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Abstract-The geometric optics approximation for wave scattering from two-dimensional random rough 
surfaces is compared to the experimental results from five independent facilities and to the existing numerical 
electromagnetic theory predictions. The samples include both metallic and dielectric materials with surface 
slopes ranging from 0.11-0.71. The surface roughness and incident wavelength vary from 0.57-3.58 and 
from 0.64 microns-3.00 millimeters, respectively. The geometric optics results are in good agreement with 
all the electromagnetic theory calculations and the experimental findings for the considered two-dimensional 
surfaces. In addition, the two-dimensional geometric optics approximation predicts both the phenomenon 
of retro-reflection for surfaces with a slope as low as 0.33 and off-specular peak reflection. For surface 
parameters within the geometric optics domain of validity for one-dimensional random rough surfaces, 
the geometric optics results indicate that the one-dimensional domain is valid for two-dimensional surfaces. 

0 1998 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

Wave scattering from interfaces is important in vari- 
ous science and engineering disciplines including pho- 
torealistic image generation in computer graphics ; 
radio and sound wave scattering from ocean surfaces, 
atmospheric layers and planets in communication ; 
image pattern analysis in surface contamination detec- 
tion ; specularity prediction in spacecraft design ; 
emittance estimation in furnace design ; and reflection 
determination in optical instruments. However, the 
ability to predict such realistic surface scattering from 
very rough surfaces through rigorous theory has only 
recently been developed, and results are only available 
in a few limited cases. Extensive rigorous predictions 
for random rough surfaces with dielectric properties 
and relative roug’h surface slopes are still required. As 
compared to rigorous two-dimensional surface scat- 
tering approacht:s, approximate models for two- 
dimensional scal:tering and exact results for one- 
dimensional surfaces have received considerable 
attention, yet their application to more general two- 
dimensional surfaces still requires further inves- 
tigation. Thus, there is the need to develop methods 
to accurately predict the scattering from very rough 
two-dimensional surfaces and to quantify the accu- 
racy of the methods. 

Analytical investigations of surface scattering can 
be classified into two broad categories : exact methods 
derived from electromagnetic theory and approximate 
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models developed through simplifications. Exact 
approaches are typically based on the extinction the- 
orem and Green’s theorem, without restrictions on 
material properties or geometric parameters including 
correlation length, 7, and surface roughness, 0. Thus, 
exact solutions can be applied to the scattering prob- 
lems with surface geometric parameters on the order 
of the incident wavelength, 1. However, due to the 
computational limitations, predictions are typically 
for one-dimensional surfaces, with few studies on two- 
dimensional samples. One-dimensional exact 
approaches have been successfully applied to dielec- 
tric, metallic or perfectly conducting surfaces [l-7], 
deterministic surfaces [8, 91, thin metal films [lo], 
dielectric films on a glass substrate [ 1 l] and free-stand- 
ing dielectric films [ 123. Such exact calculations have 
been compared with experimental findings [l l-141 
and with approximate models [2, 7, 15, 161. Few two- 
dimensional exact solutions have been reported [17- 
231. Most solutions consider perfectly conducting sur- 
faces with only one investigation on a metallic surface. 
Also, in most of these studies, surface slope (rep- 
resented by a/7) is less than unity and incident angle 
is less than 30”. These approaches are generally based 
on Monte Carlo simulations together with certain 
iteration schemes. 

Exact approaches to wave scattering are very com- 
putationally intensive, typically involving the solution 
of multiple coupled integral equations. This is 
especially true for random rough surfaces in which 
the reflection distribution has to be averaged over 
numerous realizations. In general, for two-dimen- 
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I NOMENCLATURE 

I intensity 
n surface outward normal vector 

t0 

position vector 
incident vector 

VS reflected vector 
x, y, z surface coordinates. 

Greek symbols 

i surface profile 
e polar angle 
1 wavelength 
p”> p’ bi-directional reflection function, 

hemispherical reflectivity 

fJ standard deviation 
T surface correlation length 

4 azimuthal angle 
CD radiant power flow 
R solid angle. 

Subscripts 
0 incident 
s scattered 
x, y, z coordinates 

Superscript 
I, bi-directional. 

I 

sional surfaces, the required CPU times are more than 
an hour per realization (for machines equivalent to 
the Cray C90), and the number of surface field 
unknowns is of the order of hundreds of thousands. 
To circumvent these difficulties, various surface scat- 
tering approximations have been developed. Specular 
(Fresnel) and diffuse (Lambertian) models are two of 
the often-used approximations. In the specular model, 
energy is reflected in the solid angle region around 
the specular angle (t?, = 0,) and the fraction of the 
reflected energy is found with Fresnel relations. In 
the diffuse model, energy is assumed to be equally 
distributed in all directions and the bi-directional 
reflectivity is simply calculated by the cosine law. 

The Kirchhoff approximation [24], unlike Fresnel 
and Lambertian approximations in which neither sur- 
face parameters nor incident wavelength are directly 
involved, provides reflection distributions between the 
specular and the diffuse reflection models. The 
reflected magnetic and electric fields on each point on 
the surface are approximated by the field that would 
exist on a tangent plane to the surface at this point. 
The Kirchhoff approximation has been applied to 
both one-dimensional and two-dimensional random 
rough surfaces and domains of validity have been 
constructed [2, 15, 25, 261. It is commonly believed 
that the Kirchhoff approximation yields an accurate 
solution when surface geometric parameters are com- 
parable with the incident wavelength and the surface 
slope is less than 0.3. Many improvements and exten- 
sions [27-301 of the Kirchhoff approximation, result- 
ing in an enlarged domain of validity, have been 
reported. 

The geometric optics approximation also termed 
ray tracing, tracks the energy throughout its inter- 
action with the surface until it leaves the surface. It is 
commonly believed that this approximation is accu- 
rate if both normalized correlation length, z/n, and 
normalized surface roughness, o/n, are greater than 
unity. Actually, Tang et al. [16] have demonstrated 

that the one-dimensional geometric optics approxi- 
mation can yield an accurate solution even when both 
surface parameters are less than unity. The angular 
nature of the geometric optics approximation results 
are compared with exact solutions obtained by the 
integral equation method [3, 81. With a directional 
criterion, the approximation can be applied for sur- 
faces as rough as g/r = 4.0, providing rr/[,? cos(Q,)] is 
greater than 0.17. 

Various experimental results have been obtained to 
quantify scattering phenomena, and most results 
focus on in-plane reflection measurements from two- 
dimensional surfaces. Torrance and Sparrow [31] 
experimentally studied the off-specular peak phenom- 
enon in which the maximum reflected intensity occurs 
at angles other than the specular angle, 19, = B,,. In 
their study, the off-specular peaks occur at angles 
greater than specular angles. The basic experimental 
parameters were systematically varied with the inci- 
dent and reflected angles between l&75” and %39”, 
respectively. The incident and reflected solid angles 
were estimated to be 0.0035 steradians. The energy 
sources were globar rod and fluorescent bulb, pro- 
viding incident wavelength in the infrared and visible 
regions. The rough samples included both metals 
(nickel, copper and nickelxopper alloy) and dielectric 
materials (magnesium-oxide ceramic and aluminum 
oxide) with roughness varying from 0.23-5.80 pm. 
The surface roughness was measured by a profilemeter 
with a diamond stylus of radius 1.26 ,um. No cor- 
relation lengths of the samples were provided. Smith 
et al. [32] observed off-specular peak in which the 
maximum reflected intensity occurs at angles smaller 
than specular angles. This phenomenon occurs for 
dielectric materials if the surface roughness is sig- 
nificantly greater than the incident wavelength and 
the incident angle is greater than the Brewster angle. 
The experiments were conducted on glass surfaces 
with a refractive index of approximately 1.50 and the 
surface roughness ranged from 0.34-5.22 pm. Simi- 
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larly, no correlation lengths were given except for a 
case. The incident and reflected angles varied from @ 
76” and O-90”, respectively. While the reflected angle 
increment was generally So, a smaller increment was 
used around the maxima. All measurements were for 
an incident wavelength of 0.5 pm. The reflection 
results from both of these studies were presented in 
the normalized form. 

Ford et al. [33] employed a Fourier transform infra- 
red system for bi-directional reflection measurements 
which provides the reflection response at multiple 
wavelengths. Reflection measurements have been 
reported for a random rough gold-coated sample with 
o/z = 0.19 and cr/1 = 2.3, and the maximum of each 
reflection distribution occurs slightly beyond the 
specular angle, I!?, == &. Experimental results are com- 
pared with exact solutions obtained from a one- 
dimensional integral equation approach [3, 81. The 
experimental and theoretical predictions are in good 
agreement in the r’eflection distribution but the mag- 
nitude of the bi-directional reflectivity for a random 
rough gold-coated surface is significantly lower than 
the exact solutions since the theoretical predictions 
are based on a one-dimensional surface model. Similar 
studies on other samples such as gold sandpapers and 
aluminum alloys have also shown the off-specular 
peak phenomena for thermal radiation [3&37]. 

The phenomen’on of retro-reflection (energy is 
reflected back in the incident solid angle region, 
8, = - 0,) has been observed independently by differ- 
ent experimental investigators [1 1, 12, 38401 which 
have a capability of reflection measurements at nega- 
tive scattering angles. O’Donnell et al. [41] were 
among the first researchers to experimentally study 
retro-reflection from two-dimensional random rough 
surfaces. Three gold-coated samples were manu- 
factured in a ma:nner similar to the fabrication of 
integrated circuit devices [42] with o/7 = 0.11, 0.20 
and 0.71. Strong retro-reflection peaks occur at anti- 
specular angles for the roughest sample at incident 
angles of 0, 20 and 40”. Chan et al. [43] has also 
reported similar observations. Their samples were 
machine-fabricated by specified two-dimensional ran- 
dom rough surfalce profiles, and layers of metallic 
paint were coated on the samples after fabrication. 
The ratio of roughness to correlation length ranged 
between 0.25 and 0.71. Measurements were made at 
reflected angles from -7670” with incident wave- 
lengths on the order of millimeters (-3 mm) and 
incident angles of 0, 20 and 40”. A slight retro-reflec- 
tion peak was observed for the surface with a slope 
of 0.33, and the retro-reflection peak becomes more 
pronounced as surface slope increases to 0.71. 

In this work, t.he geometric optics approximation 
on the electromagnetic theory is examined for two- 
dimensional random rough surfaces. The geometric 
optics approximation is presented and compared to 
the existing experimental results and electromagnetic 
theory calculations. Also, new experimental results 
are reported and compared to the geometric optics 

approximation. The following section defines the bi- 
directional reflectivity and two-dimensional random 
rough surfaces specifications and provides a detailed 
description of the geometric optics model. In the sub- 
sequent section, approximate results are compared 
with the experimental findings from five facilities and 
electromagnetic theory calculations. 

GEOMETRIC OPTICS SCAlTERING ANALYSIS 

Bi-directional rejectivity 
When a semi-transparent surface is illuminated by 

an electromagnetic wave, the incident energy will be 
reflected and transmitted. To describe the angular dis- 
tribution of the reflected energy, the bi-directional 
reflectivity is defined as n times the ratio of the 
reflected power per unit solid angle per unit projected 
area to the incident power [44] and given as 

n d@ 

where CD and Sz are the radiant power and solid angle, 
the subscripts 0 and s denote incident and scattering, 
respectively. Note that the bi-directional reflectivity 
can be greater than unity. Integrating the bi-direc- 
tional reflectivity over the entire hemisphere and 
dividing the rt yields the directional reflectivity (the 
ratio of the total hemispherical reflected power to the 
total hemispherical incident power). For a perfectly 
con‘ducting surface (no energy absorption or trans- 
mission), the directional reflectivity is unity. 

Two-dimensional random rough surfaces 
Two-dimensional random rough surfaces are gen- 

erated by a stationary stochastic process with a zero 
mean and a Gaussian probability density function of 
the surface height [43], c(r). Thus, 

<i(r)) = 0 (2) 

(i( = 0’ exp - [C 1x1 -%I2 + IY, -Y212 
2 

7x 
2 

7Y >I 
(3) 

where r is the position vector and x, y are the com- 
ponents of r. The subscripts 1 and 2 denote two differ- 
ent locations on the surface. 7, and z, are the cor- 
relation lengths in x and y dimensions, and 0 is the 
surface roughness. In this work, surfaces are assumed 
to be isotropic, exhibiting no preferential roughness 
direction ; thus 7, and zy are equal and denoted by 7. 

Figures l(a) and (b) show realizations of two- 
dimensional random rough surfaces with surface par- 
ameters of 7,/l = 7,/l = 711 = 2.0 and a/1 = 0.2, and 
7,/l = 7,/i = r/l = 1.0 and a/,? = 0.7, resulting sur- 
face slopes of 0.1 and 0.7, respectively. The horizontal 
axes are .x/i and y/J, while the vertical axis is c/A. 
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These two surface profiles represent surfaces that 
exhibit both specular and diffuse scattering charac- 
teristics. 

Two-dimensional geometric optics approximation 
The geometric optics approximation to electro- 

magnetic theory provides a multiple scattering solu- 
tion for surface reflection. In this approximation the 
energy incident on a rough surface is traced through 
multiple interactions with the surface until it leaves 
the surface, and Fresnel reflection is applied to each 
local point of intersection. For a rough surface, the 
number of interactions typically increases with surface 
slope. For a plane surface, the geometric optics 
approximation reduces to the Fresnel reflection since 
all the energy is reflected in the solid angle region 
around the specular angle. 

The first step of the two-dimensional geometric 
optics approximation is to generate a random rough 
surface profile and its directional slopes for the pre- 
specified correlation length, surface roughness, inci- 
dent wavelength, dielectric constants and surface 
length. The first reflection points [see Fig. 2(a), point 
A] are chosen from either randomly distributed or 
equally spaced points in both x and y dimensions. 
Since both schemes provide the same results, and since 
the latter takes less computational time, equally 
spaced points are selected. The first reflection point 
may not necessarily be a node ; thus, there can be 
more first reflection points than nodes. In order to 
obtain accurate results, the number of first reflection 
points should be five times greater than the number 
of nodes. 

The direction of the incident bundle is pre-specified 
and expressed in a vector, V, = xi+,vj + zk, where 
x = sin(&) cos(O,), y = sin(&) sin(&) and 
z = cos(&,). As illustrated in Fig. 2(b), some surface 
elements [e.g., point C in Fig. 2(b)] do not participate 
in the scattering process since the incident bundle can- 
not hit portions of the surface. This shadowing con- 
tribution is significant at large 0”. To determine if the 
first reflection point is in the shadow, the plane formed 
by the incident bundle direction and the projected line 
of the incident beam on the xy plane is considered. If 
any surface point between the first reflection point and 
the highest surface point in this plane lies above the 
incident bundle, the first reflection point is in a 
shadow, and another first reflection point is selected. 
If the bundle strikes the surface, the direction of 
reflection, V,, is found by using Snell’s Law [45] in 
which the angle between the incident and normal vec- 
tors is equal to the angle between the reflected and 
normal vectors, 

V, = V,+2]V,*n]n (4) 

where n is the normal vector. The energy carried by 
the bundle is equal to the projected area of the surface 
on the plane which has a normal parallel to the inci- 
dent vector, V,,. 

Determining whether the reflected bundle strikes 
the surface again requires the same process as deter- 
mining whether the first reflection lies in a shadow 
except that the direction in Fig. 2(b) is reversed, and 
the plane formed by the reflected bundle direction and 
its projected line on the x-_v plane are considered. If 
any one of the points between the reflection point and 
the highest surface point in this plane lies above the 
bundle, the bundle restrikes the surface. If the highest 
point on the projected line is examined and the bundle 
does not restrike the surface, the reflected bundle is 
considered scattered from the surface. In addition, 
when the reflected bundle travels beyond the edges of 
the surface without striking the surface, the surface 
nodes are mirror-imaged on the opposite sides with 
the surface normal vector reversed. 

After all of the bundles have been scattered from 
the surface for ali first reflection points at a given 
incident angle, the bi-directional reflectivity is found 
from equation (1). The scattered energy is multiplied 
by rc and divided by the total incident energy, the size 
of the solid angle and cos(&). 

The numerical implementation of this process 
requires approximately 60 realizations to yield a stat- 
istically significant result. Surface length must be at 
least 503, and at least 10 000 surface nodes are required 
to obtain an accurate result. Also, as the surface 
roughness increases, more surface nodes are needed 
for the surface. Numerical error in each realization is 
infinitesimal and the reported error is dependent upon 
the number of incident bundles, number of real- 
izations and number of surface nodes. For the results 
presented in this work, this numerical error is less than 
5.0%. The whole process for a surface with o/z < 0.25, 
takes approximately 1 h of CPU time and 20 Mega- 
words of memory on the Cray C90 to predict the 
averaged reflection distribution from 60 realizations. 
And for a very rough surface with o/n > 0.7, the pre- 
diction process takes about 5 h and 40 Megawords. 
These computations require approximately one-third 
of the CPU time and memory used for prediction 
of exact solutions on one-dimensional random rough 
surfaces. 

EXPERIMENTAL MEASUREMENTS 

A Fourier Transform Infrared Spectrometer 
(FTIR) [33, 461 coupled with a reflectometer is used 
for the in-plane bi-directional reflection measure- 
ments. This system simultaneously characterizes the 
reflection at multiple wavelengths simultaneously, and 
also has a capability for transmission and emission 
measurements for various interfaces. Results are 
reported here for reflection from rough gold-coated 
surfaces at 3.39 pm. 

The basic elements of the system are a 1500 K 
air-cooled Ever-GloTM source and a high-sensitivity 
liquid-nitrogen cooled mercury cadmium telluride 
detector (MCT) which provide an overall operating 
range from 1-16 pm. The linear region of the MCT 
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Fig. 1. Realization of surfaces: (a) U/T = 0.1, CT/A = 0.2 and (b) crjz = 0.7, u/A = 0.7 
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Fig. 2. (a) Rough surface scattering geometry. (b) The shadowing contribution. 
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detector is determined by recording signals for a 
blackbody radiation source and comparing the 
recording signals to the predicted values based on the 
Planck function [44]. The blackbody source intensity 
can be controlled by systematically varying exit aper- 
ture sizes and source temperatures. All the FTIR data 
presented in this work are within the linear region. 
Ellipsoidal and plane mirrors are installed in the 
reflectometer to provide an in-plane reflection 
measurement with variable incident and reflected 
angles. Several limiting apertures at the inlet and exit 
ports of the reflec tometer, combined with the source 
aperture, provide the adjustment of incident and 
reflected solid angles which are set in a planar angle 
of approximately 4”. 

The bi-directional reflectivity is determined by 
ratioing the measurements of the sample to a reference 
material. In this experiment, Spectralon (sintered 
polytetrafluoroethylene) designed by Labsphere, Inc. 
was chosen to be l.he reference material because of its 
repeatable, long term stability and diffuse reflectance 
properties. The ‘bi-directional reflectivity of Spec- 
tralon was measured by TMA Technologies, Inc. [47]. 
As indicated in ref. [33], the overall uncertainty for 
the measured data is less than 10%. 

Reflection measurements have been performed on 
two random rough gold-coated samples for various 
incident and scattering angles. The samples were 

manufactured by Labsphere, Inc. with surface geo- 
metric parameters a/r = 0.19, cr/n = 2.30 and 
a/r = 0.36, crjn = 7.24 at the incident wavelength of 
3.39 pm. Measurements of the geometric parameters 
for the smoother surface were conducted on a Dektak 
3030 surface profilemeter, and the Dektak 3st surface 
profilemeter was used to obtain the parameters for the 
rougher sample. The measured values are the 
ensemble average of 100 profiles randomly scanned 
on both samples. For the smoother surface, each scan 
length is 1000 pm, and each measured profile is rep- 
resented by 400 grid points, while 2000 nm scan length 
and 2000 grid points are used for the rougher surface. 

RESULTS AND COMPARISONS 

In this section, the geometric optics predictions on 
two-dimensional surfaces are first compared to using 
the existing experimental findings. Figure 3 presents 
the normalized b&directional reflectivity from the geo- 
metric optics approximation together with the existing 
experimental findings from four experimental facilities 
[3 1,32,41,43]. The results are presented in ascending 
order of surface slope for curves (a) through (1). The 
results are shown in plane of incidence, 4,, = 0”. The 
vertical axis is the bi-directional reflectivity nor- 
malized with respect to its value at the specular angle 
[and multiplied by cos(&)]. The geometric optics pre- 

: - Geometric Optics Approximation j 
- 0 ??Expe.rimentalFindings 

1.5 

Fig. 3. Comparisons of geometric optics approximations with existing experimental findings for the 
normalized bi-directional reflectivity (see Table 1 for specific values of o/J). 
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Table 1. Surface parameters, surface materials, incident angles and incident wavelengths for the 
existing experimental findings presented in Fig. 3 

Fig. 3 
curve Ref. a/r 011 1 4 Materials 

: 41 41 

: 31 31 
e 41 
f 32 

: 43 43 
i 43 

L 43 41 
1 41 

0.11 
0.11 
0.16 
0.16 
0.20 
0.25 
0.25 
0.33 
0.50 
0.50 
0.71 
0.71 

- 
3.58 
3.58 
0.57 
0.57 
0.93 
1.77 
1 .oo 
1.00 
1 .oo 
1.00 
1 .oo 
1 .oo 

- 

dictions are shown with solid lines and experimental 
findings with specific points. Complete listings of the 
surface roughness, correlation lengths, surface 
materials, incident angles and incident wavelengths of 
each case are indicated in Table 1. 

Curves (a)-(e) in Fig. 3 illustrate the results from 
smaller roughness surfaces (g/z < 0.25). Since the cor- 
relation lengths of the cases presented in curves (c) 
and (d) were not reported, the values of T are selected 
as best fits to the experimental data as reported in 
ref. [30]. In these cases, both the geometric optics 
predictions and the experimental findings are Gaus- 
sian-shaped curves around the scattering angles, and 
the reflection distribution spans a limited range of 
scattering angles. No distinct off-specular peaks has 
been noticed in curves (a) and (b), while slight off- 
specular peaks occur in cases (c) and (d). In general, 
the geometric optics predictions are in excellent agree- 
ment with the experimental findings. Other 
researchers [30,41] had compared these experimental 
findings with the other approximate predictions such 
as the Kirchhoff approximation, and the approximate 
approaches are in less accurate agreement in both 
trend and magnitude than the geometric optics results. 

The results from surfaces with immediate roughness 
(0.25 < a/z < 0.70) are presented in curves (f))(j). 
The reflection distribution is no longer a Gaussian- 
shaped curve and the distribution spreads over the 
entire hemisphere. The agreement between the exper- 
imental findings and approximate results is excellent. 
An off-specular peak is also observed for the case ( f). 
The maxima of the bi-directional reflectivity occurs at 
approximately 0, = 35”, instead of the specular angle, 
8, = 30”. These results have also been compared with a 
single scattering model [32], with excellent agreement 
between the approximate prediction and experimental 
data at the small scattering angles (8, < 35”) ; 
however, a significant direction between the single 
scattering model and experimental findings as 8, 
increases was noted, indicating that the multiple scat- 
tering included here is important in cases where the 
surface slope is o/r > 0.25. 

0.63 pm 20” Gold 
0.63 pm 70’ Gold 
0.50 pm 30’ Aluminum 
0.50 pm 45” Aluminum 
10.6 pm 0’ Gold 
0.50 pm 30” Glass 
3.00 mm 0” Perfectly conducting 
3.00 mm 20’ Perfectly conducting 
3.00 mm 0” Perfectly conducting 
3.00 mm 20” Perfectly conducting 
0.64 pm 0” Gold 
0.64 pm 40C Gold 

A slight retro-reflection peak is observed at the anti- 
specular angle for both the geometric optics pre- 
dictions and experimental findings in curve (h). This 
phenomenon is more distinct in the reflection dis- 
tribution from the very rough surfaces as shown in 
curves (i)-(l). The distribution is very diffuse and large 
values of reflection are observed in the negative scat- 
tering angles. For the normal incidence [curves (i) and 
(k)], both experimental and approximate reflection 
distributions exhibit a strong single retro-reflection 
peak at normal scattering. At an incident angle of 40” 
[curve (l)], a sharp peak occurs at 0, = -40” and a 
smaller forward peak occurs at B, = 20”. 

Other researchers [ 17-231 have predicted the reflec- 
tion distribution for the cases (i) through (k) by 
electromagnetic theory simulations. In general, the 
results agree well except for the case (i) where a devi- 
ation in trend between the experimental results 
reported in ref. [43] and the electromagnetic theory 
calculations presented in ref. [17] is observed. Since 
good agreement between the experimental data 
reported in ref. [43] and other electromagnetic theory 
calculations [18, 20, 211 has been observed, com- 
parisons with the electromagnetic theory predictions 
of refs. [ 18-2 1] are made rather than with ref. [ 171, 

Figure 4 illustrates the absolute magnitude of the bi- 
directional reflectivity of gold-coated random rough 
surfaces, obtained from the FTIR system described in 
the previous section. The geometric optics predictions 
for both two-dimensional random rough surfaces and 
experimental results are presented at incident angles 
of 30, 35 and 45”, and at the incident wavelength of 
3.39 pm. The results are in very good agreement in 
both trend and absolute magnitude. The large mag- 
nitude, limited scattering angle range and the Gaus- 
sian-shaped reflection distribution are observed for 
the smoother surface [curves (a)-(c)], while the 
rougher sample has a smaller magnitude, more diffuse 
and less-Gaussian shaped reflection distribution 
[curves (d)-(f)]. Off-specular peaks are observed for 
both surfaces. The maximum values of the reflection 
distribution occur at angles greater than the specular 
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Fig. 4. Comparisons of geometric optics approximations with existing experimental findings for the bi- 
directional reflectivity from the gold-coated surfaces at a wavelength of 3.39 microns. 

angles for the smoother surface, while for the rougher 
surface, the maximum values are at angles smaller 
than the specular angles. For the smoother surface, 
relative results were presented in ref. [33], and the 
trends predicted 'by a one-dimensional model were 
noted to be approximately 50% lower than exact solu- 
tions. The geometric optics results presented here indi- 
cate that the two-dimensional model is required for 
accurate absolute predictions of the bi-directional 
reflectivity from two-dimensional surfaces. 

Geometric optics predictions are compared with 
electromagnetic theory calculations [19-211 in Fig. 
LMacaskill and Kachoyan [18] have compared 
electromagnetic theory calculations with some exper- 
imental findings presented in Fig. 3 [curves (k) and 
(l)]. In these cases, the comparisons of the geometric 
approximation to the electromagnetic theory cal- 
culations are not presented in Fig. 5. For these cases, 
the experimental findings agree well with electro- 
magnetic theory calculations except no forward peak 
was observed because of the insufficient number of 
realizations. The results shown in Fig. 5 are presented 
in ascending order of surface slope for curves (a)- 
(d). Geometric parameters, surface materials, incident 
angles and wave’lengths are listed in Table 2. The 
results are shown in the plane of incidence and com- 
pared to normalized electromagnetic theory cal- 
culations [19-211. The geometric optics predictions 

Table 2. Surface parameters, surface materials, incident 
angles and incident wavelengths for the existing electro- 

magnetic theory calculations presented in Fig. 5 

Fig. 5 
curve Ref. glr crj/? t$ Materials 

: 20 22 

: 22 19 

0.30 0.33 0.20 1.00 20 10” Perfectly conducting 
Perfectly conducting 

0.71 0.71 0.50 1.00 20” 20” Perfectly conducting 
Perfectly conducting 

and electromagnetic theory calculation are found to 
be very similar for all scattering angles. Retro-reflec- 
tion peaks are observed in anti-specular angles. 

The good agreement between the geometric optics 
approximation and both existing experimental and 
rigorous electromagnetic theory predictions indicates 
that the geometric optics model provides a useful and 
relatively inexpensive approach for two-dimensional 
random rough surfaces with various slope surfaces 
o/r even beyond 0.3 (the limitation of the Kirchhoff 
approximation). Also the comparisons indicate that 
the geometric optics approximation has the capability 
to accurately predict retro-reflection peaks and off- 
specular peaks for random rough surfaces. 

Although electromagnetic theory calculations pro- 
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Fig. 5. Comparisons of geometric optics approximations with existing electromagnetic theory calculations 
for the normalized bi-directional reflectivity (see Table 2 for specific values of g/n). 

vide an accurate means for the quantification of two- 
dimensional surface reflection, such investigations are 
expensive and limited ; thus, constructing a com- 
prehensive domain of validity of the two-dimensional 
geometric optics approximation is impractical at this 
date. However, the geometric parameters for all the 
cases including both experimental and numerical stud- 
ies compared in this work are within the domain of 
validity of the one-dimensional geometric optics 
approximation. And since the two-dimensional geo- 
metric optics predictions agree well with all the exist- 
ing approaches, it seems likely that the one-dimen- 
sional domain is valid for two-dimensional surfaces. 

CONCLUSIONS 

The geometric optics approximation is a ray tracing 
approach in which energy bundles are traced until they 
leave the surface. Its application to two-dimensional 
random rough surfaces has been studied. Geometric 
optics predictions have been compared with the find- 
ings from the few existing electromagnetic theory 
calculations and with the existing experimental 
findings from five experimental facilities. The examined 
cases include both metallic and dielectric materials 
with surface slopes ranging from 0.114.7 1. In general, 
the geometric optics predictions agree well with exist- 
ing results and the comparisons indicate the capability 
of the geometric optics approximation to predict off- 
specular and retro-reflection peaks. Thus, the geo- 
metric optics approximation provides a useful and 
relatively inexpensive approach for the two-dimen- 
sional surface reflection for the cases with geometric 
parameters lying within the one-dimensional geo- 
metric optics domain of validity. 
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