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Abstract

:

At present, polarization imaging detection experiments of underwater objects mainly focus on the degree of polarization but lack of Stokes vector imaging effect of each element. Based on the principle that the polarization characteristics of different materials are different, the experiment of underwater target detection by laser pulse polarization is carried out in this paper, and the influence of different depths of an underwater object and material factors on polarization imaging detection is studied. The results show that in air, the average degree of polarization of iron sheet is 0.56, that of ceramic tile is 1.00, and that of plastic is 0.48. In water, the average degree of polarization of iron sheet is 0.3625 at 7.5 m, the average degree of polarization of ceramic tile at 7.5 m is 0.359, and that of plastic at 7.5 m is 0.3805. The medium will change the degree of polarization of the measured object. The targets made of different materials have different polarization characteristics, and the polarization information is of great value in improving the detection performance of man-made targets. Polarization detection can obtain better information about underwater objects than traditional radiation intensity detection and can effectively suppress the absorption and scattering of light by water.
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1. Introduction


With the deepening of scientific research, the polarization characteristics of light were discovered, and laser polarization detection, a new laser detection technology, was proposed to become a powerful auxiliary technical means in laser underwater target detection technology with a broad application space. Polarization, as an inherent and independent property of light waves, also contains abundant information on reflection and scattering from an object’s surface, which can improve the detection ability of object imaging.



Zhe Chen et al. [1] proposed a new light intensity-spectrum-polarization based bionic information fusion target detection method for the special underwater optical environment, which can get rid of the tedious image preprocessing process by adaptive feature fusion algorithm based on the obtained underwater optical a priori knowledge and achieve reliable target detection results at the cost of lower computational complexity. Bao Fucheng et al. [2] used a SALSA camera to obtain underwater polarization images under natural illumination, and studied the effects of different material objects, placement depth, milk concentration and waveband factors on the polarization imaging of underwater targets, and found that the blue band polarization imaging can better obtain the boundary contour of underwater objects and other information. The underwater polarization imaging technique developed by Fei Liu [3] and others from the polarization characteristics of the light field can effectively suppress the scattered light from the underwater background and use the polarization difference characteristics of the target information light and the scattered light from the background to effectively separate the two and achieve clear imaging. Zhao Yongqiang et al. [4] analyzed the corresponding polarization characteristics of target information light, backward scattered light and forward scattered light and targeted to solve the influence of different components on the image and thus realize the improvement of image quality. Li Yingchao et al. [5] proposed a method to detect the wake of underwater targets by using infrared polarization wake with a low-orbiting satellite as a platform, combining laser dynamic depth measurement technology and polarization laser detection technology to achieve the detection and identification of underwater stealthy moving targets. Yang Fan [6] proposed a novel scheme for acquiring polarization information of reflected light from underwater targets based on the Stokes matrix representation and split-amplitude method and completed the research on the key technology of laser polarization diving detection by describing the working principle and implementation steps in the scheme, building the system, and analyzing the laser transmission attenuation energy. Wang Lijie [7] researched the multi-scale decomposition method based on boosted wavelet transform for image fusion enhancement processing to improve the quality of polarized images in view of the problems of poor quality, blurred texture details and low contrast of underwater polarized images. Liu Xiao et al. [8] carried out experiments on the detection of polarization characteristics of camouflaged targets and studied the relationship between observation angle, target surface roughness, material, etc. Nianwen Cao et al. [9] carried out experiments on polarization imaging technology to improve the imaging clarity and imaging distance by quantitatively calculating the clarity of the imaging image, the quantitative relationship between the clarity of the polarization image and the distance, and found that when the water quality is clear, the imaging effect of circular polarization is better than the imaging effect of linear polarization, and as the attenuation coefficient of the water body becomes larger, the imaging effect of linear polarization is better than the important conclusion of circular polarization.



Compared with traditional target detection, the material properties are not only determined by the target temperature but also by the roughness of the target surface, material, observation angle and other factors. Polarization imaging can obtain the surface roughness and internal structure of the measured object according to the polarization characteristics of reflected and transmitted light and can obtain clear underwater images under the thousand perturbations of particle scattered light. This paper aims to verify the function of laser polarization underwater detectors and explore the different polarization of different objects in different environments for identification. Laser underwater target polarization detection provides a new way of thinking for target identification and detection in an underwater environment, overcomes various interference noise underwater, realizes fast measurement and accurate identification, and has important research significance in the field of ocean and space exploration.




2. Underwater Target Polarization Detection Mechanism


As known from physics, light is an electromagnetic wave; electromagnetic waves are a kind of wave with vector characteristics, which includes electric field vector component E and magnetic field vector component B, two components [10]. The dominant quantity that can play a light-sensitive role is the electric field vector component E so that the electric field vector E is usually called the light vector, the vibration of this vector is usually called light vibration, and the direction of vibration of this vector as the direction of vibration of light.



From the optics part of physics, it is known that the light in the ordinary light source is generated by the vibration of a large number of molecules or atoms that make up the light source. The light atoms or molecules in either of these light processes are intermittent; they are re-emitting or re-emitting at each time. The phase and the direction of vibration will change some so that the light of the ordinary light source contains vibrations in all directions and this vibration in each direction with equal probability of occurrence. This instantaneous light-emitting process in the plane perpendicular to the direction of light propagation appears in the statistical distribution of mathematical probability, is equal to the probability distribution and is called natural light, the sun, life in fluorescent lamps, tungsten lamps, etc., issued by the light belongs to the natural light.



If a beam of light only in a certain direction vibration or vibration dominance, using mathematical probability statistics to explain the probability of occurrence in a certain direction is equal to one or the probability of occurrence in a certain direction is greater than the probability of occurrence in other directions, this light is called polarized light. There are four kinds of light with polarization state: partially polarized light, linearly polarized light, elliptically polarized light and circularly polarized light.



When a beam of light irradiates an object, the object will act on the light, let the outgoing beam is    E  o u t    , the incident beam is    E  i n    , then the four Stokes parameters    E  o u t     will be respectively with the four corresponding parameters    E  i n     into a linear function of the relationship [11], if the matrix can be written in the form of Equation (1).


   S   out      = M ×  S   in       



(1)




where represents the Stokes vector parameter    S  o u t     of the outgoing light    E  o u t    ,    S  i n     represents the Stokes vector parameter of the incoming light    E  i n    , and M is a Mueller matrix of (4 × 4) order [12], by which the properties and characteristic orientation of the medium of such an irradiated object can be represented. A polarization device is an object that allows light to pass through if a beam of light irradiates the polarization device and passes through the polarization device. The change in the Stokes vector between the incident and outgoing light can be considered as the result of the role of the polarization device; the resulting effect is represented by the matrix M.



By analogy, if the light beam    E  i n     passes through several such devices in turn, the properties of the outgoing light    E  o u t     can be calculated by knowing the properties of the devices through which the light passes and the properties of the light itself. If L optical elements are passed    E  i n     in turn, the total effect can be expressed by Equation (2).


   M   comb      =  M L   M  L − 1   ⋯  M 2   M 1   



(2)







The above equation    M L    represents the M-matrix of the    E  i n     action of the Lth element pair, with the elements passing through the order from 1 to L. In polarization measurement systems, the polarizer (usually a line polarizer) and the phase delay (usually a quarter wave plate is used) are very important basic optical elements, as shown in Figure 1.



A beam of light propagates    E  i n     along the Z-axis direction and passes through the phase delayers (the fast-axis direction is at an angle  θ  to the X-axis direction) and a line polarizer (the polarization direction is at an angle  φ  to the X-axis) in turn. The Stokes parameters can be obtained by rotating the phase delayers and polarizers, and this rotational measurement parameter method is highlighted below. Through the above introduction, we know that the Stokes vector has four basic parameters, and to solve them completely, at least four equations are needed. If a quarter wavelet (a kind of phase delay) and a line polarizer are placed on the measurement line, where when the direction of the fast axis of the quarter wavelet is at an angle  θ  to the X- axis, the M matrix of the wavelet can be expressed by Equation (3).


   M b  =      1   0   0   0     0      cos  2  2 θ     cos 2 θ sin 2 θ     − sin 2 θ      0    cos 2 θ sin 2 θ       sin  2  2 θ     cos 2 θ      0    sin 2 θ     − cos 2 θ    0       



(3)







When the polarization direction of the linear polarizer is at an angle  φ  to the X-axis, Equation (4) can express the M-matrix of the polarizer.


   M P  =      1    cos 2 ϕ     sin 2 ϕ    0      cos 2 ϕ       cos  2  2 ϕ     sin 2 ϕ cos 2 ϕ    0      sin 2 ϕ     sin 2 ϕ cos 2 ϕ       sin  2  2 ϕ    0     0   0   0   0       



(4)







Then the Stokes vector    S  o u t     of the incident light    E  o u t     can be expressed in Equation (5), which  I  indicates the total intensity of the light, the intensity  Q  difference between the horizontal (X-axis) polarization and the vertical (Y-axis) polarization, the intensity  U  difference between 45 degrees and 135 degrees in the direction of the polarized part of the light, and the intensity  V  difference between the left and right circular components of the light.


   S   out      =        I ′         Q ′         U ′         V ′        =  M 2   M 1   S   in      =  M 2   M 1       I     Q     U     V       



(5)







The light intensity expression is shown in Equation (6):


       I    φ , θ     =  1 2  I +  1 2  cos 2 φ ( Q ×   cos  2  2 θ + U × cos 2 θ sin 2 θ − V × sin 2 θ )       +  1 2  sin 2 φ ( Q × cos 2 θ sin 2 θ + U ×   sin  2  2 θ + V ×   cos   2 θ   )      



(6)







If four angles (0°, 45°, 90° and 135°) are given when the phasor is horizontal, and the intensities measured at these four angles are noted as    I 1   ,    I 2   ,    I 3   ,    I 4   , then a system of equations consisting of the three equations represented by Equation (7) is obtained.


       I     Q     U      =        1 2  (  I 1  +  I 2  +  I 3  +  I 4  )        I 1  −  I 3         I 2  −  I 4        =        I 1  +  I 3         I 1  −  I 3         I 2  −  I 4         



(7)







When the phaser is at a 45° angle to the horizontal direction,  φ  take 0 degrees, and the light intensity    I 5    is recorded as:


   I 5  =  1 2  ( I − V )  



(8)







The parameters derived from Equations (5)–(7) are Sir George Stokes, 1st Baronet vector parameters, and the degree of polarization DOP can be obtained by substituting these parameters into Equation (9) [13].


  D O P =      Q 2  +  U 2  +  V 2     I   



(9)







In many practical remote sensing applications, the parameter V is usually so small that the error of the experimental system can be ignored, i.e., treated as zero. In this way, only the first three parameters are required, a quarter of the wave plate with phase delay effect is not needed, only a linear polarizer is needed, and the angles of 0°, 45°, 90° and 135° are taken, at the same time, the light intensity    I 1   ,    I 2   ,    I 3   ,    I 4    of the three parameters can be measured separately, that is, Equation (7).



The formula for calculating the degree of linear polarization can be simplified by Formula (10).


  D O P =      Q 2  +  U 2     I   



(10)







At the same time, the polarization azimuth can be expressed by Formula (11).


  α =  1 2  arctan    U Q     



(11)








3. Underwater Target Polarization Detection System and Experimental Scheme


3.1. Setting Up and Testing of the Experimental Environment


The pulsed ranging method is to transmit a laser beam to the measured target and then measures the round-trip time of the laser to achieve distance detection by receiving the echo signal from the target after diffuse reflection. Figure 2 shows the schematic diagram of pulsed laser ranging.



The underwater laser polarization detection system includes a 532 nm Pulse Laser, a laser ranging module, a polarization energy detection module, and a seawater tank. The hardware connection diagram and the system experimental schematic diagram are shown in Figure 3. The experiment includes the measurement of weak laser energy, polarization characteristic, distance and location.



Connect all the hardware devices as shown in Figure 3, start the computer software, turn on the hardware power switch, power on the control box, and wait for the device to connect. After connecting, the status bar shows the database connection and device connection. Set the computer parameters, laser frequency, ranging parameters and new test project name, and set the new test project as the current test project. Turn on the power supply of the laser and prepare to start the test. Through the corresponding buttons on the toolbar, the corresponding operation will be zero, zero, start the measurement, pause the measurement, stop the measurement operation, and zero the detector before the measurement, according to the actual situation of the test operation. Test data will be automatically written to the database and displayed. Data processing, polarization degree and polarization angle will be automatically calculated after the measurement; calculation generated terrain grid. Select the list data from the view, and the flat, three-dimensional view is displayed.




3.2. Energy Test and Polarization Test


The performance of the energy probe used in the polarization detection equipment was evaluated, including full range calibration, dynamic range, non-linearity and Conformance testing. The test data are shown in Table 1.



Different targets are placed at different distances to test the energy of the reflected echo at 0°, 45°, 90°and 135°. The test process is shown in Figure 4, and several sets of test data are selected for Table 2.



Build an underwater test environment using a seawater tank, as shown in Figure 5. The pure water is injected into the pool, and different targets are placed in the pool at different distances. The energy of echo at 0°, 45°, 90° and 135° is measured after the laser passes through the water. The test process is shown in Figure 5, Figure 6 shows the structure of the simulated pool and several sets of test data are selected for Table 3.



Light intensity imaging techniques are generally affected by environmental factors, and in harsh environments, imaging will have a certain degree of difficulty because the light intensity is too weak. While infrared imaging is subject to errors caused by the ambient temperature, polarization imaging technology can perform long-range image acquisition operations in harsh environments and has advantages in suppressing background noise, improving detection distance, detailed feature acquisition, and target camouflage identification.




3.3. Distance Test and Location Test


The laser ranging module calculates the distance by using the time of the reflected light from the target. Due to the different transmission speeds of the light in air and water, the testing depth needs to be corrected.



According to the refractive index of water and air, the transmission speed of light in water is about    C  water   =  C  air   / 1.33  . If the actual ranging distance is d, the distance between the ranging module and the water surface is h, and the actual water depth is x, then:


   d   C  air     =  h   C  a i r     +  x   C  w a t e r      



(12)






  x =   d − h   / 1.33  



(13)







When the depth of water is corrected, only the distance between the ranging module and the water surface and the refractive index of the tested water body is needed. However, the ranging module has a certain angle of inclination when incident. The incident angle is i, the refraction angle is r, the refractive index of the water body is n, then the actual water depth is


  x =   d −  h  cos i    n  cos (  arcsin (    sin i  n   )  )  



(14)









4. Results and Analysis


4.1. The Influence of Polarization Characterization


At the same energy point, four probes were used to measure the inconsistency of the four probes. The maximum deviation of the four measurements was divided by two times the average of the four measurements to obtain the error value; the experimental data of the four probes are shown in Table 1. The table is plotted as shown in Figure 7. The energy obtained by the four probes is the same under the same environmental conditions, and the error is controlled at about 2%.




4.2. Effect of Different Objects on the Degree of Polarization under the Same Environment


The data collection conditions of the air experiment are as follows: different objects are placed in the air at a distance of 11 m to measure the polarization information of reflected light. Measurements are recorded for each object at each location. Use Equation (9) to calculate the degree of polarization of reflected light. The experimental data are shown in Table 2.



When testing in the air, placing different targets on the platform, the laser scans one target after another and records the data in order to more clearly show the degree of polarization of an iron sheet, ceramic tile, plastic objects in the air DOP, the above-mentioned data were made into the broken line diagram of Figure 8, and the average degree of polarization of iron sheet was 0.564333333, ceramic tile was 1.0063333, and plastic was 0.48222222. The degree of polarization of ceramic tile is close to 1, but the degree of polarization of iron plate and plastic is small, being about 0.56 and 0.48, respectively, and can be divided according to this part of the material target.



The degree of polarization is as follows: ceramic tile DOP > Iron Sheet DOP > plastic DOP. The degree of polarization of reflected light will be higher for man-made targets due to the smooth surface, while the degree of polarization of ceramic tiles is the highest for both man-made targets. It shows that the degree of polarization is closely related to the material and the surface smoothness of the object.



The data collection conditions for the in-water experiment were as follows: different objects were placed in the water at distances of 3.5 m, 5.5 m, and 7.5 m, respectively, to measure the polarization information of reflected light, and the objects were selected in turn from three kinds of objects: iron, tile, and plastic. Measurement data were recorded for each object at each location. The polarization of the reflected light was calculated using Equation (9). The specific experimental data are shown in Table 3.



In the water test, in order to more clearly show the polarization of iron, tile and plastic three objects in the water DOP, the above data made the line graph in Figure 9. From the data analysis, the average polarization of iron in 3.5 m is 0.9655, in 5.5 m is 0.724, in 7.5 m is 0.3625, tile in 3.5 m. With the increase of water depth, the polarization of the object gradually decreases.



The relationship between the magnitude of polarization is iron DOP > tile DOP > plastic DOP. The polarization of the same object at different water depths will also change. It can be seen that the polarization of reflected light will be higher for man-made targets due to the smooth surface, while the polarization of iron is the highest for the same man-made targets, indicating that the polarization is indeed closely related to the target material and the flatness of the object surface, so it is possible to distinguish different objects according to their reflected light The polarization of the object can therefore be distinguished from different targets according to the polarization of the reflected light. In the multiple measurements of the data, it can be seen that the calculated polarization has deviation, and reviewing the experimental method, the error should be caused by the fluctuation of the water body and other stray noise, and the accuracy of the detection system and the consistency of the measurement still need to be improved.




4.3. The Influence of the Same Object on the Degree of Polarization in Different Environments


In order to more clearly show the polarization DOP comparison of three objects, iron, tile and plastic, in air and water, the data in Table 2 and Table 3 were made into the line graph in Figure 10. It can be seen that in air, the average polarization of iron is 0.56, tile is 1.00, and plastic is 0.48; in water, the average polarization of iron at 7.5 m is 0.3625, tile at 7.5 m is 0.359, and plastic at 7.5 m is 0.3805. The polarization intensity of the tile in air is the largest, but it is not as strong as that of the iron in water. However, in water is not as good as iron, taking into account the absorption of light and water fluctuations and other miscellaneous wave effects, and the polarization of various types of targets in air is significantly greater than the polarization of targets in water, the material of the target material and the smoothness of the surface has a greater impact on the polarization.





5. Conclusions


Through the above test data, the results show that in the air tile DOP > iron DOP > plastic DOP, tile in the three target materials can reach a maximum polarization of 1.00, iron and plastic average polarization of 0.56 and 0.48. In the water at 3 m, the polarization of different materials varies greatly, with iron, tile and plastic polarization of 0.97, 0.80 and 0.46. However, with the increase in distance, all objects are close to the polarization of about 0.36. This phenomenon may be due to the experiments used in the pool being relatively narrow; the distance gradually increased, the laser by the body of water and the wall of the pool many times the reflection level scattering, causing the final recession effect to be relatively close. In addition, at a closer distance, the main factor causing the change in polarization to the polarization characteristics of the target reflection, so at a closer distance, the polarization of the reflected light varies greatly.



For underwater target detection, polarization detection can obtain rich information and less interference. Compared with other polarization detection experiments, we measured that the polarization of different materials at different depths will change after laser reflection, taking into account the influence of material properties, materials and clutter, but there are more factors that cause the change of polarization, in some fixed conditions, it is possible to distinguish different targets by polarization. Due to the limitations of the test conditions, only a few characteristics of the distance can be tested during the in-water test, and the database composed of data samples is not yet able to accurately distinguish between different targets. To distinguish the targets more accurately, a large number of data tests on the target samples are needed to establish and improve the target polarization parameter database, and at the same time, repeated tests should be conducted in different experimental environments to verify the correctness of the test results.
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Figure 1. Principle diagram of polarization measurement. 
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Figure 2. Schematic diagram of pulse ranging. 






Figure 2. Schematic diagram of pulse ranging.
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Figure 3. Hardware connection diagram and system experiment schematic diagram. 
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Figure 4. Experimental setup for measuring polarization characteristics in air. 
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Figure 5. Experimental setup for measuring polarization characteristics under water. 
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Figure 6. Structure diagram of simulated pool body. 
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Figure 7. Energy contrast diagram of four probes, (a) is a plan and (b) is a three-dimensional diagram. 
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Figure 8. A comparison of the degree of polarization of different objects in the air. 
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Figure 9. Comparison of the degree of polarization of different objects at different depths in water. 
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Figure 10. The degree of polarization of the same object in air and water. 
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Table 1. A summary of the consistency of the four probe measurements.






Table 1. A summary of the consistency of the four probe measurements.





	Energy Point (J)
	Probe 1
	Probe 2
	Probe 3
	Probe 4
	Inconsistency





	2.93 × 10−12
	3.12 × 10−12
	3.02 × 10−12
	3.12 × 10−12
	2.97 × 10−12
	±2.5%



	5.85 × 10−12
	5.94 × 10−12
	5.81 × 10−12
	6.06 × 10−12
	5.85 × 10−12
	±2.1%



	2.34 × 10−11
	2.35 × 10−11
	2.28 × 10−11
	2.30 × 10−11
	2.25 × 10−11
	±3.1%



	1.42 × 10−10
	1.42 × 10−10
	1.39 × 10−10
	1.43 × 10−10
	1.43 × 10−10
	±1.4%



	3.47 × 10−10
	3.54 × 10−10
	3.48 × 10−10
	3.47 × 10−10
	3.40 × 10−10
	±2.0%



	1.28 × 10−9
	1.31 × 10−9
	1.25 × 10−9
	1.28 × 10−9
	1.28 × 10−9
	±2.4%



	3.16 × 10−9
	3.17 × 10−9
	3.07 × 10−9
	3.10 × 10−9
	3.03 × 10−9
	±2.3%



	6.77 × 10−9
	7.17 × 10−9
	7.00 × 10−9
	7.16 × 10−9
	7.19 × 10−9
	±1.4%







Measurement inconsistency: measured with four probes at the same energy point, the maximum deviation of the four measurements divided by two times the average of the four measurements.
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Table 2. Test raw data after reflection of different targets in the air.
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	Serial

Number
	Distance (m)
	0° (J)
	45° (J)
	90° (J)
	135° (J)
	I
	Q
	U
	DOP
	Aop





	1 (Iron)
	11.029
	1.83× 10−9
	9.7 × 10−10
	2.48 × 10−9
	3.34 × 10−9
	4.31 × 10−9
	−6.43 × 10−10
	−2.37 × 10−9
	0.57
	37.40



	2 (Iron)
	11.029
	1.76 × 10−9
	9.3 × 10−10
	2.37 × 10−9
	3.19 × 10−9
	4.13 × 10−9
	−6.11 × 10−10
	−2.26 × 10−9
	0.57
	37.43



	3 (Iron)
	11.029
	1.66 × 10−9
	8.75 × 10−10
	2.23 × 10−9
	3 × 10−9
	3.88 × 10−9
	−5.68 × 10−10
	−2.13 × 10−9
	0.57
	37.52



	4 (Tiles)
	11.033
	7.01 × 10−11
	3.3 × 10−11
	1.98 × 10−10
	2.45 × 10−10
	2.73 × 10−10
	−1.28 × 10−10
	−2.12 × 10−10
	0.91
	29.48



	5 (Tiles)
	11.033
	6.07 × 10−11
	2.92 × 10−11
	7.43 × 10−11
	2.3 × 10−10
	1.97 × 10−10
	−1.36 × 10−11
	−2.01 × 10−10
	1.02
	43.07



	6 (Tiles)
	11.034
	6 × 10−11
	2.87 × 10−11
	7.35 × 10−11
	2.28 × 10−10
	1.95 × 10−10
	−1.35 × 10−11
	−1.99 × 10−10
	1.02
	43.07



	7 (plastic)
	11.033
	2.48 × 10−10
	2.42 × 10−10
	3.76 × 10−10
	5.65 × 10−10
	7.15 × 10−10
	−1.28 × 10−10
	−3.23 × 10−10
	0.49
	34.16



	8 (plastic)
	11.034
	2.48 × 10−10
	2.44 × 10−10
	3.78 × 10−10
	5.66 × 10−10
	7.18 × 10−10
	−1.29 × 10−10
	−3.22 × 10−10
	0.48
	34.05



	9 (plastic)
	11.033
	2.66 × 10−10
	2.52 × 10−10
	3.97 × 10−10
	5.97 × 10−10
	7.57 × 10−10
	−1.30 × 10−10
	−3.45 × 10−10
	0.49
	34.64
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Table 3. Raw data of different underwater targets after reflection test.






Table 3. Raw data of different underwater targets after reflection test.





	Serial Number
	Distance (m)
	0° (J)
	45° (J)
	90° (J)
	135° (J)
	I
	Q
	U
	DOP
	AOP





	1 (Iron)
	3.558
	6.85 × 10−11
	3.19 × 10−11
	8.2 × 10−11
	2.2368 × 10−10
	2.03 × 10−10
	−1.35 × 10−11
	−1.92 × 10−10
	0.95
	42.99



	2 (Iron)
	3.558
	6.67 × 10−11
	3.08 × 10−11
	7.97 × 10−11
	2.2157 × 10−10
	1.99 × 10−10
	−1.30 × 10−11
	−1.91 × 10−10
	0.96
	43.05



	3 (Iron)
	3.557
	5.81 × 10−11
	2.72 × 10−11
	7.1 × 10−11
	2.1121 × 10−10
	1.84 × 10−10
	−1.29 × 10−11
	−1.84 × 10−10
	1.00
	43.00



	4 (Tiles)
	3.475
	1.08 × 10−10
	5.28 × 10−11
	2.43 × 10−10
	3.04 × 10−10
	3.54 × 10−10
	−1.35 × 10−10
	−2.51 × 10−10
	0.81
	30.91



	5 (Tiles)
	3.475
	1.12 × 10−10
	5.52 × 10−11
	2.48 × 10−10
	3.12 × 10−10
	3.64 × 10−10
	−1.36 × 10−10
	−2.57 × 10−10
	0.80
	31.08



	6 (Tiles)
	3.475
	1.09 × 10−10
	5.27 × 10−11
	2.44 × 10−10
	3.04 × 10−10
	3.55 × 10−10
	−1.36 × 10−10
	−2.52 × 10−10
	0.81
	30.83



	7 (plastic)
	3.351
	7.3 × 10−10
	4.59 × 10−10
	7.84 × 10−10
	1.19 × 10−9
	1.58 × 10−9
	−5.40 × 10−11
	−7.28 × 10−10
	0.46
	42.88



	8 (plastic)
	3.351
	7.09 × 10−10
	4.55 × 10−10
	7.66 × 10−10
	1.16 × 10−9
	1.55 × 10−9
	−5.75 × 10−11
	−7.06 × 10−10
	0.46
	42.67



	9 (plastic)
	3.351
	7.6 × 10−10
	4.77 × 10−10
	8.18 × 10−10
	1.24 × 10−9
	1.65 × 10−9
	−5.83 × 10−11
	−7.64 × 10−10
	0.46
	42.82
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