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Based on the Torrance –Sparrow model, a modified and simplified five-parameter model is
obtained. Multi-angle bistatic reflectance data of surfaces of various materials are fitted using
this model. Genetic algorithm is used to optimize the parameters for the model. The results of
the five-parameter model are in good agreement with experimental data which do not take part in
fitting, and are close to the results of two-dimensional bidirectional reflectance distribution
function (BRDF) models. The five-parameter model shows a good applicability to various
rough surfaces with different surface optical properties. The five-parameter model can be used to
construct a three-dimensional BRDF distribution based on the spatial experimental data, which
may provide more information on light scattering from rough surfaces.
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1. Introduction
Scattering of rough surfaces, conducting or dielectric targets, has been widely studied
in the microwave band [1 – 6]. But it is difficult to study scattering of targets in
the visible band because the wavelength is too short to use the classical electromagnetic theory. Bidirectional reflectance distribution function (BRDF) defined by
NICODEMUS [7], which is a theoretical concept that describes the directional reflectance
phenomena by relating the incident radiance from one given direction to its contribution to the reflected radiance in another specific direction, makes the calculation of
light scattering of targets more easily [8]. BRDF is now extensively used in the fields
of remote sensing and material diagnosis for characterization of light radiation and
scattering from surfaces [9 – 12]. BRDF plays a major role in evaluating or simulating
the signatures of natural and artificial targets in the visible spectrum using a laser
[13 – 17]. Various surface BRDF models [18 – 22], plus theory and measurements of
the polarized BRDF, have been developed [23 – 27]. Usually, a large amount of BRDF
data is needed to fully characterize three-dimensional light scattering from an object
surface [28], which might not be experimentally realizable in practice. Therefore,
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an effective model founded on limited experimental data is required to efficiently
obtain light scattering information.
In 1967 TORRANCE and SPARROW deduced a light scattering model [29], which
assumes that the surface consists of small, randomly disposed, mirror-like facets.
The model can predict the off-specular peak phenomenon caused by masking and
shadowing of surface facets, but it restricts the distribution of the normal of the mirror-like facets being Gaussian. Based on TS model, we proposed a five-parameter
model. In this model, the exponential function in the TS model is substituted by
elliptical function to describe the distribution of the normal of the facets. In addition,
the exponential function with two parameters is used to substitute the Fresnel
reflectance function to avoid the calculation of many trigonometric functions.
The model can be used to describe the isotropic surfaces with non-polarization incident
light. The model is simpler in calculation procedure and wider in applied ranges, so it
is more applicable than the TS model.
Genetic algorithm [30], which is an adaptive and probability optimizing algorithm
originating from simulation of hereditary and evolutional progress of the organism in
environment, is used to search the best parameters of the five-parameter BRDF model
to fit the measured data. And BRDF calculated using the model with the retrieved
parameters can fit the measured data well.
Several isotropic samples with different light scattering characters are measured,
and the five-parameter model is used to fit the experimental data. It is found that
the model is successful in fitting these data.

2. Establishment of five-parameter BRDF statistical model
In optical and infrared fields, if the microscopic roughness scale is much larger than
that of radiation wavelength (kσ > 1, while k is the wave number, σ is the roughness
scale), rough surfaces can be considered as made of many facets with normal pointing
to space [29]. The coordinate system is shown in Fig. 1. Let us assume that the z axis
is normal to the averaged plane of the rough surface, ki is the incident vector, kr is

Fig. 1. Diagram showing the geometric relation
of BRDF in Cartesian coordinate.
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the scattered vector, α is the angle between the normal direction n of the facet and
the z axis, γ is the incident angle in the local coordinate of the facet. The relationship
between α and γ in a rectangular coordinate system is (assume ϕi = 0)
⎫
⎪
⎪
⎬
1
2
cos γ = ------ ( cos θ i cos θ r + sin θ i sin θ r cos ϕ r + 1 ) ⎪⎪
2
⎭
cos θ i + cos θ r
cos α = -------------------------------------2 cos γ

(1)

where: r – reflected, i – incident, θ – zenith angle, ϕ – azimuth angle. Based on this,
Torrance and Sparrow deduced a light model from a rough surface. The model assumes
that the surface consists of small, mirror-like facets which follow the Gaussian
probability distribution. The effects of shadowing and masking of facets by adjacent
facets are included in the analysis. The TS (Torrance and Sparrow) model is
G ( θ i, ϕ i , θ r , ϕ r )
ρ0
2 2
f r ( θ i, ϕ i , θ r , ϕ r ) = gR ( γ, n ) -------------------------------------------- exp ( – C α ) + ---------- cos θ i
cos θ r
π

(2)

The model is composed of two components: the coherent component – specular
reflection, and the Lambert component – diffuse reflection. The g denotes the adjustable
constant; R(γ, n) is the Fresnel reflection function; G(θi , ϕ i , θr , ϕ r ) is the masking and
shadowing factor; C is the parameter controlling the spread of the facet distribution;
ρ0 is the diffuse reflectance.
In the TS model, the distribution function of the normal of the facet is Gaussian
in the expression of D = exp(–C 2α 2 ). As to isotropic surface, the distribution of
the normal of the facet is symmetrical in azimuth to the normal of the reflected
surface, so the exponential function in the TS model is substituted by the elliptical
function D (α ) = k 2r cos α ⁄ [ 1 + ( k 2r – 1 )cos 2 α ] . The coefficient kr is the ratio of
the horizontal axis to the vertical axis. The specular peak is more predominant, and
the value of kr is smaller.
As to isotropic surface incident with non-polarized light, Fresnel reflectance
coefficient can be approximated by an exponential function with two parameters
R0(γ ) = exp[b (1 – cosγ )a ]. R0(γ ) is the relative reflection coefficient of the facet
R0(γ ) = R(γ )/R(0); a, b are determined by the refractive index of medium. When
R0(π /2) = R(π /2 )/R(0) = exp(b) = (n + 1)2/(n – 1)2, the initial value of b can be taken
b = ln[(n + 1)/(n – 1)]2, here n is the refractive index of medium. The expression can
save a lot of calculation time consumed by the calculation of many trigonometric
functions in the classical expression of Fresnel reflectance function.
The shadowing function G(θi , θr , ϕ r ) is determined by the probability of
shadowing and masking, which occurred between the adjacent facets. In order to
simplify the formula, the microgeometric model is introduced (as shown in Fig. 2).
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Fig. 2. Diagram showing the microgeometric model
of BRDF in two-dimensional coordinate.
i
r
The θ sph
, θ sph
and γsph are the projection of θ i , θ r and γ, respectively in the scattering
plane. Based on this, the shadowing function can be written as
i

r

1 + w sph (α ) tan θ sph tan θ sph ⁄ ( 1 + σ r tan γ sph )
G ( θ i , θ r , ϕ r ) = --------------------------------------------------------------------------------------------------------------------2 i
2 r
1 + w sph (α )tan θ sph 1 + w sph (α )tan θ sph

(3)

where: wsph(α ) = σsph [1 + usph sin α /(sin α + υsph cos α )], and σr , σsph , usph , υsph are
the empirical parameters. In general, these parameters can be obtained by many
experiments. In this paper, we let σsph = 0.0136, σr = 0.0141, usph = 9.0, υsph = 1.0,
then the function can calculate the geometrical attenuation factor of the flux.
i
According to the spherical trigonometry formulas, the tangent functions of θ sph
,
r
and γsph, and are
θ sph
sin θ i + sin θ r cos ϕ r ⎫
i
tan θ sph = tan θ i ----------------------------------------------------- ⎪
2 sin α cos γ
⎪
⎪
sin θ r + sin θ i cos ϕ r ⎪
r
tan θ sph = tan θ r ----------------------------------------------------- ⎬
2 sin α cos γ
⎪
⎪
cos θ i – cos γ
⎪
tan γ sph = ------------------------------------------⎪
2 sin α cos γ
⎭

(4)

Based on all of the above equations, the BRDF model can be written as five-parameter (kb , kr , a, b and kd) model:
2

k r cos α
G ( θi, θr, ϕr )
- exp b ( 1 – cos γ ) a ----------------------------------- + kd
f r ( θ i , θ r , ϕ r ) = k b ----------------------------------------------2
cos θ r
1 + ( k r – 1 ) cos α
(5)
while kb is the specular reflection coefficient, kd is the diffuse reflection coefficient.
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The best standard to select parameters is the least square error criterion. So
the objective function is given by:

∑ ∑ g1 ( θi )g2 ( θr )
θ

f r ( θ i , θ r , 0 ) cos θ r – f r0( θ i , θ r , 0 ) cos θ r

θ

2

i
r
E ( x ) = --------------------------------------------------------------------------------------------------------------------------------------------------------------

∑ ∑ g1 ( θi )g2 ( θr )

f

0
r ( θi,

θ r , 0 ) cos θ r

2

(6)

θi θr

where: x = [kb, kd , kr , a, b ]T is the column vector of experimental parameters;
f r ( θ i , θ r , 0 ) and f 0r ( θ i , θ r , 0 ) are the value of BRDF calculated using Eq. (5) and
the measured data of BRDF at (θi , θr , 0), respectively; g1(θi ) and g2(θr) are the weighting
functions to adjust errors induced by nonuniform measurement, rendering the results
more exact through appropriate employment. In this paper the weighting functions are
set as 1.

3. Experimental method
BRDF of samples is measured using the measurement system (designed and built by
Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences) shown
in Fig. 3. The system can measure three dimensional BRDF data by rotating the sample
and the light source by motors A, B and C. The step of the zenith angle is 1 degree and
5 degrees of the azimuth angle. The accuracy of the zenith and azimuth angle is
0.1 degree, and the relative error of the measured BRDF of the system is less than 5%.
The reference-sample method [31] was used in the experiment. If frs(θ i , ϕ i ; θ r , ϕ r )
and frr (θ i , ϕ i ; θ r , ϕ r ) are the BRDF of the sample and the reflectance standard,

Fig. 3. Schematic of measurement instrument.
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Fig. 4. Angular distribution of scattering
intensity for the reference white plate (F4).

respectively, and if Vs and Vref are the output voltages for the sample and the reflectance
standard, respectively, then
Vs
f rs ( θ i, ϕ i ;θ r, ϕ r )
---------------------------------------------- = -------------V ref
f rr ( θ i, ϕ i ;θ r, ϕ r )

(7)

It is noticed that Vref of the reference standard must be determined under the same
measurement geometry conditions which are used for the detected samples and that
all measurements must be performed in pairs. In our experiments, the reference
standard is the pressed polytetrafluoroethylene plate which is considered as a Lambertian
plate. Its scattering behavior closely approaches a perfectly diffuse, and the reflective
spectra do not change at near-infrared bands. Figure 4 shows the output voltages that
are corresponding to the angular distribution of backscattering intensity. The BRDF
of a Lambert surface is a constant value in all directions, and the reference value is
ρ /π, where ρ is the hemispherical reflectance using an optical spectrophotometer
with an integration sphere. When the pressed polytetrafluoroethylene plate is used as
a reference standard, its BRDF is frr (θ i , ϕ i ; θ r , ϕ r ) = ρ /π. Once the output voltages
Vs and Vref are measured, the BRDF of the target sample can be found. Thus the BRDF
of the sample is:
Vs
Vs
ρ
f rs ( θ i , ϕ i ;θ r , ϕ r ) = --------------- f rr ( θ i, ϕ i ;θ r, ϕ r ) = --------------- --------V ref
V ref π

(8)

4. BRDF optimized modeling and verification
The surfaces of spatial targets are usually made of more than one material, as in
the case of alloys and surface coatings containing random particles in a coating. By
using the BRDF measurement system, we obtained the data of the isotropic
surfaces in lab (the wavelength is 1.06 μm). The five-parameter model can be suitable
for characterizing these surfaces by parameter optimization based on experimental
data.

Measurement and statistical modeling of BRDF of various samples

203

Fig. 5. BRDF of aluminum with coating of
white paint (4 groups of data take part in
fitting).

Fig. 6. BRDF of aluminum with coating of
white paint (2 groups of data do not take part
in fitting).

We measured 6 groups of data for the sample of aluminum with a coating of white
(spray) paint, the incident angles are 10°, 30°, 45°, 60°, 21° and 52°, respectively. We
choose 4 groups of data which take part in fitting, the incident angles are 10°, 30°, 45°
and 60°. The other two groups of data (the incident angles are 21° and 52°, respectively)
do not take part in fitting. Genetic algorithm is used in processing of optimized
modeling. The five parameters are obtained by using genetic algorithm (GA), the parameters are kb = 5.708, kr = 2.240, b = –58.722, a = 0.452, kd = 0.220 and E = 4.17%,
where E is the error. The experimental data and fitted curves are shown in Fig. 5.
The discrete points represent experimental data and the lines represent the fitted results.
In Figure 6, the solid squares and hollow triangles are the experimental data for this
sample which do not take part in fitting; the solid line and the dash line are calculated
by Eq. (6) using the above five parameters. We can see that the five-parameter model
can well predict the distribution of the light scattering.
As we know, directional hemisphere reflectance (DHR) is the integral of BRDF
over the upper hemisphere [7]:

ρ =

∫ fr cos θr d ωr

2π

(9)
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Fig. 7. The reflectance of aluminum with
coating of white paint.

The measured hemispherical reflectance of this sample from 200 nm to 2000 nm
(by using a spectrophotometer (U-3501) with integrating sphere) is shown in Fig. 7.
We can see, when the wavelength is 1.06 μm, that the value is 79.6%.
With the equation above, we can obtain the value of the reflectance ρ is 73.4%,
which closes to the value 79.6%, which is measured by integral sphere, while is
relatively accurate. This means that the experimental method and the model presented
in this paper are applicable.

5. BRDF statistical models of various samples
The five-parameter model can fit many kinds of surfaces, several samples of BRDF
are shown in this section.
5.1. Cement plate
The roughness of the cement plate surface is very large. When the five-parameter
model is applied to this kind of a plane, the light scattering characteristics are the same
as that of a Lambertian plane. The specular component is almost zero. The five
parameters are kb = 0.003, kr = 2.961, b = –18.301, a = 15.572, kd = 0.067 and
E = 5.98%. The experimental data and fitted curves are shown in Fig. 8. The Figure 9
shows the 3D spatial distribution of fr (θ i ; θ r , 0)cos θ r changing with ϕ r , θ r .
5.2. Forged steel with coating of khaki paint and forged steel
For a surface of forged steel with coating of khaki paint, the parameters are given
as kb = 0.0698, kr = 0.478, b = –28.935, a = 0.777, kd = 0.107 and E = 0.69%.
The simulated curves are shown in Fig. 10. The 3D BRDF is shown in Fig. 11.
For a surface of forged steel, the parameters are kb = 0.072, kr = 16.125,
b = –29.917, a = 0.959, kd = 0.081 and E = 0.95% can be obtained from the five-parameter model. Figure 12 shows experimental BRDF data and the fitted curves.
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Fig. 8. BRDF of cement plate.
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S
Fig. 9. 3D BRDF of cement plate.

S
Fig. 10. BRDF of forged steel with coating khaki
paint.

S
Fig. 11. 3D BRDF of forged steel with coating
khaki paint.

S
Fig. 12. BRDF of forged steel.

S
Fig. 13. 3D BRDF of forged steel.
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S
Fig. 15. 3D BRDF of polyimide film.

It shows us that the model can fit the experimental data well. Figure 13 shows
the 3D BRDF distribution.
5.3. The surface of polyimide film
The sample of polyimide film is very glossy. The specular peak is obvious and
the five-parameters can be fitted well. The five parameters are kb = 5.439, kr = 3.257,
b = –23.098, a = 0.495, kd = 2.267 and E = 10.1%. The experimental data and fitted
curves are shown in Fig. 14. Figure 15 is the 3D BRDF of a polyimide film.

6. Conclusions
A modified BRDF model, a five-parameter model, is proposed. It is based on
the Torrance – Sparrow model, and a detailed discussion of this model is also given.
BRDF of five samples with different surface optical properties is measured in
the laboratory. The five-parameter model is used to fit the experimental data. Genetic
algorithm is used to search the best parameters of the model. It is shown that
the five-parameter model is applicable to different kinds of material roughness and
optical characteristics. The five-parameter model avoids the difficulties of obtaining
the surface roughness and optical constants of materials for precise theoretical analysis,
and gives us more information on target surface scattering. The method has a promising
application in earth surface BRDF modeling.
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