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Abstract

:

Ground-based optical observation of GEO space debris plays an essential role in tracking, identifying, cataloging, and classifying space debris. The factors that affect the brightness of space debris include size, surface material, illumination geometry, attitude, shape, position, and so on. In order to better understand the influence of the above factors on the brightness of space debris, the synthetic light curves are analyzed. The Ashikhmin–Shirley model is chosen to simulate the light curves of space debris. The effects of orbit, attitude, model parameters, and the location of the observation station on the synthetic light curves are analyzed by the control variable method. Based on the Markov Chain Monte Carlo method (MCMC), the optimal model parameters that characterize the surface material of space debris can be obtained by comparing the synthetic light curves with the observed light curves under certain shape, orbit, and attitude characteristics. The results are roughly in good agreement with those measured in the laboratory.
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1. Introduction


The orbit status and attitude of space debris have always been a hot topic. The motion characteristics of space debris can be invertd by analyzing the law of light reflection on the surface of the object, which provides an essential theoretical basis for the optical research of space debris. When the light shines on the surface of the object, it may be absorbed and reflected, or it may directly pass through the object. The reflected and transmitted light received by the observation system carries information about the surface of the object, so it provides the possibility of object imaging and recognition. Photometry observation of space debris by ground-based optical telescopes has essential applications in tracking, identifying, classifying, and detecting space debris [1,2,3]. The brightness variation of space debris with time is affected by characteristics such as shape, size, position, attitude, surface material, and illumination geometry. Moreover, the variation in the light curves of space debris reflects the changes in its related characteristics. So, it is possible to invert the correlated characteristics of space debris from the light curves [4,5,6,7].



The most common method for space debris material identification is to use spectral data to invert material. The type of space material is determined by comparing the continuous reflective spectral and multi-band spectral signature of space debris with known materials [8,9]. The measured spectral data are decomposed and compared with the spectrum of material samples measured in the laboratory to obtain the composition of the materials on the surface of the debris [10,11]. Since the material of various parts of space debris are different, and the observed spectrum is mixed, a spectral unmixing technology is needed. A mathematical algorithm was used to decompose the mixed spectral signal into a single spectrum and analyze the composition of the material in the mixed spectrum. Currently, the application of spectral unmixing technology in space debris material identification is still under further study [12,13]. The color indices difference of the multi-band reflection spectrum also provides a new way to identify space material. Cowardin et al. [14] measured the color indices of space material commonly used by comparing the color indices of different materials before sunlight correction. They proved that it is theoretically feasible to estimate the materials composition of the surface of space debris by observing the color indices of space debris. The aging of the surface material of space debris significantly affects the spectrum characteristics, which is very unfavorable to identifying space debris. In addition, the phase angle also significantly influences the spectral line characteristics of the reflected spectrum. So, the spectral curves observed on different nights may also have significant differences. Therefore, repeated debris observations from multiple angles are required, taking considerable time.



We took photometry observations of a GEO space debris from 14:00 to 21:00 (UTC) on 17 October 2020. Its brightness changed significantly, with a broader peak appearing from 16:00 to 17:00 (UTC). When analyzing the observation data of GEO, many scholars found that there would be the peaking phenomenon during two periods of a year, also known as the seasonal “shine” phenomenon [3,15,16]. This phenomenon is due to the illumination geometry change by the solar phase angle. Moreover, drastic brightness changes will also occur when the target maneuvers or deviates from the original operation mode under particular circumstances. Without prior information, it is tough for a single observation station to judge whether a behavior differs from the conventional mode only from the peak value change of the light curves. Furthermore, the brightness of space debris is mainly affected by its shape, position, attitude, and surface material. Therefore, the overall brightness is the result of multiple factors coupled together. It is difficult to separate these factors from the overall brightness of the observed light curves. In order to understand the brightness changes of space debris and invert the surface characteristics of space debris better, we use the synthetic light curves for analysis.



A simple photometric model was developed by Cognion [17], which approximates the space debris as a Lambertian (diffusely reflecting) sphere. The model describes the light reflected from the main components of the space debris. The model allows each contribution to the debris’s reflected flux to be examined independently and provides insight into the physical origins of the debris’s signature. However, it only considers the diffuse reflection effect and has poor universality. Bradley and Axelrad [18] used simulated photometric observations of an upper-stage rocket body, a high area-to-mass ratio (HAMR) object, 1U and 3U CubeSats, as well as a box-wing satellite taken from a space-based optical sensor to assess the feasibility of light curve inversion method. The simulated model combines Lommel–Seeliger and Lambert laws [19,20]. This particular combination works well for modeling asteroids and extrasolar planets and is currently used by the light curve inversion (LCI) software suite [19,21]. However, the model cannot reflect the material characteristic of the object, so its applicability to space debris is limited.



The bidirectional reflection distribution function (BRDF) could be used to characterize the reflection characteristics of an object surface between ideal specular reflection and ideal diffuse reflection. The BRDF model is widely used to describe the geometric reflection relationship and material properties of space debris to accurately simulate light curves [18,22]. The BRDF model is generally divided into three categories: empirical model [23,24,25], physical-based model [26,27,28,29,30], and data-driven model [31]. The empirical model uses formulas based on experiments to make rapid estimates of BRDF but does not take into account the physical rationality behind it. The data-driven model establishes the BRDF’s lookup table according to the measured data to facilitate rapid search and calculation, but the calculation is rough, and the error is significant. The physical-based model establishes the reflection equation according to the geometry and optical properties of the material on the surface of the object that meets the energy conservation and interaction. It has the rationality and explanation of physics and is more widely used. At present, the improved Phong model [32], Cook–Torrance model [33], and Ashikhmin–Shirley model are the most commonly used by scholars [30,34,35].



In this work, a new idea is proposed to obtain the best model parameters by comparing observed light curves with synthetic light curves. These parameters include the reflection parameters and the parameters of the Phong model that mirror the surface material characteristics of space debris. The surface material of space debris could be roughly judged by comparing it with the reflective properties of materials measured in the laboratory on the ground.



In Section 2, the brightness simulation model that we employed is described. The model is used to generate the light curves of a cube-shaped target, and the effects of different factors on the synthetic light curves are analyzed. In Section 3, the materials of space debris are inverted by the Markov Chain Monte Carlo method. Given the shape and attitude parameters, the observed light curves are compared with the synthetic light curves to fit the optimal model parameters. The summary is given in Section 4.




2. Brightness Simulation Model and Result Analysis


2.1. Brightness Simulation Model


The surface of an object can be decomposed into a finite number of flat facets, and the properties of each facet can be described by a set of vectors. Therefore, we can simulate and analyze the individual facet of the object and then combine them together. The illumination geometric relationship of a single facet is shown in Figure 1. Superscript  I  denotes that the vector is expressed in inertial coordinates, superscript  B  denotes that the vector is expressed in body coordinates. Here,   u  u  B  ,   u  v  B  , and   u  n  B   are three unit vectors representing the facet;   u  n  B   is the normal vector of the lighted facet;   u  u  B   and   u  v  B   are the in-plane vector. Furthermore, the unit vector    u  sun I   points to the Object-to-Sun direction, and the unit vector    u  obs I   points to the Object-to-Observer direction;    u  h I   is the Sun–Object–Observer bisector.



The BRDF can be used to characterize the reflection characteristics of an object surface between ideal specular reflection and ideal diffuse reflection. The BRDF [36] is given by


   f r   (  θ i  ,  ϕ i  ;  θ r  ,  ϕ r  ; λ )  =   d  L r   (  θ r  ,  ϕ r  ; λ )    d  E i   (  θ i  ,  ϕ i  ; λ )    ,  



(1)




where   θ i   is the angle between the incident direction and the normal direction of the surface, and   θ r   is the angle between the outgoing direction and the normal direction of the surface. Here,   ϕ i   and   ϕ r   are the azimuth of the incident direction and the emergent direction;  λ  is the wavelength;   d  L r    is the differential radiance of the reflected light in   W ·  m  − 2   ·  sr  − 1    , and   d  E i    is the differential irradiance from the direction of incident light in   W ·  m  − 2    .



The BRDF model adopted in this paper is the Ashikhmin–Shirley model [30,34], which is a kind of anisotropic physical model and satisfies the law of energy conservation and interaction. The model decomposed BRDF into specular reflection part and diffuse reflection part:


  F =  f spec  +  f diff  ,  



(2)






   f spec  =     (  n u  + 1 )   (  n v  + 1 )     8 π      (   u  n I  ·   u  h I  )  z    (   u  h I  ·   u  sun I  )  max  (   u  n I  ·   u  sun I  ,   u  n I  ·   u  obs I  )     F reflect  ,  



(3)






  z =    n u    (   u  h I  ·   u  u I  )  2  +  n v    (   u  h I  ·   u  v I  )  2    1 −   (   u  h I  ·   u  n I  )  2    ,  



(4)






   F reflect  =  R spec  +  ( 1 −  R spec  )    ( 1 −   u  sun I  ·   u  h I  )  5  ,  



(5)






   f diff  =  (   28  R diff    23 π   )   ( 1 −  R spec  )   [ 1 −   ( 1 −     u  n I  ·   u  sun I   2  )  5  ]   [ 1 −   ( 1 −     u  n I  ·   u  obs I   2  )  5  ]  ,  



(6)






   u i I  = A  ( q )   u i B  , i =  u , v , n  .  



(7)







In the Equations (3)–(7),   n u   and   n v   are the parameters of the Phong model related only to surface material of space debris.   R spec   and   R diff   are reflection coefficients of specular and diffuse of space debris.   F reflect   is the Fresnel reflection function. The vectors in body coordinates can be rotated to the inertial coordinates by the attitude matrix (  A ( q )  ) using the quaternion parameterization.



The total solar flux over optical wavelengths that strikes an object surface is


   F sun  =  C sun  F   u  n I  ·   u  sun I  ,  



(8)




where    C sun  = 455   W ·  m  − 2      is the power per square meter impinging on a particular facet due to visible light striking the surface [34].



The solar reflected energy for one facet observed at the observation station is


   F obs  =    F sun   A i   u  n  I  ·  u  obs  I     ∥   r obs    ∥  2    ,  



(9)




where   r obs   is the position vector from space debris to the observer, and   A i   is the surface area of a facet. If there is no sunlight reflected from the surface of the debris to the observer, that is, the angle between the surface normal and the observer’s direction, or the surface normal and the direction of solar incidence is greater than   π / 2  . In this case,    F sun  = 0   or    F obs  = 0  . The total energy observed is


   F  total , obs   =  ∑  i = 1  n   F obs   ( i )  .  



(10)







The reflected sunlight can be used to calculate the apparent magnitude by Equation (10).


   m app  = − 26.7 − 2.5  log 10  ∣   F  total , obs    C sun   ∣ ,  



(11)




where   − 26.7   is the apparent magnitude of the Sun.




2.2. The Analysis of the Simulation Model


The brightness of space debris results from the joint action of many factors. How does each factor affect the brightness of space debris? In general, the larger the area, the brighter the space debris under the same reflection conditions. In this section, the influence of several primary factors on the brightness of space debris is analyzed by using the control variable method. Suppose that we have a space debris  X , which is shaped like a cube, and the area of each facet is set as   16   m 2   . The simulation time was from 12:00 to 20:00 (UTC) on 10 October 2020. The simulation was conducted for the station from which the debris was observed. We consider the following three scenarios at the same station:




	(1)

	
The identical shape, attitude, reflection condition(  R spec  ,   R diff  ,   n u  ,   n v  ), and various orbit.




	(2)

	
The identical shape, orbit, reflection condition(  R spec  ,   R diff  ,   n u  ,   n v  ), and various attitude.




	(3)

	
The identical shape, orbit, attitude, and various reflection condition(  R spec  ,   R diff  ,   n u  ,   n v  ).









Finally, we changed the observation station position in the fourth case, leaving everything else unchanged. The following four cases are discussed separately.



2.2.1. Effect of Orbit Parameters on Light Curves


Here, the attitude is selected as the three-axis stabilized attitude control system, with Z axis pointing to the nadir and X axis pointing to the velocity direction. The parameters of the Phong model and the reflection parameters are    n u  =  n v  =  12 , 000   ,    R spec  = 0.8  , and    R diff  = 0.2  . GEO orbit and MEO orbit are selected, with the orbit altitude of about 36,000  km  and 20,000  km . Each type of orbit is divided into two orbits with different inclinations. The TLE is shown in Table 1, and the corresponding synthetic light curves are shown in Figure 2.



As seen from Figure 2, there are apparent differences in the light curves of different orbits and peaking phenomena in specific orbits. Here, we assumed that the shape, attitude, surface material, and other properties were identical. So, the main factor influencing the light curves is the observation geometry between the Sun, the object, and the observer. The observed geometry is different for different orbits, and the brightness changes are also different. The change of the angles with time for different orbits is shown in Figure 3. The phase angle of Orbit 1 and Orbit 2 is small at the peak position, and the angle between the bisector of the phase angle and the normal of the facet is close to   0 ∘  . When the observed geometry of space debris satisfies the specular reflection condition, that is, the bisector of the phase angle is perpendicular to the surface of the object, the brightness changes dramatically. When a ray of light hits the surface of an object for specular reflection, there is not only one direction but a set of directions called specular reflection cone. Within this range, the specular reflection effect can be observed. Therefore, the magnitude of the brightness change also varies with the orbit, namely the observation geometry between the Sun, the object, and the observer.




2.2.2. Effect of Attitude Parameters on Light Curves


The TLE of Orbit 1 in Table 1 is used in the following simulations. The reflection conditions are the same as those in Section 2.2.1. The attitudes fall into the following four cases:




	
The Z axis of the body points to the nadir and spins around the Y axis of the body at the rate of 1   revs / h  ;



	
The Z axis of the body is aligned with the inertial Z axis, and the angle between the X axis of the body and the inertial X axis is 30   ∘  ;



	
The Z axis of the body points to the Object-to-Sun vector, and the object spins around it at the rate of 1   revs / h  ;



	
The Z axis of the body points to the nadir, and the X axis of the body points to the velocity direction.








The attitude is described by the position relationship between the body coordinate system and the reference coordinate system. There are two types of attitude control for space debris: three-axis stabilization and spinning stabilization. The above four attitude cases cover the two types. The effect of attitude on the light curve is actually the reflection of sunlight by different components of space debris. Therefore, if the change of attitude causes the sunlight reflected by the components to change, it will be reflected in the change of the light curve. Figure 4 shows a simplified schematic diagram of the above four attitude cases. Superscript  B  represents the axis orientation in the body coordinate system, and superscript  I  represents the axis orientation in the inertial coordinate system.



The synthetic light curves are shown in Figure 5, and we can see that attitudes dramatically influence the light curves. Though Attitude 1 and Attitude 3 rotate at the same rate, the light curves are different. The most interesting aspect of this figure is that there is obvious periodicity and sudden change in the brightness of the light curve of Attitude 1, but it is not seen in the light curve of Attitude 3. It is due to the axis of rotation being different. For Attitude 1, the observer can observe a particular facet regularly due to the object rotating about the Y axis of the body. As a result, brightness varies periodically. After analysis, it is found that the included angle between the Sun (or the object) and the surface normal is tiny at the position of brightness mutation, resulting in a powerful specular reflection effect, as shown in Figure 6. However, Attitude 3 rotates around the Object-to-Sun vector (  e  z  B  ). The position of the Sun is unchanged for a short period. From Figure 4c, we can find that the observable facet of the station is the facet perpendicular to the   e  z  B  . During the rotation of the object, the observable facet hardly changes, resulting in no significant changes in the brightness of the light curve. The light curves of Attitude 2 and Attitude 4 are similar in shape, but the peak position is different. As can be seen from the attitude diagram in Figure 4b,d, there is an angle between the two attitudes. The observer observed a time difference on the identical facet, leading to the peak time difference. In addition, the geometric relationship when the peak occurs is also slightly different, so the brightness of the peak has a difference.




2.2.3. Effect of the Parameters of the BRDF Model on Light Curves


Here, the TLE of Orbit 1 in Table 1 and Attitude 4 in Section 2.2.2 (Figure 5d) are used in the following simulations. We compare the changes of the synthetic light curves under different parameters of the Phong model (  n u  ,   n v  ) and different reflection parameters (  R spec  ,   R diff  ), and the results are shown in Figure 7.



It is apparent from Figure 7 that the peak values depend on the parameters of the Phong model (  n u  ,   n v  ). The larger the parameters, the more obvious the peak and the sharper the light curve is. It indicates that the peak phenomenon is related to the parameters of the Phong model. The reflection parameters determine the bending degree of the light curve and the peak value. The larger the parameters of the specular reflection (  R spec  ) are, the more obvious the peak is, and the greater the bending degree of the light curve is. It indicates that the reflection parameters are also related to the peak phenomenon. In general, it seems that the larger the parameters of the Phong model (  n u  ,   n v  ) and the parameters of the specular reflection (  R spec  ) are, the more obvious the peak phenomenon is.




2.2.4. Effect of the Position of the Observation Station on the Light Curves


Here, the orbit and attitude are the same as those in Section 2.2.3. The parameters of the Phong model and the reflection parameters are    n u  =  n v  =  12 , 000   ,    R spec  = 0.2  , and    R diff  = 0.8  . We change the location of the observation station, 15   ∘   apart in longitude and 10   ∘   apart in latitude, and the results are shown in Figure 8 and Figure 9.



It can be seen from Figure 8 that the light curves of space debris observed at identical latitude and different longitude stations have a time shift of about eight minutes, and there is not much difference in the size of the peak value. It can be inferred that the difference in longitude will lead to a specific time difference in the observed peak position. The time shift is caused by the geometric relationship of space debris to the station and the Sun. In order to observe the peak phenomenon of space debris, the geometric relationship between the Sun, the debris, and the observer needs to satisfy certain specular reflection conditions. In the case of simulation in this section, the latitude of the two stations is 37   ∘   N, and the longitude difference is 15   ∘  . The angular distance between the object and the two stations can be calculated to be about 2   ∘  . The orbit of the space debris is GEO orbit, the orbital period is 1436.16 min, and the angular distance that the debris travelled is about 2   ∘   in eight minutes. Therefore, when two stations with 15   ∘   longitude difference reach the same geometric observation conditions, there will be a time difference of eight minutes. As can be seen from Figure 9, the peak positions of space debris observed by stations at identical longitude and different latitudes are roughly consistent. However, there is a big difference in the amplitude of the peak values. It can be inferred that peaks may be observed at certain latitudes that are not observed at other latitudes, which is consistent with the actual observation situation. In conclusion, the longitude of the observation station determines when the peak is located, and the latitude determines whether we can observe the peak and how prominent the peak is.




2.2.5. Summary of the Brightness Simulation Model


We use the control variable method to analyze the influence of the above factors on synthetic light curves of space debris. The orbital parameters (position) of space debris have a greater influence on the object’s brightness than the shape parameters. The light curves of objects with different orbit types are obviously different. If the same orbital type objects have similar structures, their light curves will also be similar. We set up four attitude modes, including rotation, turn, and conventional. The analysis of the synthetic light curves show that the attitude mode has a great influence on the light curves, and the shape of the light curves are related to the attitude mode. The surface material of space debris (BRDF model parameters) are related to the peak phenomenon. The larger Phong model parameters (  n u  ,   n v  ) and specular reflection parameters (  R spec  ) are, the more obvious the peak phenomenon is. The longitude of the observation station determines when the peak is located, and the latitude determines whether we can observe the peak and how large the peak is.



The simulation model is the basis of the material inversion method proposed in this paper. The accuracy and reliability of synthetic light curves also determine the accuracy of material inversion to some extent. Through the above analysis, on the one hand, we can understand the effects of these main influencing factors on the change of the light curve. On the other hand, the simulation results are consistent with the actual situation, which can also indirectly prove the reliability of the simulation model.






3. Material Inversion


In the previous sections, we discussed the effects of different factors on the light curve of space debris. The size of space debris mainly determines the magnitude of its brightness. When the shape, orbit, and attitude are fixed, the brightness of space debris will be determined by the parameters of the reflection and the parameters of the Phong model. The changes in these parameters mainly affect the shape of the light curve. Next, we proposed a similarity calculation method based on the Markov Chain Monte Carlo method. The optimal combination of the surface material parameters is obtained by comparing the similarity between the synthetic and observed light curves. These parameters are related to the material properties of the object itself, and the material information of the object can be deduced.



3.1. Markov Chain Monte Carlo Method


The Markov Chain Monte Carlo method (MCMC) is a method of fitting a model to data produced in the early 1950s [37]. It is a Monte Carlo simulation method under the framework of Bayesian theory. The method introduces a Markov Chain into an Monte Carlo simulation (i.e., random sampling), which is a method to generate a series of random variables in which the current value is dependent on the value of the prior variable in probability. Specifically, the selection of the following variable depends only on the last variable in the chain, thus achieving the dynamic simulation of the sampling distribution, unlike the traditional Monte Carlo simulation, which can only be static. During the simulation, the Markov chain converges to a stationary distribution. The basic idea of the Monte Carlo method is to use the “frequency” of an event as an approximation of the “probability” of the event. First, a probabilistic model is established so that its parameters serve as the solution to the problem. Then, the random process of the model parameters are simulated to obtain the probability of event occurrence. Finally, approximate values for the parameters of the desired solution are given.



According to the Bayesian theory, the complete posterior probability distribution   ( P ( Θ | D ) )   of a given data set   ( D )   by the prior distribution of the parameter space   ( Θ )   is obtained by the following relationship:


  P ( Θ | D ) ∝ p ( D | Θ ) P ( Θ )  



(12)







Define −  ln p  ( D | Θ )  ∝  ∑  i = 1  N    (    f model  −  f obs    σ obs   )  2    as the likelihood function;   f model   is the model values.   f obs  , and   σ obs   are the observed values and their errors, respectively. We assume that all materials of the research object are isotropic (i.e.,    n u  =  n v   ). Therefore, parameter space   Θ = [  n  body , u , v   ,  R  body , spec   ,  R  body , diff   ,  n  panel , u , v   ,  R  panel , spec   ,  R  panel , diff   ]   includes the parameters of the Phong model of the body, the specular reflectance of the body, the diffuse reflectance of the body, the parameters of the Phong model of the solar panel, the specular reflectance of the solar panel, and the diffuse reflectance of the solar panel.



The main idea of the MCMC method is to obtain the probability density distribution of model parameters directly from the frequency distribution of parameters in the sample through random sampling in multi-dimensional parameter space. Since the specular reflection coefficient and diffuse reflection coefficient are floating-point numbers less than one, and their sum should be less than one, constraints are set:


     0 <  R  body , spec   < 1 ,       0 <  R  body , diff   < 1 ,       0 <  R  panel , spec   < 1 ,       0 <  R  panel , diff   < 1 ,       0 <  R  body , spec   +  R  body , diff   < 1 ,       0 <  R  panel , spec   +  R  panel , diff   < 1 .     



(13)








3.2. The Simulation of the Actual Objects


In this paper, we select two actual objects, located in GEO and MEO orbits respectively, as simulation objects to invert their surface material properties. Their structures are composed of the body, solar panels, and other components. In order to simplify the shape model of the structure, we ignore the influence of other components during the simulation. Suppose the body is a cuboid, and the solar panel is a thin panel. For Object 1 (GEO), its shape, size, orbit, and attitude are known, but the reflection parameters of the surface material are unknown. For Object 2 (MEO), its orbit and attitude are known, but its shape, size, and reflection parameters of surface material are unknown. According to the analysis in the previous section, the size of the shape is only related to the overall magnitude of space debris. It has almost no influence on the shape of the light curves. Therefore, here, we make reasonable assumptions about the shape of Object 2, which does not affect the final result. All the shape parameters are described in Table 2. The orbit parameters are Orbit 1 and 3 in Table 1. The attitude of the two objects are similar and only slightly vary in different situations. Figure 10 shows the attitude modes of Object 1 and 2. They are three-axis stability, with the Z axis pointing to the nadir, the Y axis along the rotation axis of the solar panel, the X axis following the right-hand rule, and the solar panel tracking the Sun. The difference is that Object 2 will adopt certain attitude maneuvers in a particular period. In contrast, Object 1 always maintains the existing attitude mode [38].



We took photometric observations for Object 1 with the Clear filter from about 14:00 to 21:00 (UTC) on 17 October 2020, and the observations for Object 2 were taken with the Clear filter from about 14:00 to 19:00 (UTC) on 25 February 2019. Since the transmittance curve of the G band of GAIA DR3 is close to that of the Clear filter, field star calibration was carried out by using the G band of GAIA DR3 to obtain the apparent magnitude outside the atmosphere for further analysis.




3.3. The Result of MCMC


After MCMC calculation using the python software package emcee (https://emcee.readthedocs.io/en/stable/index.html, accessed on 23 November 2022), the fitted values of model parameters and error ranges of parameters can be obtained by marginalizing probability distributions, as shown in Figure 11 and Figure 12.



We obtained the best-fitted results of surface material parameters by comparing the observed light curves with the synthetic light curves, as shown in Table 3. The results of optimal parameters were put into the simulation model. We divided the overall brightness of each object into the brightness of the body and the solar panels. The contrast diagram of the light curves are shown in Figure 13 and Figure 14. The light curves shown in Figure 13 are slightly different at the peak position. The synthetic light curve changes more gently than the observed one. The simulation model used in this paper did not consider the occlusion between components, which may be the cause of this difference. From Figure 13, it can be seen that for Object 1, the overall brightness change is caused by the brightness change of the solar panels, while the brightness change of the body is so small that it is ignored. For Object 2, the brightness of the body determines the overall brightness, and the contribution of the solar panels is small and covered (see Figure 14). Therefore, for Object 1, we could think that only the material of the solar panels is relatively accurate, and the material of the body could not be determined. On the contrary, for Object 2, we could confirm the material of the body, but we could not infer the material of the solar panels.



Table 4 shows some existing material data obtained from public papers [32]. We find that the Phong model parameters of the body for Object 2 (   n  body , u , v   =  12 , 547.7915   ) are similar to Kapton. However, the values of specular and diffuse reflection parameters differ significantly. Under the long-term action of the space environment, the reflectance of materials will decrease in different degrees by reason of aging or wrinkling of the surface material. It is reasonable to guess that the specular reflection decreases and the diffuse reflection increases due to the influence of the space environment, or a class of materials such as Kapton. It turns out that Kapton is indeed a common material of the body but not the only one. Due to a lack of material information and prior information, we could not be sure about the material of the solar panels of Object 1 and the body of Object 2 from the existing material data. At present, everyone is not sure how different the material information measured in the laboratory is from the material information observed in space. The material information inverted by the method proposed in this work can be used as a reference, and simulation data can be generated to verify the correlation analysis method. We will establish a material database for comparison in the future, and we also welcome experts and peers to verify.



From the light curve of Object 1, the phenomenon of specular reflection can be obviously seen. Therefore, the difference in the contribution of different components to the overall brightness is determined by the surface material properties and the geometric relationship between the Sun, the object, and the station. It also verifies the credibility of the inferred material and the reliability of the simulation model to a certain extent.




3.4. Summary


In this method, the structure of the object is simplified so that only the body and the solar panel are considered, and the influence of other components is ignored. The method has some limitations to the complex structure of the object. However, we can infer the material information of space debris without relying on spectral data. It provides a new idea for the identification of space debris. It is an innovative contribution to the material inversion of space debris.





4. Conclusions


The brightness simulation model of space debris is established by analyzing its shape, size, position, attitude, and surface material. Here, we use a simplified model, which only considers simple shapes and ignores the shielding effect between different components. As a result, the simulation model may need improvement for complex shapes, especially for objects with a profound shielding effect. Later, we will consider more factors to build a high-precision brightness simulation model.



We compare the similarity of the observed light curves with the synthetic light curves based on the Markov Chain Monte Carlo method and then obtain the best-fitted result of material parameters. Due to the lack of public material data and the differences between laboratory and space measurements, the inverted material information can only match partially. The analysis of space debris through simulation data dramatically simplifies the observation process and is not restricted by observation time and conditions. A large amount of high-quality photometric data can be obtained quickly, and multi-station joint observation can be realized more conveniently and quickly. It also provides extensive and reliable verification data for related method research and subsequent analysis and application. There are multiple kinds of surface materials for space debris. In addition, the phase angle and the azimuth angle of incidence and emergence will affect the measurement result, so it is necessary to measure multiple angles. In addition to the influence of space environment factors, it may not be practical to obtain optical scattering characteristics of different materials only by laboratory measurement. The material properties of space debris can be roughly inferred by measuring the similarity between the observed and synthetic light curves, which provides a new idea and direction for identifying space debris. We have tried various calculation methods, such as a method based on morphological similarity, but the calculation is too large due to many parameters. In the future, we will continue to research and improve relevant algorithms to improve computational efficiency. Then, we will combine the BRDF data measured in the laboratory with the mathematical model to fit the model parameters to establish the material-matching library.
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Figure 1. Illumination geometry of a single facet. 






Figure 1. Illumination geometry of a single facet.
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Figure 2. Synthetic light curves for different orbits. 
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Figure 3. The variation of the angles with time for different orbits. 
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Figure 4. Diagram of the four attitudes: (a) attitude 1; (b) attitude 2; (c) attitude 3; (d) attitude 4. 
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Figure 5. Synthetic light curves for different attitudes. 
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Figure 6. The analysis of synthetic light curve of Attitude 1. 
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Figure 7. Synthetic light curves with different parameters of the Phong model. Red solid line:    R spec  = 0.2  ,    R diff  = 0.8  ; Green dash-dotted line:    R spec  = 0.5  ,    R diff  = 0.5  ; Blue dotted line:    R spec  = 0.8  ,    R diff  = 0.2  . 
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Figure 8. The synthetic light curves simulated with the same model parameters and different station longitudes. 
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Figure 9. The synthetic light curves simulated with the same model parameters and different station latitudes. 
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Figure 10. The attitude mode diagram of research objects (Reprinted with permission from Ref. [38], 2022, Yuchen Jiang): (a) Object 1; (b) Object 2. 






Figure 10. The attitude mode diagram of research objects (Reprinted with permission from Ref. [38], 2022, Yuchen Jiang): (a) Object 1; (b) Object 2.



[image: Aerospace 10 00041 g010]







[image: Aerospace 10 00041 g011 550] 





Figure 11. The parameter distributions of Object 1. 
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Figure 12. The parameter distributions of Object 2. 
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Figure 13. The synthetic light curve of Object 1. 
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Figure 14. The synthetic light curve of Object 2. 
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Table 1. TLE of simulated orbit.






Table 1. TLE of simulated orbit.





	
Orbit

	
TLE

	

	

	

	

	

	

	

	






	
orbit 1

	
1

	
xxxxxU

	
16,037 A

	
20,284.07341138

	
−0.00000354

	
00000-0

	
00000+0

	
0

	
9996




	
2

	
xxxxx

	
1.7237

	
67.2351

	
0007471

	
0.1818

	
88.7233

	
1.00273124

	
15,969




	
orbit 2

	
1

	
xxxxxU

	
19,097 A

	
20,284.25674796

	
−0.00000355

	
+00000-0

	
+00000-0

	
0

	
9990




	
2

	
xxxxx

	
000.4814

	
094.5914

	
0028139

	
151.0334

	
350.7694

	
01.0027179300

	
2881




	
orbit 3

	
1

	
xxxxxU

	
14,026 A

	
20,284.37504348

	
−0.00000027

	
+00000-0

	
+00000-0

	
0

	
9997




	
2

	
xxxxx

	
056.2287

	
052.2835

	
0020597

	
291.4800

	
068.3069

	
02.005690530

	
46,909




	
orbit 4

	
1

	
xxxxxU

	
18,109 A

	
20,284.07190081

	
+0.00000009

	
+00000-0

	
+00000-0

	
0

	
9995




	
2

	
xxxxx

	
055.0110

	
174.1807

	
0009159

	
205.9132

	
258.7572

	
02.005692580

	
13,471
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Table 2. The shape parameters of simulation objects.






Table 2. The shape parameters of simulation objects.





	
Object

	
Component 1

	
Facet 2

	
Area (   m 2   )






	
Object 1

	
body

	
   ± X   

	
3.748




	
body

	
   ± Y   

	
4.4




	
body

	
   ± Z   

	
3.44




	
solar panel

	

	
11.352 × 2




	
Object 2

	
body

	
   ± X   

	
4




	
body

	
   ± Y   

	
4




	
body

	
   ± Z   

	
4




	
solar panel

	

	
11 × 2








1 We simulate the main components of the space debris: the body (the bus) and the solar panels. 2 The facet is perpendicular to the body axis; ±X represents two facets perpendicular to the X axis of the body; + represents the facet with the positive X axis as the normal. And the same for the rest in different directions.
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Table 3. The best-fitted parameters of the simulation objects.
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Simulation Object

	
Component

	
Parameter

	
Best-Fitted Parameter






	
Object 1

	
body

	
    n u   (  n v  )    

	
12,030.1146




	
   R spec   

	
0.4908




	
   R diff   

	
0.1566




	
panel

	
    n u   (  n v  )    

	
154.2440




	
   R spec   

	
0.0325




	
   R diff   

	
0.0172




	
Object 2

	
body

	
    n u   (  n v  )    

	
12,547.791




	
   R spec   

	
0.2807




	
   R diff   

	
0.4336




	
panel

	
    n u   (  n v  )    

	
295.1551




	
   R spec   

	
0.7544




	
   R diff   

	
0.0134
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Table 4. Traditional Phong model parameters of some surface material of space debris [32].
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	Material
	    R diff    
	    R spec    
	     n u   (  n v  )     





	Kapton
	0.1418
	0.8234
	12,455.8892



	Lambert-plate
	0.6350
	0.0220
	0.0719



	GaAs
	0.2746
	0.6427
	2233.3101



	Al
	0.3685
	0.5746
	596.9783
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