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Abstract 

In this work, we have proposed a scattering spectra-based method for invert-
ing the surface materials and material proportions of space objects (SOs) 
from long distances. The results of this work shall improve efforts to charac-
terize and predict the orbits of space debris. We first constructed a physical 
model for SO characterization based on scattering spectra and then provided 
a least-squares solution with minimum-norm (LSMN) algorithm for invert-
ing the surface materials and material proportions of an SO. The optical ref-
lectance of complex material surfaces was characterized using a bidirectional 
reflectance distribution function (BRDF)-based multimodal fusion model 
that uses the characteristics of the light source, the reflectance of the target’s 
surface materials, and structures, and the angle of incidence and reflection. 
The area of each material in the BRDF was then treated as the to-be-inverted 
parameter. The proposed method was then experimentally validated using 
four sets of materials. The materials and proportions of equiproportional and 
non-equiproportional combinations of materials were inverted by the pro-
posed method, and the average inversion error was less than 10%. According 
to the relationship curve between experimental data error and inversion er-
ror, and between theoretical error and inversion error, it can be concluded 
that the accuracy of inversion error has a linear relationship with the mea-
surement data error. In summary, we have provided a new technical ap-
proach for the inversion and characterization of SO materials and material 
proportions from long distances. 
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1. Introduction 

Due to the rapid development of the aerospace industry, the number of space 
objects entering Earth’s orbit is increasing, as is the amount of space. SOs are 
increasingly smaller with diverse shapes, and complex, and thus create new 
challenges for SO characterization. This has made studies about the detection 
and inversion of SO characteristics especially important. 

When a piece of space debris falls from space, it encounters friction in the at-
mosphere and burns up due to the resultant temperatures and pressures. De-
pending on the size and material of the debris, the high-speed heat flux that ac-
companies these falling fragments could harm surface ecosystems and endanger 
human lives. In addition to the more obvious dangers posed by their high ther-
mal and kinetic energy, space debris may also contain hazardous materials that 
can cause significant chemical and/or radioactive pollution. Therefore, if some 
piece of space debris survives re-entry and hits a densely populated area, the 
consequences could be utterly catastrophic [1] [2] [3]. Due to these dangers, it is 
necessary to identify and classify all space debris, whose class and type can be 
inferred from their materials and material proportions. 

Because SOs do not emit light, their materials may be adjudged by analyzing 
the optical characteristics of their surface reflections. This line of research is 
currently being pursued by many, but much of the existing work on the optical 
characterization of SOs has been based on geometrical optics and radiation 
theory [4]-[10]. As SOs are located hundreds or thousands of kilometers away in 
low, medium, or geosynchronous orbits, it is usually only possible to obtain in-
formation from a single pixel, like position and luminosity, but not material, 
size, or shape. These limitations have made it extremely challenging to identify 
the attributes of an SO. Much of the work on SO characterization and identifica-
tion has been based on brightness-related characteristics [11] [12] [13]. To use 
optical equipment to probe SOs, it is necessary to first analyze their optical cha-
racteristics. 

The optical signals of an SO come from the sunlight that reflects off of its sur-
face, and they are functions of the SO’s physical attributes, like its surface mate-
rials, shape, dimensions, and attitude [14] [15]. 

Based on the findings of previous studies, we have conducted a study about 
the inversion of material proportions from scattering spectra. The findings of 
this study provide a novel approach for SO characterization that will have sig-
nificant implications for the characterization and identification of space debris. 

2. Theoretical Analysis 
2.1. Physical Model of Scattering Spectra-Based Long-Range  

Space-Object Characterization 

The optical signal received by a long-range optical spectrometer may be ex-
pressed as: 
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where Dec(t, λ, θ1, φ1, θ2, φ2) is the detected optical scatter of the SO (target). 
This is a one-dimensional array that corresponds to experimentally measured 
parameters. 

The light of the sun incident on the surface of the space debris is Sun(t, λ), 
where t is time and λ is wavelength. The transmittance of the atmosphere is 
represented by AirT(t, θ1, φ1), where θ1 and φ1 are the horizontal and vertical 
azimuths. The transfer function between the optical system and spectrometer is 
TS(λ). The BRDF of the n-th type of space debris material is Mn(λ1, θ1, φ1, θ2, φ2), 
where θ2 is the solar azimuth angle while φ2 is the solar altitude angle. The sur-
face area of the n-th type of space debris material is sn, and the optical signal re-
ceived by the spectrometer is Dec(t, λ, θ1, φ1, θ2, φ2). 

2.2. Physical Model Representing the Long-Range Inversion of SO  
Materials 

Firstly, let us consider the physical quantities that were described in the previous 
section. Sun(t, λ) corresponds to solar radiation in space, that is, the spectral in-
formation of the incident light. Therefore, it is a known constant that can be 
measured and validated, and it is mathematically expressed as a 1D array. sn, also 
a 1D array, is the unknown area of the n-th type of space debris material. Mn(λ, 
θ1, φ1, θ2, φ2) is an n-dimensional array that represents the BDRF of the n-th type 
of space debris material, and it is fully defined if the observation and illumina-
tion angles are known. AirT(t, θ1, φ1) is a 1D array that corresponds to the 
transmittance of the atmosphere, and it is generally only stable for very short pe-
riods of time. AirT(t, θ1, φ1) may either be calculated or measured. TS(λ) is a 
known 1D array that represents the transfer function between the telescope and 
optical spectrometer. 

Therefore, Equation (1) may be rewritten as a linear equation: 

Because 
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Let DSAT(λ1) be defined as: 1
1

1
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If the angles are known, these equations may then be used to solve for the area 
of each type of material on the target from a single spectrum measured by the 
optical spectrometer. In these equations, m represents the spectral wavelengths 
while n represents the types of materials. Because m is much larger than n, this 
system of equations is overdetermined. To solve this system of equations, it is 
first expressed in matrix form: 

Let DSAT be defined as: 
DSAT M S= ⋅                          (5) 
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According to Cramer’s rule, if det(M) ≠ 0, the system of equations has the 
following unique solution: 

( )
( ) ( )

det
1,2, , .
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i
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M
S i n

M
= = …                    (7) 

In this equation, det(Mi) represents the determinant of the matrix that is ob-
tained by replacing the i-th column of M with constants. Since the number of 
materials is smaller than the number of wavelengths (m ≥ n), zeroes are used to 
fill the empty entries when the determinants are being computed. These zeroes 
may be physically interpreted as samples with a reflectance of 0. 

The solution to the model above may be thought of as the least-squares solu-
tion of minimum norm for the overdetermined linear system (6). The measure-
ment errors of the vectors on the right-hand side of this equation are the only 
errors that need to be taken into consideration. Suppose that these errors follow 
a Gaussian distribution with an expectation value of 0 and that each wavelength 
λ is measured k times. The mean and variance of the  
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vector samples on the right-hand side may then be expressed as (8) and (9): 
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The overdetermined linear system 

w wM S D=                            (11) 

has the following least-squares solution of minimum norm 

{ }2min :n
w wS R M S D∈ −                    (12) 

which is the inverted proportion of the target material’s area. 

3. Experimental Validation and Analysis 

Laboratory experiments were performed to validate the aforementioned theoret-
ical model, which was then used to invert the parameters of an actual piece of 
space debris orbiting the Earth. 

3.1. Construction of the Experimental Laboratory Apparatus 

Firstly, an optical spectrometry and acquisition system was constructed in our 
laboratory. A schematic representation of the apparatus is shown in Figure 1(a) 
while its photograph is shown in Figure 1(b). This system was used to probe the 
scattering spectra of several single-material samples, and in addition, to probe  
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(a)                                                          (b) 

Figure 1. A schematic diagram of the experimental apparatus (a) and photograph of the apparatus (b). 
 
samples consisting of combinations of different materials in varying ratios. The 
proposed LSMN spectral inversion algorithm was then used to invert the types 
and proportions of the materials. The errors were then calculated, and the causes 
of these errors were analyzed, thus validating the accuracy and viability of the 
proposed algorithm.  

The light source used in this experiment was a Class B solar simulator whose iris 
has a radius of 300 mm. The sample mount we constructed was a five-dimensional 
adjustable mount (with the five dimensions being the x, y and z dimensions and 
the roll and pitch angles), which allowed the samples to be probed from any an-
gle. An Ocean Optics QE65 Pro with a resolution of 0.8 nm was used as the opt-
ical spectrometer. The optical signals of the samples were captured and trans-
ferred to the spectrometer via an 84-UV collimating lens coupled to an optical 
fiber. 

3.2. Sample Materials and Ratios 

In this experiment, the samples were made from materials that were dyed in dif-
ferent colors. The single-material samples are shown in Figure 2. 

1) 4 single-material samples in red, green, yellow, and blue, with the same 
area.  

2) Mixed samples formed by combining red, green, yellow, and blue materials 
were used to test the suitability of the proposed method for targets with varying 
material proportions. The equiproportional combination (combination 1) con-
sisted of red, green, yellow, and blue materials in a 1:1:1:1 ratio, while the 
non-equiproportional combination (combination 2) consisted of red, green, yel-
low, and blue materials in a 3:2:2:1 ratio, as shown in Figure 3. 

3.2.1. Scattering Spectrum of the Standard White Plate 
In this study, a white PTFE plate was used as the standard white plate. The ref-
lectance of the standard white plate was greater than 90%, and the solar-scattering 
spectrum of this plate is shown as Figure 4. 

Solar simulator

Optical 
specrometer

Sample mount
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Figure 2. The design of the four single-material samples. 
 

     
(a)                             (b) 

Figure 3. (a) Red, green, yellow, and blue materials in a 1:1:1:1 ratio; (b) Red, green, yel-
low, and blue materials in a 3:2:2:1 ratio. 
 

 

Figure 4. Solar-scattering spectrum of the PTFE standard plate. 

3.2.2. Scattering and Reflectance Spectra of Single-Material Samples  
(Figure 5 and Figure 6) 
Reflectance formula: 

Scattering intensity of the sample
Scattering intensity of the standard plate

R =  

3.2.3. Scattering and Reflectance Spectra of the Combined Samples  
See Figure 7 and Figure 8. 

3.2.4. Inversion of Material Proportions 
The scattering spectra were preprocessed to remove the baseline and dark noise. 
The data points corresponding to the 400 nm - 800 nm range of wavelengths  
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Figure 5. Photographs of the scattering spectra measurements for single-material sam-
ples. 
 

 
 

 

Figure 6. Scatter and reflectance spectra of the four single-material samples. 
 
were then selected. The BRDF of the probed sample was calculated based on the 
measurement data of the standard white plate. The single-material and 
mixed-material samples correspond to M and DSAT in Equation (6), respec-
tively. 
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Figure 7. Scattering spectrum of the equiproportional combination (combination 1). 
 

 
 

 

Figure 8. Scattering spectrum of the non-equiproportional combination (combination 2). 
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The solutions produced by the previously described LSMN inversion model 
for equiproportional and non-equiproportional samples are shown in Table 1 
and Table 2.  

The minimum, maximum, and average errors of the inversion for the equi-
proportional sample are 0.8%, 13.6% and 4.9%, respectively. The minimum, 
maximum, and average errors of the inversion for the non-equiproportional 
sample are 6%, 12% and 9.25%, respectively. Therefore, the maximum average 
inversion error is 9.25%. Because light source instability was responsible for 
2.90% of this error, the maximum average inversion error is actually ≤6.36%. 

According to the relationship curve between experimental data error and in-
version error, and between theoretical error and inversion error, it can be con-
cluded that the accuracy of inversion error has a linear relationship with the 
measurement data error (Figure 9). 
 

 

Figure 9. Inversion of proportion error and data error relationship. 
 

Table 1. Inversion of the equiproportional sample (combination 1). 

 Red Yellow Blue Green 

Inverted result 0.257 0.254 0.248 0.284 

Actual proportions 0.25 0.25 0.25 0.25 

Absolute error 0.007 0.006 0.002 0.034 

Percentage error 2.8% 2.4% 0.8% 13.6% 

 
Table 2. Inversion of the non-equiproportional sample (combination 2). 

 Red Yellow Blue Green 

Inverted result 0.406 0.223 0.105 0.265 

Actual proportions 0.375 0.25 0.125 0.25 

Absolute error 0.031 0.027 0.015 0.015 

Percentage error 8.2% 10.8% 12% 6% 
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4. Conclusion 

In this study, we proposed an LSMN method for characterizing the surface ma-
terials of a space-debris target and its proportions, and constructed a physical 
model for target characterization based on the principle of additivity in scatter-
ing spectra. The LSMN algorithm was used to recover the surface materials and 
material proportions of various samples. Experimental measurements were per-
formed, and the average inversion error was less than 10%. In summary, this 
study has provided a new technical approach for the inversion and characteriza-
tion of space-object materials over long distances. 
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