° plane and is referred to as "'out-of-plane'. The plane we are in or out of is the plane of
incident beam and target normal, or the target incidence plane. (See Fig. 1.)

In Fig. 7 we have the plot of measured data for the out-of -plane situation with perpendicular-
polarized source again. In this case, however, the incidence plane is perpendicular to the re-
flection plane. At b = 0, therefore, ”il“‘ plane is the same as pi " out of plane. For this .‘
reason, the reflectances of match-polarized and cross-polarized components seem to exchange ;
behaviors in the out-of -plane configy ration, as is verified by the plotted measurements as well '
as by the model calculations, Figure 8 presents plots of a Lambertian model without the shad-
owing and obscuration factor, a surface plus non-Lambertian volume model without the shad-
owing and obscuration factor, and the surface plus non-Lambertian volume model with the
shadowing and obscuration factor. As before, it is apparent that the use of the non-Lambertian
volume model plus the shadowing and obscuration factor improves agreement between model
and measurements so that, apart from a possible overall scale factor, the agreement is within

measurement fluctuation, 23
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For additional validation, plots are shown for the 300, 210° azimuth planes (Figs. 9 and 10)
and for the 600, 240° azimuth planes (Figs. 11 and 12). The characteristics of calculated and
measured curves, apart from a scale factor, are in excellent agreement. Figures 13 through
20 represent similar comparisons for the case when the source polarizer is set for -45° (in
the Oo, 180° azimuth plane) and set parallel (in the 300, 2100; 600, 240°; and 900, 270° planes).
Measured plots are presented with the calculated plot to represent the surface plus non-
Lambertian volume model and to include the shadowing and obscuration factor.

6.c. REFLECTANCE FOR SAMPLE MATERIAL A02018-002
Material A02018-002 consists of a tan painted surface.

Based on the zero bistatic scan, Fig. 21, material A02018-002 appears to be somewhat
brighter than material A02018-001. Whereas the non-Lambertian volume model was clearly
the best choice for material A02018-001, it is not in the case of A02018-002. In this latter
case, the best choice is the Lambertian model.

The lack of angular dependence in the reflectance of the cross-polarized component could
have a number of explanations. Multiple scattering increases for rougher surfaces. Since such
scattering may not be angular dependent, it could become a large enough factor to swamp the
angular dependence which is otherwise present. Moreover, the difference in color between the
green and tan certainly alters the absorption and, consequently, can alter the angular dependence
as well,

In any case, the appropriate model to use can be determined by looking at the cross-
polarized component of the fixed bistatic scan. U a clear angular dependence is present, the
non-lLambertian model should be used. But if there is little or no apparent angular dependence,
as with material A02018-002, then the Lambertian model is more appropriate.

In Figs. 22 through 29, plots are provided for different azimuth planes, beginning with the
plot for measured data, followed immediately by the corresponding plot from model calcula-

tions. In this group of illustrations, Figs. 22 through 25 represent perpendicular source po-
larization, while Figs. 26 through 26 represent a source parallel polarization for the 0°, 180°
azimuth plane and for the 900, 270° azimuth plane.

In all cases the fit appears to be excellent, except for occasional anomalies at large azi-
muth angles. Further modification of the shadowing and obscuration factor should decrease
these present anomalies.

6.3. POLARIZATION ANGLE (Wr)FOR SAMPLE MATERIAL A02018-001

The reflectances of the perpendicular and parallel components of a linearly polarized
beam vary as functions of the source-receiver angles and the index of refraction of the target
material. (See, for example, the Fresnel equations, Ref, 3.) Based on observations, the index
of refraction varies little over a wide range of paint surfaces. For the particular materials
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covered in this report, the variation is considered to be zero. Therefore, for these surfaces,
polarization angle is essentially a function only of source-receiver positions.

As additional validation for the model, predicted polarization angles are compared with
polarization angles extracted from the measured data. Figures 30 through 33 show plots
obtained for the 0°, 180%; 90°, 270°; 30°, 210°; and 60°, 240° azimuth planes. Measured data
represent material A02018-001. In all cases, agreement between measurements and calcu-
lations is excellent, with the average disparity not more than 109%. In particular, the dramatic
agreement between measurements and model in the 300, 210° and 600, 240° azimuth planes
constitutes powerful verification of the model and affirms its usefulness in arbitrary source-
receiver positions.

6.4. PERCENT POLARIZATION FOR SAMPLE MATERIALS A02018-001 AND A02018-002

Percent polarization (P) validates the ratio of surface -to-volume contributions to reflec-
tance. Percent polarization depends on both polarized reflectance and angle of polarization,
both validated in earlier sections of this report. In this section, we compare model predic-
tions with percent polarization values extracted from measured data.

Figures 34 and 35 illustrate degree of polarization for scans of material A02018-002, for
perpendicular and parallel sources, respectively. The validity of the model is supported by
the close correlation between the behavior of values extracted from measured data and those :
calculated with the model. "

Additional confirmation of the model is provided in Figs. 36 through 38 where percent
polarization plots are given for material A02018-001 in the 0°, 180° and 900, 270° azimuth
angle planes.

6.5. REFLECTANCE FOR SAMPLE MATERIAL A02100

Here the material was a soil specimen. The fixed-bistatic scan (see Fig. 39) indicates a
strong angular dependence in both the like~-polarized and the cross-polarized components and
no specularity. Moreover, the angular dependence in the fixed-bistatic scan looks very much

. 1
like the W dependence in the non-Lambertian volume model. However, in the or

scans with A held fixed, the angular dependence is no longer typical (see Figs. 40, 43, and 46).

Since there is no apparent specularity in the measurement data, the model was run 8o as 3
to consider only Lambertian or non-Lambertian components, with no specular component. Qur
validation was done with a perpendicular-polarized source for tii =09, 20°, and 40°, respectively,
and Gr scanned in-plane. For each 01. the measurement graph is given first, followed by the
graphs of the non-Lambertian model and the Lambertian model. Note that in sclecting Py
value for the Lambertian model, we must take an average of the cross-polarized part of the
fixed-bistatic. Therefore, this value is slightly higher than the Py used in the non-Lambertian
model. (Section 7 describes how to select parameters.)
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For the Gi = 09 case, note that the measured data (see Fig. 40) lacks the characteristic
angular dependence of the non-Lambertian model (see Fig. 41) — in fact, the graph falls off
below the Lambertian graph (see Fig. 42).

For the Gi = 20° case, the measured data (see Fig. 43) shows an upturn at higher ar values,
which is more consistent with the non-Lambertian model. In fact, the non-Lambertian model
prediction (see Fig. 44) shows much closer agreement than in the F)i = 00 case. The Lambertian
calculation (see Fig. 45) once again appears to be taking a rough average. The situation for
8, = 40° (see Figs. 46-48) is very similar to that for 6 = 200.

Behavior of the fixed-bistatic measurement data indicates that the non-Lambertian compo~
nent should dominate. However, at small values of oi the accuracy is not good. It is not abso-
lutely clear where the difficulty lies. One should note, however, that we took the depolarization
to be identically equal to 1. Further modeling to determine the depolarization dependence more
accurately may well resolve the problem. ‘
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7
MODEL PARAMETERS
This scction brietly describes the model saconnetlers thit can be used in the bidirectional
reflectunce program and explains how their vitues ure derived. The choice of parameters for
use in the program depends to seme extent on the mode of the model being run. Basically, the

model is run in three different modes:

(1) Surface and Lambertion volume components
(2) Nos-Lambertian volume component (a0 surtice contribution wuicluded)
(3) Surface and non-Lambertian volume .« viuponents

Theretore, we have grouped the model paramcicers as follows:

(1) Polarization parameters
(2) Surface model parameters
(3) Lambertian volume model paramete.

(4) Non-Lambertian volume model parawcters

7.1. SOURCE POLARIZATION PARAMETERS

The present model has been designed to account for polarization dependence n both sur-
face and volume components,

In the surlace component, polarization is sccounted for automaticully in the Fresnel reflec -
tance coefficients, In the most general case, ~ucn polarization can be elliptical and can be de-
composed intc linear and circular components. 'Y'o date, only o linearly polarized source and
receiver have been used in meassurements. However, fue some applications, circulurly polar-
ized sources or receivers may be of interest. Therefore, in the model, we have provided pro-
gram subroutines which take into consideration the ellipticity and handedness (i.e., direction

of rotation in an elliptically polarizaed source) of poth incident ang retlected beam.,

For voluiie components in both Livuoertiaag ad non-Linuberdan cases, it is assumed that
veflectinee will be deputarized to sonie exten, 1o both cases, 1o fact, we assume total depolar-
ization, Cherefore, although o depolarization octor hiis been inctuded tn the non-Lambertian
volume model for tuture flexibility, we assume DP(3) L,

The source polirization may most generadly be defined as partialty polarized with the po-
larized component elliptically polarized. The state of polarization of tne source will be defined
by its degree of polarization, P, and parameters A, B v, and H w detine the elliptical polariza-
tion of the polurized component, Here, A and B are the mtensiues wlony the semi-major and

semj-minor axes, respectively, The angle ¥~ the angle hetveon the semi-major aas of the
ellipse and the divection normal to the plane ol acidence, measared lovking into the source

beam; ¥ is equivalent to @ except that 0° - ¢ (80% and -90% - 90,

e handediless H
= ¢l

T ———E P KTk K v




The Stokes vectors provide a convenient formalism for defining the polarization state of
the reflected radiance. (Reference [5] provides a general discussion of Stokes vectors in this

context.)
Ip + Iu
I cos 2x cos 2y
s=| P
Ip cos 2x sin 2V
I sin 2
p in 2x

where Ip and Iu are the polarized and unpolarized components, respectively, in the reflected
radiance. The degree of polarization in the reflected radiance is P = Ip/ (Ip + Iu)‘ Angles x
and ¥ define the polarization state of the reflected radiance: V¥ is the angle between the semi-
major axis of the ellipse and the direction normal to the plane of reflection; tan X = +VB/A
where A and B are the intensities along the semi-major and semi-minor axes of the polariza-

tion ellipse and tan X - g for }_‘zgh't_handed elliptically polarized radiation.

The RHOPRIME program produces the Stokes vector S for unit irradiance in the input beam;
the area may also be defined to be unity and then S represents a reflectance Stokes vector. The
program also produces the components of the reflected radiance transmitted with a receiver
polarization analyzer oriented parallel or perpendicular to the reflectance plane for computing

Py APy, |-

7.2. SURFACE MODEL PARAMETERS

n and k. These are the real and imaginary parts of the refractive index. As discussed
earlier in this report, they are used for the determination of R(3), the Fresnel reflectance.
Values for n and k are estimated for the paint surfaces in this study, Moreover, the surface
is assumed to be essentially nonconducting so that k = 0. Based on experience with similar
paint samples, n is taken to be 1.65. For a given sample, n and k can be determined accu-
rately by measuring the Brewster angle and calculaiing n and k as outlined in Section 4 on the
surface model. At the present time the program used, RHOPRIME, does not do this.

7 and . These parameters are us2d in the function which provides a correction to the
program to account for shadowing and obscuration effects resultir from the roughness of the
surface, Values for r and 2 have been selected, base ! on observed characteristics of reflec-

tance properties. They have been established as + = 15 and @ = 40,

p'(ua,qs’\; U/\,@ )cos2 ¢ . One of the quantities in Eq. (8) from which p‘(Ui,tﬁi: vr,osr) is de-

A
nonon
termined is o' fo R c052 t,. As previously discussed, p'(t .o _; v, is obtained from
A A noan n 2 nn nn
from zero bistatic data. Values for p'(erﬁ‘,%‘; uﬁmh)cos ",« must be calculated (preferably for
nn non n

increments of two degrees) and made into a table which < oneé of the mod: | inputs. Values are
provided in Tables II-VI for materials A02017-001, A02018-001, AD2018-002, and A02100.
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7.3. LAMBERTIAN VOLUME MODEL PARAMETERS

Py1 and Pya These are the cross components of polarized radiation used in the model to
account for the diffuse contribution, Pyp =20y and pyy = 2p , where py and/or p | is de-
termined by taking the uverage value of the cr.ss component from the micasured data. Ac-

cording to the reciprocity theorem, p C Py iRef. 6]. It is important to remember that Py

Al
values only used when the volume scatter model is not used. When the volume model is used,
Pa1TPae= 0

7.4. NON-LAMBERTIAN VOLUME MODEL PARAMETERS

Py This represents the non-Lambertian volume scatter component; it is determined by
extracting pi“ or px'u al the point which would iie under the peak of the zero bistatic scan if the
measured curve were smooth; Py - Zpi p 2,)‘;u at the peak point. (The fact that a hump some-
times occurs on the measured cross component curve is discussed in 1he section on Model Vali-

dations.)

Here again, it 1s important to remember that when the Laiabertian volurne model is used,

by v’ 0 and Py = 0. Also,

and N are never simultaneously nonzero i models which have been validated to date.

= 0 and px # 0. When the non-Lambertian volume model is used, o

Py
DP{(,:), £(3), g(é/ \) Integral parts of SUBROUTINE FUNC, these parameters currently are

n
all set equal to 1. They have been included tu provide flexibility for later model modifications.

wd




R A e N T PR, v A

TABLE II. p (Gn,q)n; Hn,¢n) cos

[ -]
>

.

[
CooOS N
e o & e+ &+ s & o ¢ ®
WOYWOWOOOWOOOY

32.9
34.

36.9
38.9
40.9
42.9
44.9
46.9
48.9
50.9
52.9
54.9
56.9
58.9
60.9
62.9
64.9
66.9
68.9
70.9

T e R

2
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I SRt S I A 2 L _.W.N‘“..._.W._,v_,.,,m‘

Gn VALUES FOR A02017-001

2
' ~ ~ s ~ -~ ~
e (en’¢n:e.:¢n)cos en

.14528
08415
.0529

.03705
.03077
.02315
.01829
.01786
01524
01344
.01169
.01091
.01148
.00984
.0086

.00925
.00908
.00815
.00625
.00649
.00664
.00617
.00531
.00465
.00474
.00406
00354
.00291
.00323
.00265
.00224
.00217
.00211
.00205
.00196
.0027
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TABLE IV. p (Gn,¢n;
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« o o 2 s

NV WHOSNNUMWHEONINUVWE OSSN W

Bt b s s b b bt bt et et b b b ft b b b b b et b
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43.1

&
w
—

47.1
49.1
1.1
331
55.1
37.1
5911
61.1
63.1
65.1
67.1

A

6 ,6) cos” § VALUES FOR A02018-001

2

e s d i

2
[+ (en.¢n en’¢n)cos ) 1

.5143 c
.27294 j
.11897 =
.05797

.03291

.02348

.02058

.01614

.0143

.0118

.01151

.01056

.01055

.00924

.00918

.00672

.00708

.00612

.00597

.00578

.00549

.00469

.00459

.00433

.00417

.0046

.00376

.00292

.0023 |
.00179 |
.00168 |
.00132 3
.0013
.00109
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TABLE V. p'(6.,9 ; 6,6 ) cos® 6 VALUES FOR A02018-002

a

71

2
\ -~ ~ s -~ ~ ~
P (en’¢n’en’¢n)cos en

.02497
.02520
.02388
.01975
.02135
.02177
.02335
.02353
.02300
.02243
.02338
.02022
.02056
.01726
.01885
.01966
.01875
.02089
.01882
.01709
.01785
.01604
01545
.01295
.01319
.01434
.01180
.01385
.01190
.00922
.01149
.00869
.00954
.00808
01349




TABLE VL p'(6,9; 6, ) cos’ 6 VALUES FOR A02100
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2
' A‘ ~ .A -~
e (Gﬁ.¢n,0n,wn)008 en

.21399
.16918
.1096

.08454
.05494
.03917
.03869
.02547
.03465
.02112
.02753
.02155
.02261
.01906
.02055
01637
.01799
01778
.01601
.01559
.01337
.01626
.01101
.01054
.00894
.01003
.00898
.00648
.00815
.00701
00470
.00552
.00497
.00387
.00343
.00292
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Appendix I
DOCUMENTATION OF BIDIRECTIONAL REFLECTANCE PROCRAM (RHOPR!ME)
Program RHOPRIME is the main calling program for subroutines to read and store ma-
terials data, perform geometrical calcuiations, compute bidirectional reflectances for any
source/receiver position and polarization, and prepare the output in a convenient format. The
calling sequence, purpose, and calculations performed by each subroutine are given below, fol-

lowed by details on the input data formats.

IlI.1. DESCRIPTIONS OF SUBROUTINES
SUBROUTINE INDATA. This is the first subroutine called. Material parameters needed
for the calculation of bidirectional reflectance are read and stored. Material parameters are

MAT = material specifier

N = n = real part of refractive index
3 K =k = imaginary part of refractive index
RX1 = diffuse reflectance for 1 polarized source

=p
x1
RX2 = Pya = diffuse reflectance for | polarized source

RHOV = Py, = volume reflectance

- SIGMA } parameters available to calculate p' (U,,¢A; 9/\,¢,\) in subroutine FUNC
% RPO nn noan
"‘ TAU = 7(deg)

OMEGA = (deg)
parameters to calculate a shadowing and obscuration factor to be ap-

Ql plied to p' (cos ;iNP) in subroutine FUNC

Q2

RCOSBNP - p'<9 b H,,\,ch) cos? v |
. nn nn n {table of zero-degree bistatic bidirectional reflec-
O BNP = ¢ (deg) tance data

n
TITLE. A title card (optional) is read and used to identify on the printed output the cal-

culations to be performed.

FACET. The source andreceiver arelocated in an earth-fixed, right-handed XYZ coordi-
nate system. The XYZ components of the unit normal vector of the reflecting surface are read
(optional). If the facet definition card 1s nut supplied, the facet unit normal vector defaults to
{0, 0, 1).

COMPUTATION REQUEST. The specification of source and receiver positions and source
polarization for computation of the bidirectional reflectance is read.
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ISW - model selector

TS = zenith angle of source (deg)

PS : azimuth angle of source (deg)

TD - zenith angle of receiver (deg)

PD - azimuth angle of receiver (deg)

A - intensity of major axis of polarization ellipse

B - intensity of minor axis of polarization ellipse

iy

PSI - angle of major axis of polarization ellipse from the normal to the plane of incidence
measured CCW looking into the source, U = PSI = 180 (deg)

-

P - polarization of source (0 ~ P - 1.0)
H = haudedness of polarization ellipse (21.0 or 0.0)

MI - waterial specitier

SUBROUTINE SCAN. This subroutine defines a sequence ol detec.or positions for a speci-
{ fied suvurce position und polarization.

ISW  model selecior

TE - zenitn augle of source (dey)

PS . azumuth ungle of source (deg) 1
E TDS  start zeaith ungle of receiver (aey;
TDE  end zentth angle of recerver (dey)
h‘ TSTERP  zemdh angle scan increment (dey)
] PDS  swart azimutls angle of receiver (avy;
PDE  end azimuth angle of receiver (ae, 1
PSTEP - azuuath angle scan increment e sy
1 *A - intensity or major axis of polarizalion ¢llipse

B measuty of nnor axis of paarization vihpse
PSI  angle of majoer axis of polarization cuaipse 1o the normal o the plane of incidence
eisured COW louKing wtu dee suusce U PSE 150 (dey)
P polurizatuion of source (0 P 1.U)
M handedness of polarization ellipse 1.0 or v vy
Ml material specadaer
angles needed for tihe bidirectional reflectance caleuidtions (see Fig. 49 .,

OR - (U, U. 1)1s a unit vector alony the e th-tixed 4 axis
PS1  the anpgle of the major axis of polaretion ellipsy feow the normal vector of the OR,

E plane easared CCW jookig o e source, 0 PSS 180 wdey)
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BN 1)

B TTEAEEET S U T R WISy AR e e T e e

OR x D
YA TOR% DI
. ExD
XA gl
U - DX K
" IDXE]
OP xE
XAP - TOP X EI
~ OPxD
YAP = {OP x D
COSB - XD

COSBDP - OP-D
COSBEP? - OP-E
COSBNP - OP- X
PSIPE = PSI - SIGN(-XAP - OR)ARCOS(XAP ' Y)
= angle of major axis of polarization ellipse irom the normal vector of the OP, E
plane
PSIDE - PSI - SIGN(Y - D)ARCOS(U - Y)
= angle of major axis of polarization ellipse from the normal vector of the D, E
plane
WADE = -SIGN(-YA - E)ARCOS(XA - YA)
= angle for transforming the output ungle of pojarizauon from E, D plane to OR, D
plane
EDPHI - ARCOS(XAP" YAP) - the relative azimuth angle beiween E and D in the facet
coordinate system
DC - (-SINBEP, 0, COSBEP) - direction of specular ray in the facet coordinate system
D1 - (SINBDP COS EDPHI, SINBDP SIN EDPHI, COSBDP) = direction of reflected ray in
the tfacet coordinate system
N1 DC Op
NZ NAL - DC
DN DI-N4
PHIEN OIF DN - 0 L parameter required in ¥UNCTION FUNC

v 2 - ARCOS(-DN) LF DN - uji

SUBROUTINE GFRM. GFRM does all of e bidirectional reflectunce calculations. The

for shudowing and obscuration

surbroutiue requires:

F - »erivs of switches which can be set (uptional) to reduce the number of redundant compu-
tations when GFRM is used as part of the multifaceted target model

COSB  defined in SUBROUTINE GECM

COSBDP  defined in SUBROUTINE GEOAM

COSHEP delined 1n SUBROUTINE GEOM
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CGOSBNP = defined in SUBROUTINE GHOM

PSIPE = defined in SUBROUTINE GEOM

PSIDE = defined in SUBROUTINE GEOM

WADE = defined in SUBROUTINE GEOM

AP = area of facet (if AP = zero, GFRM returns a bidirectional reflectanc? Stokes vector;
if AP #0, GFRM !eturns a Stokes vector for the reflected radiant intensity for unity
irradiance in the incident beam)

MI = material specifier (available in CCMMOGN)

ISW = model selector (availabie in COMMON;

W = wavelength specifier (zvailatle in COMMON), not used

TABILE = array contait.ing «l11 of the materials properties data read in SUBROUTINE IN-

DATA

GFRM returns the bidirectional veflectance Stokes vector (AP = 0) or radiant intensity Stokes
vector (AP # 0).

I11 = Stokes vector for surface plus Lambertian maodel with polarized source
121 = Stokes vector for surface plus Lambertian ymodel with unpolarized source
113 = Stokes vector for non-Lambertian volume model with polarized source
123 = Stokes vector for non-Lambertian velume model with unpolarized source
114 = Stokes vector for combhined model with polarized source

124 - Stokes vector for combined model with unpolarized source

FUNCTION GETDAT returns the appropriate material parameters for bidirectional re-
flectance calculations, namely N, K, RX1, RX2, RHOV, RCOSBNP, DP0, DP90, F, G.

FUNCTION FUNC provides the optional capability for deriving RCOSBNP analytically (if
SIGMA + 0)and for deriving a shadowing and obscuration correction factor (optional) to the
RCOSBNP used in the specular model. In addition, the depolarization factors DPO(B) and
DP90(B), as well as F(B) and G(BNP) needed in the volume model, are defined analytically.
FUNCTION FUNC currently yields

DPO(B) = 1.0

DP90(B) = 1.0

F(B) - 1.0

G(BNP) - 1.0 g2

S———————

L9 "5 2 |
RCOSBNP  (COSBNP)2RpO|Qle Y %e 2 SIGMA™ [ o RHOV

for BNP < SIGMA
;" __BNP_ \
- (cosBNPIRPO (QIe SIGMA . g RHOV
for BNP > SIGMA
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The shadowing and obscuration facior applied vo RCOSBNP (measured values read during the

input phase of RHOPRIME or defined analyticully in FUNC) is

-2B
1+ BNP__ TAU
OMEGA 1
i +_BNP 'y, PHIEN — BEP
OMEGA OMEGA = OMEGA

(a) SURFACE-PLUS- LAMBERTIAN MODEL CALCULATION

ro. N+ 12 (K% (v2 - cOsB) 4 V3
-1 k% (v2 - cosB)? + V3

- normalized reflectance tor 1 polarized incidence

. . 2 2 . 2
R90 - (V2COSB ~ COS™B - 1)7 V3COb‘_x_3_'

3 p 5 RO
(V2COSB - COS™B + 1)° + V3COS“B

= normalized reflectance tor I polarized incidence

where
va WNZKZ-(NZ-K2~1+COSZB)27(N2—K2_f1+COSZB)
)
l/ 95 92 .2 2 2 2 2 2
vs Van’k® -k -1 cos B - (- k% -1 cos® B)
3

I H 0 the calcutation is made tor a plane polarized source (polarizai.on angle PSI). The

calculation ignores the induced elliptical polurization for K # 0.
T — !
/ R9Q

|
PSiEly  ATAN o - TAN PSIDE - SIGN (COSATAN(N) - COSB)]
)

politrization angle wiun respect to D, E reference plane, after reflection

C 1.af AP 0, then a mdirecaovnal reflectance Siokes vector is computed
C AP COSBLP-COSBDP it AP /U, then u reflected radiant intensity Stokes vector is
cumputed

1) chng)gg];%béBbﬁ (RO - COS®PSIDE + R9U - SIN® PSIDE
. (RX1 COS?PSIPE + RX2 - SIN® PSIPE),

(RcosBNg '
B12) € (GSheR Cosppp (R0 COS” PSIDE - 190 SIN® PSIDF)COS2 (PSIED-WADE)

g) - ¢ |HEUBNE .cos® ps . SIN » . .
1) "[cosm:p cogppp (RO COS™ PSIDE « R9O SIN® PSIDE)SIN2 (PSIED wms]

8

]
3
i
1‘

rm i et e
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. c|/RCOSBNP 1 1 3
121(1) = C_COSBEP T OSBDP 3 (R() + R90) + 3 (RX1 + RXZ)J 3
/ : . c|RCOSBNP 1 . W

g 121(2) = C COSBED COSEDP Z(RO R90) COS2 (-WADE)

3 -

‘: 121(3) - c |REOSBNP L Ro - Ro0) SIN2 (-WADE)

LCOSBI:'.‘P COSBDP 2

If H = +1 the calculation includes the phase difference and ellipticity induced by reflection

for K # 0 and is an exact treatment of the Fresnel equations.

SUBROUTINE ELIPS! (AA, AB, PSIDE, H; AAl, AA2, D) defines the following input ellipti- #
cal polarization parameters: the amplitudes perpendicular (AAl) and parallel (AA2) to the D, ‘
E plane and the relative phase D = ¢ll - ¢] of the amplitudes of the major (AA) and minor (AB)
axes of polarization ellipse; the orientation of the ellipse with respect to the D, E plane;
PSIDE; and the handedness, H.

DR = ¢ - ¢, induced by reflection
FORK =0, DR =0 if COSB < COS ARTAN(N)
-7 if COSB > COS ARTAN(N)

1"

2
- FORK +0, DR = -7 + ATAN [ -2 @lécgs B)Ccz)ss i |
] (1 - COS“B)" - COs"B(V2“ + V3) ;
‘ i ()<0

/
DR = - ATAN k

[}

2 V¥3 (1 - COS°B)COSB
(1 - cos?B)® - cos®B(v2? « v3)

if()>0

The intensities A1R and A2R, and the relative phase of the parallel and perpendicular compo-
nents of the reflected radiance induced by the reflections, are

AIR - A1 RO

A2R - A2 RO

DR:=DR +D

SUBROUTINE ELIPS2 (AAl, AA2, DR, AAR, ABR, PSIED, HR) defines the elliptically
polarized reflected radiance as amplitudes AAR and ABR of the major and minor axes, the
1 angle of the ellipse relative to the D, E plane, PSIED, and the handedness, HR., PSIDE -
{ PSIED-WADE is the angle that the polarization ellipse of the reflected radiance makes with
the normal vector to the OR, D plane.

CHI - HR* ATAN(ABR AAR) is the parameter used to A_fine the ellipticity of the reflected
radiance.
C-1il AP 0O
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C . AP COSBEP-COSBDP it AP 7 0

- .[AR + BR RCOSBNP el . ‘
i) - | Ao R Gossip * (X1 COS” (PSIPE) + RX2 SIN® (PSIPE)]

. [AR + BR RCOSBNP
112) - |45 GOSPED COSEDP COS(2PSIDE)COS(2CHI)]

11(3) - c[‘“ﬁ L BR RCOSBNY o555 SIN(ZPSIDE)COS(ZCHI)}
o) - c[ARBR BOGSBNE s siacn)

121(1) - C[ggs(ggg%osaop -;— (RO + R90) + %—(RXI . szﬂ
1212): C %%SSE%"Z@g@i Z—(RO R90) COS(-ZWADEﬂ

[RCOSBNP _

1213) - C|-GSBEP COSBDP 2

(RO R90) SIN(- 2WADE):|

i21(4) O

(b) VOLUME MODEL CALCULATION
The angular-dependent, volume reflectance model, Stokes vector is given by

. 1 2RHOV-F -G _
H3(1) Cpag(I:550) COSBEBCOSEDP (COs® PSIDE - DP90(1+DPO) +

SIN? PSIDE - DP90(1-DPI0) |

o L 2RHOV - F- G 2 y PO .
U3) C 55567.1,50) GOBBEP Gospop|COS PSIDE: DPSO(1-LPO)

SIN® PSIDE - DP0(1-DP90)| COS 2AD

1 2RHOV - F G 2 ..
133) € Hpgo(1 npP0O)COSBER .cosupp | COS” PSIDE - DPSO(1-LPSO) +

SIN“ PSIDE - DPO(1-DP0)[SIN® 2AD

y: 1 2RHOV - F- G
31 C ol npu) SOSRE P COsBLE 2 PYIUDPU) « DPOUDPSO)]
1232) C ! ZRHOV G [DP9U - DPO| COS(-2WADE)

DPYN(1.DPO) COSBEP .COSBDP ’

1 2RHOV ¥ -

1233) € [ooo(1 155 6) COSBEP. cosmwz ! IDPOU - DPOI SIN(-2WADE)

where

C lfur AP U
C AP COSBEP - COSBDP for AP + v

ou
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The angle of polarization of the reflected radiance, AED, from the normal vector of the D, E

plane is

AED = ATAN I: %g%%_%fg%% TAN(PSIDE) - SIGN(COS ATAN(N) - cossﬂ

and the angle of polarization referred to the OR, D plane is
AD = AED - WADE

SUBROUTINE QUTPUT. This subroutine prints the Stokes vectors for the bidirectional
reflectance (AP = 0) or reflected radiant intensity for unit incident irradiance (AP # 0) for the
surface model, the volume models, and for the combined specular and volume model. Stokes
vectors are printed for a completely polarized source,for a completely unpolarized beam, and

also for a partially polarized beam (polarization defined by the input parameter P).
In addition, several calculations are made with the Stokes vectors. For a bidirectional
reflectance (or radiant intensity) Stokes vector, the bidirectional reflectance (or radiant in-

tensity) for a receiver polarized . or il to the OR, D plane is

_A+B
receiver I 3

_A-B
recejver - 3

where the Stokes vector is of the form:

Onowmy»

The angle of the major axis of the rellected radiance and the percent polarization of the

reflected radiance are also given; they are

(looking into the source, AL > 0 is a CCW angle;

AL = 2 AL < 0 is a CW angle)

1 €l _go-AL-
QATANIB‘ 90 < AL - 90

2 2 2
p . IBECC DT

The output includes TS, PS, TD, PD, P, as well as the input anu output values of A, B, PSI, H
from the surface model calculation (if the input H = 0, the input and output values of A, B, H
default to 1, U, and 0).

SUBROUTINE ELIPSI (A, B, PSI, H: Al, A2, DELTA). The basic equations which relate
two specifications ¢f an elliptically polarized beam (A, B, PSI, H) and (Al, Bl, DELTA) are

tanao - Al A2 0w 72

tan \ - :B.Ator;: -n 4\ 4
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tan 2¢ = tan 2a cos 6

sin 2 - sin 2w sin O

from which we obtain

2 2
S.mz gy . Sin 2)\21 tan~ 2y
1 +tan” 2y

or equivalently
cos8 2w = ¢0s 2 cos 2W

Subroutine ELIPS1 determines Al, A2, DELTA from A, B, PSI, H

LAMBDA - | A% + B2

If B=0, Al - LAMBDA COS PSI
A2 - LAMBDA SIN PSI
DELTA - O when O = PSI " 72
DELTA = a whenn/2 - PSI* 7

Otherwise:

CHI - H- ATAN(B. A)
TI - ;COS 2CHI CGCS 2PSI |
ALPHA - 1 2 ARCOS(-TI)if = 4 PSI" 37 4

= 1/2 ARCOS(T!) if PSI < 7. 4 or ~ 37,4
If ALPHA - 0, Al -  LAMBDA, A2 0, DELTA =0
If ALPHA - @ 4, Al A2 - LAMBDA V2, DELTA - 2CHI if PSI - .- 4,

- H+ -2 CHIAS PSI - 3n/4,

If ALPHA - r 2, Al 0, A2 LAMBDA, DELTA - 0

Otherwise

TI - SIN 2CHI SIN2ALPHA.
MU . ARSIN TI
Al  LAMBDA COS ALPHA
A2 LAMBDA SIN ALPHA
COSD TAN 2PSI'TAN 2ALPHA
If COSD - 0 DELTA - H'MU
It CO8D <0 DELTA H:(v - MU)

SUBROUTINE ELIPS2 (Al, A2, DELTA; A, B, PSl, H). Subroutine ELIPS? determines A,
B, PSI, H from Al, A2, DELTA,
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LAMBDA - [/A1% + A2?

If Al =0or A2 =0, then A = LAMBDA, B =0, H = 1, and
PSI=0if A2 =0
PSI = n/2if A1 =0
If Al = A2, then CHI = 1/2|DELTA|, A = LAMBDA COS CHI, B = LAMBDA SIN CHI, and
H=1if DELTA> 0
-1if DELTA <0
n/4 if CHI < n/4
37/4 if CHI > n/4
If DELTA = 7, A = LAMBDA, B =0, H = 1, PSI = 7 - ATAN A2/Al

I

PSI

H

1

If DELTA =0, A = LAMBDA, B =0, H = 1, PSI = ATAN A2/Al

If DELTA = +1/2, H = +1 if DELTA > 0
-1if DELTA < 0

If A1> A2, A=Al B=A2 PSI=0
If Al < A2, A = A2, B = Al, PSI = 7/2

Otherwise
If Al > A2, ALPHA = ATAN A2/Al
CHI - 1,2 ARSIN|SIN2ALPHA SINDELTA|
LAMBDA = | TAN2ALPHA COSDELTA|
A = LAMBDA COS CHI
B = LAMBDA SIN CHI
H -+ if DELTA , 0

i

ikl

Part 1: 0 < [DELTAI| < 7/2; PSI = 1/2 ATANLAMDA
Part2: 7.2 < [DELTA| < n; PSI = # - 1/2 ATANLAMDA

and
f Al - A2, 0< DELTA - - 2 DSI- . 2-12ATANLAMDA
72 < {DELTA, <n PSI-72+12 ATANLAMDA

I11.2. INPUT DATA FORMATS

The input to the RHOPRIME program is segmented into logical blocks. Each block is ini-
tiated by a block header and terminated by an end card. Blocks may be in any order, but a data
block is assumed to precede any computation request blocks or scan request blocks. If a block
header specifies an invalid hlock types, all input up to and including the next end card is ignored.

DATA TABLES BLOCK. The data tables block specifies all physical characteristics of the
materials to be studied. The block header is one card with the following format:
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Columns Description

1-4 '"TABL'

5-19 ignored

20-25 maximum material index to be expected
26-80 ignored :

The clata tables block is itself segmeanted into material blocks each characterizing one ma-
terial to be studied. Each material block is initiated by a material header and terminated by an
end card. The material header is two cards with the following format:

Card 1
Columns Description
1-4 "MATR'
5-8 ignored
9-10 material index
11-20 n
21-30 k
31-40 P\l
41-50 Lo
51-60 n,
61-70 SIGMA [if SIGMA + 0, RCOSBNP is computed |
71-80 RPO
Card 2
Columng Description
1-10 ignored
I1-20 T
21-30 Q
31-40 Ql
41-5u Q2
51-80 blark

Following a material header, there may be a set of p' data. If present, the p' is a function

of ¢ and the ¢ 's ust be in ascending order. The format is

n n
Colutns Description
1-4 blank or 'ANGL'
5-10 wwnored
11-2u v (deg)
n 2

21-30 p'(ﬁ‘\,vb‘\: v ¢ )coa v

nn un n
31-40 ignored

WARNING: Each naterial block must be ternunated by an end card. The enure daia tables

block must also be terminat>d by an end card.

COMPUTATION REQUEST BLOCK. The computation requests block contains all informa-
tion needed to perform desired computations. The block header is one card with the following

format:
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Columns Description

1-4 'COMP’
5-19 ignored
20-25 model selector
26-80 ignored

!
¢
‘
]
b
’-»
i

i 1—if specular and diffuse models are desired

F
,L
|
?

The model selector, ISW, is:

3 —if volume model is desired
7—1if combined model is desired

Following the biock header, computation requests are processed sequentially until an end

card is encountered. The format of a computation request is:

Columns Description
1-4 blank
5-9 ignored
10-16 source zenith (der)
17 ignored
18-24 source azimuth (deg)
25 wnored
26-32 detector zenith (deg)
33 ignored
34-40 detector azimuth (deg)
41 .onored
¢ 42-48 polarization major axis length
49 ignored
. 50-56 polarization minor axis length
57 ignored
58-64 angle of source polarization (deg)
65 ignored
66-72 source percent polarization + 100
73 ignored
74-76 handedness of polarization (if + 0, elliptical polarization is assumed)
71 ignored
78-80 matcerial index

SCAN REQUEST BLOCK. LU a scan ol the detector zenith and, or azimuth is desired, a

scan request biock may be used. The vlock header is one card . ith the following format:

Columns Description
1-4 'SCAN’
5-19 ignored
20-25 model selector
26-80 ignordad

One card follows the block header giving all required parameters. The format of this card
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Columus Description

1-6 source zenith (deg)

7-12 source azimuth (dey)

13-18 initial detector zenith (dey)

19-24 final detector zenith (deg)

25-30 zenith increment (deg)

31-36 initial detector azimuth (deg)
37-42 final detector azimuth (deg)
43-48 azimuth increment (deg)

49-54 polarization major axis length
55-60 polarization minor axis length
61-66 angle of source polarization (deg)
67-72 source percent polarization + 100
73-76 handedness of polarization

77-80 material index

TITLE SPECIFICATION BLOCK. A title may be printed at the top of each page of long
form output using the title specification bi-c%. The block header is one card in the following

format:
Coluinns Description
1-4 "TITL
5-19 ignored
20-25 blank
26-80 ignored

One card following the block neader specifies the title. The format of this card is:

Columns Description
1-60 title
61-80 ignored

FACET DEFINITION BLOCK. If default facet definition is not desired, the facet may be

redefined using the tacei definition block. The block header is one card in the following for-

mat:
Columns Description
1-4 "FACE’
5-19 ignored
20-21 blank
26 80 wnored

One card following the block header defines the facet,

Colunmns Description

1-4 blank

5-9 iznored

10-16 facet area (default - 0)

17 ignored

18-24 facet norn.al - x (default - 0)
25 1ignored

26-32 facet normal - y (default - 0}
33 iynored

34-40 facet normal - z (default 1)
41-80 blank
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END BLOCK. The end block terminates the program. The format of the block header is
the same as that of the end card.

Columns Description
1-4 'END'
5-80 blank

This block does not need an end card.
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Appendix II
INSTRUCTIONS FOR USE OF PROGRAM
WITH SAMPLE COMPUTER OUTPUT

The program documentation in Appendix I, together with the sample computations in-
cluded in this appendix should enable the user to (1) modify this program to accommodate the
requirements of his own computer and (2) verify output from his modified program by com-

parison with the samples given herein.

Note that the input parameter values shown in Table VII are the ones with which the pro-

gram has been run.

Sample outputs presented in this appendix include

(1) a listing of the input information (Table VII)
(2) the computed output of the program (long form) (Table VIII)

(3) a short form of the computed output, containing only that information necessary to feed
into a computer program for the purpose of obtaining plots of the data (Table IX)

The three tables mentioned above appear at the end of this appendix. All of the sample in-
formation is keyed and labelled so that elements may be identified easily. However, the further
descriptive detail below may be helpful in studying the samples given.

RHOPRIME Input Listing
The following items appear across the top of Table VII. One line 2:

n = real part of index of refraction
k - imaginary part of index of refraction
Py 1= Cross component (2py )

used for surface model
Pra® cross component (2p)y)

volume component used for volume model

"

Py
SIGMA
RPO = generating function parameter

generating function parameter

And on line 3:

7 = shadowing and obscuration parameter
2 - shadowing and obhscuration parameter
Q1

Q2 - menerating function parameter

generating function parameter

Following these items in Table VIl is the p'(9A¢ A UQ"ﬁ)cosz 6, tabulation which, in this
nn n
case, was extracted from measured data and determined from the zero bistatic scan. Alterna-

tively, such a tabulation can be generated by use of a generating function specified in the SUBROU-

TINE FUNC.
89

Preceding page blank

T DU P Sy SRS RRPS



Note in the saniple input information of Tuble VII that values are provided for pxl’ andpx2
und also for Oy In practice, pxl’ and ‘))\2 will be used or py will be used; all three valnes

will never be nonzero simultaneously.

It the table is supplied as part of the input, the parameters SIGMA and RPO are set to
Cand Q1 - Q2 = 1.

The [)'(

(JA,QS A UA,¢A)c052 HA tabulation is followed by scan request information telling
n n nn

n
the computer what source-receiver combinations are to be computed and what model is to be

selected:
”i - ¢t for source

¢. - ¢ for source

t initial ¢ for receiver

tra maximum t for receiver

ey size of angular step for t,. scan

db“ ¢ for receiver

“"1‘2 ¢ for receiver (value for second scan)
LI size of angular step for ¢r

A - semi-major axis of polarization ellipse (normalized to 1.0)

B semi-minor axis of polarization ellipse (B = 0 implies linear polarization)
PSI  angle of source polarization

P - percent polarization (1.0 . 100, )
MI  material index

ISW 7 for combined model. (When volume model is used, set P17 Py2 " 0.)

Note that in addition to these input parameters, others must be added in the SUBROUTINE
FUNC:

DPO, DPIY0 - depolarizations for perpendicular and parallel components of incident beam

t, ¢ volume model parameters.

For the materials in the sample listing, values for DPO, DP90, {, and g have been set equal

to 1.0.

Coruputer Output (Long Form)
As exemplified by Table VIII, cach page of the computed output corresponds to one source-

receiver configuration. "oms at the upper lefi are self-explanatory. However it should be
asorne in mind that MAJOR refers to the semi-major elliptical axis (a), which is taken to be
1.0. Since MINOR, which refers ta the semi-minor axis (b), is 0, the MAJOR-MINOR combina-
tion implies linear polarization with polarization angle PSI for the incident beam. HANDED =

0 whenever the polarization is linear only.

W




The entries in the three main colunins are retlectances. From the top, the first four
entries in each column are the surface .nodel elements of the Stokes vector which describes

the polarization state of the beam as it leaves the target:

A : total reflectance

B - reflectance with receiver polarization angle = 0 (perpendicular polarization)
C - reflectance with receiver polarization angle = 45°
D = reflectance with receiver circularly polarized

The second four entries, still in the surface model block, are
-“%-— = reflectance recorded from receiver with analyzer set for perpendicular polarization

-A-;—-B - reflectance recorded from receiver with aralyzer set for parallel polarization

AL - angle of polarization for reflected beam

P = percent polarization of reflected beam

Thus far the firsi two blocks of four entries have been discussed. The foregoing, as pre-

viously stated, apply to the surface plus Lambertian volume model.

The third and fourth blocks apply to the non-Lambertian volume model and are to be inter-
preted in exactly the same manner as above.

The fifth and sixth blocks consist of the sum of the surface - volume models and are printed
out for convenience.
Note that in the volume model output ana in the summed output, item D (circularly-~

polarized component) is not present.

Computer Qutput (Short Form)

The short form of the computer output consists of the information in the last four entries

of the summ'é'd output (surface + volume,, %’—E , —‘%2 , AL, P (seeTableIX). Moreover, the

data are compressed so that, whereas the iong form hax only one source-receiver configuration

per page, the short form contains a complete scan in one block.
One scan consists of four item numbers. Preceding each of the first two item numbers in

each scan are
Wavelength (1,06 m)
6, (0°) :
¢, (180°) !
¢, (0° or 180°)

The first item number in each scan contains é—;?— . Each output entry is preceded by the br

scan angle —i.e., 0.0, 0.0268 means that the reflectance at b*r -0 is 0.0268. The second item

number contains -A—;—g. The third item number contains the polarization angle, AL, at each

receiver angle. The fourth item number contains the percent polarization.

The scans are in the same overall order as those in the long form of the output
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RHOPRIME PROGRAM LISTING
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T 3 T

- o -
W O OE Vo U E N -

—_

- s - o e .
Lo le RN« NV

N YN Y
(V0 O =)

AV Bt ]
[V

P RV A I Y]
nNe—C X0

N oA
T T E

& W oA
< L O~

41
ue
4s
m
4o
e
ay
4n
nq
Sy
51

53
Sd
gy
So
g7
LY
gQ

PRAPRIME A3 OF 02,20,73

DIMENSINN KCSAUY,NPI8Y,F(3)s0(S8), " KES),1La0k) (49, TARLF(RiN)
EQUTIVALFNLCE (TAR(F,x) , s o

INTFGFR COUF,TARLES/'TARL '/, LNMD/YCAMP Y/, FNPN/YEND 17,808 T/1S8CANIY
INTFGFR TTYTLE/Z'TITL '/, FACET/'FArEY

RFEAL T21(4),19104),T23(3),105051,724(3),114(5)

CNMMON MI,I8W,n, TABLE,L1?1,011,125,115,174,114

CAMMON /CMPT/PSL,PUL,RETABFTAB,kPO,CNSTNF,SIGMA,PHIEN,EP, TS

DATA NP/0.0,040s1,0/,4P70.0/,0K70,0+,0.0,1.07

Cti*i*ﬂ'tﬁlﬁ*iifﬁ*tiitttttt'titﬁtiﬁ'ﬁitti.tikﬁtﬁt*ﬁti*ﬁit*t**'ittitil*i}-

C
C FARMATS
C
Cittt*iitiiitﬁt*ittﬁti&!t*tit'tiﬁ*iiitiﬁkiﬁﬁﬂ!.ttﬁﬁiﬁ*iiti*'ﬁtiﬁtiittttt
100 FNRMAT(84,18X,]6)
119 FRRMAT (84 ,5%¥,R(F7,2,1Y),F3,0,1X,1%)
17y FARMAT( S {NJAMAL TFRMINATINN')
14y FORMAT('1 ', 'asnnn END=UF=FILE ENCOUNTFRFO!)
1590 FORMAT('1','tenvn TABLE RFAD FKOYP =e CONNITION COUF =',F3,N0)
170 FARMAT( 'L, "awenkn wAKNING ENF IM CUMPHTATTIN REQYESTS ')
1Ry FORMAT ('L, "eaawn JMVALTD CAKD TYPE!)
19¢ FORMAT( "1, "wnaxwn ENF IN SCAN DATA,')
2ng FAORMAT(15484)
Ctt'ittﬁt'ttittﬁliﬁitﬁlQtiiititﬁtﬁtﬁltk'tﬁﬁitﬁti!iltiiiiﬁtttﬁi*tttttti*t
C
C VATA RLICK RPrap=]NM PHASF
c
Cﬁtﬂitlﬁt*ii*titi*itﬁ‘liﬂi‘*iil*’i“titﬁttttl’tl't’iﬁttitﬁ!tttt*t'ﬁ'i*ﬂttl‘tt
1000 wFADN(2,400,FND2RUAGICNDE,NMAT
Chatnw
C MATFRTAL TAR(LFS
[oE X8 X 3
1010 JF(CUNE NE. TARLFYYLN Ty 100
CAL! TwhATA(ANUAT, ()
IF(FL oFfT, N.9)RJ 10 Ay1Q
LN T INngA
Crnenn
C CPMPUTATINN WFIEST
Lttiti
Lhen [F(©ane JME, FLMPYnN Ty 104N
ASSTLN 1% 17 M30¢E
I1Sn = VAT
1ngn MELD (211N FNNZRLRUICNLF T PSS, T, R, 8,R,PST, P, W, M]
IF(CLNe L f5, FNM)ARY 1N S0

[FeY JuT, Jeudr 5 |,y
1F(H LT, Joulr 2 =t N
IF(H 4t™. 0.0 = 1,¢
IF(® 2", veldg = U0
LGN Ty 2non

CWRNERY

c UFTIFLTUD SCAN wF1EST

Chrmpaw

1040 JF(CUNE NE, SCANTIRL TN 1yky
ISw & w*arvT
ASSTEN 1050 1N M N
1090 CaLt SCAanNeZ0,Ts,PS,Tu,PN,P,A,8,05T,K)
IF(CC JRT, PNIRS 1N Syunyg
LN Ty gnnn
Conwons
o TTiLE SPETLIFITATIN,

v7 Preceding page blank




176
1n7
1fe
1Ny
[ RY
11l
112
114
114
115
11o
117
110
119

R——_ R

CAnanar

1000 IF(COPE Ve, TITLFIRL 100 1070
KFAN(?,200) L ARL
CALL AUYIN(LAREL,N, N, N, 0,0, 0,0,0,0,0,1)
IF(NP(SY LEN, 1,060 Ty 1090
JP (1) =
Je(r) =
JP(3) =
W1 TO

Cﬁi*ﬂi

C FACFT UFFINTTTUN

Chaknn

1070 JF(FuNE NE, FATETIGU TN 10RY
RFAD(2,i1n)rant,aP, Ny
LY Yy 1n9n

Ctﬂﬁtt

L PRUGKAM TERMINATINN

[_'ﬁttti

1080 [F(fuDE JNE. FND)GRL TN Rydy
wlPTe 03,1200
CALL SyeTFwv

Chianw

C HFAD FENA rARD

Coranw

109N RFAD(2,100,FNRZARNAYICNUF
1F(ruhe JNE, FuD)nRy 1N 1,9y
N Ty 1ngn

CN R AP A D AR RN R A A AR R R N A AR A R AR AT RN R AN AR R AR AR R AN AR AR R AR RAA R R AR AN R AN

-~

C

¢ WIMPUTAY]L Yy PHASE

¢

A NN R AR R A AR N AR RN AR R AR R R RN NN R AR AR RN ANN R AR RN R AR A AR AR AT AR ARAT A RNk WN
2Aun  PSji = PYT/S/, 2957/

T€) = T18/57,29577

Pl 8 HWR/R7,29577

1M = IN/87,2957/

»Npo= PYY/RT L2957

tf1) = SIM{TSt)*#2NS1PST)

tfe) = S[V(Tot)esTnfrsy)

Ef8)Y = 7 ,8(Ts51)

ul 1Y = o[ (T )+« 5PN )

Jl2) = QI (Tut)esT  feNy])

Jf8Y = FR(TUY,

CALY MO, euP P, PRI ,R5TUF,PSTRF, M  jSp,LN8400,rySnFpy,
1 SR, wAUF)

AL LERMITAGA I QRNM, it 4P, Cuentip,(NSRe,PELPE,PSIPE,wADF, AP,
1 AgAR M, R, npmR, 25T

PEIN = 5T e57,29577
Cii.'i"ﬁ"i'i'tﬁﬁ'ﬁtitt.ttt‘ti!'t"#.‘i'.'t"iti.'iiﬁi.*.i!.!."t'ittii.

-

[
o JLTDUT DrAsF
C
e N R A R R R A P e R I I R T TS R N TR PR R R X A
LRNRNS
¢ LN.6 Fuom
Lentnwn
CALL NUTR ITITR P, [N, PLU,F,A/AR,B Ak, P, WRID, W, MK, L AsFL,AP)
LN TU MNUF, (1A3N, 1050
Canwnmy
C SHURT b v

2.




1?20
171
122
123
174
129
17e
1727
178
{12v
1%0
14
132
1%
IRY
115
1%
137
18
139
140
141
1u2
jul
144
ey
1ue
147
lue
149
180
181
18¢
1535
1S4
155
1o
187
158
159
1Ay
141
{62
183
1hd
165
160
1647
148
169
170
171
172
173
174
175
i7e
177
178
179

Cennan

SNO0  IF(CC 6T, ?2.,0)G0 TN AQSO
CALY. AYYJACLAPEL,0,0,0,0,0,0,0,0,0,0,%)
IF(CC .*Q, 1.,N)G]D YN 2000

CC = 0O,N0

GN YO 1n0n
C'Qt'.a.ttt.ﬂttttt-ttat'ttttt"t.ﬁn'.t.tt'tn.t.'t't'ttt'ttttnt.tat.'tttt
<
C EPRNIR mANNLING PHASF . ~
c

R I R Ry
8000 wRITE(O,1¢0)

STOP Ayung
8010 wRITE(O0,150'CC

STOP a0 0 e
8730 WRITECO.170)

STOP R03(

BOuN  WPITEC(Q,100)
GM Ty 1A9N

8NSN  WRITE(O0,190)
STUP AQRQ
END
SUBRUIITYINE INDATAINMAT,CC)
DIMENRIAN TAGLE(SN0Y,XTAB(H90)
ENUTVALENCE (TARLF,KTAY)
RFAL Mpw
INTEFGLFR w3, CNDF ,FNA/ZYEND Y/, ANRLF/YANGLY 7,R ANK ! ty
OATA MATR/'vaTR!', T T
COMMON M, [8m,w, TABLE,12),111,123,113,124,114

Connne

c FARMATS

Ceaenye

190 FRRMAT (Ay4,aY,T2,7F1N0, %)

1tv FRRMAT (Au,8Y,”2E10,.4) )

120 FARMAYT (/7 awnew wARNING oo ANRLFS UUT JUF NRNMES, 'V /)

13%¢ FARMAT(1orv,7810,3)
CC = N0
nPS =2 NVATe2

Connne

C RFAN “aTEQlaL nEANED

[ X R X X

1000 WwFAN(2,10N0, FNNRAGNYILNDF ,MAT, N,x,Rx1,0X2,PH v,S5TLMaA,RPY
IF(PURE Fu. FND)RETURN
IF(CONE VvE, MATRIGN T 80410
REAN(2,130, FNNERON0ITAY,O4ERA, Q1,0
IE(MAY |57, NvaT)ny TR RG3p
BFTAD B8 =3 A

Coevne
C STYURE »ATFQTAL COMSTANTS
Connns
KTAR(MATY) = WY _
TABLE(wOS41) 3 N
TABLE (WP Se2) 3 X
TABLErnDSe3) = Rxt
TRl LT wRSey) 8 RYX?
TABLE(wWPRSe5Y B AM Y
TAGI £raBSen) = SIRUNRN, N3T4SIY
TAgt EfaDSe?Y & RPN
TABLE(mDSeB) 8 TAlIaN N17483%
TAHLE(wRSeRY 3 NUFGARN _N)T453Y

99

ST TR e R T R R RS T S T R R SRR TR AT T RIS SRERTIE R AR A IR e



158y itnt b tal5eln) o
1%y Tl efwRS+11) = 2

1R Lendey

183 C KFAD Avh QTKE GCNSANP Tad F TF ,TyEn
1Ry Conenn

185 K1 = whRetQ

tRo NA =2 0

187 1010 WFAD(D, 110, FNPSROAYICNDF,RETA, RS

1Ro IF(CUPE Fu, FND)RU TN 1420

129 IF(CUNE JNE. ANGLF ,ANp, CONE . NE, RALANK)IGU TP AQ3Q
199 IF(RETA Lk, RETAN)WKRTITF(N,120)uMAY

191 BFTA(G = pF1a

19¢ ogFTA = RETACY, yl/a5%s

194 ToanLE () = (N5fpF1a)

{19u TApi £ fKte1) = KOS

195 K1 = Klaep

190 ~A 3 MAs)

197/ W Ty 1h1n

190 Canans

199 C SFT haAED W pFTA'S

eny (*adnae

¢nl 10¢n aTuR(wne) z A

ene wPS = wOSevAeraNy?

ens SaERSVER LIy

¢Nd (ennny

ens L EORMR HANY TR

Zcho R AXEX]

ent 8rYN L = 1A

ene ~F 1w

e CLE RS

¢l phen Lr = 3,.A

cle oF T I

213 sn3n (F = 4,"

P .4""!:“‘1

ers ety

e SiAl T TNE Q:Au(gP.Tb,HQ,Tt,ﬂn,D,A,ﬁ'bsY'H)
AN ST MmN “lnlg“p'lr‘b’Lul’lll‘lnl”cl'-’ll,“'l‘“
¢te JTUENS [N Tagt (500D

ety Al Tet (), 1110uY, TeX (), [1s08Y,T28(V),114(3)
2%y IVTFGFn COF,ENR ey ty

X JATA FuYE3 N _ny

P Cewannme

c’3 . s TnMATS

c?u XX E

e’ 170 FRaMAY (10F g 2,rd, ", T4)

¢?o 1w FOwAT (2 g)

e’ X2 R

e’n 4 wEAlN S_LAN PAwd~F[FRre

e’ Lenone

¢33, (Fs non

el IF(ENTE® 57, ,0Yun To ¢npn

¢le t*1fFm 3 1,0

<:$ 'N‘A"(?n'0”,‘-‘0“2"0"0“‘5950Y“b:'"tolq"’cr‘”o'i‘ntn?qlg"o‘tl‘t"ﬂllpoﬂr
ctau -7

els IF(YUF = TOR)1yN0, 000,101,

¢lo 1hyh TRy 3 L

ev7 INE 3 82,

¢y INIA 1IN 3 TuRaTsTER

elq IF(PUF=PUR)102, 1020, 1Ty

100




240
24}

LY.

YT

243

244
245
246
247
248

2%0
25|
2%e
253
254 _
255
256
287
258

270
erl
ere.
273
274
27S
270
2717
278
279
2nro
¢Ry
efe
2Ry
2Ry
2Ry
2Re
2R7
2h8
2Ry
290
29}
P9
2%
294
29%
29
297
29y
299

1n2n

1030

1040

Coaxnayw

c

Connnn

2606

Canann

o

Connnwn

Connne

c

T Canwae

ingn

Crnnawn

__c ————
Canwan
9nQn

PITFP_= 180,0

PhS = 0,0
PNE = 1R0.0

IF(PSTEP ,LT. S,0IPSTFP =
IF(TSTERP ,LT. 2.0 TSTFP =
IF(™ 6T, 0.0)H 3 1,0
IF(H OLT. OIO’H L -lon
IF(H JEN, 0.0)A = §,0
IF(H_,EN, 0,098 3 0,0

o0
20

PR = PDY
READ(2,110,ENN=9000)CNDE
IF(CUNE JNE. ENP)GU TN 1040

INCREMENT THETA

10 £ TO4TSTFP
IF(TD JLE, TDF)RETURN

INCREMENT ®H]

STAN CUMPLETE

CC = 2.0
EMTER = 0,0
wFTURN

EBRNR RANDLTNG

e = 3,0
ENTFR 2 0,0

RFTIRM

END

SUBPOUTTINF RETOATIR,CNSA)

DIMENSTIAN T2gl £(500Y, KTAB(SAOY . (TOY
ENUTVALFNCE (TARLF,¥T48)

INTFFM w@s

COMMON MI TSn, weTOBLE,I?L,100,123,113,124,104

CAMMUN /CYPT /PS5, PN, RETA,BF TAD,KPO,CNSTNF,SIGMA,PRTEN,RER, TS

M R R A R RN N R R R AR R A XX AR 2R AE ST RZRZRE AR RR AR R 2222 R 2 RS

[aN el ol e ol el ool o N aRaXal ¢

THI3 SUPRIUTINE KETRIFVES DATS FRNM TAGLE
Inptite

(VLYY = (NS(3dFT4)

CURIME = LNS(BFTAeNM,P)

NYTkRIIT
R(1) = N
{>) -
R{3) = RPANeCAT,d
R(4) = FEnNelnl,?
R(€) e PHNaV
R(A) = BAN(RETA=N,P)Y - -7
R(7) e NP=FFRO
P(R) = NP~PAR

101




LEY)
sVl
sng
3ns
sny
509
36
s0l
30y
09
310
511
3te
31
314
319
ER N
n7T
stinm
Aty
370
371
el
32¢
8?5
Srd
549
570
527
$Pn
5Ny
54
331
5¢ce
ERE)
54
ERR
PAYS
$%7
CXY-]
33y
>y
s34

el

v
34
LTV
e

L]

3%
E e

)&y
380
$%9

25

C Q(QJ - F
¢

Rt

9
Craskondnnnn
Caxohn
L RFTRIF
Chnnne
1098 JF(M]
wRS
NA
x€y)
Rf2)
w3
xl4q)
Rl
sT,va
wRy
RUIO)
PANA]
nle)
Nl9)
Leknne

R(e)
L Tanle
Coansae
1F (NA
nt = v
1F (ha
N
IF(anS
Al = w
iF(ns
IF(TAR
<1 = =
oM Tu
LYReRe
< COsT
Conenn

angn

eni

~f{p} =
al T
o

" I*iFue
LeRwRW
PLEL I N ¢
wleo)
o Ty
LeNERY

-
=

(NePyT

Cenwvne
$AuN nF A
nE by
[ TR
wF Tl
[ANH]
FREENLL
L]
JIMFNS
A\l

L YUY
L¥1F e
c"\"uu\l

V) = &

ﬁ;'*tﬁtin*ttttiti*ttﬁﬁttt*tﬁt**il*t*i.ttii*ﬁﬁ’ﬁii*ﬁ't*ﬁ'**i*
VF MATERJAL CNNSTANTS

1T, 1 JuR, MT GT, S00ISTOP 4000
KTAA(M])
KTAR(wWK®)
TE3LECnRY+Y)
TegLEraRS+2)
TAZI E(ARS+ )
TAgl £ fwPRS+y)
1431 EfwRSeH)
T8t EfnRSe0)D
Tégl EfaPH+ /)
TABLE(WRS+8)
TASLEnRS+Y)
TAs1 ECaRS+LN)
TAQH EfaRDeLY)

= 0.0
LNJX =P O kP uSpNK)
M EL NIBL T RNy
NRe1Q
Fue V)5, TN 2020
LeNAeMaA
(roeiveeladl e fat)) (L F, 0, 00G1)0, TN 262y
L2
fE, 26N Ty ¢hyn
LFE(<C3Y LT, LNSTRF)ARO 10 243%y
3
entn
FiNY, ne[RIFvF Q(iiyn 0

TLiA F(Kie)
Sy

Jate wil ,Sgup

FLNSTNF T R F(W} ),/ {Ta bV (K8)eTaR F(n]Y,
CA” iw(YaH F(Wye  YaT R F(WielY)eTLlotplntet)
anyn
t JPu, MO, F, u (,nfuSpap e |F S(RMA =z )
S ARCS V9N
= ATAV(P Y)Y
wera

RENF (Dt R, YW, 8, PeIRE, PR P, (MR, F RaDP, NyReP,
coReinbLr,
AV, PR LB (), P (%) ,al3),Y () an(R),vA(Y),ulysY,
KAE P 8Y ,YAR (), st (R),uf (V) e (V) ANTLI8Y,YaN(Y)
cen?l
Y B ")
ICPT /P, BN, PETA,uF TAn, P, (NaPNP, & ANMA,PrTpY, AP, Tg

1TNE

[ Sl

4l e




340 Conann

36} c FNRMATS
382 Connnn ‘ o
363 100  FORMAT(!' aawaw FACET NUT VISIALF,')
344 c
365 IF(PST .GF, 1.5T07963)PS] = PSI=3,1415927
166 IT =0
k7 Coannnn
368 c ] L
369 Crnnne s T T T s
370 X01Y = NC1)+ECL)
37 Xx(2) = DN(2)+E(2)
372 x{3) = NEZI+E(I
373 Tt 2 VNNRY(X,Y)
374 Cannan
375 c o T
376 Connns
377 IF(ABS(F(3)=1,0) .GT. 0,0001)G0 TN 1009
378 YO1) = CIOS(PS+1.5707TM
379 Y(2) = SIN(PS+1.57079
IR0 Y(3) = o0
L1} GN TD 1ngn - T
3Re 1000 CALlL CRNSQ(NK,E,Y)
3R} Tt = UNMRM(Y,Y)
IRy Cannew
3RS C
kLT Cranne
3A7 1010 IF(ABS(N(T)=L,0) 6T, U.0N01)RJ TN 1020
1 IAn YACY) = CNSIPNel,57079)
KLY YA(?) 3 STN(PNe1,87079)
390 va(l) = 0,0
1 LT GN YU 1038
r 392 1020 CALL CRNSQ(IR,D,Y4)
i 393 Tt 2 VNNRY(YA,YA) ) - o
34 Connnn
39 c
3% Cennne
397 1080 JF(ABR(F(1)=0(1)) AT, A,0001 Nr, ABS(F(2)=D(2)) AT, N,N0N1)
3o 1 fY 1M 1040
399 Jyi3) & v($)
4ng ufe) = v(2)
4ny ur3) = v(v1)
4ne xA(1) = vA(Y)
“nj K4(2) = vA(?)
ungy Xb(¥) = YA(R)
4ns IT =
F “"h 6N Ty 1650
uny 104N CALL CRNSS(F,N,Ya)
4ng 1Y B VWALV (YA,X)
¢ Jil1) 3 eaxa(1)
410 ul2Y z exa(2)
LAR! uis) = =xd (V)
wie LeneRe
VAR 4
w1y Coenpae
LA 10508 [F(Age(NPILYeF (1)) L6T, 0,000 0P, ARS(UP(2)et(2)) GY, A NuN1)
410 1 GU TN 16hY
417 2APC1Y = Y(Y)
iy xeP(2Y = Vv(?2)
419 xdp(3) = Y(V)
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Cray
WPy
u’r¢
4?s
e
4’y
4”0
4?27
«?8
429
['RYV
4y
432
4ty
4t
4Ty
430
%Y
TR Y-
419
440
4al
wue
wul
G4y
[YIE
YY)
4u7
4dn
Wiy
45U
un]
4se
453
4Sd
4SY
4So
4=7
4S#u
4S9
d4hy
wh]
“he
PLY]
why
“4hS
dhe
LY}
LY.
why

w7
w?e
[T XY
wTa
479
u7e
ul7
4ls
Ty

Y Tu 1n7n

1060 (ALl FRASS(OP,L e XAP)
T1 & VIAIRM(YAP,XAR)

Coannne

(W

Cravns

1070 IF(ABS(IP(L)=N(1)) 6T, U 0001 ,0R, ARS(UP(2)=D(2)) 6T, 0,00N01)
1 U 11 10RQ
YAPIL)Y = YaA(])
YAP(2) = YA()
YAP(3) = YA(3Y
GN TU 1ngn

1080 CALL CRNSS(OF.D,YAP)
T1 = VNNRU(YAP,YAP)

cit.i.

C

Cantns

109N CcNgR = NIT(X,N)
cngapm® = AIT(P, )
CNSHEP = NIT(WP,E)
CNRSANP 2 NIT(NEk,x)
CNsRg = COSue(NSA

PeIPE 2 PSIaARCNSIuNT(xAP, v) jebTEN(=0NT(XxAP,uR))
PEINRE = PRI=ARCNSIDNTIL, Y)Y )#STLM(PYT(Y,N))
IF(TL 4t T 1)Ris 7D t1)0g
IF(ApS(F(V)=JdP(1)) .GT, sauNuY LUR, ARSIE(Z2)=NK(2))
\ ob*u 0.0“0‘)“.‘ mn ‘I”U
adpF = Ppeae
IF(wahe _RE, 3,1d159)WaN: = wAUFe3 14159
IF(WaPE LT, N.0)aalt = aluF+3,14150
LN Ty 111
11N yad()1Y = evaA(Y)

YAM(2Y = ayA(2)

Yarl{s) = «vA (%)

WAOF = =AQCNSIUNTIRA, YL )esTun(NUT(YAM,F))
Cunanw
9
Conswn

1110 shp = APCSIC19R,P)
8F¥ 3 APCISICNS0:P)
IF(Be? L0Te 1,97079 MW, H0P LuT, 1,97.79)aR]Te(v,17MD)
EREHL 5 AQCISIUNTIXAY,YAr))
PHIFN & 9,9
IF(AnSIY(*)adPi1 )Y JLT. oufyl (a*u, ApS(Y(2)eyP(?)) LT, u.uN0t)
1 Pp Tu0N
IF(BpR(N(1)euP (1)) LLTe ueldfut Lary, 80(N(2)=uP(2)Y LT, J.0001)
1 P TyoY,
[F(ARR(F (" )euP (1)) LT, ueulyt aru, AoS(F(2)=uP(?2)) LT, v.0001)
1 Pr TuONn

-QIM(QLDJ
(V]
(58P

Jriry
Jre?2)
wtel)

n s u

JU(Y) STVl R YA S (Fun)
JY(2) & SINCoIWYaR[V(FUPAT)
JY(Y) = COSApP

CAL! FRASS(NC,UR,NLY)
TV & UNARM(M/Y, ML)
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4n0
4ny

LY

43
4Ry
4RS
4Re
4A?

4As

4A9
4990
49}
4Q2
403
494
489S
496
47
498
499
500

501

50¢
503
S04
s05
5ne
sn7
508
509
510
511
512
%13
514
51%
S51e
517
518
519
520
Y21
922
523
924
525
YL
927
52y
979
5%
St
$%2
S33
5%
S35
Ste
sy
5%8
539

CALL CRNSR(NZ1,PRC,NT)

Tt = VNARM(NZ,N7)

DM B DUT(NL,NT) . . e e
IF(NN (LT, 0,0)0M4TEN = 1,S7079=ARC0OS(=DM)

RFTURN

END

SUBRQUTTINE GFRM((NSA,CU8BNP,CNSREP,CUSENP,CNSRZ,PRIPE,PSINE,
| WADE,AP,A»AR,R,RR, 1, HR,PSTD)

DIMENSIIN TABLE(S500),XT7AB(500),2(10),37(5)

LOGICAL MNDt,MON2,MNDY, MODY

ENUTVALFENCE (MOD1,MNL2,T11),(MODT,T3),(MNDA,T4), (R(1),N},(R(?)sK),

\ (R(3) RYLIZCR(G4) ,RXD) ) (R(S),RHOV), (R(6),RH0D),

> (RC7),0P0), (RCB),NPOQ),(RCI),FFY,(R(10),6)

INTFGFR SHFTR

RFAL 121€8),111€4),T23(3),113503),726(%),114€3),712,T722,N,K

CAMMOM MI , 1Sw,w, T8BLE,I21,111,123,113,124,114

DATA MASK/Z0000000L/

EYTFRNAL SIAN
CrP RN AR NN RN RO RN AR AV RN AR AR ARAR RN AN SRR N NANRA RN RN R AN R A AN TN R R NRRARAR RN
c
c CHUNSE “ONEL AND RETHTEVE DATA
o
Ctltt.t't..Qﬂ.ttﬁ.tQt'tttit't.t"ttt'..ta.Qtttt.tiit'ti.*'t*l...ﬁtt'tttﬁ

It = LAND(4ASK,ISW)

1T = | AMPDIMASK,SAFTO(TSW,1))

14 3 | ANDIMASK,SnFTR(TISW,?))

CaLl. RETOATIN,CNSR)

D™ 1000 1 % 1,35

12101y = 2,0

11101) = a,0

1°23C1) = L]

115C1) = A N

124C1) = A0
1000 11all) = A 0 -
ctt!.Q.Qt'tt'..tt'.tﬁtltti.ttﬁttt.ti'.nQi.ttttt*ttt.tttﬁttﬁﬁttt'ttt'tttt
o
o SPFCILAR ANY VDIFFUSE MNUEL (MUR] & NMNDDP)
o

c't'tﬂt'i.it..'tn'ti.tltiiitt'ﬁ..tttlti"'ltl'tﬁtt..t..'ttt’t'.'ltlt.'iﬁ
IF(JNNT, MON) ,AND, NUT, MNP2)GU TN 1000
Connnw
C COMPUTE FRESNFL CNEFFTLTENTS
Crenne
VU 8 DIVINEC(IN®LOYnONS] 0)enar), ((Ne] ,OIN(Ne] D) eKeK)Y
W T eNeneKe] 04CISR.
P g SNARY (N, NedaladakeNan,
vy 2 R 0TIARSC(Pen)eau,nY)
v 3 ApS((P=y)e0,R)

O B VIe(C(V2eLNSR ) (VEa(NSR)evR)/(ITy2¢0ut8)nwlvreCUSBI*VY))

c

vy 8 vee(N§N

ROO) &8 RAM((CVALCIN2=]  N)arleVvia(NSR2)/((VUe(NSR2+] 0 002
viaQ®82))

121(4) = 0,0

1104 8 N1

IF(H NF, 0YGN TO 2000

AP = AN

s =3 N A

PRIN = A

-
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S 490
b4l
Yae
S43
544
FLE)
Sue
547
Su8
549
5S¢0
581
582
554
584
58%
586
Y87
58y
589
LY
PLY
562
PLY)
LY
bLY-]
Lho
Sh/
560
94y
57U
s71
572
74
T4
275
7o
377
5Te
579
SR
sRy
PLY4
LN
Ry
S8y
PLT)
sR7
RLY)
SRy
99y
591
59¢
293
2%y
59
4%
297
59p
599

HR =2 0,0
Cansan
c PLANE PALARTZIFO YNUFL
Connnwn
T1 2 ApS(AGS(PSTDF)=15T0796h)
72 = ABS(83S(PSTDF)=4,.712%89)
IF(TL T, 0,001 ANy, T2 6T, N,001)PSTEN = ATANISART(DIVINE
1 (RYN,R0))*TANCPSINEIAS]IGNCLNSCATAN(N)Y=«LUSE))
IF(TL JLE. 0,001 ,UP, T2 ,LE, 0,N01)PSTEN 3 PSTOF«SIGNICNS(ATAN
1 (N))Y=rfUSH)
AR11 = PSTEN=wWANE
T = AR11e4P)Y

SY(1) = CNSCTY)
5T(?) = STN(TY)
11 = -NAHE-nlgF
vi 2 (RO=RO90)aN S
ST(3) s (QU+R9Y)IaN S
ST(4) = vialys(T1
ST(S) = viag)IN(TY)

C
IF(ar fT. B MR TN 161y
V1 = OMA/(CNSAEPRCYSHNP)
va T 1.1
(sl YU 1nen

C

i1ni10 vl = Rueap
vd = FJegfpe([NSRA PP

Coannnn

L LNAMPUTE ST e VEr1NR

Coennnw

C

¢ UABNLARTZFD 5OURCLF

C

1ngn 122 = (Ox1¢Rx2)eyiun 8
I2101) = viesT(Y)e]?2
12102Y = v]e§Y(4)
12178) = vieST(R)

C
¢ POLARTLFY STURLF
c
J12 & (PX1al JS(PSTRF )en24¢R 20 (BSTPF)en?)eyl
¢
vi T (2SS [N e an VeSS N(PSTUF ) ea2aPYh ey
11101 = viefte
1110eY = ViwoT (V)
[1174Y 2 vieygT(2)
37 Ty sapn
LConens
L ELLTIPYraL MNPt
Leseae

8“0" l‘(DQYU‘ 'JY. ’olql‘q‘lth\F b ‘"a'v"‘;'“‘5°$
IE(P3Tuf T, (uIPEINE 3 »¢ Npeg, 14)S98
IF(POTUF T, voUYPRINPE 3 S NS, 11150
AbA 3 R,0T774Y
AQ = q",lfaﬁ
Cagt FLYPR AN Ap,rS N ,m 0] ,utd, W)

Al ® AAdtedat
A? 8 AADeba?

IF(ApR(r)83ef, ) LT, 0.0M,7 £ =3,14]159
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- W R e A A T A A T T TR AT T e T T e T T T Ly e R r“‘

600 IF(ABS(rOsBY LT, 0.001)pR = n,n
6} c
60 , IF (X . NF, 0,006N TO 2040
603 BFTAS = CASCATAN(N)Y T R
6064 IF(COSb=BFTABYIZ2N10,2020,20540
605 anio  pR =0,0
60¢ GN TU 2npn
6n? 2nen b = =3, ST7T0T794
608 ) 6N TD 20en .
609 2030 PP = <4, 1U8159% h T T T
610 GN 7O 206N
611 c
612 an4n T3 ® 2,1x900T(v3)w(1,NaCOSB2)rCNSR
61s T4 8 (1,0=CNSR2V1aag=CNSR2#(V2aVP+V3)
614 IF(ABS(T4) 6T, 0,00001)6N TO 2650
615§ DR 2 =1 ,570794
bté N YU 2npn
617 C
618 2nbn 11 ® Ti/T4
619 IF(TI .Te A, 0)PR = .x.1“1§°$¢ATAN(.")
b’o IF(T‘ .GE. naﬂ)nR ] .‘T‘N(Ti)
e c it LR e
6?2 2hen pe = NR+D
623 ATR = A14QQ
624 APR = ADe090
625 L3R = ](QTCAYR)
TS AMQP 3 QQATIAIK)
627 CALL FLTPR2(AALR,5ADK, R, 44R, ApP,PSTEN, HR)
(Y4} C
629 AD = AARWAAR/(CAejl)
o%0 bR = ABPxAYR/CAeg)
(R 3 IF(PSTEN ,5F, $.i41593)PSTIEN =z PSTEN=S, 141593
032 PRIN = BSTEN=WANE
(A %) IF(PSTY RE, 3,141504)P8IN = PSTD=3,14189%
CAL IF(PSTD 1€, N, N)PSTL = PYINeT, 14165094
635 Tt & P§vpepeN
836 12 =2 1, ,57A79p
047 IF(ABR(AAD) AT, N 00N]ITD 2 HRAATAN(AQR/84D)
ols 172 & T2e72
639 ¢
0d0 IF (AP AT, A, 0)R) TN 20790
04} Vi 2 RRN/ICNSREParRNP)Y
0dg V2 B t,.A”
eds G" Tu gZnpn
odd ¢
ouY eNTh vt 2 PrNeAd
slo V2 32 F)RaFPe(NSAYDwAp
s/ [
Y1) Conene
Y1) d COMPL Te 8T)IeR VELTNK
680 Conane
65} c
0S¢ c JNPOLARTZF) SWR(CE
653 ¢
o8¢ PLT T & P 8 (RYJend2)aVew(,5
68y I2101Y 3 V]ie(Q0eRIUIAN, §eT2?
ofe I121(2) = Vie(0(eka0)w0 SelyS(=niDFavang)
eS7 [2103) 8 V1e(P0=R90YeN S8 N(aniDFevant)
%8 c
689 c PALARTLED snyoCF
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bhu
ohl
ohe
[.L¥}
Y. Y]
[ 1.}]
1.1}
.34
668
6h9
670
671
672
67}
o4
aly
o7e
677
670
679
oRy
L}
bR¢
LK)
bRd4
CL
oRe
bAR7
oRa
6Ay
690
691
692
69
69%4
604
69%¢
097
69
099
7ny
0]
702
ing
704
705
10¢
m"n7
TALY )
10y
1ty
711
11
743
T4
715
AKX
717
AN
1t9

112 2 (QRYJACNS(PRIPEL I 2¢RX2aSTINIFS[PE )22V

vl S vin(AReRR)

I11€1) = v3ielie

111(2) = V3I*CNS(T1)+LNS(T2)

111(38) = VIaSTINITI)«CNS(T2)

J11€4Y = VI®STNCT?)
Ctlittti’ﬁnQ‘ilitttttitﬁ!tittiitt'ttﬁ.tf.ﬁlt!?Biiefﬁt*t.ﬂﬁittit!itﬁ'liﬁ'
C
c VOLUIMF MODEL fMNDT3)

c
crttttbitti'it.tn'lti.ttttnttQt*tintttttt.ttt'tﬁt.tttittﬂtﬁtt.'Otttatttt
3000 IF(.NNT, “IN3YGN T 400N

vt = {0

IF(AP BT, N .0)V]1 = (CNSAREPRFOSHNPRAP

V! = 2, NeVIaRNOVRFF &G/ (CUSBERPSCNSPYP)

AFD = 0,

TY = Ape(Ape(PSTIDF)=1,5TUT796)

12 2= ApS(ASS(PSTDF)ey,712389)

IF(T1 RE, N.NGY ,AND, T2 Gk, 0,001)R) TN 3010

AFD = PSINE

GM" TY sn3n

010 JF(NPOU (AT, N, 001 LAND, PPA (LT, 0.999)bN TO 3020
AFD 8 1,57479
&ﬂ TU jhsh
$0¢0  v? = SURT(IP0 al]l, u=uPyN)/(NPAYUR(1,0=NpPN)))*TAN(PSINEIXS]IAN
' fLNSCATAN(N)Y=FUSE)
AFpD s ATAN(YVZ)

o
$n4n Al = AENewaANE
Cl = FrUR(SSTDF)
Ct = f1e«C1ePpPYy
§1 3 8IVM(PSTOF)
S1 = SleS51a0pPA
V! B V]1/(f]1,040Py ) eNpagy
Conennn
o COAMPYTE STONE®R VErT W
Covane
C
¢ PO LARTLED SNURLF
c
J15C1) 2 VIe(P Lo (1, NeNEN)estal] e ,PyYn))
114f) =z vie(Fle(1 NeDdpN)esial]) uadH90))al 4,0 (apeaN)
J1303) = vie(fiw(1,neNPn)es5tal]l (=0P90) 128 IN(ALsAN)
o
R UMPNL AT F ) 9NUPCF
o
vl T Vieg,S
125801) =2 Vie(NEQue (1, NP0 )eyBye(1 NenNPayY)
173(2) 2 Vie(NrO Pyl el S (e diiFmwaNt)

1280(8) 3 Vie(NPO(elPU)el ]y mndyFawanNe)
TR RN R ORI RS R NN R E AN RO RS R AR AN RGNS P ORI R IR RO NG ER N CRONGERNROR AR NI TRS
c
4 TauT:0paCel “)NEl (MNYJ)

P
-

C't't'.t..'.'t.'t'tt‘tt"tttil...'..tt.'."ttttt.i.0!'."0&".."'...'..
4NN B (L NNT, MINUINFTIRY
WP TURM
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f o e

720 END

771 SUBRUUITINF NUTHUT(TS,PS,TN,PD,P,AA,AR,BR,AR,PSI,PSIN, M, MR, ABFL,
172 LI aP) e . . . )
1?3 DYMENSION A€3),R(R),C(3),AES(%, ), AFP(3,3),AL(3,3),PP(3,3)
774 DIMFNSINN LABFLC]IS),D01), TARLF(S00)
72% LNGYCAL MNDY,MUD2,MNDT,MONY
776 RFAL T21(0),111C4),723(%),>113(3),724(%),114(3)
7°7 INTFGFR SHFTR
778 COMMUN M, ISW, W, TABLE,I21,210,123,113,124,1%4
729 ERUTVALENCE (MUNL,MND2,T1),(MADI, T3, (MNDU, Tus
7%0 DATA MASK/ZNONQNQNL/,ZERD/0.,0/,NNF/1 0/
731 Ct.“.
732 ¢ FNARMAYS
733 Conman
AL 110 FHRMAT(Tl.xﬂxo'P:‘LFCTANCF‘oEX,aL1,?x.lSAAIIdIX.'THFIA'.ox tPHLY,
73S 1 13X, "PILARIZENY 4 13X, VUNPULARITENY , 12X, 'PABYTTAL PULL.')
7% 110 FORMAT(Y1, 10X, ' TNTENSTTY'  ,2Y,4L1,2X,1544/7/721X, ' THFTA 68X, 'PH]',
737 | 13X, "POLARIZEN! ,1%x, VIUNPULARPIZEN?, 12X, 'PARTTAI PUL.')
138 i?0 FORMAT(11Y, 'SNURCF! 204X, Fo,2), % (10X,F13,5)/11X,'NETECTNR',2X,
739 1 Fhe?,Ux,Fho2,3C10%,F13,5)/711X,'PERCFNT PULAR,',AX,F6.2,3(10X,
T4y 2 E138.51/37%,3(10%,F13,5))
4% 130 FORMAT 248V, "IN BY, "UHT /11%, "MOUNR' ,1X,204%,F6,2),3(10%,F1%,8)/
T42 1 TIX, P MINORY 1Y, 2 (UK FhP) o 3010K,E18.5)/11X,'08]",3Xx,204%,F6,.2)
743 ? s R(IOY,FLT . 8) /11X, "HANDFD ' ,2(aX,F5,0),2Y,5(10%X,E13.5)/7)
T4au 1490 PORMAT (T (37Y, (10X, F13,8)/)7408TX,8C10X,£13.5)Y/7)/7)
745 PA = ABS(P)
Tue IT = ¢
747 IV = §ANDrUASK ,TSW)
748 I =2 | AMDIMASH ,SHFTQ(TS5wW, 1))
749 14 T | ANDCMASK,SHFTR(TS®W,?))
TS0 IF (NI, MONL 8NP, NyT, mNU2)Ry TN 2000
751 afy) = DA«J1 l]1Ye(1. 0=pa)e]lD2101)
182 s(1) T PA«]1L1(2)Ye0),u=PA)s]D1(2)
783 cry) = PA«]11(8)e()l, 0=PA)*]121C(3)
754 vry) 8 PAe]11fdlel], 0=PA)C][DirY)
75% AFS(1,1Y = (je1C1reT1(2))/2,0
750 AFS(g, 1Y =2 (12101 ¢721(2)) /2.0
757 AFSC3,1Y = (AC]1Ye®(1)Y/2,.0
750 AFPIL,1Y 3 (11101 YeT 11 (D)) /2,0
759 AFP(2,1Y) 2 (1210 §YeTl(P)V1 /P,
Thu AFPL3,1Y 3 (A(1)=R(Y))/2,0
768 At (1,1) = 0,04990pn
LY IF(T11(2) tie Neft Lu®, 1‘1'5) oNF, u,0)
744 1ALl 1,1Y = ATAND(TL1(R),[11(2))edR Ay9y
764 At (P,1) = h,eyngoc09
L) IF(T21(2) ~e. 0,0 ,uP, [2108) NF, U, )
Tho VAL(2,1Y) = ATANP(TRY(R),12102) el hulRp
1.7 At (V,1) = NM,090y0c0
748 1‘("(') WMNEL N0 Lk, LYY owh, \..U‘
1Y) COALIS, 1Y T AlA 2(0 t,niY)ecR aAyRy
/7. PPY, % 2 S,010, 0,02 Ya 11 (P )11 0)aT11(Y)e]t1€udaT1(8)Y/
77, 1 TIV 1 )e fy,u
11 PP(D,1, 3 SRJ[P)IlcIaTgt (P e2103 V0121 ()2 10uVaT21(48)Y/
174 \ 121 (1)eiNy,v
1% PP(Y,1) = SURT(g( )R} ar (1 ;6003 1aDN(1))/A(1)030y,0
77% enon R (NAT, ¥ON38YLD Ty s0yn
77 Al2) 8 PAel14(1)e(} Qeph)eDsr])
177 of) 2 PAN[V 402 el 0=PA)e]D3( )
/78 cred T Pae]lifdvell 0=PA)elDs03)Y
779 AFSC),¢Y ¢ (11501 VeT1%(2)V/2,0
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7R0
1R}
7R2
7R3
7Ry

7R
TR7
; 7Ry
: 7R9
i 790
791
792
794
794
795
1%
797
798
799
800
ohy
bhe
bh3
8shy
8Ny
8hp
8n?
ul.)
any
810
utl
612
-3 Y
814
815
Bie
817
“iy
3K ]
82y
821
a2¢
LX)
b4
naYy
8’0
8§27
8”y
ury
wly
LAY
8¢

R Y
sls
s %0
| 1Y,
E ols
| ul9
F

P TR TR AT A

000

NN

whin

AFSC2,2)
AFSC(S,2)
l’P'Ivd)
AFpP(2,2Y
AFpP(S,2Y
Al (1,7)

IF(T1%(?

CI23C1)1+72%(P))1/P .0
fAC2I+R(P))I/2.0
(I13€1)Y=113(2))/2,0
(125(1)=123(2))/2,.0
CAr2)=R(2)Y/2,0
0,99999¢9

) CNEC n.n IUD.

11303) NF, v,0)

!OALfL,2) = ATAND(T13(3),113(2))w2R, 64A8

1

1

1

\
2

t

AL (P,?)
IF(123(>
AL(2,2Y
AL(3,?)
1F(R(?)
aLts,2y

2z 0,999909¢9 o X
) JNE, 0,0 ,0R, 123(8) NF, 0,0)
z ATAN?(T2R(3),1258(2))n2R AyRg
= 0,0999050
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