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Table 1 Data structure of model file

Name Content

Target number
Type of target: for example: 01: sea surface; 02: ship
] Number of sub modules: for example, the ship can be divided into deck, upper building and hull side
Target properties .
Number of bin
Number of vertices

Number of material properties
Sub module number, such as: 01: deck; 02: hull side;

The starting index value of the sub module vertex in the total vertex

Attributes of the target Number of sub module vertices
sub module Starting index value of sub module bin in total bin
Bin number of sub modules

Sub module material attribute number

Vertex list All vertices in the target
Bin list Vertex index in each bin
Attribute information Including complex refractive index and roughness
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Table 2 Material properties of ship and sea surface
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Material o B n k 04 O,
Sea 0.01 1.15 1.5 0.0 6.0xX107% 2.0x107°
Ship 0.02 1.15 1.8 0.8 1.0x107* 3.0xX107°
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Table 3 Hemispherical spatially polarized spontaneous emissivity and reflectance of sea surface

. Spontaneous emissivity Reflectance
Detection angle/ (")
S, S, S, S, S,
0 1.100 0.025 0.020 0.091 6 0.008 7
10 0.942 —0.010 0.010 0.092 0 0.002 1
20 0.924 —0.011 0.010 0.093 5 0.008 7
30 0.906 —0.029 —0.010 0.097 2 0.019 7
40 0.857 —0.047 —0.020 0.105 2 0.034 9
50 0.912 —0.075 0.030 0.120 5 0.053 7
60 0.852 —0.100 0.010 0.148 7 0.075 2
70 0.740 —0.140 —0.020 0.201 2 0.099 7

F4 MBMERFHKBRELBHENRRIHE

Table 4 Hemispherical spatially polarized spontaneous emissivity and reflectance of ship

) Spontaneous emissivity Reflectance
Detection angle/ (")
S, S, S, S, S,
0 0.980 0.030 —0.013 0.070 1 0.000 4
10 0.953 —0.019 —0.012 0.070 1 0.002 7
20 0.941 —0.021 —0.008 0.070 6 0.0114
30 0.955 —0.038 0.012 0.072 9 0.026 9
40 0.963 —0.057 0.021 0.080 2 0.050 9
50 0.942 —0.093 0.019 0.099 6 0.085 4
60 0.910 —0.138 0.012 0.147 2 0.130 9
70 0.799 —0.212 —0.030 0.258 1 0.180 8

S

(a) Simulated images

DOLP

(b) Measured images

W5 AAFLSEmeEEEGSs 2N ERK

Fig.5 Simulated and measured images of ship and sea surface
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Table 5 Simulation parameter setting

Parameter Assignment
wind speed/(mes ') 5
Sea surface roughness 0.032 6
Ship surface roughness 0.02
Detection wavelength/pm 0.9~1.7
Seawater complex refractive index 1.064-10.002
Ship complex refractive index 1.64+112.699
Seawater temperature/K 290
Ship temperature/K 310
Solar elevation and azimuth/(*) 30,250
Detection direction angle/ (") 180
Detection angle/ (") 60
Detector focal length/mm 50
CCD size/cm 1.69
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Fig.6  Gray distribution of simulated and measured polarization images
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Table 6 Comparison of simulation time saving

Model Roughness Number of surfaces Saving time/ms
Sea a 0.032 6 960 1496
Seab 0.032 6 1974 3968
Seac 0.032 6 9832 18 056
Ship a 0.02 574 988

Ship b 0.02 1156 2164
Ship ¢ 0.02 2038 3906
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Infrared Polarization Imaging Simulation of Sea Scenes Based on
Improved Polarized Bidirectional Reflectivity Distribution Function
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(1 Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China)
(2 Key Laboratory of Infrared Detection and Imaging Technology, Chinese Academy of Sciences,Shanghai 200083, China)
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Abstract: As an important auxiliary means to improve polarization detection technology, infrared
polarization simulation technology can provide a theoretical basis and reference for the design of infrared
polarization detectors. For imaging simulation, the most accurate method is to use the ray tracing method and
the idea of global illumination to simulate all the energy interaction between all rays and the surface.
However, for polarization imaging simulation, based on the original massive calculation, there is more
polarization state transmission process, which is disastrous for most projects. To solve the problems of
complicated calculation of traditional polarization bidirectional reflection distribution function and poor real-
time rendering, based on the microplane theory, a faster polarization bidirectional reflection distribution
function model is proposed, and the imaging simulation of the whole link is completed. In this research, a
semi—empirical model is used to simulate the shadowing and shading effects of radiant energy on rough
surfaces using mathematical modeling. It avoids building a 3D model at the micro—facet scale, greatly
reducing the workload of creating the sea surface and subsequent rendering. The sea surface is generated
according to the P-M wave spectrum, and the Cox-Munk model is used to calculate the slope variance " of
the sea surface, which is abstracted as the material properties of the sea surface, which reduces the complex
calculation process and still conforms to the objective physical laws. A three-dimensional data storage
structure suitable for polarization simulation is designed. For infrared polarization simulation, the
illumination and color data of the model are not required, but for different material modules, material
properties such as complex refractive index and roughness need to be added. Therefore, the vertices and
surfels in the original ASE file are re-divided into modules according to the ship parts and materials where the
surfels are located, and the vertices and surfels in each module are regrouped and numbered. The effective
radiation received by the detector is discussed and the radiation control equation is established. For the
specific scene of sea surface detection, the effective radiation that the detector is capable of receiving is
analyzed, and a relatively complete radiation control equation is established. The created simulation model is
more realistic. For infrared detection, the spontaneous radiation of the target and the sea surface is also a non—
negligible part of the energy received by the detector. According to Kirchhoff's law, the spontaneous
radiation polarization model of the sea surface and the ship target is established. It is assumed that the average
orientation of micro—surface elements is represented by the intermediate vector between the macro—surface
element normal and the detection direction, the traditional PG polarization bidirectional reflection
distribution function model is improved, and a polarization bidirectional reflection distribution function model
that is more suitable for computer real-time rendering is proposed, which balances the Authenticity and real—-
time requirements of simulation. The directional hemispherical polarization reflectivity and emissivity models
of the sea surface and ships are established. Finally, the detector is modeled, and the radiance and
polarization state of each surface element is calculated at the same time. The focal length, aperture,
responsivity, and other parameters of the detector are used to establish a preliminary detector model, carry
out reasonable grayscale mapping, generate S,, S,, and S, images, and calculate the polarization degree map
to complete the simulation work of the whole link. The images of ships on the real water surface under similar
conditions were collected and compared with the simulated images, and the gray—scale distributions of the
polarization images were similar. The time—consuming results of imaging simulation of sea surface targets
respectively show that compared with the traditional model, the simulation model improves the speed of
imaging simulation under the premise of ensuring the correctness of the model. The simulation results provide
theoretical support and data basis for target recognition of ships on the sea surface, wind speed inversion of
sea surface remote sensing images, and feasibility demonstration before actual detection.

Key words: Infrared polarization; Polarized bidirectional reflectivity distribution function; Imaging
simulation; Polarization imaging; Ocean wave spectrum
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