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Abstract—The polarized light scattered by the surface of a 
material contains information that can be used to describe the 
properties of the surface. Polarized Bidirectional Reflectance 
Distribution Function (PBRDF) is one of the most important 
factors used to represent the property of the surface. Because 
there is complex nonlinear relationship between the experimental 
results and model parameters, genetic algorithm is used to 
retrieve the model parameters. One drawback of the traditional 
genetic algorithm is that the convergence speed is slow and easy 
to fall into the local minimization. On the base of the traditional 
genetic algorithm to retrieve the parameters, simulated annealing 
(SA) algorithm is used to optimize the modeling of the PBRDF. 
The model for PBRDF and the designation of the hybrid 
algorithm is given in detail. For one typical painted surface, both 
the experiment results and the model calculation results are 
given. The calculation results of the model are demonstrated 
consistent well with the experimental results. The error 
convergence curve shows that, the hybrid genetic algorithm can 
avoid falling into the local minimization, and shorten the running 
time for the target function. Therefore, it is applicable used as a 
reference for target feature extraction and recognition in the 
future. 
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1 INTRODUCTION  
In the target stealthy and camouflage, the surfaces of the 

targets are often painted with various paintings. These 
paintings have different color and refractive index which make 
the scatting properties of the surfaces more and more 
complicated. 

The conventional method  used to describe the reflected 
component of the radiance from a surface is the Bidirectional 
Reflectance Distribution Function (BRDF) defined by 
Nicodemus[1] and the BRDF is defined as: 
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Measurement of BRDF[2-5] and the analysis in terms of 
BRDF are commonplace. Unfortunately, the BRDF description 
does not properly account for the polarization characteristics of 
the reflected radiation. A key factor to describe painted objects 
is the polarized BRDF. The PBRDF contains more information 
than that of the unpolarized BRDF and it can be used for target 
surveillance and recognition system[6,7]. 

In our previous work, a PBRDF model based on micro-
facet theory[7,8] was employed in the application[9,10,11].The 
polarized model is determined by the roughness parameters, 
optical constant parameters, the incident and viewing 
angles(including the zenith and azimuth angles) together. For 
there is a complex non-linear relationship between the model 
parameters and target output, it is hard for the traditional linear 
fitting method to obtain the parameters.  

Genetic algorithm (GA) is a probabilistic search method 
that employing a search technique based on the idea from 
natural genetics and evolutionary principles. They were 
conceived by Holland[12],  they have emerged as general 
purpose, robust optimization techniques[13,14,15,16]in the practical 
application. But for some complicated functions, the 
convergence speed of GA is slow and it is not guaranteed to 
find the global functional optima. Simulated annealing (SA) is 
another important algorithm which is powerful in optimizing 
and solving high-order problems. SA is a kind of single point 
based search strategy that is an iterative improvement scheme 
with hill-climbing ability, which allows it to reject inferior 
local solutions and find more globally near-optimal solutions. 
Similarly, it does not guarantee to find the global functional 
optima as well. But if the function optimization problem has 
many good near-optimal solutions, SA should find one near- 
optimal solution.  

In this paper, a hybrid algorithm based on GA and SA is 
proposed to deal with the optimized solution to the PBRDF 
model which can make the convergence speed and accuracy 
more satisfactory. The hybrid algorithm is based on basic GA, 
and in the fitness calculation procedure, the SA algorithm is 
used to improve the convergence efficiency, and therefore the 
hybrid algorithm can guarantee the diversity of the solution and 
can avoid falling into the local minimum. 

2. THEORY FOR POLARIZED BRDF 
The function used to describe the directional dependence of 

the reflected energy from the surface is the BRDF  first 
proposed by Nicodemus[1]in 1977.The geometry of the BRDF 
definition is shown in figure 1.The BRDF is defined as the ratio 
of the radiance( )/( 2 srmW ⋅ ) in the outgoing  direction 

( )rr φθ ,  , to the irradiance ( 2/ mW ) that reaches the surface 

from incoming direction ( )ii φθ , . It depends on the incoming 
zenith angle and azimuth angle, outgoing zenith angle and 
azimuth angle, and the wavelength. The definition formulation 
of BRDF is: 
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θ  and φ  represent the zenith and azimuth angle 
respectively, and Z represents the surface normal. The subscript 
r and i represent the reflection light and the incident light 
respectively. 

Based on the geometry optics, the micro-facet model 
assumes that the surface consists of small, randomly disposed, 
mirror like facets. Each micro-facet is a specular reflector 
obeying Snell’s law of reflection with reflectivity given by a 
Fresnel reflectivity[7,8]. The geometry of reflection is shown in 
figure 1. N is the unit normal to the surface, ik is the unit 

vector in the specific light source, rk  is the unit vector in the 
direction of the viewer and H is a normalized vector in the 
direction of the angular bisector of rk  and ik . The polarized 
BRDF is based on electronic theory, the incident electric field 
is described by the components of the electric field along is  

and ip  directions, where is  is a unit vector perpendicular to 

both ik  and Z . Likewise, the polarization of the electric field 
in the viewer direction is described by components along the 

rs  and rp , and  

    iii skp ×= ， rrr skp ×=                                         (2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

The relationship amongθ , β , riri φφθθ ,,,  is: 
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The scattering matrix (Jones matrix) is defined as the 
relationship between the incident and scattered fields[9]: 
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There is a relationship between Jones matrix and Mueller 
matrix[6], and Mueller matrix contains the n  and k coefficients 
which are determined by the Fresnel equation. So the PBRDF 
model can be written as the following [9]: 
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j  and k  range from 0 to 3. Considering the effects of the 
diffuse scattering from the surface, we add the coefficients of 

sk  and dk  to adjust the model: 
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Therefore, once the parameters of n、k(both n and k are 
contained in the elements of ),,(, irrikjM φφθθ − ), sk , 

dk and σ  are determined, the distribution of the PBRDF can 
be known.  

3. THE EVALUATION FUNCTION  
The criterion for the determination of the model parameters 

is how to set a suitable evaluation function to get the most 
optimized solution. The evaluation function is the following:  
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Where ),(00 irf θθ  is the model calculation data, and 

),( irrf θθ  is the experimental data,  )( rg θ is the weight 
coefficient for different sampling step. Through many times 
iteration, when minΔ  is convergent to sufficiently low, the 
optimized or approximately optimized parameters can be 
determined. 

 

4. THE HYBRID GENETIC ALGORITHM FOR MODEL PARAMETER 
RETRIEVING 

Evolution by natural selection is one of the most 
compelling themes of modern science, Genetic Algorithm[13] is 
a form of evolution, which can search the optimized solution 
globally. In the application, the optical constants n  and k  for 
rough surfaces which have complicated paintings are difficult 
to measure. The statistical method is more convenient to obtain 
the model parameters for the experimental data. In general, 

Figure 1.  Polarized BRDF cordination  
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Figure 2.  Flow chart of the hybrid genetic algorithm 

Initialization of parameters 

Evaluate the population 

Is the error small 
enough or T is low 

enough? 
Output results

Selection 
Crossover 
Mutation 

Yes

No 

The population for SA 

Move generation calculation 
of △E 

Initialize the population 
and the temperature 

Accept the new generation based 
on metropolis principle 

Cooling schedule 

least square fitting and polynomial fitting methods are often 
adopted to get the statistical parameters [17,18]. However, it is 
difficult for the traditional methods to offer appropriate 
parameters for the model because of the complicated nonlinear 
relationship between target solution and input data. A hybrid 
GA is thus employed to get the parameters for the PBRDF 
model in the parameters retrieving.  The proposed statistical 
method is more straightforward and much simpler compared 
with traditional methods in which the ellipsometer was used to 
get the optical constant and the roughness parameters. 

Figure 2 shows the flow chart of the GA. The first step of 
the algorithm is the parameters initialization, and an initialized 
population is produced which concluded the initialized 
temperature and ending temperature. For one painted sample, 
the population is 100, the initial temperature is 2000(which is 
an arbitrary unit for temperature), and the ending temperature is 
0.002. Function (8) is used as evaluation criteria. In the Genetic 
operation, and crossover probability is setting as 0.5, and the 
mutation probability is setting as 0.05. The proportion method 
is used as selection algorithm, and the binary method is used as 
coding method. The new population which was produced by 
GA is used as the initial population of the SA. The acceptance 
criterion for hybrid algorithm is Metropolis method[19]. 
Suppose the variance for optimization is M , the initialization 
state is 0M , the new state (the nearby state) is NM  ,  and the 
corresponding target function are 0E and NE  respectively. The 
difference between 0E and NE is EΔ which can be written 
as 0EEE N −=Δ . If 0<ΔE , the target function is 
descended, which means the new NM is acceptable, and the 
solution can be accepted. Conversely, if 0≥ΔE , the target 
function is ascended, the acceptance probability 
is TCeP /Δ−= , in which T is the annealing temperature. In the 
following, a random number R can be produced between 0 and 
1 and was taken comparison with P. If RP ≥ , the new 
solution NM can be accepted, otherwise, the solution will be 
discarded. The temperature descends method for annealing 
algorithm is exponential mode, supposing the temperature at 
time t is )(tT , )1lg(/)( 0 tTtT += , in which 0T  is the initial 
temperature. For the annealing operation is included in the GA,  
two termination conditions for searching the optimized solution 
are setting as the followings: 1) the minΔ  is small enough  and 
2) the annealing temperature is low enough. If either of the 
condition is satisfied, the optimized program will be finished. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. THE HYBRID MODEL CALCULATION RESULTS AND 
COMPARISON WITH EXPERIMENTAL DATA 

For one painted sample, we took 10 groups data got from 
the BRDF measurement instrument[2] in Anhui Institute Optical 
and Fine Mechanics, CAS to retrieve the PBRDF parameters. 
The measurement conditions are the receiving azimuth 
angle 0=rφ , the receiving zenith angle 45=iθ at 

60,55,50,45,40,30,20,10,5,0  respectively, and 

the laser wavelength is 1.06 mμ . The weight factor ),( irg θθ  

is increased when the angle range in 5± is at the near 
specular direction where the acquisition intensity is much 
higher.  
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Figure 4.  Comparison between experimental data 
and simulation results with different incident angle 

Table 1 shows the comparison of the results between basic 
Genetic Algorithm (GA) and hybrid genetic algorithm (SA-
GA), both of which utilize the same sample and the same target 
function. Seen from table 1, not only the iteration number for 
SA-GA is smaller than GA, but also the ultimate convergence 
error for SA-GA is smaller than GA. Figure 3 shows the error 
convergence plot comparison between GA and SA-GA. The 
convergence gradient for SA-GA is much bigger than that of 
SA, which can effectively avoid falling into the local minimum 
(The error for SA is 0.023562 which is a local minimum).  

 
Table 1 Comparison of the PBRDF parameters between GA  and SA-GA 

 
Parameter GA SA-GA 

Loop number 100 78 
error 0.023562 0.023518 

ks 0.949726 0.950000 
kd 0.092414 0.092493 
n 5.345064 5.372434 
k 5.345064 5.372434 
σ  0.123451 0.123724 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

According to the parameters attained through SA-GA 
algorithm, the 00f  can be calculated using the formula (7), 
Figure 4 presents the comparison between the experimental 
data and simulation results. Where figure A、B、C 、D is 

0=rφ , iθ is15 ， 25 ，30 ，45  respectively, in figure 
4, the dot curves represent the experimental data and the line 
curves represent the simulation results, the simulation results 
agree well with the experimental data. It’s noticed that, the data 
which the incidence angle iθ is 15 and 25 is not be included 
in the parameter retrieving, the simulation results can agree 
well with the experimental data. The comparison indicates, this 
kind of hybrid genetic algorithm to retrieve the parameters 
from large-scale data can be extended to other angles which 
can be used as a method in the polarization BRDF modeling.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6. CONCLUSIONS AND FUTURE WORK 
Based on the basic Genetic algorithm theory, a hybrid 

algorithm which combining the merit of both Genetic 
algorithm and simulated annealing algorithm was used to 
retrieve the parameters contained in the model from large-scale 
experimental data. The simulation results agree well with the 
experimental data. It shows that this statistical method to 
retrieve the parameters in the modeling is convenient for some 
complex painted surface whose optical constant is hard to be 
measured exactly. The experimental data used in the retrieving 
is the 00f data; more data is needed when more precise model 
parameters are expected. 

ACKNOWLEDGMENT 
This work was supported by State Key Development 

Program for Basic Research of China (61341020201-1) and the 
Department of Science and Technology of Shandong Province 
(2008GG20005005) 

REFERENCE: 
[1] F.E. Nicodemus, J.C. Richmond, and J.J. Hsia ， Geometrical 

Considerations and Nomenclature for Reflectance ， NATIONAL 
BUREAU OF STANDARDS, Ernest Ambler, Issued October 1977：6-
9. 

[2] Wei Qingnong, Liu Jianguo, Jiang Rongxi, Measurement Method of 
Absolute Bidirectional Reflectance Distribution Function, Acta Optica 
Sinica, Vol.16, No.10, October, 1996:1425－1430, (in Chinese). 

[3] Wu Zhensen, Han Xiange, Zhang Xiangdong, Jiang Rongxi, Wei 
Qingnong, Xu  Zhu,Experimental Study on Bidirectional Reflectance 
Distribution Function of Laser Scattering from Various Rough Surfaces, 
Acta Optica Sinica, Vol.16，No.3，1996: 262-268, (in Chinese). 

[4] Zhang Baishun, Liu Wenqing, Wei Qingnong, Analysis of scattering 
characteristic of the sample based on BRDF experiment measurements, 
Optical Technique, Vol.32 No.2, 2006:180-182, (in Chinese). 

[5] Y. Wang and W. L. Wolfe, Scattering from microrough surfaces: 
comparison of theory and experiment, Opt.Soc. 
Am.Vol.73(11),1983:1596—1602. 

[6] David S. Flynn, Cliff Alexander, Polarized surface scattering expressed 
in terms of a bidirectional reflectance distribution function matrix, 

Figure 3.  Error comparison between GA and SA-GA algorithm 

0 20 40 60 80 100
0.0234

0.0236

0.0238

0.0240

0.0242

0.0244

0.0246

 GA
 GA-SA

E
rr
or

Loop number



                                                                                                                                          2227

Society of Photo-Optical Instrumentation Engineers, June 
1995,Vol.34,No.6,1646-1650. 

[7] K.E.Torrance and E.M.Sparrow,Theory for off-specular reflection from 
roughened surface,Optical Society of American,Vol.57,No.9, September 
1967：1105-1114. 

[8] Cook, R. And Torrance, K. A reflectance model for computer Graphics, 
Computer Graphics, Vol.15, No.4, July 1981：187-196. 

[9] Richard G. Priest, Thomas A. Germer. Polarimetric BRDF in the 
Microfacet Model:Theory and Measurement. Naval Research 
Laboratory. Published in Proceedings of the 2000 Meeting of the 
Military Sensing Symposia Specialty Group on Passive Sensors, 
Vol.1,2000：169-181. 

[10] Feng Weiwei, Wei Qingnong, Wang Shimei, et al, Study of polarized 
Bidirectional Reflectance Distribution Function model for painted 
surfaces, Acta Optica Sinica. Vol.28, NO.2, 2008:290-294 

[11] Feng Weiwei, Wei Qingnong， A scatterometer for measuring the 
polarized Bidirectional Reflectance Distribution Function of painted 
surfaces, Infrared Physics & Technology，Vol.51 ,2008 :559-563 

[12] J. H. Holland, Adaptation in Natural and Artificial Systems. Ann Arbor, 
MI: Univ. Michigan Press, 1975. 

[13] Stephanie Forrest, Genetic algorithms: principles of natural selection 
applied to computation, Science, 13 August 1993:Vol.261:872 – 878 

[14] Wang Xiaoping, Cao Liming, Genetic Algorithms Theory and 
Application ， Xi’an, Xi’an transportation university 
Publication,2002:104-106(in Chinese). 

[15] Tomoyuki HIROYASU, The New Model of Parallel Genetic Algorithm 
in Multi-Objective Optimization Problems IEEE 2000:333-340 

[16] Wu Zhensen, Xie Donghui, Xie Pinhua, Wei Qingnong, Modeling 
Reflectance Function from Rough Surface and Algorithms. Acta Optica 
Sinica,Vol.22 ,No.8, August 2002:897－901.(in Chinese). 

[17] F Nee, Soe-Mie, Polarization of specular reflection and near-specular 
scattering by a rough surface,Applied Optics, Vol. 35,1996:3570- 3574  

[18] Kun Lee , Oubong Gwun, Three-dimensional image modeling based on 
least squares fitting by using adaptive subdivision of a tetrahedron, Proc. 
SPIE 3168,1997:250-260  

[19] Metropolis, N.,Rosenbluth, A. W., Equation of State Calculations by 
Fast Computing Machines. J. Chem. Phys. 21, 1953:1087-1092 


